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Life bustles under the bridge, energy unabated.

The waters smile, wavering in sympathy,

At the face harbored on its lap,

Treasuring every drop that departed,

To give to grandma, sleeping beneath.

-To my grandmother who never said goodbye
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SUMMARY

Conjugated polymers represent the next generation of conducting materials that

will enable technological devices incorporating thin film transistors, photovoltaic (PV)

cells etc. in a cost effective roll-to-roll manner. The charge carrier mobility, which

characterizes the ease with which charges can be transported through the material, is

the key metric by which these materials are gaged and is also a decisive factor that lim-

its device performance. Given the impact of microstructure on charge transport, or-

dered self-assembly in polymeric semiconductors assumes paramount relevance. This

thesis outlines a fundamental investigation of the correlations between the morphology

and microstructure of a model conjugated polymer, poly(3-hexylthiophene) (P3HT),

and its corresponding charge transport properties in an organic field effect transistor

(OFET) geometry. Moreover, the evolution of the structural and electrical properties

are mapped, which provide new insights into the self-assembly process.

The variation in the electrical properties is studied as film formation evolves as

a function of solvent evaporation from a sessile P3HT solution droplet. The channel

formation process is mapped using four contact field effect measurements. The chan-

nel formation study is complimented by interrogating the evolution of the polymer

chain conformations using in situ Raman spectroscopy, which reveals the presence

of an intermediate lyotropic liquid crystalline phase before film crystallization. The

manifestation of the liquid crystalline phase offers a potential rationale to the mobility

profiles recorded by the in situ electrical measurements. A joint investigation of both

measurements reveals that the onset of channel current occurs well before polymer

crystallization and that the subtle structural changes in the P3HT film continue to

xix



evolve even after crystallization, which further impact the observed drain current.

The large impact of polymer chain conformations on the drain current revealed

in the above study provided substantial impetus to understand the role of single

chain effects on macroscopic charge transport in P3HT. We report that differences in

regioregularity of side chain attachment in poly(3-hexylthiophene) (P3HT) as small

as ca. 4% are sufficient to induce dramatic changes in the electronic and morpho-

logical properties of the material. Casting the electronic absorption spectra in the

framework of Spano’s model reveals that the conjugation length of the polymer chain

is surprisingly sensitive to regioregularity. This observation correlates well with the

field effect mobilities that are attenuated by one to two orders of magnitude in the

lower regioregularity polymer film. We suggest that the increased intrachain order

coupled with a reduced fraction of grain boundaries in the higher RR film is respon-

sible for the reported differences. These studies serve as important pieces in the

microstructure-charge transport puzzle.

A greater insight into the correlation is obtained by devising a technique to tune

the crystallinity of the P3HT films and correlating that with the field effect mobil-

ity. We shown the formation of ordered supramolecular precursors in P3HT solutions

through the application of low intensity ultrasound. These precursors survive the

casting process, resulting in a dramatic increase in the degree of crystallinity of the

thin films obtained by spin coating. The crystallinity of the films is tunable, with

a continuous evolution of meso-scale structures observed as a function of ultrasonic

irradiation time. A multiphase solid state morphology is obtained that in turn re-

sults in a percolation type charge transport mechanism. This investigation is then

extended to understand the role of process conditions, the solvent used and molecular

parameters such as regioregularity.
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CHAPTER I

INTRODUCTION

1.1 Micro vs Macro-electronics

The modern world, primarily driven by electronics, has an almost relentless demand

for better technology. This is evident in our efforts to understand charge transport

in materials, which dates back to as early as 1727, when Stephen Gray, an English

scientist, discovered electrical conduction. [1] The now widely applicable Ohm’s Law,

which for the first time established a relationship between the applied voltage and

subsequent current flowing in a conductor, followed in 1827. Arguably the most im-

portant breakthrough was achieved in 1906, when Whittier Pickard filed a patent for

the silicon crystal detector or the “cat’s whisker diode” that demonstrated the semi-

conductor effect-a major breakthrough in electronics. [2] This was quickly followed by

the drive towards miniaturization, marked by the invention of the “point contact

transistor” by Bardeen, Brattain and Shockley in 1947 at Bell Laboratories. Sixty

years on and the metal-oxide semiconductor field effect transistor (MOSFET), which

incorporates semiconducting silicon as the active material, is ubiquitous. The MOS-

FET is especially known for its incorporation in modern computer chips and as an

active element in modern digital circuitry.

In recent years, the drive towards miniaturization has been accompanied by a

simultaneous emergence of “macroelectronics,” where the primary metric is not the

minimum feature size of the circuitry, but the area over which the circuits can be

constructed. Macroelectronics find wide-spread use in display technology, forming

an integral part of the backplane circuitry in flat-screen displays. Applications of
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(a) (b) (c)

Figure 1: The evolution of electronics from the (a) Cat’s whisker diode [2] to (b)
the point contact transistor and (c) the modern day Intel processor with 2 billion
transistors.

this technology have also expanded to other arenas such as radio-frequency identifi-

cation tags, smart cards etc., where the essential requirement is not necessarily the

performance of the device but the cost of production. Importantly, macroelectron-

ics technology can be easily transferred to the manufacture of light emitting diodes

(LEDs), solar cells, thin film transistors etc. on large scales, which can make light

emission and harvesting extremely economical. Moreover, this raises, for the first

time, the possibility of truly “flexible” electronics and thus an entirely new array of

applications. [3,4] It is important to remember that the performance of materials envis-

aged for macroelectronics probably cannot compete with single crystal silicon (c-Si)

and in fact, it is not meant to.

Amorphous silicon (a-Si) has been an excellent candidate for the above described

macroelectronic applications. Films of a-Si can be deposited from the vapor phase us-

ing conventional deposition techniques such as chemical vapor deposition. As shown

in Figure 2, mobilities as high as 1 cm2V−1s−1 have been obtained from films of a-Si.

However, this does not represent the current state-of-the-art as significant progress in

both deposition procedures as well development of new inorganic materials has been

made that has enabled even higher mobilities. [4] In spite of the significant progress
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Figure 2: Carrier mobilities of various forms of silicon. From Rogers et.al. [3]

Figure 3: Comparison of printed vs conventional electronics. [5]

made in inorganic macroelectronics, in order to fully justify large scale, high through-

put production of flexible circuitry, deposition processes need to be further simplified.

Organic materials, especially conjugated polymers, offer distinct processing advan-

tages, while simultaneously keeping the technology extremely cost-effective (See Fig-

ure 3). This has has paved the way for organic semiconductors (OSCs) to be a strong

potential competitor to a-Si technology. [6] Moreover, using novel synthetic strategies a

vast array of organic conjugated molecules can be synthesized with tunable function-

ality designed to suit a given application. Such control over material properties is not

available using a-Si technology. [7] As mentioned earlier, the goal of organic electronics
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Figure 4: Examples of devices based on organic semiconductors (a) a flashlight based
on organic photovoltaics [13] (b) RFID tags [14] and (c) the first commercial OLED
based display from LG Electronics [15]

is not to displace c-Si but to enable applications that would benefit from the unique

combination of electronic properties of conjugated materials with the versatility of

plastics. Figure 4 shows some examples of devices constructed with organic semi-

conductors as the active materials. Molecular semiconductors have been successfully

applied as photoconductive elements in xerography. [8] However, with improvement in

charge carrier mobility and processeability, the applicability of organic semiconduc-

tors has expanded tremendously. Typical applications in which OSCs are commonly

employed include light emitters (organic light emitting diodes or OLEDs), [9] light

harvesters (organic solar cells) [10] and purely electronic devices (organic field effects

transistors or OFETs and memory devices). [11,12] The primary advantage of organic

semiconductors lies in their ease of processability which makes them an attractive

replacement for inorganic materials. As will be discussed in the following sections,

conjugated materials can be rendered soluble in common solvents and thus printed

using commercial gravure and offset printers, allowing for “roll to roll” printing of

“inks” of the material over large areas. This offers the potential to reduce the cost

per device and hence is an attractive feature. This thesis is going to primarily focus

on materials for organic macroelectronics.
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1.2 Charge transport in organic semiconductors

1.2.1 Conjugation and the consequences of conjugation

[8,16,17]

The discovery of conductivity in organic materials represented a remarkable break-

through that may be considered on par with the invention of the point contact tran-

sistor. Whilst the latter ushered in the age of microelectronics, the former served to

significantly expand the repertoire of a class of materials whose only contribution to

the electronics industry until that time was to provide insulators. Hence, the demon-

stration of semiconducting behavior in crystals of anthracene in 1960, [18] effectively

ushered in the age of organic electronics. The discovery of electrical conductivity in

polymeric materials by Alan Heeger, Alan McDiarmind and Hideki Shirakawa, who

demonstrated high conductivity in oxidized iodine doped polyacetylene, followed in

1976. [19] The magnitude of their accomplishment became apparent as they went on

to receive the Nobel Prize in Chemistry for the year 2000.

In order to understand the evolution of conductivity in organic semiconductors,

we must revisit the electronic structure of carbon and the bonding pattern between

carbon atoms in extended chains. Carbon has the electronic structure 1s22s22p2,

and thus four valence electrons. The electronic architecture of conventional satu-

rated polymers such polyethylene (PE), in which all four valence electrons in the sp3

hybridized carbon atom are utilized in covalent sigma (σ) bonds, is fundamentally

different from that of conjugated polymers. The latter consists of a system of carbon

atoms with alternating single and double bonds, with the carbon atoms now carrying

an sp2+pZ character-the so called π conjugated system. The implications of such a

bonding scheme are enormous. The unpaired electron in the pZ orbital (the π elec-

tron) is now free to delocalize (with certain restrictions which will become apparent

later in the text) along the backbone because of the orbital overlap between succes-

sive carbon atoms that leads to extended π states. It is this electronic delocalization
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that provides the “highway” for charge carriers to move along the backbone of the

polymer chain leading to a conducting system. In addition, these π states also result

in a significant reduction of the band-gap, such that Eg(π)<Eg(σ), where Eg is the

electronic band-gap (the use of π and σ indicates conjugated and non-conjugated

systems respectively), which explains why many conjugated polymers absorb light in

the visible region of the spectrum. The effect of a π conjugated system is apparent

from a comparison of the optical band-gap of a typical σ bonded polymer like PE

(ca. 8 eV) vs a π bonded conjugated systems (ca. 1-4 eV). Figure 14(b) depicts some

typical conjugated polymers that are often encountered in the literature.

Conjugated systems, unlike inorganic semiconductors like silicon, are quasi one-

dimensional in nature since the covalent bonding is restricted within a chain, while

interchain interactions are significantly weaker and of the Van Der Waals type (in

contrast to c-Si which has a three dimensional covalently bonded lattice). As a conse-

quence, charge carriers observed in OSCs are not conventional free electrons or holes,

such as those found in c-Si, but they are actually “self-localized quasi-particles”, or

polarons or bipolarons in condensed matter physics terminology. [16] These can be en-

visaged as charge carriers that are dressed by a cloud of polarization that constantly

travels with the charge, Figure 5, whose presence leads to local changes in the geome-

try of the lattice. [20] Polarons and bipolarons are the manifestation of electron-phonon

coupling which are invariably present in conjugated materials and are critical in ex-

plaining the properties of such systems. Figure 6 shows an example of the strong

coupling between the lattice structure and the electronic structure. Although the

example is shown for butadiene, it is a universal feature in all π conjugated systems.

Addition of π electrons to the existing σ framework (which provides structural in-

tegrity to the molecule), leads to changes in bond lengths which are dictated by the

π electron densities which in turn are reshuffled due to electron-electron interactions.

The π electrons in conjugated systems are highly polarizable and easily delocalized.
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Figure 5: The polarization effects induced by the presence of an extra charge on the
central benzene atom. This “cloud” of polarization always travels with the charge.
Obtained from [20].

Figure 6: The strong coupling between the geometrical (lattice) structure and the
electronic structure in butadiene. The black circles indicate the π electron densi-
ties. [21]

Since the geometry of the molecules is closely linked with its electronic structure,

it can expected that the presence of the quasi-particles will influence the electronic

states of the conjugated system. This is indeed the case as can be seen from Fig-

ure 7, where new localized energy states appear within the “forbidden gap” of the

polymer. A hole polaron thus consists of a radical cation and a free radical and a

7



bipolaron consists of two electrons or two holes. [17] These species can appear in or-

ganic semiconductors through a multitude of processes such as optical absorption in

neutral systems, charge transfer doping or even charge injection. Such phenomena

have important consequences for charge transport and are ultimately responsible for

the hopping transport regime that is predominantly observed in disordered semicon-

ductors. This phenomenon will be discussed in more detail in the next section.
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Figure 7: Schematic and band structures of (a) neutral species, (b) hole polaron (c)
electron polaron and (d) hole bipolaron. Note: polarons are actually delocalized over
greater distances in reality

1.2.2 Understanding charge transport in conjugated materials

[22,23]

As will be seen in the subsequent sections, the performance of any device em-

ploying organic semiconductors depends critically on the charge carrier mobility. In

this section, a basic introduction to the theory of charge transport in OSCs will be

provided which will be useful for understanding some of the results presented in this

thesis.

The key characteristic that quantifies charge transport in a material is the charge

carrier mobility. In the absence of any external applied potential difference, carriers
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diffuse via a random walk process that can be described by Equation 1, where < x2 >

denotes the mean square displacement of the charges, D is the diffusion coefficient, t

is the time and n=2,4,6 for one, two and three dimensional systems respectively.

< x2 >= nDt (1)

The quantity of interest, mobility or µ, can then be correlated with the diffusion

coefficient and the temperature at which the diffusion process is taking place by the

well known Einstein relation, Equation 2, where kB is the Boltzmann constant, T is

the temperature and e is the electronic charge.

µ =
eD

kBT
(2)

However, in all practical devices based on OSCs, an electric field is typically

present across the semiconductors and thus causes the charge carriers to drift in

response. In such real world scenarios, the mobility is now defined as the ratio of

the average drift velocity of charges, ¡v¿, in response to an applied electric field E, as

depicted in Equation 3. It is a measure of the ease with which charge carriers can

drift within a material in the presence of an electric field.

µ =
< v >

E
(3)

Unlike three dimensionally bonded inorganic semiconductors where room temper-

ature mobilities typically range from 102-104 cm2V−1s−1, charge transport in organic

semiconductors is limited by hopping between conjugated segments, as a result of

which mobilities are usually orders of magnitude lower. This is a typical characteris-

tic of all “disordered” semiconductors, with the actual mobility closely related to the

morphological condition of the films (crystalline, polycrystalline, amorphous). For

example, even within organic semiconductors, single crystals of rubrene have been
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Figure 8: Performance of typical organic semiconductors. From Shaw et.al. [25]

known to support hole mobilities as high as 20 cm2V−1s−1 [24], whilst the mobility

in amorphous/semi-crystalline films of most conjugated polymers are well within 1

cm2V−1s−1. Figure 8 shows the mobility of a representative set of organic semiconduc-

tors relative to that of c-Si. [25] The significant difference in mobility between organic

semiconductors and c-Si can be understood by analyzing the fundamental processes

that govern charge transport in conjugated systems.

The presence of disorder or the absence of three dimensional periodicity, like that

found in c-Si, in most organic semiconductors, especially polymeric ones, implies

that band theory cannot be applied to model the transport of charges. In addition,

in order to observe band-like transport, the bandwidths of the respective transport

bands (valence and conduction bands) must at least be of the order of 0.1 eV. [26] The

bandwidths in organic semiconductors are clearly determined by the splitting of the

highest and lowest occupied molecular orbitals or the HOMO and the LUMO respec-

tively, when going from isolated chains to interacting segments. A higher bandwidth

would not only drive the system towards band-like transport, but it would also imply

a high degree of interchain interactions that can only be sustained in a highly ordered

system. In fact, in a hypothetical infinitely long polymer chain with no conjugation

defects, theoretical bandwidths of several electron volts have been calculated. [27] How-

ever, in reality, this is clearly not the case in most organic semiconductors (barring
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some organic single crystals mentioned earlier), especially those obtained by solution

processing of polymers. Disorder induced breaks in the conjugation pathway, along

with electron-phonon coupling that is invariantly observed in such systems, causes

the injected charges to interact with certain molecular vibrations, thus localizing the

carriers. This localization of charge carriers in such disordered systems can also be

understood by considering Equation 4, where τ is the carrier residence time, ~ is the

Planck’s constant divided by 2π and W is the bandwidth.

τ ≈ ~
W

(4)

Inorganic semiconductors have fairly large bandwidths and thus the electron and

holes move so fast that carriers are not localized on any one segment of the solid and

thus no polarization cloud can be formed (refer to Figure 5). In sharp contrast, given

the low bandwidths in typical organic semiconductors, the residence time scales are

of the order of typical vibrational frequencies found in the molecule. This in turn

would imply that the molecules on which the carriers reside have enough time to

geometrically relax and thus trap the charge, leading to the formation of the polaron.

The “trapped” carriers now have to “hop” from chain to chain through a thermally

activated process. This is a major reason why mobilities in disordered conjugated

semiconductors are typically orders of magnitude lower than in c-Si.

The events that lead up to the localization of charge carriers on individual con-

jugated segments are important in calculating the hopping rates. At the molecular

level, this process can be cast in the framework of the semi-classical Marcus-Hush

electron transfer theory, [28,29] given by Equation 5,where khole is the hopping rate of

holes, kB is the Bolztmann constant, T is the temperature, ~ is Planck’s constant

divided by 2π. V and λ are electronic coupling matrix element or the transfer integral

and the reorganization energy respectively and are the primary factors that govern

the hopping rate. Figure 9 illustrates this process of charge hopping, which in essence

11



Figure 9: The process of charge hopping

is a self-exchange redox reaction explaining why it can be cast in the framework of

the Marcus theory.

khole = (
π

λkBT
)1/2

V 2

~
exp(− λ

4kBT
) (5)

Hopping essentially involves the transfer of a charge carrier (an electron in Figure

9) from an ionized molecule M− to a neutral molecule M. The optimized geometries

in the ionized and neutral states are different and thus the process of charge trans-

fer also results in intra-molecular relaxation as the geometries switch between the

two states of the molecule involved in the redox reaction. The energy required to

bring about these geometry modifications is known as the reorganization energy. The

transfer integral is a measure of the degree of electronic communication between the

molecules involved in the self-exchange reaction. Based on Equation 5, it is evident

that in order to maximize the hopping rate of charge carriers, two primary condi-

tions must be satisfied: (i) The electronic coupling must be maximized and (ii) the

reorganization energy must be minimized. A combination of these factors not only

determines the mobility of charge carriers, but it also provides an insight into the

transport mechanism operating within the semiconductor. The transport mechanism

(band vs hopping) results from a balance between the energy gained by delocalization

of electrons within the electronic band versus the energy gained by carrier localization

on a conjugated segment, with the latter resulting in geometry relaxations around the

charge and the subsequent formation of a polaron. At the same time, the conforma-

tion of the polymer chain and the microstructure of the final film are critical factors
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that influence V and λ.

On the macroscopic scale, charge transport in disordered semiconductors is of-

ten cast in the framwork of the disorder formalism, developed by Bassler and co-

workers. [30] According to the formalism, the loss of long-range order results in a

hopping type charge transport mechanism through a manifold of localized states

with energetical and positional disorder. The hopping rate then takes on a Miller-

Abrahams form that predicts an increase in mobility with increasing temperature,

consistent with a thermally activated hopping mechanism. [31] A detailed description

of macroscopic charge transport models is, however, beyond the scope of this thesis.

The goal of this thesis is to extract the mobility of charge carriers and correlate

these mobilities with the various structural aspects of the thin film. A detailed under-

standing of this correlation is of paramount significance given the strong dependence

of the hopping rate on the intra and inter -molecular order, which in turn are deter-

mined by the microstructural quality of the thin films. Moreover, existing reports on

polymeric semiconductors, though crucial in furthering the state of the art, remain

anomalous and abound with contradictory results. These anomalies are partly due

to the diverse effects that are simultaneously manifest in disordered polymeric sys-

tems. This thesis also attempts to isolate individual microstructural effects in order

to better clarify their role in dictating macroscopic charge transport. Since the mo-

bility inherently carries information about V and λ, this study can also provide some

insight into intra (λ) and inter(V )-chain effects. Section 1.3 discusses the various

methods that can be used to extract the mobility and section 1.4 briefly discusses

typical organic semiconductors encountered in the literature.

1.3 Experimental techniques for determination of charge
carrier mobility

As seen in section 1.2, the mobility of charge carriers is not only an index of perfor-

mance of devices utlizing an organic semiconductor, but because of its sensitivity to
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the microstructure of the thin film, it can also be used to understand microstructure-

charge transport correlations. A variety of techniques have been developed that can

be used to characterize the mobility of charge carriers spanning distances from the

nanoscale to the macroscale. [22] A combination of such techniques would thus be

required to gain a complete understanding of charge transport.

1.3.1 Time of Flight (TOF)

The TOF technique relies on the photo-generation of charge carriers when the mate-

rial in question is irradiated with light. The geometry of a typical TOF measurement

setup is shown in Figure 10. A thick organic layer (a few microns) is sandwiched

between two electrodes. The material is then irradiated with a light pulse in close

proximity to one of the electrodes, which leads to generation of photo-carriers. A

potential difference applied across the two electrodes then causes the carriers to mi-

grate from one electrode to the other, leading to a current being generated in the

circuit. The photo-current measured at the collecting electrode as a function of time

is then indicative of the mobility of carriers. In highly ordered materials, a sharp

photo-current vs time profile is observed, while the profile is significantly broadened

for disordered conductors due a dispersion of arrival times of the photo-generated

carriers. The mobility can be calculated from Equation 6, where µ is the TOF mo-

bility, v is the drift velocity of the photo-generated carriers under the influence of the

applied electric field, E is the electric field, L is the sample thickness or the distance

between the two electrodes and t is the averaged transient time.

µ =
v

E
=
L2

V t
(6)

1.3.2 Diode Configuration

The diode configuration utilizes space-charge limited current (SCLC) effects to extract

the mobility of charge carriers. This technique is especially useful in scenarios where
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Figure 10: Measurement of mobility using the TOF technique

charge injection/collection from electrodes is required. Like the TOF method, SCLC

based methods also involve a sandwich structure with the film sandwiched between

two electrodes. The equations derived for estimating mobility require that the charge

transport be limited by the bulk properties of the film and that it is not contact

limited. This condition is satisfied by choosing contacts that preferentially allow for

favorable injection of either electrons or holes but not both. This technique allows

for an independent estimation of both the electron as well as hole mobilities. For

an ohmic contact between the semiconductor and the metal, the injected charge

carriers form a space charge region in close proximity to the injecting electrode. In

the absence of charge traps and at sufficiently low electric field, the current density

through the semiconductor scales quadratically as a function of the applied bias and

is obtained from Child’s Law, Equation 7, where J is the current density, ε0 and

εr is the permitivitty of free space and the semiconductor respectively, V is the

applied voltage and L is the film thickness. The field independent mobility can then

be extracted from the J-V characteristics of the SCLC diode. In scenarios where

there is a functional dependence of the mobility on the applied electric field, such as

disordered semiconductors, the mobility is then substituted by a modified expression

given by Equation 8, where µ0 is the zero field mobility and γ is a constant. The
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SCLC expression can then be modified as shown in Equantion 9. [32]

J =
9

8
ε0εrµ

V 2

L3
(7)

µ = µ0exp(γ
√
E) (8)

J =
9

8
ε0εrµ0 exp(0.891γ

√
V

L
)
V 2

L3
(9)

1.3.3 Pulse Radiolysis Time-Resolved Microwave Conductivity (PR-TRMC)

Unlike SCLC, PR-TRMC is a contact-free technique that can be used to estimate

carrier mobilities of both bulk films as well as on highly localized scales such as single

polymer chains. The sample is irradiated with a pulse of highly energetic electrons

that create a low density of free charge carriers. These free carriers then result in a

change in the conductivity of the sample, which is estimated by measuring the change

in the microwave power reflected by the sample, making the measurement frequency

dependent. The change in conductivity, δσ, is then given by Equation 10, where

Ne−h is the number of electron-hole pairs generated and can estimated from the total

energy dose divided by the energy required to create one e-h pair.

∆σ = eΣµTRMCNe−p (10)

The elegance of this technique lies in the fact that the spatial extent over which

the mobility is being average can be tuned by simply changing the frequency of the

microwave radiation, thus enabling estimations of mobility spanning multiple length

scales. This technique can thus be particularly useful when understanding intra-chain

and inter-chain transport in conjugated polymers.
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Figure 11: Schematic diagram of the bottom contact, bottom gate OFET geometry

1.3.4 Field-Effect Transistor Geometry (OFET)

The field effect transistor is ubiquitous in modern computer processors, more popu-

larly known as the Metal Oxide Semiconductor Field Effect Transistor or the MOS-

FET. OFETs are the organic equivalents of the MOSFET and represent a very con-

venient way of extracting the mobility (known as the field effect mobility for reasons

that will become apparent). Moreover, in addition to being a measurement technique,

OFETs find direct application in the active matrix circuitry of liquid crystal displays,

where they are employed as thin film transistors or TFTs. [33] The OFET is also the

primary device that is fabricated and tested in this thesis as a means to access the

charge transport properties in the conjugated polymer thin films and hence it will be

discussed in greater detail in this section.

1.3.4.1 Device operation

[34]

The structure of an OFET is shown in Figure 11. This particular geometry is

referred to as the bottom contact bottom gate geometry given the placement of the

electrodes as well as the gate relative to the semiconductor thin film. Several geome-

tries can be constructed, [35] but the bottom contact configuration was chosen because

of the ease of device fabrication.
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The equations that describe the flow of current in an OFET are essentially de-

rived from MOSFET theory with one important distinction: MOSFETs operate in

the inversion mode, whereas OFETs operate in the accumulation mode as will be

discussed.

As can be seen from the geometry of the OFET, Figure 11, the gate dielectric sep-

arates the gate electrode from the organic semiconductor, forming a metal-insulator-

semiconductor (MIS) capacitor. The application of a gate voltage (VG) causes ac-

cumulation of charge carriers at the semiconductor-dielectric interface, which subse-

quently flow upon the application of a potential difference between the source and

drain electrodes (VD−VS). The source is typically grounded. In p-channel operation

of the OFET, application of a negative gate voltage causes the accumulation of holes

in the channel region of the transistor which flow under the influence of a negative

drain voltage. The density of accumulated charges is determined by the total capac-

itance of the dielectric and thus its thickness and dielectric constant. It is important

to note that in such a field-effect device, the charges accumulate in a 1-2 nm thick

region in the semiconductor away from the interface with the gate dielectric, known

as the accumulation region. [36] In essence, the charge carrier mobility in an OFET

configuration would thus be dictated by the microstructural order within the first few

monolayers of the organic film in contact with the gate dielectric. This also justifies

our use of the OFET as a device to interrogate the effects of polymer microstructure

on macroscopic charge transport, given that subtle changes in ordering between the

polymer changes would induce large changes in the field effect mobility.

The current-voltage characteristics of the OFET are calculated with the gradual

channel or Shockley approximation, which is based on the assumption that the lateral

electric field between the source and the drain is significantly smaller than the vertical

field across the thickness of the film. Under normal circumstances, this condition is

satisfied since typically channel lengths of the transistor, L, are orders of magnitude
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higher than the thickness of films, which are typically a few tens of nanometers.

Transistors can be operated in two regimes, the linear regime and the saturation

regime of operation, depending on the magnitude of the drain voltage relative to the

gate voltage. In the linear region of operation, as the name suggests, the drain current

increases linearly with the applied drain voltage. This is characterized by Equation

11. As the drain voltage is further increased, at some point it equals the applied

gate voltage, which results in the depletion of charge carriers near the drain contact:

the so called pinch point. Cox is the capacitance of the gate dielectric, W and L

are the channel width and length respectively and VT is the threshold voltage. The

threshold voltage is defined as the voltage required to induce mobile charge carriers

in the channel. The drain current in the saturation region is given by Equation 12.

Figure 12 shows typical output and transfer characteristics of an OFET.

ID,linear =
W

L
µCox(VG − VT )VD (11)

ID,sat =
W

2L
µCox(VG − VT )2 (12)
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Figure 12: (a) Output and (b) transfer characteristics of a typical p-channel organic
transistor. Results obtained by Aiyar et.al. in the Reichmanis lab
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Figure 13: Fabrication of a bottom gate OFET device

It must be noted that the above equations assume that the mobility is indepen-

dent of the gate voltage, which may not be universally true for OFETs. [37] Although a

gate voltage dependence of mobility has been predicted by the multiple trapping and

release model, the mobility calculations in this work are performed without incorpo-

rating this dependence and Equations 11 and 12 are used without any modifications.

1.3.4.2 Fabrication of OFETs

Figure 13 shows the sequence of steps required for the microfabrication of the OFET.

The device is typically constructed on a highly doped silicon substrate, which also

serves as the bottom gate contact. Dry thermal oxide is grown on top of the silicon

to a thickness of 200-300 nm (Figure 13(a)), and this serves as the gate dielectric.

Photoresist (Shipley 1827) is then spin coated on top of the oxidized wafer at 3000

RPM for 40 secs and soft-baked at 115°C for 2-3 minutes on a contact hot plate to

remove residual solvents (Figure 13(b)). The resist is then exposed using 405 nm UV

light (Karl Suss MA6 mask aligner) with a total dose of 400 mWcm−2 and developed
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in MF-319 developer (Rohm and Haas) for ca. 2 mins in order to define the electrode

patterns in the resist (Figure 13(c)). The metal electrodes (5 nm of chromium as

the adhesion layer, followed by 50 nm of gold) are then deposited on the patterned

substrates using Electron-Beam Evaporation (CVC Inc.) ((Figure 13(d)). The final

step of the substrate fabrication is resist lift-off, which ensures that any metal outside

of the electrode pattern is removed along with the underlying photoresist (Figure

13(e)). This process is achieved by soaking the wafers in acetone over-night. The

OFET is fabricated by simply spin coating or thermal evaporation of the organic

semiconductor on the substrate (Figure 13(f)).

1.4 Materials

[8,16,17]

Although organic electronics began with the discovery of conductivity in an-

thracene [18] and later polyacetylene [19], it has rapidly expanded to include a vast

array of materials. Organic semiconductors that are widely reported in the litera-

ture and currently being investigated can be classified into two different groups: (i)

Molecular semiconductors such as anthracene, which was responsible for the advent of

organic electronics, and a number of new materials such as a pentacene and rubrene.

Molecular semiconductors also encompass oligomeric materials such as those belong-

ing to the thiophene and acene family and finally (ii) polymeric semiconductors or

conjugated polymers which are going to be the primary focus of this thesis. Some

representative organic semiconductors are shown in Figure 14.

Although significant strides towards development of both single crystal arrays [38]

as well as solution processed small molecules [39] have been made, polymeric semi-

conductors may be more amenable for large-area applications envisaged for flexible

printed electronics in light of their better mechanical and rheological properties. [40]

Poly(3-hexylthiophene) (P3HT), which is also the subject of investigation in this the-

sis, is one of the first high mobility soluble conjugated polymers to be developed. [41]
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It has also served as an excellent model system to establish transport mechanisms

that typically operate in disordered organic thin films and have served as an excellent

starting point for improved molecular design. The following section discusses the

properties of P3HT in greater detail.

1.4.1 Poly(3-hexylthiophene)

Polythiophenes are one of the earliest conjugated materials that have served as ex-

cellent model materials to understand the nature of charge transport in disordered

organic semiconductors. Tsumura et.al. fabricated the first OFET, as early as

1986, composed of an electrochemically synthesized polythiophene film which demon-

strated a field effect mobility of 10−5 cm2V−1s−1. [42] However, polythiophenes by

themselves are intractable and cannot be solution processed. This problem was over-

come by Elsenbaumer et.al., who functionalized the insoluble backbone with alkyl

side chains that imparted solubility to the polymer system, without affecting its abil-

ity to conduct charge. [43] Ever since, a consistent improvement in the performance

of poly(alkylthiophene)(PAT) based OFETs have been obtained, by continuously

improving the molecular design [7,44,45] and identifying the importance of processing

conditions on the final film microstructure. [41,46,47].

The material used in this study, P3HT, represents a compromise between solubility

and mobility. [48] The molecular structure of P3HT is shown in Figure 15. It consists

of the conjugated aromatic core, which also represents the direction of delocalization

of the π electrons, and the solubilizing alkyl side chains. This combination of con-

jugated aromatic and insulating aliphatic moieties has interesting repercussions for

both structural ordering as well as charge transport. Poly(3-alkylthiophenes)(P3ATs)

in general can be ordered along three dimensions: conformational ordering along the

direction of conjugation or backbone, π stacking between linear polymer chains and

finally lamellar stacking between chains, as shown in Figure 15.
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Figure 15: The molecular structure of P3HT and the packing of P3HT polymer
chains in a thin film.

Looking at the packing motif adopted by the polymer chains in the solid state,

three possible modes of charge carrier transport can be envisaged: along the conju-

gated polymer backbone (the c-axis), between polymer chains through the direction

of π−π stacking (the b-axis) and finally along the direction of the side chains (the a-

axis). The degree of electronic wave-function overlap is expected to the highest along

the polymer backbone and hence it is not unreasonable to expect that charges would

prefer to delocalize in that direction. In terms of rates, the π stacking direction also

represents a favorable pathway for the carriers to move (albeit not as easily as along

the direction of conjugation), and finally by the direction along the side chains, where

carriers move primarily by quantum mechanical tunneling and hence is an unlikely di-

rection of charge transport. This transport scheme could also suggest why P3HT with

hexyl side chains represents the optimal design, where side chains shorter than hexyl

impart insufficient solubility while those any longer begin to impede the packing of

the polymer chains inducing structural disorder. Field effect mobility measurements

confirm the effect of the alkyl side chains, as shown in Figure 16.
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Figure 16: Dependence of mobility on the alkyl side chain length. Results obtained
by Aiyar et.al. in the Reichmanis lab (unpublished).

P3HTs can be designed with different molecular architectures, which are dictated

by the details of the placement of the alkyl side chains along the conjugated back-

bone, known as the regioregularity of the polymer, which is depicted in Figure 17.

The regioregularity has a dominating influence on the microstructure of the films and

thus the charge transport properties as will be discussed in greater detail in subse-

quent chapters of this thesis. Specifically, Sirringhaus et.al. reported that the HT

side chain content of the polymer can strongly influence the thin film texture, with

81% and 96% regioregular samples yielding films that have the polymer backbone

stacked in a face-on and edge-on orientation respectively. [49] An edge-on conforma-

tion of the polymer stacks, where the π-stacking axis coincides with the direction of

planar charge transport in OFETs provides for films which exhibit a mobility as high

as 0.1 cm2V−1s−1 and two orders of magnitude higher than that obtained from films

with a face-on conformation of the lamellae. The high mobility in the regioregular

polymer could be sustained by enhanced delocalization of the polaron, which was de-

tected by charge modulation spectroscopy, and was not observed in the reegiorandom
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Figure 17: Regiospecificity of side chain arrangement in polythiophenes (top). Re-
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polymer. [49]

Along with the regioregularity, the molecular weight of P3HT has also been iden-

tified as a key molecular parameter that controls the morphology of the film, [51,52]

although the mechanism of the effect is still under debate. But in effect, both the

regioregularity and the molecular weight directly affect single chain properties and

hence the effects are manifest in supramolecular assemblies as well. Some attention

has also been paid to the processing conditions before, during and after the film

formation process. Kim et.al. have shown that the use of self-assembled monolay-

ers (SAMs) to change the chemical nature of the gate dielectric surface can have a

significant impact on the texture of the polymer film, resulting in concurrent differ-

ences in field effect mobility, [53] consistent with the charge transport being limited

by an ultrathin accumulation layer at the critical semiconductor-dielectric interface,

as discussed in Section 1.3.4.1. Post-deposition thermal annealing of the films has

also been reported to improve the performance of OFETs based on P3HT. [54,55] By

using different film deposition techniques such as dip coating, drop casting and spin

casting, Surin et.al. have demonstrated a close correlation between the microscopic
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morphology with the charge transport in the conjugated polymer films. [47]

These results clearly demonstrate that in polymeric systems in general and P3HT

in particular, the microstructure-charge transport correlation is a multi-dimensional

problem and not easily reduced to isolated effects.

1.5 Motivation and outline of thesis

Although organic semiconductors in general, and conjugated polymers in particular

offer distinct advantages over their inorganic counterparts for large area electronics,

they also pose serious challenges that must surmounted to enable their commercializa-

tion in real world applications. Performance wise, even though marked improvements

are reported on almost a daily basis, inorganic technologies based on a-Si, copper

indium gallium arsenide etc. remain the industrial benchmark. This inferior per-

formance is primarily because polymeric semiconductors suffer from relatively poor

charge carrier mobility:a key index of performance for OSCs. Improvement of charge

carrier transport in polymer thin films remains a challenge, in part because polymers,

especially high molecular weight variants, present a significant barrier to crystalliza-

tion [56] and also because we have yet to completely understand the physics of charge

transport in such disordered systems.

Unraveling the complex correlations between the microstructure of the polymer

thin films and their corresponding charge transport properties is thus of paramount

significance in furthering the state-of-the-art in organic semiconductors. Moreover,

fundamental questions still remain regarding the contribution of individual factors

towards the macroscopic charge transport that need to be addressed, Figure 20, and

this thesis attempts to identify, if not suggest, correlations.

Revisiting Marcus theory that relates the hopping rate of charge carriers with

two key parameters, V, the transfer integral and λ, the reorganization energy. As

shown in Figure19, both V and λ are intricately linked to the state of the ordering
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Figure 18: Research outline

Figure 19: Structural ordering and transport at the micro-scale

of the system, intra-chain for λ and inter -chain for V. Thus, answering key questions

about the microstructure-charge transport correlation requires addressing the roles

of structural order and disorder. Here, we thus focuses on elucidating the following

key questions:

� How does microstructure evolve?

� How does the evolution of structural properties correlate with that of electrical

properties?

� Can microstructure be controlled?
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Figure 20: The role of microscopic factors in macroscopic charge transport

� If so, what is the role of crystallinity in controlling macroscopic charge trans-

port?

� What is the role of intra vs inter -chain effects?

These points are also summarized in Figure 20.

This thesis thus focuses on a fundamental study of such correlations in the first

high mobility solution processable semiconducting polymer, poly(3-hexylthiophene)

(P3HT). P3HT is a model system and hence is especially amenable to a study such as

this which attempts to elucidate correlations identified above. Using a commercially

available polymer that is known, readily available and has been the subject of pre-

vious fundamental molecular scale investigations may provide some continuity and

perhaps build a more sound foundation to our results. Moreover, the issues raised

above are key to really understanding any polymer based system and to develop-

ing not only improved materials, but also the requisite processes that must also be

developed to extract the maximum performance from the material. Note that the ob-

jective of this work is not to optimize the performance of organic transistor, but more

to use the OFET as a tool to characterize the mobility, which in turn is an important

performance index that is critically dependent on the polymer film microstructure.
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As mentioned above, although the results are obtained using P3HT as the organic

semiconductor, they can be extrapolated to other polymeric semiconductors as well

since the physics of charge transport remains unchanged. Figure 18 shows the overall

outline of the research conducted towards completion of this thesis. We focus on two

different yet equally important aspects of polymer self-organization. In chapter 2, an

attempt is made to understand the process of channel formation starting from the

solution state leading up to the solid state, using a combination of in-situ spectro-

scopic techniques as well channel current measurements. Not only are the dynamics

of film formation studied, but also the channel and contact properties are mapped as

a function of polymer film thickness. Such a study is believed to be critical to op-

timization of morphologies conducive to facile charge transport. Chapter 3 explores

the role of regioregularity of side chain attachment on the self-assembled nanostruc-

ture. A subtle effect of the regioregularity is discovered which can bring out dramatic

differences in the field effect mobility. Chapter 4 details a novel technique for generat-

ing ordered precursors that translate into highly ordered films in the solid state, but

more importantly, it provides an important insight into the correlation between the

degree of crystallinity in polymer based materials and charge transport. Chapter 5

extends the work in Chapter 4 to understand the role of different deposition methods

in controlling the morphology of P3HT films and their effect on field effect mobilities.

Chapter 6 summarizes our findings by connecting the results in Chapters 2 through

5.

Critical morphological parameters that control macroscopic charge transport in

conjugated polymers are identified. Overall, our understanding of charge transport

in organic semiconductors is a continuously evolving process and we aim to elucidate

the role of one of many important factors that control macroscopic charge transport

in polymeric semiconductors, namely microstructure.
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CHAPTER II

HOW DOES THE CONDUCTING CHANNEL FORM IN

P3HT?

The most critical step in fabricating solution-processed OFETs is the solidification

process of the polymer solution at the polymer/gate dielectric interface where the

charge transport properties of the resultant thin film are determined by the struc-

tural organization of the polymer molecules. In this section, the conducting channel

formation process in poly(3-hexylthiophene) (P3HT) FETs is described via in situ

sheet conductance measurements using four-contact geometry field effect devices. The

variation in the electrical properties is studied as film formation evolves as a function

of solvent evaporation time measured from the point the solution droplet is deposited

on the device. In the in situ measurements, the onset of the drain current is achieved

by percolation between P3HT chains resulting from the increase in P3HT concentra-

tion in solution during solvent evaporation. The P3HT channel sheet conductance

and P3HT/Au contact resistance extracted from the gated four-contact measure-

ments varies during channel formation. After percolation, the four contact mobility

increased up to a peak value of 0.17 cm2V−1s−1 after which it continuously decreases.

This is an important result that suggests a competition between the evolution of

P3HT microstructure involving potential phase transitions between isotropic, liquid

crystalline and polycrystalline phases and atmospheric degradation, both of which

are critical factors that should be considered in optimizing device performance. The

phase transitions are explored in more detail in Section 2.3.
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2.1 Conducting Channel Formation in Poly(3-hexylthiophene)
Field Effect Transistors: Bulk to Interface1

2.1.1 Introduction

P3HT has been widely used in OFETs due to its high mobility and good solubility

which allow formation of a functional interface at which charge transfer and transport

occur. [57] Electrical and structural properties of P3HT near both, the gate dielectric

and metal electrode are of significant interest since they govern performance of OFETs

and organic sensors by controlling charge transport in the conducting channel and

the charge injection barrier. [54,57]

A number of strategies have been applied to manipulate the electrical and struc-

tural properties of P3HT at the semiconductor/gate dielectric interface. For instance,

enhancement of the carrier mobility through choice of solvent and deposition method

has been achieved by altering the evaporation rate of the solvent from the P3HT

solution, which in turn impacts thin film crystallinity, [58] prompting device optimiza-

tion through the use of a variety of deposition processes. [47,59] For example, P3HT

FETs fabricated with high boiling point solvents showed higher mobilities than those

prepared using low boiling point solvents due to enhanced crystallinity of the result-

ing P3HT films. [46,59] The observed structural differences are believed to result from

subtle differences in the self-organization of the polymer chains in solution during

film formation. [47] In a spin-cast film obtained from volatile solvents, polymer chains

are kinetically limited from assembling into ordered structures due to rapid solvent

evaporation, which results in a film that exhibits a relatively low carrier mobility

compared with a film prepared by drop-casting where polymer chains are allowed to

form large crystalline domains desirable for charge transport. [60] The conformation of

the conjugated polymers in solvents is reflected in the final microstructure of the films

formed from a given solution, and thus critical in determining the charge transport

1J. Phys. Chem. C 2011, 115, 11719
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properties of the thin films. [61] Thus, an understanding of how conjugated polymer

chain conformations evolve with solvent evaporation is crucial in manipulating thin

film properties. This is especially important since the continuous removal of solvent

from the polymer solution leads to successive phase transitions eventually leading

to the observed, final microstructure. [62] However, our current understanding of the

microstructure-charge transport correlation does not extend to these intermediate

phases, control of which will be critical to controlling the final semiconductor film

architecture. Further, selected intermediate phases might provide a more favorable

orientation for charge transport than the final microstructure itself. [62] In addition, a

coherent description of the evolution of electrical properties associated with electrical

channel formation in solution processed FETs is not available, in contrast to FETs

prepared from vacuum-deposited organic semiconductors where the onset of current

between source and drain electrodes is believed to occur by geometric percolation

between organic semiconductor islands grown on gate dielectric substrates. [63] There-

fore, interrogating the evolution of structure in conjugated polymer systems, rather

than simply the final state assumed by the polymer chains, in concert with the evo-

lution of electrical current enables one to not only establish a more comprehensive

correlation between the structural changes and electrical properties, but also raises

the possibility of quenching the self-assembly process in states that are more favor-

able to charge transport. Such an understanding could open routes for manipulation

of polymer chain conformations into favorable packing motifs that are conducive to

facile charge transport, thus leading to new opportunities for device optimization.

2.1.2 Experimental Methods

2.1.2.1 Materials

The P3HT used for this study was purchased from Sigma Aldrich and used without

further purification. This material had a Mn of 24 kD and Mw of 47.7 kD (from

GPC in tetrahydrofuran calibrated with polystyrene standards using a Waters 1515
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Isocratic HPLC system with a Waters 2489 UV/Vis detector, using a Styragel HR

5E column) and a head to tail regioregularity of 92-94% (as estimated from the 1H

NMR spectrum obtained from a solution of the polymer in deuterated chloroform at

293 K recorded using a Bruker DSX 300 NMR spectrometer). P3HT solutions with

a concentration of 3 mg/mL were prepared using 1,2,4 trichlorobenzene (TCB) (B.P.

218-219 C) as the solvent.

2.1.2.2 Fabrication of P3HT field effect devices

We fabricated two and four-contact devices in which P3HT films are formed on 200

nm thick SiO2 gate dielectrics via drop-casting. A highly doped silicon wafer served

as a gate electrode, and source and drain electrodes (Au (50 nm)/Cr (2 nm)) were

patterned using photolithography with the channel length of 15 to 165 µm and the

width of up to 2 mm. In the four-contact devices, two sharp voltage probes separated

by 90 µm were patterned between the source and drain electrodes with a spacing

of 165 µm to measure the sheet conductance of P3HT films. P3HT solutions with

a concentration of 5 mg/mL were prepared using a series of solvents with different

boiling points, including chloroform (B.P. = 60.5-61.5 ◦C), thiophene (B.P. = 84 ◦C),

and 1,2,4 trichlorobenzene (TCB) (B.P. = 218-219 ◦C).

2.1.2.3 In situ electrical and structural characterization of P3HT films

: The two- and four-contact devices were put into a small box equipped with electrical

feed-throughs connected to a semiconductor parameter analyzer (Agilent 4155C), and

a 2 µL droplet of the P3HT solution was deposited onto the devices through a hole

in the box for in situ source-drain current measurements at a particular gate voltage

during solvent evaporation. The volume of a droplet of solution was controlled using a

micro-pipette. All the electrical measurements were carried out in air. Tapping mode

AFM measurements were performed using a Veeco Digital Instruments Dimension
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3100 scanning probe microscope in tapping mode with a silicon tip (NSC 14, Mikro-

masch), on fully dried films obtained on bare silicon dioxide substrates prepared under

the same conditions as the bottom contact substrates for electrical measurements.

2.1.3 Results and Discussions

2.1.4 in situ electrical characterization of channel formation

The FET device configuration used in this study is shown in Figure 21. For in situ

electrical measurements, we adopted the bottom contact FET configuration with two

voltage probes between the source and drain electrodes, allowing for measurements

of the channel and contact resistances. Four-contact geometry devices were employed

to record the variation of the channel sheet conductance, allowing measurement of

the four-contact mobility and threshold voltage independent of the P3HT/Au contact

properties. In the measurement, two voltage probes between the source and drain

electrodes monitored the potential along the conducting channel under application

of a given gate voltage above the threshold voltage, inducing mobile charge carriers

in the channel. The sheet conductance σsq was calculated using Equation 13, where

d12 and V12 are the distance and potential difference between two voltage probes (V1

and V2), respectively, as illustrated in Figure 21. Here, W is the channel width, and

I D is the drain current.

σsq =
d12
W
.
ID
V12

(13)

The values of the four-contact mobility and threshold voltage are determined from

the plot of sheet conductance as a function of gate voltage, as described in Equation

14, where C ox is the capacitance of the gate dielectric per unit area:

µ =
1

Cox

.
dσsq
dVG

(14)

The relation in Equation 14 is valid when the charge carriers induced in the linear
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Figure 21: Schematic diagram of the bottom contact FET used in this study

regime of transistor operation are mobile.

The formation of the P3HT conducting channel during solvent evaporation from

a solution of P3HT in chloroform was confirmed by the current onset in the in situ

current-voltage measurements, as shown in Figure 22. The current measured in Figure

22, I D, consists of the bulk current, I B, and the interface current, I I, that flows in the

two dimensional conducting channel close to the SiO2 gate dielectric, as given by the

Equation 15, where σBulk represents the bulk conductivity, Cox , the capacitance of

the gate dielectric per unit area, L, the channel length, t, the film thickness and W,

the width. The magnitude of the interface current in the linear regime of transistor

operation is determined by the applied drain voltage V D, the FET mobility µ, and the

two dimensional charge carrier concentration C ox(V G-V T), where V T is the threshold

voltage. Figure 22(b) shows the equivalent circuit diagram in which the channel

resistance (RB+RI) and the contact resistance (RS+RD) comprise the total resistance.

Upon deposition of a 2 µl droplet of P3HT solution in chloroform, the current

onset was observed with a sharp increase of the drain current to a peak current

of 120 µA within a few seconds as shown in Figure 22(a). The first peak after

current onset was followed by a second peak, after which the current continuously
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decreased. Prior to dropping the P3HT solution onto the device, the observed current

was limited to the leakage current through the silicon dioxide gate dielectric, which

was at the level of hundreds of picoamps (pAs). The onset of an observable current

in Figure 22(a) is suggested to arise from percolation of the polymer chains forming

the conducting pathways. During solvent evaporation from the free surface, the local

concentration of polymer at the free surface sharply increases. This creates a spatial

conductance gradient in which the sheet conductance of the film near the free surface

is the highest right after current onset. [64–66] After percolation of the polymer chains,

the occurrence of the two drain current peaks can be attributed to rearrangement of

the P3HT polymer chains due to evaporation of chloroform. After drying, the P3HT

film morphology was interrogated by AFM (Figure 22(c)). As seen from Figure

22(c), the P3HT polymer chains self-assemble into a nanofibrillar morphology with

nanofibers of relatively uniform widths that constitute crystalline-like domains.

ID = IB + II = σbulk
Wt

L
+
W

L
µCox(VG − VT ) (15)

2.1.5 Dynamics of film formation: Role of solvent boiling point and bulk
and interface effects

The time required for formation of the conducting channel scales with the evapora-

tion rate of the solvent used, as shown in Figures 23. The higher boiling solvents,

thiophene and TCB, were used to elucidate the origin of the current variation under

scenarios where the solvent evaporation time is extended due to the higher boiling

points compared with chloroform. Upon deposition of a P3HT/thiophene solution,

current onset was observed within about 10 seconds, while for the TCB solutions the

onset occurred at approximately 20 seconds. This result supports the principle that

the observed current onset originates from percolation between polymer chains due

to an increase in polymer concentration. Higher evaporation rates accelerate the time

associated with the solution reaching a critical concentration at which a conducting
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(a) (b) (c)

Figure 22: (a) Plot of drain current vs. time for a FET formed with a drop deposition
of a P3HT solution with chloroform. The channel length and width were 15 µm and
2 mm, respectively. The inset shows a schematic diagram of the in situ current
measurement. Gate and drain voltages were maintained at -15 and -3 V, respectively.
(b) A circuit diagram of a FET. RS: contact resistance at source electrode, RD:
contact resistance at drain electrode, RB: channel resistance in the bulk and RI:
channel resistance at the conjugated polymer/gate dielectric interface. (c) AFM phase
image taken from a P3HT drop-cast film (3 mg/1 mL chloroform) on SiO2.

path is formed through percolation between polymer chains. After current onset, the

drain current increased rapidly, by over two orders of magnitude, ranging from tens

of pAs to several nAs in tens of seconds for both devices. A sharp increase of the

drain current immediately before its saturation is clearly seen in the devices. We

surmise that the sharp increase of the drain current is due to formation of a P3HT

conducting channel close to the SiO2 gate dielectric. As solvent evaporates, solvent

loss begins at the top surface defined by the solution/air interface and ends at the

polymer/substrate interface. [64] In other words, the P3HT/air interface approaches

the P3HT/SiO2 interface with continued solvent evaporation. Near the end of the

solvent evaporation process, the degree of relaxation of the individual polymer chains

at the P3HT/SiO2 interface is minimized with a maximum density of the polymer

chains. The significant current increase before saturation, thus, arises from the con-

tribution of the interface current which is proportional to the FET mobility µ and

the charge carrier density Cox(VG-VT ) in Equation 15 finalizing the formation of the

conducting channel(vide infra).
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Figure 23: Variations of the drain current of P3HT FETs, during solvent evaporation,
prepared from the drop deposition using different solvents of (a) thiophene and (b)
TCB. The inset shows the magnified view near current onset. For all the FET devices,
gate and drain voltages were fixed at -10 and -5 V, respectively. The thicknesses of
the samples ranged between 2 and 3 µm

2.1.6 Isolating interfacial effects at the semiconductor-dielectric interface

To focus on the conducting channel formation close to the gate dielectric, it is nec-

essary to reduce the bulk current by decreasing the film thickness and thereby in-

creasing the contribution of the interface current to the total current, as described

in Equation 15. A relatively thin semiconductor film was prepared from chloroform

solution by tilting an FET device during drop deposition, allowing the solution to

flow downwards; a process which is similar to a dip-coating process. A schematic of

the methodology is shown in the inset of Figure 24. A maximum drain current was

obtained about 3 seconds after P3HT solution deposition which was followed by the

gradual current decay as shown in Figure 24. These results suggest that the motions

associated with the polymer chains quickly become limited by the rapid evaporation

of chloroform. Interestingly, the abrupt current variations after current onset were

not observed here, contrary to results for devices prepared from substrates which were
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Figure 24: Plot of drain current as a function of time in a P3HT FET during
chloroform evaporation. The inset shows the schematic of a modified drop deposition
in which a FET device was tilted with a certain angle. Gate and drain voltages were
fixed at -10 and -5 V, respectively. The thickness of the sample was 21020 nm

kept horizontal during deposition of the droplet (Figure 22(a)). This observation is

direct evidence that the current variations resulted from reorganization of the semi-

conducting polymer chains in the presence of solvent. With the tilted device, the

almost instantaneous volume change combined with the fast evaporation of chloro-

form suppressed the movement of the polymer chains in the channel region and thus

possibly explains the absence of the significant current variations that are observed

in Figure 22(a).

To measure the change in the electrical properties of P3HT close to the SiO2

gate dielectric during channel formation, the modified drop deposition method used

in Figure 24 was combined with an in situ, gated four-contact sheet conductance

measurement. For this measurement, two different gate voltages (-40 and 0 V) were

applied alternately for a period of tens of seconds. Upon switching the gate voltage

from -40 (blue circles) to 0 V (red circles), the sheet conductance drops abruptly

because of the reduced charge carrier density. The inset of Figure 25(a) shows the

change in sheet conductance when the current onset is first observed, in which the
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sheet conductance soared to 6.0 × 10−7 S �−1. To evaluate both, the four contact

mobility and threshold voltage with respect to time, the sheet conductance values

at the time when the gate voltage is switched from -40 to 0 V was used to measure

the value of dσ�/dVG. The error in extracting the four contact mobility and thresh-

old voltage was unavoidable because of the time interval of several seconds associated

with switching the gate voltage. Figure 25(b) shows the plot of the sheet conductance

vs. time at two gate voltages (0 and -40 V), estimated from the data obtained in

Figure 25(a). Figure 25(c) depicts the plot of gate voltage versus sheet conductance

as a function of time, from which the four contact mobility and threshold voltage can

be extracted from the slope and gate voltage intercept, respectively. The four-contact

mobility and threshold voltage derived from the values of the sheet conductance were

plotted as a function of time during chloroform evaporation in Figure 25(d). The four

contact mobility initially increased from 0.10 to 0.17 cm2V−1s−1, which was followed

by a decrease of up to 0.02 cm2V−1s−1 in several hours. This was accompanied by a

simultaneous sharp drop in the threshold voltage from 182 to 46 V, stabilizing near

a value of 22 V at the end of the measurement period. The trend observed for the

variations of the hole mobility and threshold voltage was confirmed through exper-

iments on multiple FET samples. In the experiments performed here, the presence

of the peak mobility was observed reproducibly with its value spanning an order of

magnitude ranging between 0.03 and 0.17 cm2V−1s−1. The large variation in the

magnitude of the peak mobility can be attributed to variations in deposition condi-

tions, i.e. differences in substrate tilting angle prior to solution deposition and/or

quantity of P3HT solution, which affect the time available for self-organization of the

conjugated P3HT polymer chains at the P3HT/SiO2 interface.

The observed change in four contact mobility seen in Figure 25(d) is closely related

to the structural changes in the P3HT film that is in contact with the SiO2 gate

dielectric. Given that only a few molecular layers close to the gate dielectric govern
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Figure 25: (a) Plot of sheet conductance as a function of time for a four contact
device with d12=90 µm, w=1.2 mm, and L=165 µm. The drain voltage was kept at
-5 V, and two gate voltages of -40 (blue circles) and 0 V (red circles) were switched
periodically. The inset is a magnified view of the plot near the current onset.(b) Plot
of sheet conductance as a function of time at V G=0 and -40 V. (c) Plot of sheet
conductance as a function of gate voltage with time. (d) Plot of four contact mobility
and threshold voltage as a function of time.

charge transport in the P3HT film, it is necessary to address retention of chloroform

at the P3HT/SiO2 interface over the entire time range in Figure 25(d), since the

presence of solvent in a polymer film will enhance the movement of the polymer chains

which in turn will affect the molecular ordering within the P3HT film. [67,68] While
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information relating to the presence of chloroform at the P3HT/SiO2 interface during

the in situ measurement is not readily available, the amount of chloroform retained

in the film after spin-coating can be roughly estimated from previous studies. [64,69] In

these reports, the mass of toluene in a polystyrene film obtained by spin coating, was

monitored as a function of time at 115°C using gas chromatography. It was found that

toluene was retained in the spin-coated polymer film for more than 6 hours producing

a desorption rate in the range 1-5 × 10−5s−1. The vapor pressure of toluene at 115°C

is higher than that of chloroform at room temperature by a factor of 5 and hence the

desorption rate of toluene determined in these experiments is predicted to be larger

than that of chloroform in our experiments. This difference leads to the expectation

that some chloroform would be retained at the P3HT/SiO2 interface for a significant

time period after polymer solution deposition.

From these considerations, we hypothesize that the observed variation in P3HT

four contact mobility is associated with relaxation of P3HT polymer chains in the film

assisted by solvent retained close to the SiO2 substrate. Using polarized Raman spec-

troscopy, we demonstrated in a separate study (this is detailed in Chapter 2.3) that

the continuous removal of TCB from a drop-cast P3HT solution on a silicon dioxide

substrate leads to the formation of an intermediate lyotropic liquid crystalline phase

that is characterized by anisotropic ordering of P3HT chains over a macroscopic area.

This intermediate phase was found to last for several hours before transitioning into

a solid state consisting of nano-scale crystalline domains associated with a concurrent

loss of long range order. [62] Thus, it may be possible that the increase in four contact

mobility leading to the peak mobility observed in Figure 25(d) is due to the presence

of an intermediate anisotropic phase which is followed by loss of macroscopic ordering

and concomitant decrease in mobility. This will be discussed in greater detail in the

next section.

In elucidating the origin of the variation in four contact mobility during chloroform
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evaporation, the possibility of degradation of P3HT in air must also be considered.

In particular, molecular oxygen and/or water have been accepted as major dopants

for polythiophenes. [70] Molecular oxygen has been known to form a charge transfer

complex in P3HT enhancing the bulk conductivity. In those experiments, the increase

of current in P3HT-based FETs in air was explained by formation of electron acceptor

states associated with molecular oxygen. [71] Further, Chabinyc et al. [72] pointed out

that water degrades polythiophene devices by trapping charge carriers that flow in

the channel, thereby reducing the FET mobility. The current decay in the presence

of water, whose rate depends on relative humidity, is consistent with our observation

that the channel sheet conductance decreased with time after first reaching a peak

FET mobility, as seen in Figure 25(a).

To summarize, electrical properties of P3HT films during solvent evaporation, as

measured using FET structures, continuously evolve with time, with two dominant

mechanisms dictating this evolution. The first involves ordered self-organization of

the conjugated polymer chains (specifically P3HT) in solution, possibly mediated

through the formation of a lyotropic liquid crystalline phase, that improves molecular

ordering of the P3HT layers close to the SiO2 gate dielectric, which accounts for the

observed enhancement in FET hole mobility. The second relates to degradation of the

P3HT based device in air, resulting in a decrease in FET hole mobility and threshold

voltage. The appearance of the peak mobility represents a crossover between the

two dominant operating mechanisms. Once current onset is achieved, the polymer

chains continue to self-organize into ordered structures resulting in the increase in

mobility as a function of time up to the point where it is thought that atmospheric

degradation becomes the dominant mechanism. Importantly however, as suggested

by Raman spectroscopic evidence, structural changes resulting in the complete loss of

anisotropic ordering within P3HT films cannot be neglected as a source of the presence

of the peak mobility. To clarify the mechanism, additional, controlled environment
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experiments are required.

2.1.7 Conclusion

In conclusion, we found that a significant structural change in the P3HT film at

the P3HT/SiO2 interface occurs during channel formation. It should be possible to

maximize the magnitude of the peak mobility by enhancing chain alignment and ori-

entation and/or retarding chemical degradation. Understanding of the change in the

electrical properties of conjugated polymers during solvent evaporation can provide

insights into the time scale of channel formation, which would benefit the design of op-

timized processes for the development of high performance flexible electronic devices.

Within this framework, a comprehensive study of the effects of solvent and fabrica-

tion conditions on the electrical properties of conjugated, semiconducting polymers

should be performed.
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2.2 Solvent Evaporation Induced Liquid Crystalline Phase
in Poly(3-hexyl thiophene)2

2.2.1 Introduction

In Chapter 2.1, we studied the evolution of the channel current as a function of solvent

evaporation time. The evolution of the field effect mobility as a function of solvent

evaporation time is especially interesting since it is well documented that the mobility

mirrors the structural properties in the thin film (see Chapter 1, Introduction). So, a

question that naturally arises from the in situ electrical study reported earlier, is how

do polymer chain conformations and microstructur evolve concurrently. It has been

reported that structural changes result from the behavior of polymer chains in the

solvent during film formation, [47] and resulting conformations of conjugated polymers

in solvents play a crucial role in determining electrical properties. Nevertheless, a

coherent picture of the formation of the conducting channel in organic FETs and the

role of polymer relaxation in the solution process is incomplete. [61] In this section,

we report an in situ structural characterization using polarized Raman spectroscopy,

wherein we identify a lyotropic liquid crystalline phase during the solvent evaporation

process, which is otherwise absent in the fully dried film. This could form a potential

explanation for the sharp rise of the field effect mobility which will be explored in

detail in Section 2.3.

2.2.2 Experimental

2.2.2.1 Materials

The P3HT used for this study was purchased from Sigma Aldrich and used without

further purification. This material had a Mn of 24 kD and Mw of 47.7 kD (from

GPC in tetrahydrofuran calibrated with polystyrene standards using a Waters 1515

Isocratic HPLC system with a Waters 2489 UV/Vis detector, using a Styragel HR

2Raman experiments conducted by M.S. Park and M. Srinivasarao; J. Am. Chem.
Soc. 2011, 133, 7244.
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5E column) and a head to tail regioregularity of 92-94% (as estimated from the 1H

NMR spectrum obtained from a solution of the polymer in deuterated chloroform at

293 K recorded using a Bruker DSX 300 NMR spectrometer). P3HT solutions with

a concentration of 3 mg/mL were prepared using 1,2,4 trichlorobenzene (TCB) (B.P.

218-219 C) as the solvent.

2.2.2.2 UV-Visible Spectroscopy

Absorption spectra were recorded in trasmission mode using a UV-visible spectropho-

tometer with a 10 × objective (N.A. 0.25) (Olympus BX 60). The P3HT solution was

dropped onto a pre-cleaned glass slide and the spectra were recorded as a function of

solvent evaporation time.

2.2.2.3 in situ Drain Current and Raman Measurement

We fabricated two-contact devices for the in situ current measurements. Source and

drain electrodes (Au (50 nm)/Cr (2 nm)) were patterned using photolithography

with the channel length of 50 m and the width of 2 mm. Two contact measurements

were performed using a semiconductor parameter analyzer (Agilent 4155C). A 2 umL

droplet of the P3HT solution was deposited onto the devices for in situ current

measurements during solvent evaporation. The volume of a droplet of solution was

controlled using a micropipette.

For the correlation between structural changes and electrical properties, the Ra-

man spectra were recorded simultaneously along with the in situ drain current mea-

surements by focusing the excitation laser (15 µm spot size) on the conducting chan-

nel, as shown in Figure 26. Raman spectra were recorded using a spectrometer (RXN

1, Kaiser) with a thermoelectrically cooled CCD detector and coupled with a Leica

optical microscope (50 × objective, N.A. 0.75). A 785 nm laser diode was used and

the irradiation levels were kept below 0.1 mW/cm2. No sample degradation induced
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by the irradiation was observed during the acquisition of spectra. In order to mon-

itor spectral change as a function of solvent evaporation time, Raman spectra were

continuously recorded in 15 second time intervals, starting from the deposition of the

solution droplet onto the device (t=0) until a fully dried film was obtained. All the

electrical and Raman measurements were carried out in air. Peak fitting and analysis

was conducted using the Spectracalc software package, GRAMS (Galactic Industries

Corp., USA).

All the Raman experiments were performed in collaboration with Min Sang Park

in the group of Prof. Mohan Srinivasarao.

2.2.3 Angular Dependence of Raman Intensity from an Evaporating Ses-
sile P3HT Droplet

Figure 26: Experimental setup for in-situ current and Raman measurements: (a)
A schematic of two-contact device used for the electrical measurements. (b) Optical
microscopic image after depositing the solution onto the channel region of the two
contact device. The central spot is the image of the focused laser spot used for the
Raman measurements.

Figure 26 shows the experimental setup used for the Raman measurements. Ini-

tial measurements were conducted on bare SiO2 substrates without electrical mea-

surements, whilst later experiments involved a simultaneous measurement of both.

Figure 27 is shows the Raman spectra for P3HT as a function of angle θ obtained

660 minutes after we deposited the solution on to the substrate. It is easy to detect

the angular dependence of the peak intensities at 1443cm−1 and 1378cm−1 which are
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attributed to the stretching of the C=C and C-C vibrations in the thiophene ring, re-

spectively. [73–75] It is clear from the angular dependence of the Raman peak intensities

that P3HT chains have anisotropic ordering. Other evidence of the anisotropic nature

of the P3HT chains comes from the observation that the fluorescence background of

the Raman spectra also displays a strong angular dependence.
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Figure 27: Polarized Raman spectra measured 660 minutes after deposition of the
P3HT/TCB solution at room temperature. Spectra were consecutively taken as a
function of angle between the incoming polarization direction and arbitrary direction
of the conjugated backbone 15°intervals. Peaks at 677cm−1 are attributed to the C-Cl
stretching mode of 1,2,4-TCB.

Interestingly, the angular dependence was observed only in the time period be-

tween approximately 630 to 720 minutes after solution deposition, with measurements

proceeding from 0-1200 minutes. It is noteworthy that in all of the spectra showing

angular dependence, we can detect characteristic peaks of pure solvent that are dis-

tinct from those of pure P3HT. In particular, the peak at 667cm−1 attributed to

the C-Cl stretching mode in 1,2,4-TCB [76] is clearly shown in those spectra, which

implies that a non-negligible amount of solvent still remains. No angular dependence

was discernable before this time period noted above, which is evidence of consider-

able mobility of polymer chains in solution up until this time. At longer times, it is

thought that continued solvent evaporation produces polycrystalline states consisting
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of nano-scale domains where a large distribution of crystal orientation arises among

domains. [77] Because the Raman intensities obtained from the sample are averaged

across the spot size of the laser used in this study (15 µm, which far exceeds typical

domains sizes in a polycrystalline film), no angular dependence was observed outside

of the time window mentioned above. Representative spectra from outside this period

(630 720 minutes) are shown in the Figure 28. Judging from the evolution of the

anisotropic nature of polarized Raman spectra connoting long-range orientation of

P3HT chains and considerable residual quantity of solvent as judged by the charac-

teristic peaks of 1,2,4-TCB, we propose the possibility of a phase transition from an

isotropic solution state to a liquid crystalline phase, followed by evolution of the solid

state consisting of nano-scale crystalline domains as solvent further evaporates.
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Figure 28: Plots of polarized Raman spectra consecutively measured by rotating the
sample stage at: a) 30 minutes (isotropic solution state) and b) 800 minutes (fully
dried film) after deposition respectively.

2.2.4 Raman Peak Analysis: Further Evidence of a Liquid Crystalline
Phase

The existence of a liquid crystalline phase during solvent evaporation is supported by

P3HT backbone peak analysis. It has been reported that the vibrational frequency
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of C=C stretching mode of the thiophene ring is the principal feature that reflects

the state of extended conjugation in thiophene based conjugated materials. [74,75] In

this respect, the variation in peak frequency of the C=C stretching mode is an ef-

fective indicator of changes to the conformation of the P3HT polymer chain. Figure

29 shows the time evolution of C=C vibrational frequency, showing that the peak

frequency of this vibration gradually decreases by 15cm−1 during the transition from

the isotropic solution state (1458cm−1) to the fully dried film state (1443cm−1). Such

a frequency shift can be interpreted as the extension of conjugation upon solvent

evaporation. [75,78] The variation in conjugation length arises from strong interactions

between neighboring chains as they begin to order into a closely packed structure.

The damping effect that tends to reduce the oscillations due to strong interactions

between neighboring chains is likely responsible for the shift to lower frequency. It

should be noted that the time duration for a significant change of frequencies to oc-

cur is in agreement with the time scale for detecting the anisotropy in polarization

intensities of Raman scattering.
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Figure 29: The variation of frequencies assigned to C=C stretching in thiophene ring
as a function of evaporation time.
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The time evolution of full width half maximum (FWHM) in a discontinuous fash-

ion during the same time frame, as depicted in Figure 30, is additional evidence of a

possible phase transition. A significant increase in peak width in polymeric system

occurs when the chain conformation changes from a well-defined ordered state to a

random state. It is because the structure of disordered chains encompasses a broad

distribution of chain conformations and thus their vibrational transitions have a broad

bandwidth. Therefore, the gradual decrease in FWHM as evaporation proceeds can

be rationalized by the fact that the P3HT backbone is forced to planarize as packing

density increases because of solvent evaporation. By contrast, in the dilute solution

state, internal twisting about ring-to-ring bonds may induce a deviation from copla-

narity, thereby producing conformational disorder of the polymer chain resulting in

loss of conjugation. Therefore we suggest that the time dependant behavior (Fig-

ures 29 and 30) characterizes a transition into a phase that is distinct from either an

isotropic solution or crystalline state: that of a liquid crystal.
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Figure 30: Time evolution of FWHM of Raman peak assigned to C=C stretching in
thiophene ring.

These peak analyses, combined with the anisotropic nature of the peak intensity,
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provide evidence for a possible phase transition from isotropic solution to a crystalline

phase via an intermediate liquid crystalline phase. In order to confirm our theory,

we observed the perimeter of droplet where we were able to detect the anisotropy

in polarized Raman spectra under a polarized optical microscope. It is well known

that when solvent evaporates from a sessile solution droplet, the solute molecules

are driven to the edge of the three-phase contact line where the concentration of

the solute increases. [79,80] At a critical concentration, the solutes can form a liquid

crystalline phase. [81] Under crossed polarizers, we observed regions that display optical

anisotropy, Figure 31 which may result from preferential P3HT chain alignment along

one direction, justifying our assertion of a possible liquid crystalline phase in P3HT.

It should be noted that experimental factors such as evaporation rates and initial

concentration of solute in a given droplet may result in different time scales for the

phase transition from one sample to the next. For instance, in the case of a faster

evaporation rate under high air circulation rates, the isotropic solution undergoes

a phase transition to liquid crystal earlier than 630 minutes and the time duration

when the sample exhibits a liquid crystalline phase may be shorter. In an effort to

better understand these dynamic phenomena, systematic studies of the film formation

mechanism must be performed with greater control over relevant experimental factors.

Figure 31: (a) Optical microscopic image (10×) of the fully dried P3HT film. The
diameter of drop is approximately 5 mm. (b) and (c) The images of the same film
(20×) in the vicinity of perimeter under crossed polarization, when the direction of
outward flow of solvent is parallel (b) and 45°tilted with respect to (c) to the polarizer.
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2.2.5 Conclusion

In summary, using polarized Raman spectroscopy we have demonstrated that P3HT

can possess a lyotropic liquid crystalline phase beyond a critical concentration. Liquid

crystalline ordering of P3HT chains during film formation may enable us to design

improved materials for high charge mobility, since the liquid crystalline phase pos-

sesses long range orientational order and the capacity for self-healing, i.e., repairing

of the structural defects, in contrast to the crystalline phase. [82] Solvent-evaporation

induced self assembly is thus a simple, controllable, and cost-effective method of

achieving long range order in thin films of conjugated polymers.
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2.3 A Joint in situ Structural and Electrical Characteriza-
tion of the Film Formation Process in P3HT3

2.3.1 Introduction

In the previous section, we demonstrated the possibility of a liquid crystalline phase

being manifest (under certain conditions) during the process of solvent evaporation

and film formation in P3HT. The coincident times scales at which the liquid crys-

talline phase, Figure 27 and the sharp current onset, Figure 23(b) are observed raise

the possibility that current onset could have a structural origin, where the long range

orientational order in the liquid crystalline P3HT films leads to a dramatic increase

in the drain current. Moreover, this would also support the sharp mobility increase

observed in Figure 25(d). However, as noted in Section 2.2, the observation of liq-

uid crystallinity is strongly dependent on several parameters and is not universally

observed across the films. In this section, we report the time dependence of the mi-

crostructure formation of P3HT film via solution casting by the in situ monitoring of

the structural changes using spectroscopic techniques. This is coupled with a simul-

taneous measurement of the drain current, which provides a fundamental insight into

how the evolution of microstructure correlates with that of the charge transport.

2.3.2 Experimental Methods

The experimental techniques and materials used are identical to that reported in

Section 2.2. The experimental setup used to conduct the joint investigations is shown

in Figure 26.

2.3.3 Results

2.3.3.1 in situ Drain Current and Raman Scattering Measurements

The experimental apparatus used is shown in Figure 26. The method used to measure

the current is identical to that described in Section 2.1. Only P3HT solutions in TCB,

3Raman experiments conducted by M.S. Park and M. Srinivasarao
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a slow evaporating solvent, are investigated. The use of high boiling point solvents

is suitable for such an experiment because not only does it provide enough time to

track changes in the Raman spectra, but it also reduces the dynamic effects in an

evaporating solution, such as flow of solvent and temperature gradients, which can

complicate the analysis. The evolution of the drain current as a function of time

was already discussed in Section 2.1. Instead, we are going to focus especially on

the region where the sharp onset of the drain current is observed, leading upto its

eventual saturation.

We reported earlier that the evolution of the drain current of P3HT films de-

posited from solutions with various solvents presents an interesting result: it was

found that the drain current increases sharply at a specific time after the deposition

of the solution onto a two contact device before eventually leveling off, Figure 32(a).

We have labeled key points on the current vs time curve that correspond to signifi-

cant transitions observed in the Raman spectra, Figure 32(b). The changes observed

in the Raman spectra are especially interesting since the spectra corresponding to

points B and C in Figure 32(c) closely resemble those obtained from regiorandom

(50% head-tail content of side chains) and regioregular (ca. 92% head-tail content

of side chains) P3HT respectively, Figure 33. Given the extent of molecular disor-

der (because of a steric hindrance motivated backbone torsions) in the regiorandom

variant, it is expected that it would form a highly amorphous film in contrast to the

regioregular variant, which is expected to yield a polycrystalline/semi-crystalline film.

Moreover, these differences in the state of order in the sample is also manifest in the

Raman spectra, as shown in Figure 33. Thus, we suggest that the Raman spectrum

consisting of relatively strong and sharp peaks (regioregular/ordered P3HT sample)

result from the collective vibrations in the crystalline domains of P3HT, whereas the

weak and poorly developed peaks are attributed to the vibration modes emanating

from disordered regions of the film. In addition, we suggest that in the absence of
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resonance Raman effects (energy of the excitation (∼1.58 eV, 785 nm, is significantly

lower than the energy required for electronic transitions in P3HT (>1.91 eV, <650

nm)), the substantial changes of peak intensity are a result of phase transitions.

As shown in Figure 32(c), the change in Raman spectra between points B and C

are abrupt (within ca. 2 minutes of each other) relative to the duration over which the

measurements are conducted (1200 minutes). Interestingly, the sharp increase of the

drain current (point A) is observed well before the transition in the Raman spectra

between B and C:the point at which we suggest the film starts to crystallize. This is

especially surprising given the strong correlation between the structural order in the

film and its charge transport properties (see Introduction). In fact the Raman spectra

composed of weak and blurry peaks exist for a considerable period of time after the

drain current increases sharply. It should be noted that we repeated the experiments

multiple times and although, as mentioned previously, the time scales for observation

of the transitions varied between experiments, the qualitative trend remained the

same. We also tracked the intensity change of the Raman peak associated with the

solvent, TCB (at 677 cm−1 assigned to C-Cl stretching), so that the evolution of drain

current can be related to the residual amount of solvent in the film. Figure 32(a)

shows the residual solvent in the evaporating droplet as a function of time (obtained

from the normalized Raman intensity of the solvent peak), which shows that solvent

remains in the film even when the drain current starts to increase sharply (point A).

As mentioned in Section 2.2, the Raman peak at ca. 1445 cm−1 attributed to C=C

symmetric stretching in thiophene rings is strongly affected by not only the confor-

mation of P3HT chains, but also by interactions between neighboring chains, [74,75,78]

and hence is an indicator of the state of ordering between P3HT chains in the evapo-

rating droplet. Figure 34 shows the variation of the normalized intensity of the C=C

stretching mode (IC=C) measured after point B (the peak intensities are normalized

with respect to the the intensity at point D). The normalized intensity increases very
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Figure 32: (a) Time evolution of the intensity of Raman peak attributed to C-
Cl stretching in TCB (blue points) and drain current (black points).(b) Figure (a)
magnified to highlight the region of interest where the sharp increase in current is
observed; A: time at which the drain current sharply increases, B: the moment after
which weak and blurry peaks disappear, C: the moment at which Raman spectra
consists of strong and sharp peaks similar to those of crystalline domain, and D:
the moment at which drain current shows its maximum.(c) The variation of Raman
spectra between points B and C.
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Figure 33: Raman spectra obtained from regiorandom (black line) and regioregular
P3HT (red line)

sharply until point C, slowly increasing up to point D, beyond which it eventually

saturates.
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Figure 34: Correlation between the intensity variation of Raman peak assigned to
C=C stretching in crystalline phase and drain current with time. Intensity was nor-
malized by its maximum.

In addition, substantial variations of the position and bandwidth of C=C stretch-

ing are observed in the non-crystalline phase (between moments B and C) and in

crystalline phase (after moment C). The time evolution of the position and full width

at half maximum (FWHM) of the principle Raman band for P3HT is shown in Figure
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35. The peak position continuously red-shifts to lower wave-numbers from ca. 1446.5

cm−1 and settles at about 1445.0 cm−1 ca. 1050 minutes after the deposition. The

FWHM also continuously changes with time, from ca. 25 cm−1 at point C and rising

up to ca. 27 cm−1 as time goes.
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Figure 35: The time evolution of the position and FWHM of the Raman band
assigned to C=C stretching of P3HT

The Raman spectra are indicative of phase transitions that may contain evidence

for the source of the sharp current onset. We supplement the joint Raman and drain

current experiments with in situ absorption spectroscopy that also contains evidence

of a continuous phase transition as will be discussed in detail in the next section.

2.3.3.2 Optical Absorption Spectra

As will be demonstrated in subsequent sections, the absorption spectra reflect the

microstructure of the thin films and thus is an invaluable tool in studying the evolution

of the microstructure as well. For the in situ experiments reported here, we deposited

the P3HT solution in TCB onto a transparent glass slide and recorded the absorption

spectra in transmission mode. The absorption spectra as a function of time are shown

in Figure 36(a). The expected bathochromic shift of the absorption maximum, λmax
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corresponding to the π−π∗ when going from the initial solution state to the final solid

state is clearly observed in Figure 36(a). In addition to the λmax of 520 nm in the

solid state, two low energy vibronic peaks at ca. 560 nm and ca. 610 nm, which have

been previously attributed to increased molecular order in the P3HT film [83] are also

observed. Thus the evolution of the three principle peaks reported above are expected

to throw light on the evolution of the film microstructure as solvent evaporates from

the sessile droplet.
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Figure 36: (a) Optical absorption spectra immediately after depositing the regioreg-
ular P3HT solution and the fully dried P3HT film (b) the time evolution of absorption
spectra after the deposition. The spectra were measured every 30 minutes.
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As mentioned earlier, the presence of the vibronic features is indicative of en-

hanced crystallinity and thus we can use that as index of the evolving crystallinity.

Notably, from Figure 36(b) the intensity of the absorption band with the maximum

at ca. 460 nm continuously decreases until 5 hours after deposition of the solution.

In addition, the vibronic side band at 610 nm is first noticeable ca. 5.5 hours after

the deposition and thus possibly represents a nascent stage of the development of

molecular order within the network of the P3HT chains. Interestingly, while the λmax

continuously red shifts to higher wavelengths with solvent evaporation, the feature at

610 nm is invariant in position from the instance of its first appearance, Figure 36(b).

A concomitant increase in the vibronic peak at 560 nm is also observed. Overall,

the absorption spectra keep evolving even after the appearance of the signatures of

crystallinity noted above (i.e., ca. 7-11 hours after the deposition), with the intensity

of all absorption bands increasing gradually and red-shifting with respect to the orig-

inal absorption spectrum at time t=0. The intensity and the peak positions appear

to stabilize roughly 7 hours after depositing the solution. It should be noted here

that the absorption spectra were recorded independent of both the in situ Raman as

well as the drain current measurements. Thus, although we expect the qualitative

trend of phase transitions (derived from absorption spectra) to prevail, we cannnot

correlate the time scales at which they occur with similar deductions from Raman

spectroscopy.

2.3.4 Discussion

2.3.4.1 Phase transitions in the evaporating sessile P3HT droplet

In section 2.2, we already demonstrated that the continuous removal of solvent from an

evaporating P3HT droplet leads to successive phase transitions. [62] This can be ratio-

nalized by the fact that the P3HT chains undergo continuous conformational changes

as the evaporating solvent forces isolated chains into supramolecular assemblies where

inter-chain interactions begin to compete with intra-chain ordering (i.e. conjugation).
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The absorption spectra in Figures 36(a),36(b) show a clear bathochromic shift of the

π−π∗ transition indicative of an evolving extension of the main chain conjugation. [84]

Moreover, the continuous decrease of the frequency (red-shift) of the C=C vibration

in Figure 35 suggests that the conjugation is continuously extended with time until

ca. 1050 min after the deposition. We have already demonstrated the presence of

a lyotropic liquid crystalline phase in the course of solvent evaporation. Thus, it is

feasible to expect the evolution of the absorption spectra to reflect the presence of an

intermediate ordered phase before the formation of the fully dried polycrystalline film.

This is also supported by the the absence of a distinct isosbestic point in the absorp-

tion spectra, implying the presence of a multiphase morphology which is consistent

with the intermediate phase we have suggested. [85]

A closer examination of the absorption spectra reveals the time scales at which

phase transitions possibly occur. For example, the absorption maximum decreases

continuously after deposition of the solution for a period of 5 hours with no associated

changes in either the peak position (ca. 460 nm) or the peak width, ruling out any

conformational changes within that time period. Instead, we suggest that the initial

intensity decrease is purely due to a drop in concentration of the solute due to the

outward flow of the solution. It is well known that when a solution droplet is deposited

onto a solid surface, solvent evaporation is highest at the very edge of the droplet thus

creating a concentration gradient that drives solution from the center to replenish the

evaporating solvent at the edge. [65] This picture is consistent with the observation

of decreasing intensity of the absorption maximum in the absorption spectra. On

the other hand, the advent and the increase in intensity of vibronic transitions at

610 nm (5.5-6.5 hours after the deposition) indicate that considerable inter-chain

interactions exist and the extent of these interactions grow as solvent evaporates

before the formation of crystalline domains in P3HT film. [83]
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It is interesting to note that the evolution of UV-visible spectra via solvent evapo-

ration is analogous to thermochromic transitions observed in poly(3-alkylthiophene)s

(P3ATs). Yang et al. interpreted the continuous blue-shift of the absorption max-

imum as a result of conversion of the crystalline phase into a disordered phase via

a quasi-ordered intermediate phase. [85] A similar quasi-ordered phase has also been

reported by Zerbi et al. [86] and Tashiro et al. [87], in which the inter-annular bond

on the individual conjugated segments that form the phase, experience partial twist-

ing of adjacent thienyls, but the degree of twist is insufficient to completely disrupt

the intra-molecular ordering into a coiled conformation. As the name suggests, the

degree of ordering within a qausi-ordered phase is lower than in an ordered phase,

where the degree of intra-molecular disorder is minimized. The continuous evolution

of the absorption maximum indicative of evolving conjugation lengths is consistent

with a transition from a disordered (isotropic solution) to the ordered phase (fully

dried film) through an intermediate quasi-ordered phase. This is further validated by

the absence of a distinct isosbestic point, which would be present in the absence of a

multi-phase morphology. [85]

The analysis of the absorption spectra provides a strong foundation to further

our understanding of the phase transitions that are clearly active in an evaporating

droplet. A detailed analysis of the Raman spectra is expected to augment the picture

we have already formed using absorption spectroscopy. In following section, we will

integrate our analysis of the spectral analyses (Raman as well as UV-Vis) and discuss

the correlation between the evolution of the drain current and the microstructural

changes of P3HT before and after the formation of crystalline domains (as determined

by Raman spectroscopy, Figure 32(c)).
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2.3.4.2 Evolution of structure and the evolution of the drain current: is there a
correlation?

It is conceivable that the solvent would play a crucial role in dictating the evolution

of the polymer chain conformations, especially given reports that the presence of the

solvent can lower the glass transition temperature of the polymer, [67,68] allowing for

sufficient mobility of the chains with the capacity to influence the microstructure. In

fact, Figure 32(a) shows the presence of solvent (evidenced by the non-zero relative

intensity of the Raman peak for the solvent) in the film at the instant when the

drain current starts to increase sharply (moment A in Figure 32(b)). The sufficient

mobility of the polymer chains (due to the presence of the solvent) also possibly

explains why the Raman spectrum exhibits characteristic features for non-crystalline

state of P3HT (weak and blurry peaks) at moment A. The non-crystalline state

prevails up to moment B, beyond which we could not distinguish the solvent peaks

from that of the background noise. It is surprising that the increase in drain current

(moment A to moment B) occurs even though the Raman detects no signs of a

crystalline phase, especially given the intimate correlation between microstructure

and charge transport in organic semiconductors. However, given the high P3HT

solution concentration at point A (very low amount of solvent detected by Raman),

it is possible that the threshold concentration required to form a highly conductive

pathway has been achieved, while at the same time the evolving inter-chain distances

(because of increasing number of P3HT chains in a given area/volume) may not have

reached the the threshold to induce sufficient crystallinity that can be detected by

the Raman technique.

As discussed above, we have established that the sharp onset of the drain current

cannot be ascribed to to the development of crystallinity since that takes place at a

much later stage in the evaporation process (from point B to C in Figures 32(a) and

32(c)). This result supports the premise that the abrupt increase in drain current
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is associated with a non-crystalline state. It is noteworthy that this non-crystalline

state can either be a high-concentration isotropic solution state or a lyotropic liquid

crystalline (LC) phase. Failure to detect evidence for a LC phase in the simultaneous

measurements of the evolution of the Raman spectra and drain current is because

P3HT in solution undergoes a phase transition from an isotropic solution state to a

LC phase at a critical concentration, and experimentally, it was not possible to match

the area of droplet which is beyond a critical concentration in the solution state with

the channel area of the two-contact device.

Interestingly, even beyond crystallization of the film (point C), further changes are

detected by Raman. Judging by the rapidly increasing Raman intensity (see Figures

34 and 35) from moment B to moment C, we suggest that P3HT chains nucleate,

resulting in formation of well-defined crystalline domains around point C. This is

supported by a careful examination of the evolving Raman peaks between points B

and C. Figure 37 shows peak shape analysis for the Raman spectrum obtained at

(B+30) secs and at the moment C. Interestingly, the shape of the C=C stretching

mode at point (B+30) (at ca. 1450 cm−1) appears asymmetric and in fact can be

decomposed into two peaks (Figure 37, whereas the peak at and after moment C

exhibits a relatively symmetric shape. Both bands decomposed in Figure 37, one at

ca. 1463 cm−1 and the other at ca. 1446 cm−1, are attributed to C=C stretching

mode in thiophene ring, but result from C=C stretching in different ordered phases.

The Raman peak at ca. 1463 cm−1 can be attributed to C=C stretching mode in a

less ordered phase and that from more ordered crystalline-like domains is located at a

lower wave number (ca. 1446 cm−1), as verified by other researchers using resonance

Raman spectroscopy. [74,88,89] The asymmetric peak shape prior to crystallization at

point C can be rationalized by the presence of a near equal contribution to the Raman

peak from both the nucleated crystallites (at ca. 1446 cm−1) and non-crystalline

regions of the film (at ca. 1460 cm−1). However, with further evaporation time, the
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asymmetry is lost as the peak at 1446 cm−1 intensifies, probably due to an increase

in nucleation density of P3HT crystallites. Even beyond point C, the C=C peak

intensity keeps increasing gradually up to the maximum (around point D), which

may be a consequence of slow increase of structural order as well as the increase of

domain size due to a rapidly diminishing residual solvent content in the film. Although

most solvent is lost by evaporation when crystallization occurs, there must be a small

quantity of solvent that is retained in the P3HT film, which imparts limited mobility

for the P3HT chains to slowly reorganize. Revisiting Figure 32(b), we can see that

although the drain current increases from point A onwards in a continuous fashion,

we can bifurcate the current evolution into three regions, i.e, A-B, B-C, and C-D,

based on that fact that each region is associated with a different current-time slope.

Especially, the rate of increase in drain current is the highest between B and C. This

observation is possibly a result of the phase transitions described above.

All in all, we suggest that there exists a strong correlation between the evolution of

the polymer chain conformation as well as the nucleation and formation of crystalline

assemblies and the drain current. The disorder to order transition proceeds through

an intermediate quasi-ordered phase beyond which the conjugation length continues

to increase promoting the formation of an increased number of crystallites. The be-

havior can also in part account for the mobility vs time data reported in Section

2.1, Figure 25(d). We hypothesize that the observed variation in P3HT four contact

mobility is associated with relaxation of P3HT polymer chains in the film assisted by

solvent retained close to the SiO2 substrate. It is possible that the formation of an

intermediate lyotropic liquid crystalline phase that is characterized by anisotropic or-

dering of P3HT chains over a macroscopic area is responsible for this mobility profile.

This intermediate phase was found to last for several hours before transitioning into

a solid state consisting of nano-scale crystalline domains associated with a concurrent

loss of long range order. Thus, it may be possible that the increase in four contact
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Figure 37: Fitting results for peaks around 1300-1550 cm−1 in Raman spectra mea-
sured (a) at the moment of B+30 seconds and (b) at the moment of C. The blue
and green plots are attributed to C=C stretching mode of P3HT in less ordered and
highly ordered states respectively.

mobility leading to the peak mobility observed in Figure 25(d) is due to the presence

of an intermediate anisotropic phase which is followed by loss of macroscopic ordering

and concomitant decrease in mobility. Although not measured for P3HT/chloroform,

we suggest that similar transitions, although significantly accelerated due to rapid

solvent evaporation, occur in those cases as well, resulting in a peak mobility being

reproducibly observed.
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2.3.5 Conclusion

We elucidated how the P3HT chains behave and structural order evolves in a sessile

evaporating droplet of P3HT in solution. We believe that clarification of the mecha-

nism of conducting channel formation will open new avenues for tailoring the chain

conformation and degree of π − π interactions for various applications. Our observa-

tions also point directly to advantages that will emanate from the incorporation of LC

characteristics into π-conjugated semiconducting polymers. Liquid crystallinity may

emerge as a necessary design feature for solution processed semiconducting polymers

and related processes where the as deposited thin polymer films have the requisite

morphology for efficient charge transfer and high mobility. imperative for the devel-

opment of viable flexible electronic device fabrication methodologies is the need to

elucidate the relevance of drying kinetics to the structural changes for association

of conducting polymers with each other, which critically affects the conformation of

polymer chains, the stacking geometry, and electronic performance.
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CHAPTER III

A DRAMATIC EFFECT OF REGIOREGULARITY ON

THE NANOSTRUCTURE AND CHARGE TRANSPORT

IN P3HT

3.1 Introduction

Although a strong correlation exists between charge transport and microstructure and

the degree of crystallinity in OSC thin films, the presence of disorder leads to a very

complex correlation between the two. Moreover, the roles of order across length scales

ranging from the nano-scale to the macro-scale remains vague. Clarification of the

roles of intra and inter -chain effects is expected to a lead to a significantly improved

understanding of how structural order controls macroscopic charge transport that

operates in OFETs. In this chapter we explore how single chain effects can induce

changes in intra as well as inter-chain ordering.

It is known that the attractive properties of conjugated polymers are somewhat

offset by their relatively poor charge transport properties, since large free energy

barriers to crystallization [56] inevitably lead to a structurally inhomogeneous system.

Conjugated polymer thin films are thus typically composed of ordered crystallites em-

bedded in a largely amorphous matrix, [90] and charge hopping between transport sites

is significantly impeded by disorder. [22,30] In such variegated systems, identifying the

exact individual roles of intra-chain, inter-chain and inter-grain charge transport in de-

termining the macroscopic field effect mobility becomes a substantial challenge. [90,91]

Much of the research in the area of conjugated polymers has thus focused on un-

derstanding and suppressing the effects of structural disorder on charge transport

70



through “controlled” supramolecular self-assembly, either through improved molec-

ular design [45,92] or by exploiting solvent-solute-substrate interactions. [47,53,93] Specif-

ically, the molecular weight (MW) [51,52,94] and regioregularity (RR), [49,95] defined as

the percentage of head-tail (H-T) attachment of side chains in regiochemical diads

(see Figure 17 in Chapter 1), have been identified as key molecular parameters that

control thin film microstructure and thus charge delocalization in P3HT. In essence,

both parameters are intricately linked, in that they both directly influence single

chain properties and hence multi-chain assemblies.

An understanding of the effects of MW forms a useful platform to elucidate the role

of RR. Although a multitude of theories, all unified by the observation of a significant

increase in field effect mobility with MW, have been reported to explain the effects

of increasing chain length on macroscopic charge transport in P3HT films, [51,52,94,96]

questions remain regarding the etiology of this phenomenon. Kline et.al. [52,97] pro-

posed two plausible explanations for the observed increase in mobility: longer chains

in high MW P3HT (i) facilitate a net reduction in inter-chain hopping events as intra-

molecular charge transport through longer conjugated segments becomes facile [98]

and (ii) act as charge transport conduits connecting crystalline domains separated

by low conductivity amorphous grain boundaries. [90] Alternatively, Zen et.al. [51] and

Chang et.al. [94] have ascribed the mobility increase to improved intermolecular trans-

port, resulting from either reduced distortion of the conjugated backbone or fewer

chain defects within individual grains. Early work of Bredas et.al. shows that devia-

tions from backbone co-planarity can have detrimental consequences for the electronic

properties in conjugated systems leading to the limiting case of near vanishing band-

widths (BWs) for bithiophene having a 90 dihedral angle. [99] The presence of alkyl

substituents, required to solubilize the intractable main chain, only serve to amplify

the effect. [100,101] Such effects are also manifest through the reduction of the RR

of the polymer. [49,95] A higher percentage of sterically demanding head-head (H-H)
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substituents result in significant loss of backbone planarity through the formation

of conformational defects or “twistons“ [102]- kinks in the delocalization pathway of

charge carriers that lead to loss of conjugation. [98] Although the effect of RR on the

microstructure and charge transport in P3HT films is documented, [49] the subtlety

of the effect remains open to question. While Sirringhaus et.al. showed that a ca.

15% difference in RR can lead to a hundred fold increase in field effect mobility, [49]

Kim et.al. demonstrated that even a mere 5% difference is sufficient to significantly

alter the performance of bulk heterojunction solar cells. [95] However, a precise eval-

uation of the relationship between mobility and RR has not been presented, and an

exploration of the impact of this relationship in the context of P3HT film microstruc-

ture and in-plane charge transport using a field effect transistor (FET) geometry is

still missing. Developing an understanding of the level of significance RR plays in

allowing polymer chains to assemble into nano- and micro-structures is essential for

identification of design rules for high performance polymer based semiconductors.

In this chapter, we seek to understand how subtle differences in RR of the hexyl

side chains in P3HT can influence the supramolecular assembly of polymer chains

when deposited from the solution state, and subsequent thin film properties. We

demonstrate that differences in RR as small as ca. 4% can, surprisingly, result in

dramatic variations in field effect mobilities by as much as two orders of magnitude.

The differences in the electronic absorption spectra, which are analyzed in light of

Spano’s model, [103] are consistent with the spectral signatures of enhanced intrachain

order in higher RR P3HT. The observed morphological differences are in agreement

with the photophysical changes, and also point to an increase in the conjugation

length of the polymer chain, resulting in nanofibrillar structures that are consistently

wider for the higher RR variant. Moreover, the difference in mobility between the

two P3HT samples persist even when comparing the results obtained from films that

are spin coated from solvents that differ by as much as ca. 120 in their boiling point
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(BP), suggesting that RR has an overriding influence on charge transport. These data

provide clear evidence that RR must be considered with great care when optimizing

charge transport in solution processed conjugated polymer films. Furthermore, the

results of this study highlight the importance of intra-chain vs inter-chain effects.

3.2 Experimental Procedures

3.2.1 Materials

Regioregular P3HT (P100 and P200 Sepiolid: referred to as HT94 and HT98 P3HT

from here on) used for the study was purchased from Rieke Metals, Inc. and used

without further purification. The molecular weight and regioregularity of both sam-

ples are summarized in Table 1. All the solvents used in the study were anhydrous

(except for benzyl chloride) and purchased from Sigma Aldrich and used without any

further purification.

Table 1: Molecular weight and regioregularity of the P3HT samples used
P3HT Sample Molecular Weight (kDa) Regioregularity

M N M W %H-T
P100 (HT94) 19.7 42 92-94
P200 (HT98) 12.7 23 98

The MW data were obtained through gel permeation chromatography (GPC)

of the polymer samples in tetrahydrofuran solution. A Waters 1515 Isocratic high

performance liquid chromatography system with a Waters 2489 UV/Vis detector,

fitted with a Styragel HR 5E column was used. MW data were determined using

polystyrene standards. Polymer regioregularity was estimated from the 1H NMR

spectra obtained from deuterated chloroform solution at 293 K using a Bruker DSX

300.

3.2.2 Organic FET (OFET) fabrication and characterization

The FET devices used for electrical characterization consisted of two contact devices

where P3HT films were prepared via spin coating the relevant polymer solution onto
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a 300 nm thick SiO2 gate dielectric. The highly doped silicon wafer served as the

gate electrode while Au/Cr was used for the source and drain contacts. The source

and drain contacts were fabricated using a standard photolithography based lift-off

process, followed by E-beam evaporation (CVC Inc.) of 50 nm Au contacts with 5

nm of Cr as the adhesion layer. Before spin coating P3HT solutions, all devices were

cleaned for 15 minutes in a UV-Ozone cleaner (Novascan PSD-UV) to ensure complete

removal of any residual photoresist and other organic contaminants. At the end of the

cleaning process, the substrates were hydrophilic. The solutions used for fabricating

the OFETs were prepared in a nitrogen glove-box (<1 ppm of moisture and oxygen)

by dissolving P3HT in either chloroform (CHCl3), p-xylene, chlorobenzene (MCB)

or benzyl chloride (BCl) as solvent at ca. 50°-160°C (depending on the boiling point

of the solvent) with stirring. The solution concentrations were between 4-6 mg/mL.

Solutions in BCl, a very poor solvent for P3HT at room temperature, were prepared

at a lower concentration (ca. 2.5 mg/mL) in order to prevent precipitation during spin

coating. In addition, because of the tendency of P3HT to aggregate in poor solvent

systems, solutions of P100 and P200 in both p-xylene and BCl were spin coated

from hot solution ( ca. 110°C and ca. 160°C, respectively) onto room temperature

substrates. It should be noted that the solubility of P100 in all solvents examined

here was higher compared to that of P200 because of its lower regioregularity. P3HT

film thickness varied between ca. 8 nm to ca. 30 nm for films obtained from BCl and

CHCl3 solutions, respectively.

OFETs were prepared by spin coating the solutions onto pre-cleaned substrates

at a spin speed of 1500 rpm and were tested in a nitrogen environment without any

further treatment. An Agilent 4155C semiconductor parameter analyzer was used for

the measurements. Although thermal annealing was not performed, the devices were

stored in the glove-box for several hours prior to testing to minimize the effect of

residual solvent on the electrical properties. The field effect mobility was calculated
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in the linear region of transistor operation (V D=-3 V) by plotting the drain current

(I D) versus gate voltage (V G) and fitting the data to the following equation [104]:

ID = µCox
W

L
(VG − VT )VD (16)

Where V T is the threshold voltage, W and L are the transistor channel width

and length respectively and C ox is the capacitance per unit area of the silicon dioxide

gate dielectric=1.15 × 10−8F cm−2.

3.2.3 UV-Vis spectra of P3HT

The solution and solid state UV-Vis spectra were obtained using an Agilent 8510

Spectrophotometer. Films for solid state studies were spin coated onto pre-cleaned

glass slides.

3.2.4 Grazing Incidence X-Ray diffraction (GIXD)

Out-of-plane grazing incidence X-ray diffraction data were obtained using a Panalyt-

ical X’Pert Pro system equipped with a Cu X-ray source operating at 45 kV and 40

mA. Grazing incidence angle was fixed at 1°and the detector was scanned from 3°to

20°. Peak positions were obtained from the measured profiles by fitting the peaks

using the analysis software (MDI JADE). Samples for GIXD measurements were

prepared by spin coating P3HT/CHCl3 solutions (with and without ultrasonic irra-

diation) on hydrophilic silicon substrates with native oxide that were cleaned using

the same procedure used for bottom contact FET substrates.

3.2.5 Atomic Force Microscopy (AFM) studies of P3HT

The AFM measurements were performed on films spin coated on bare silicon dioxide

substrates, with a Veeco Digital Instruments Dimension 3100 scanning probe micro-

scope in tapping mode with a silicon tip (NSC 14, Mikromasch).
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3.3 Field-Effect Mobility

That subtle differences in regioregularity have a dramatic effect on the charge trans-

port properties of P3HT OFETs is apparent from Figure 38(a), which shows the

field effect mobility for HT94 and HT98 films spin coated from various solvents onto

bottom contact substrates (see experimental procedures). The transfer and output

characteristics are typical of p-channel OFET operation in the accumulation mode,

Figures 38(b) and 38(c). The high turn-on voltages (VON) obtained, as seen from the

semi-log plot in Figure 38(b), are attributed to the effects of residual doping and/or

acceptor-like traps at the P3HT-oxide interface. [105,106] This is especially likely given

the absence of both thermal annealing which is believed to “de-dope” the semiconduc-

tor film, [55] as well as passivation of hydroxyl groups (generated due to the UV-ozone

treatment of the substrates) that can act as charge traps. [107] Additional experiments

show that there is indeed a large reduction in VON when using a combination of

thermal annealing and semiconductor-dielectric modification, Figure 38(d). How-

ever, both treatments were avoided in the current analysis in order not to obscure

the effect of RR. The mobility values are calculated from the linear region of tran-

sistor operation (VD =-3V) by fitting the slope of the drain current (ID) versus gate

voltage (VG) curve, as shown in Figure 38(b), with each data point corresponding to

the average mobility value extracted from at least three transistors.

Different solvents are employed, both to investigate the effects of solvent-solute

interactions on the final microstructure of the polymer film, as well as to confirm that

the effect of RR is not particular to any one solution system. In all cases, a significant

difference in the field effect mobility between HT94 and HT98 films is observed re-

producibly, ranging from 3.3±2.3 × 10−3 cm2V−1s−1 to 1.6±0.48 × 10−2 cm2V−1s−1

and 5.2±1.79 × 10−4 cm2V−1s−1 to 2.3±1.4 × 10−2 cm2V−1s−1 for films obtained

from spin coated polymer solutions in CHCl3 and MCB respectively. These varia-

tions are consistent with the results of Sirringhaus et.al., who reported a two order
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Figure 38: (a) Average field effect mobilities obtained from ca. 92% (open circles)
and 96% (filled squares) regioregular P3HT from various solvents. Mobilities were
calculated in the linear region of operation with VD = -3V. (b) Transfer characteris-
tics of P3HT OFETs spin coated from chloroform solutions. The transfer curve for
HT94 P3HT has been magnified for clarity. (c) Typical output characteristics ob-
tained from 92% regioregular P3HT OFET spin coated from chloroform solution. All
measurements were performed in a nitrogen glove-box. (d) Transfer characteristics
of HT98 OFETs obtained by spin coating from solutions in chloroform on substrates
with (i) no modification and (ii) modified with OTS and HMDS. All the devices were
annealed at 100°C in a nitrogen glove-box for a period of ca. 10 hrs.

of magnitude difference in field effect mobility in P3HT OFETs, albeit for a signifi-

cantly higher difference (ca. 15%) in RR. [49] For a given RR, only minor variations

are observed upon changing the solvent environment, except for the anomalous case
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of HT94 in CHCl3, which routinely exhibits a mobility that is an order of magnitude

higher than that obtained from the three other solvents and significantly, is relatively

close to that of HT98 obtained from CHCl3 solution (3.3±2.3 × 10−3 cm2V−1s−1 in

HT94 vs 1.6±0.48 × 10−2 cm2V−1s−1 in HT98). Contrary to earlier reports, a strict

correlation between mobility and solvent BP is not observed, [46] evidenced by the fact

that the highest mobility for HT94 OFETs is observed for films obtained from CHCl3,

in spite of BCl having a boiling point that is higher by ca. 120. It must be noted

that although significant thickness variations (ca. 8 nm to ca. 30 nm) were obtained

depending upon the solvent used (see experimental section), the minor variations in

mobility observed for the HT98 films is evidence that the thickness of the films does

not play a vital role in dictating charge transport and is consistent with the presence

of an ultrathin accumulation layer. [36] In addition, while GPC data does reveal a

substantial difference in MW between HT94 (MN =19.7 kDa) and HT98 (MN =12.7

kDa), which could potentially override the influence of RR, given well established

reports that mobility increases with MW , [51,52] and that µHT98 >µHT94 (=field effect

mobility) in spite of the lower MW of HT98 P3HT, our observations can be isolated

to the effect of RR alone.

3.4 Absorption Spectroscopy

The effect of RR is multifaceted. As mentioned earlier, torsions induced along the

conjugated backbone because of increased regiorandom character can lead to disrup-

tion of intrachain charge transport, [98,99] while the absence of steric twisting leads to

improved crystalline quality. [45,96] Distinct features in the electronic absorption spec-

tra of P3HT films are representative of the extent of molecular order, as initially

suggested by Sundberg and co-workers [108] and later reaffirmed by Brown et.al., [83]

and thus should, in theory, be able to capture the microstructural differences expected

from the above arguments. This view is supported by the absorption spectra obtained
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from thin films of HT94 and HT98, as shown in Figures 39(a) and 39(b). The higher

RR HT98 films are characterized by the appearance of well resolved fine structure,

ascribed to the presence of crystallinity in the films, [108] appearing as “humps” flank-

ing either side of the (0-1) transition-features which are clearly suppressed in the

lower RR HT94 films. In addition, the absorption bandwidths are also different, with

the narrowing of the absorption band in HT98 films relative to that in HT94 films,

obtained from the full width at half maximum of the band, varying between ca. 0.11

eV and ca. 0.26 eV for films obtained from MCB (Figure 39(c)) and BCl respec-

tively. The observed band broadening in HT94 films is likely due to the presence of

a multitude of sterically motivated conformers in the lower RR chains resulting in

disorder. [109] The intensity of the (0-0) transition, reproducibly observed at ca. 2.08

eV for all films, in particular, appears especially sensitive to the RR of the polymer,

and thus represents an index of molecular order in the film. [83] This is consistent with

the proposition of Clark et.al. who suggested that the distribution of ordered and dis-

ordered phases in P3HT films is actually reflected in low and high energy components

of the absorption spectrum respectively. [110] Furthermore, the crystalline regions are

thought to be composed of weakly coupled lamellar aggregates in which interchain

interactions lead to the formation of an excitonic band, with a bandwidth (W), which

according to Spano’s model (Equation 17) is directly related to the ratio of the (0-0)

and (0-1) peak intensities and the phonon mode coupled to the electronic transition

(Ep 0.18 eV). [103]

I0−0
a

I0−1
a

≈ (1− 0.24W/ω0)
2

(1 + 0.073W/ω0)2
(17)

I0−0 and I0−1 are the intensities of the (0-0) and (0-1) transitions respectively.

Spano’s model is insightful since it provides a quantitative estimate of the free exciton

bandwidth, which in turn strongly correlates with the conjugation length of individ-

ual polymer chains (and thus intrachain ordering) through the interchain excitonic
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Figure 39: Normalized solid state absorption spectra of P3HT films processed on
glass slides from different solvents using (a) HT94 and (b) HT98 P3HT. (c) compar-
ison between the HT94 and HT98 P3HT films obtained from MCB.(d) Free exciton
bandwidth (W) calculated using Spano’s model.

coupling J (W=4J). [103,111] Applying Spano’s model to our experimental absorption

data reveals differences in W, Figure 39(d), that are in agreement with enhanced

main chain planarization, given that the excitonic coupling decays significantly with

extension of π conjugation. [111] The W values calculated represent the average of mea-

surements taken from two different films. Although differences between HT94 and

HT98 dominate our observations, W is also found to vary slightly as a function of the
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solvent used for a given RR. As with the mobility, the spectroscopic evidence indi-

cates no strict dependence of W (and thus J) on the solvent BP, although it assumes

the lowest value for both, HT94 and HT98 films obtained from BCl (BP ∼ 179 C).

However, we suggest instead that this apparent enhancement of intrachain ordering

is borne out of solubility effects and may not be related to the BP of the solvent used

(vide infra). Nevertheless, given that the extent of intrachain ordering in HT98 is

the least for films obtained from CHCl3, it might be subtle evidence of a competitive

mechanism for chain ordering between the effects of BP and RR, the latter strongly

influencing the solubility of the polymer as well. It is possible that the lower RR, and

thus greater steric barrier, in HT94 might prevent the manifestation of solvent BP

effects, explaining the relatively flat profile for W observed in Figure 39(d). Films

obtained from BCl are a clear exception, routinely exhibiting the lowest exciton BW

for both HT94 and HT98, thus seemingly pointing at a role of solvent BP But this

anomaly is addressed by noting that films obtained by spin coating a solution of

HT98 in p-xylene (BP∼ 138 C), a relatively poor solvent for P3HT, that has been

allowed to cool down to room temperature for several hours prior to spin coating

exhibits an exciton BW of 20 meV, a value that is significantly lower than that for

films obtained by spin coating the hot solution (W=60 meV), Figure 40. Clark et.al.

have reported similar values for the free exciton BW in P3HT films obtained from

isodurene (BP∼198 C), also a poor solvent. [110] The role of solubility in the formation

of ordered π stacked precursors in P3HT solutions is well documented, [112,113] and it

is plausible that the facile π − π associations are a result of enhanced main chain

planarization predicted by the low exciton BW. A similar phenomenon is expected

to prevail in BCl solutions as well, explaining the exciton BW minima observed.
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Figure 40: Solid state UV-Vis spectra obtained by spin coating from (i) hot (solid
line) and (ii) cooled down (dashed line) solutions of HT98 in xylene on to pre-cleaned
glass slides.

3.5 Investigation of morphological changes

The increased conjugation length observed for HT98 is clearly a result of a greater

resistance to chain tortuosity and it is conceivable that the morphology of the films

would reflect this change in the configurational character of individual polymer chains.

In fact, the AFM phase images do indeed reflect the changes associated with an

increased RR as shown in Figure 41. As expected, [46] films obtained by spin coating

P3HT from CHCl3 solutions are featureless, irrespective of the RR, as shown from

representative scans in Figure 41a. Films obtained for both polymer systems from

other solvents however, show mesoscale features in the form of nanofibrillar structures

that are randomly distributed throughout the scan area.

Closer examination of the images reveals distinct differences in the nanofibril

widths of HT94 and HT98 films obtained from xylene, MCB and BCl solution. An

analysis of the nanofibril dimensions is revealing, the results of which are summarized

in Figure 42(a). The ca. 4% difference in RR leads to nanofibril widths that, sur-

prisingly, vary by as much as 84 Å in the case of films obtained from xylene, Figure

41(b). It must however be noted that the nanofibrillar widths are very sensitive to
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Figure 41: Tapping mode AFM phase images of HT94 and HT98 P3HT films ob-
tained by spin coating from (a) chloroform (b) p-xylene (c) chlorobenzene (d) benzyl
chloride. The insets in (b) show the respective magnified images (250 nm × 250 nm)

the processing conditions. This is especially true in the case of BCl and xylene which

are relatively poor solvents, and minor variations in both solution concentration and

temperature can impact nanofibril width. Nevertheless, differences in the widths be-

tween HT94 and HT98 films are observed reproducibly, with the actual value varying

between a minimum of ca. 43 Å to a maximum of ca. 84 Å. As before, the effect of

solvent is minimal in comparison to that of RR.

3.6 Implications for packing of polymer chains

That the increase in nanofiber width is coincident with the increase in conjugation

length when going from HT94 to HT98 is useful for understanding the packing geom-

etry of the P3HT chains within individual nanofibers. Barford’s model predicts that

for parallel chains with lengths larger than the separation between them, the exci-

tonic coupling J varies as L−1.8, where L is the chain length. [114] We can thus obtain

an effective conjugation length (LEFF,BARFORD), defined as the ratio of conjugation
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Figure 42: (a) Nanofibril widths obtained from a size analysis of the AFM phase
images shown in Figure 41. (b) Comparison of the effective nanofibril width (LEFF )
obtained from experiment (LEFF (AFM)) and from theory (LEFF (Barford))

lengths in HT98 and HT94, by combining Barford’s model with Spano’s model, using

the exciton coupling integrals obtained from the latter. As shown in Figure 42(b),

these values are in close proximity to the effective nanofiber width (LEFF,AFM), de-

fined as the ratio of nanofiber widths in HT98 and HT94 films obtained from the

AFM phase images, ascribing the increase in conjugation and nanofiber width to a

common phenomenon: enhanced main chain planarization in HT98. Moreover, it

proves conclusively that the microstructure of the P3HT films is strongly coupled with

features observed in the absorption spectra. With this information, the packing within

each fiber can thus be envisaged as consisting of lamellar stacks of P3HT with the

nanofiber axis coincident with the π−π stacking axis, as has been suggested by others

in whiskers of P3HT. [115] Such a packing motif has implications for the conformation

of individual polymer chains as well. A comparison with the number average con-

tour lengths of P3HT chains in HT94 and HT98 (ca. 450 Å and 280 respectively),

estimated from the MW data, hints at the presence of chain folding given that the

nanofiber widths are significantly lower than the contour lengths. [115] Moreover, this
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marks a substantially larger departure from full extension in the case of HT94 (ca.

300 Å) than for HT98 (ca. 70 Å), a result made especially intriguing by the fact

that it emanates from a mere 4% difference in RR. However, caution must be exer-

cised in such an analysis since the accuracy of the GPC data hinges on knowledge of

the conformational flexibility of P3HT chains in solution, which remains a subject of

debate. [116,117]

Figure 43: Molecular arrangement of polymer chains within a P3HT nanofiber.
Obtained from Ihn et.al. [115]

3.7 Impact on thin film crystallinity1

The increased planar assembly of HT98 chains is expected to provide improved op-

portunities for intermolecular interactions, which in theory, should lead to higher

crystallinity of the films. [45] Figure 44, which shows the x-ray diffractograms obtained

from GIXD measurements of the P3HT films, appears to support this notion at first

glance. The (100) peak appears relatively more intense in all the HT98 films, with

the exception of the one obtained from BCl, indicative of better crystal packing

within the nanofibers for the higher RR polymer. Although the (100) peaks in both

polymer films obtained from CHCl3 solution remain weak, a difference in peak in-

tensities between HT94 and HT98 can be noticed in spite of the kinetically limiting

film formation mechanism in the volatile solvent. Subtle differences in RR can thus

1GIXD scans were performed in collaboration with Dr. Jung-Il Hong, MSE, Georgia
Tech
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overcome the barriers to crystallization imposed by the rapid quenching of polymer

chains. Increases in the crystallinity of films spin coated from xylene, MCB and BCl

are apparent, but as noted earlier, given the sharp increase in (100) peak intensity

for HT98-MCB, followed by a dramatic drop in the case in the case of HT98-BCl, the

effect cannot be reduced to that of solvent BP. It must be mentioned here that al-

though reproducibility tests conducted to confirm the GIXD results reveal that peak

intensities obtained from each film differ across two sets of experiments, a result that

is ascribed to the sensitivity of the microstructure to the processing conditions noted

earlier, the relative intensities between HT94 and HT98 are preserved. Specifically,

the (100) peak intensity is reproducibly the highest for HT98 films obtained from

MCB and significantly higher than those obtained from BCl. Surprisingly, although

HT98 films appear more crystalline than HT94 films in general, this is clearly not the

case for the films obtained from BCl. Based on the AFM results, it can be expected

that wider nanofibrils in HT98 would result in a greater areal fraction of ordered

structures which is mirrored in the XRD peak intensities, but there appears to be

no evidence for the anomalous behavior in the case of BCl. The physical origins of

this behavior are not completely understood, but it is possible that solubility effects

may be responsible for altering the internal ordering within the nanofibers, without

inhibiting their tendency to form in the first place.

3.8 Discussion

In our study, we have shown that a subtle difference in RR can induce changes at the

single molecule level (i.e. conjugation); as well as morphological changes associated

with assemblies of the polymer chains (i.e. nanofibrils) on the one hand, and in the

macroscopic electrical properties on the other. The one to two order of magnitude in-

crease in field effect mobility associated with wider nanofibrils in the higher RR HT98
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Figure 44: Grazing incidence X-Ray diffraction profiles of HT94 (solid lines) and
HT98 (dashed lines) films obtained by spin-coating from different solvents.

films bears a resemblance to the effects of increasing MW, which thus forms an im-

portant precedent for our results. [51,52,94,96] Interestingly, the various hypotheses that

have so far been proposed to explain the MW dependence of mobility can essentially

be reduced to single chain effects, [51,52,94,96] which can also be expected from varia-

tions in RR. As pointed out earlier, this is manifested as either elongated chains that

bridge ordered domains, [52] an extended conjugated state that may have important

consequences for the hopping rate of charge carriers, [94] or simply through improved

crystal packing that supports enhanced polaron delocalization between chains. [96] The

results discussed here also imply that the origin of the improvement in charge trans-

port properties can be assigned to an improvement in any one (or combinations) of

intra-chain, inter-chain and inter-grain charge transport.

Although we concede that given the finite molecular dimensions of the polymer

chains, coupled with the fact that the conjugation is actually limited to shorter

oligomeric segments (most likely because of conformational disorder), intrachain charge
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transport is highly unlikely to dominate the movement of carriers over tens of microm-

eters (i.e. in an OFET geometry), its participation nevertheless, cannot be entirely

ruled out. In fact, our coincident observations of enhanced mobility and intrachain

order justifies revisiting the role of intrachain charge transport in the determination

of macroscopic mobilities. This view is also supported by studies on isolated poly-

thiophene “molecular wires” using pulse radiolysis microwave conductivity (PRMC)

measurements (as discussed in the Introduction section), that have yielded mobilities

as high as 0.02 cm2V−1s−1 , [118] similar to values obtained from “bulk” films from our

OFET experiments involving HT98 films. Grozema et.al. have further reported that

even higher intrachain mobilities can be observed by reducing the number of torsional

defects that impede orbital overlap between neighboring monomeric units. [98] Kline

et.al. have argued that even though interchain delocalization maybe the primary

mechanism of charge transport, longer chains with lower conjugation defects allow

for facile intrachain delocalization, thus providing charge carriers with ample oppor-

tunities for hopping between chains. [52] This could, at least in part, account for the

differences in mobility observed between HT94 and HT98 films. This observation can

also explain why variations in mobility as a function of solvent are relatively minor,

since the differences in exciton BW across solvents (for a given RR) is at least half

that observed for differences in RR (for a given solvent).

There are further, potentially profound implications to the increased conjugation.

It is well known that the process of charge hopping between adjacent polymer chains

can be cast into the framework of the Marcus-Hush theory for electron-transfer re-

actions, with the hopping rate at a given temperature governed by a combination of

the internal reorganization energy (λ) that accompanies the charge transfer, and the

electronic coupling matrix element, Equation 5. [28,29,119,120] This would imply that in

systems with comparable electronic coupling between adjacent segments, a decrease in

λ would lead to lower reorganization energy barriers and thus a substantial increase
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in the charge hopping rate (assuming self-localized polaron effects are absent [120]).

HT98 chains, which show an extension of the conjugation relative to HT94, would

represent such a scenario, [120] which could, in theory, contribute to the enhanced mo-

bilities observed in HT98. In addition, because of the exponential dependence of the

hopping rate on λ, the latter would exert a dominating influence, superseding the ef-

fect of intermolecular electronic coupling. [120] This is verified by the results of Zhang

et.al. who have reported an exponential dependence of the mobility on the width of

nanofibers with increasing MW, suggesting that extended conjugated states indeed

have a dominating influence on macroscopic charge transport. [94] Interestingly, when

applying the model derived by Zhang using the maximum difference in nanofiber

widths we observed (ca. 84 Å), we obtain calculated mobilities that are very close to

the ones determined experimentally for HT98 (ca. 8.2 × 10−3 cm2V−1s−1 compared

to an average experimental value of 1.77× 10−2 cm2V−1s−1). Based on the varia-

tions in nanofiber widths we reported earlier, although the model is unlikely to be a

foolproof explanation for all our mobility data, it does provide useful insight into the

role of conjugation. Importantly, the role of intrachain ordering is not relegated to

influencing intrachain transport alone, but it clearly influences the interchain hopping

rate as well.

In the absence of tests that probe intrinsic charge transport along a chain (i.e.

a molecular wire), it is a substantial challenge to isolate the role of intrachain or-

der. This challenge is compounded by the fact that the improvement in single chain

order simultaneously results in supramolecular assemblies with improved crystal qual-

ity, [96] which in turn would impact the interchain transfer integral. [22] Our out-of-plane

(OOP) GIXD data reflect this apparent improvement in crystalline order in HT98

films, characterized by the higher degree of lamellar packing as well as a narrow-

ing of the absorption bandwidth. However, this result alone cannot form a holistic

explanation for the differences in mobility observed between HT94 and HT98 films.
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For example, the large difference in (100) peak intensity, along with a concomitant

increase in mobility from 5.2±1.79 × 10−4 cm2V−1s−1 to 2.3±1.37 × 10−2 cm2V−1s−1

for HT94 and HT98 films obtained from MCB would form a strong case for the degree

of crystallinity being a dominant influence on the transport of charges. But results

from films obtained from other solvents clearly argue against such an assessment,

further justifying our use of different solvents in clarifying the microstructure-charge

transport correlation. This is apparent in the case of films obtained from CHCl3

(µHT94=3.3±2.3× 10−3 cm2V−1s−1 while µHT98=1.6±0.7× 10−2 cm2V−1s−1) and BCl

(µHT94=4.9±1.9× 10−4 cm2V−1s−1 while µHT98=2.1±0.4× 10−2 cm2V−1s−1), where

the differences in mobility between HT94 and HT98 OFETs are clearly incommensu-

rate with the changes registered by the respective diffractograms. This is especially

apparent for films obtained from BCl, where the difference in (100) peak intensities

between HT94 and HT98 films are almost negligible. In addition, the weak and broad

peak in the case of HT94 films obtained from CHCl3 would be completely unexpected

given that these films routinely exhibit the highest mobility amongst HT94 OFETs.

This observation is consistent with results that demonstrate an intense (100) peak

in low MW P3HT films compared to a relatively weak peak in the high MW vari-

ant, although the latter, remarkably, has a mobility that is four orders of magnitude

higher. [52] In a separate study, we identified two distinct regions of charge transport

in P3HT films, characterized by an initial sharp increase in the mobility by two or-

ders of magnitude due to an increase in crystallinity up to the percolation limit,

followed by a gradual saturation where the mobility becomes independent of the de-

gree of crystallinity. [93] This is further evidence that the film crystallinity is clearly

not a dominant factor in dictating charge transport. Other factors, such as structural

anisotropy and textural variations are likely to influence charge transport as well. [96]

The RR of P3HT has been purported to influence the texture of the corresponding

films, with 81% and 96% RR P3HT adopting the so called “face-on” and “edge-on”
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orientations respectively, and with the latter configuration being more favorable for

in-plane charge transport. [49] Although the AFM phase images do not directly reflect

the crystallinity of the films, they do provide contrast between the nanofibrils, which

we suggest are the ordered segments, and the amorphous grain boundaries surround-

ing them. The wider nanofibrils obtained from HT98 films should thus result in fewer

grain boundaries that are known to impede charge transport, [121] while simultane-

ously improving the crystallinity of the film. Macroscopic charge transport would

then require charges to travel across regions of low (grain boundaries) and relatively

high (nanofibers) conductivity, with the effective mobility a simple harmonic mean of

the mobilities within the grains and at the grain boundaries. [121]

The results presented here also raise critical questions about the role of conjuga-

tion in macromolecular systems. Although Spano’s model predicts, albeit indirectly,

improved packing motifs in HT98 P3HT (motivated by enhanced intrachain order)

with higher interchain transfer integrals, [103] recent theoretical analysis conducted by

Gierschner et.al. has shown that the transfer integrals in polymeric systems are actu-

ally near independent of the conjugation length, [122] in apparent contradiction with

the above argument. Instead, this might imply that the enhanced interchain hopping

is a consequence of reduced reorganization energies afforded by the extended conju-

gation in HT98 chains. Thus, we suggest that the dramatic difference in field effect

mobility observed as a result of the minor increase in RR can be narrowed to two

primary effects: (i) an increase in hopping rate due to reduced reorganization energies

predicted by Marcus theory and (ii) a reduction in the number of grain boundaries

as a result of wider nanofibrils. In essence, both effects are a direct consequence of

enhanced conjugation and thus strongly coupled with the RR of the polymer.
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3.9 Conclusion

We have demonstrated that the changes in H-T attachments of hexyl side chains to

the polythiophene backbone by as little as 4% can have a dramatic impact on the field

effect mobility in P3HT thin films. The effect of solvent BP is found to be minimal

in comparison to that of RR, which has an overriding influence on the microstruc-

ture and the field effect mobility. More importantly, RR provides an effective handle

for interrogating single chain effects, which can be multifaceted, on the structural

and electronic properties of supramolecular assemblies. Thus, a fundamental under-

standing of polymer chain conformation will not only provide avenues for maximizing

charge transport in polymeric semiconductors, but must also be considered carefully

in the design of the next generation of polymeric semiconductors. In addition, the

correlations we have reported may be useful in advancing our still evolving under-

standing of the complex correlations between microstructure and macroscopic charge

transport in conjugated polymer systems.
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CHAPTER IV

TUNABLE CRYSTALLINITY IN P3HT AND ITS

IMPACT ON CHARGE TRANSPORT1

4.1 Introduction

It has long been established that the successful technological application of elec-

troactive polymers hinges on the ability to manipulate their π-conjugated architec-

ture. [123,124] This is especially true for solution processable organic semiconductors,

such as poly(3-alkylthiophene)s (PATs), which consist of a conjugated aromatic back-

bone and solubilizing alkyl side chains. The contrasting nature of the backbone and

side chains provides avenues to control the properties of solutions of these poly-

mers, [112,125,126] with the opportunity to influence the microstructure of thin films

prepared from these solutions. [126,127] Given the importance of microstructure on the

intermolecular charge transport in films of conjugated polymers, this suggests the po-

tential to enhance the conducting properties of these thin films through modification

of the molecular structure and the way in which the solutions are processed. P3HT

has been extensively studied due to its excellent hole transporting properties, result-

ing in mobilities as high as 0.1 cm2V−1s−1, [6,49] which is close to that of amorphous

silicon. This four order of magnitude improvement in mobility over that reported

in the first study of PAT-based organic field effect transistors (OFETs) [42] has been

achieved through a combination of improved molecular design, [101,128] increasing the

polymer molecular weight (MW) [52] and tuning various process parameters such as the

solvent boiling point, film deposition method (drop casting versus spin coating), and

modifying the semiconductor-dielectric interface, [46,47,53,58,77,129] all of which directly

1ADV. FUNC. MATER. 2011, 21, 2652.

93



impact the self organization of the polymer into ordered supramolecular assemblies.

Solution processable semiconducting polymers generally assemble into polycrys-

talline thin films in which the charge transport process through the length of the

transistor channel requires the charges to move across multiple ordered domains em-

bedded in an amorphous matrix. [33,130] This is especially true of high MW polymers

that are formed under rapid film formation conditions such that the long polymer

chains are kinetically impeded from organizing into ordered structures. [46] Thus, the

coexistence of ordered and disordered domains implies that charge transport would

be strongly dependant on the nature of both regions, [33] with the molecular packing

structure, film texture, and the degree of crystallinity all contributing to the electronic

properties of the polymer film. [49,77,130]

A number of techniques have been explored to manipulate the properties of thin

films of PATs, with the regioregularity of the polymers (i.e., the relative placement of

side chains along the backbone) [49] and molecular weight [52] being dominant factors

in inducing changes in structural and charge transporting properties. Sirringhaus et

al. demonstrated a strong influence of the regioregularity of P3HT on the textural

anisotropy of spin coated films, with highly regioregular materials yielding mobilities

which are two orders of magnitude higher than regiorandom polymers. [49] Increasing

the molecular weight of highly regioregular (98% head-tail) polymer results in an

increase in mobility: high MW (M W = 62 kDa) P3HT has a mobility that is roughly

four orders of magnitude higher than that of the low MW (M W = 4.4 kDa) polymer,

in spite of the latter having a higher crystallinity. [52] While Kline et al. have argued

that this increase in mobility is due to both, better interconnectivity between isotropic

nodules and a longer chain length facilitating intramolecular transport in high MW

films, [52] Zen et al. hypothesize that low MW (M W = 3.15 kDa, regioregularity not

mentioned) films are characterized by a larger distortion of the conjugated backbone

that has a significant impact on interchain interactions, thus lowering the mobility. [51]
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Sirringhaus et.al. have explored the role of the degree of crystallinity in high MW

P3HT (M W = 37 K, regioregularity 98%) films. The use of high boiling point solvents

in spin casting films of these polymers promotes the formation of ordered structures

that facilitate facile charge transport. [46] Yang et al. have also shown that the use

of different solvents influences the film crystallinity and has a strong impact on the

thin film morphology and mobilities, but that there is not a direct correlation with

boiling point. [59] Thus, although the structures of P3HT films have been explored in

detail, the roles of the degree of crystallinity and morphological factors in controlling

charge transport remain unclear, especially in the absence of techniques to tune the

thin film microstructure without either changing the MW or the solvent.

In this chapter, we report a strong correlation between the degree of crystallinity

and the corresponding charge transport properties of films of a high MW (M W = ca.

48 kDa) regioregular (92-94%) P3HT by systematically varying its microstructure

using ultrasonic irradiation of the polymer solution. A percolation-type mechanism

is proposed for charge transport in these materials that are obtained under kinet-

ically limiting, rapid film forming conditions. The spectroscopic evidence supports

the ultrasound-induced formation of microcrystallites in solution which are otherwise

absent in pristine, non-irradiated solutions. We suggest that the ultrasonication fa-

cilitates the assembly of the high MW polymer chains which do not have an inherent

tendency to organize into ordered structures either in solution or under rapid film

formation conditions. The ultrasound induced crystallinity evolves as a function of

irradiation time and leads to an initial sharp increase in the field effect mobility by two

orders of magnitude, and eventually saturating at ca. 10−2 cm2V−1s−1. The behav-

ior suggests percolation type conductivity. This ultrasonication of polymer solutions

prior to film fabrication represents a facile approach to achieving high mobility P3HT

OFETs, but also allows for elucidation of the important role of the degree of thin

film crystallinity in controlling charge transport. Moreover, keeping the properties of
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the polymer (molecular weight and regioregularity) and the solvent fixed, this study

leads to an independent analysis of the effects of microcrystallinity.

4.2 Experimental Procedures

4.2.0.1 Materials

The P3HT was purchased from Sigma Aldrich (catalog no. 445703) and used without

any further purification. This had a measured M N of 24 kDa and M W of 47.7 kDa

(from GPC in tetrahydrofuran calibrated with polystyrene standards using a Waters

1515 Isocratic HPLC system with a Waters 2489 UV/Vis detector, using a Styragel

HR 5E column. All data were processed with the Breeze 2 software) and a head to

tail regioregularity of 92-94% (as estimated from the 1H NMR spectrum which were

recorded using a Bruker DSX 300 in deuterated CHCl3 at 293 K). HPLC grade CHCl3,

also purchased from Sigma Aldrich, was used as the primary solvent. Regiorandom

P3HT was also purchased from Sigma Aldrich (catalog no. 510823).

4.2.0.2 OFET fabrication and characterization

The FET devices used for electrical characterization consisted of two contact devices

where P3HT films are spin coated on 200 nm thick SiO2 gate dielectric. The highly

doped silicon wafer served as the gate electrode while Au/Cr was used for the source

and drain contacts. The source and drain contacts were fabricated using a standard

photolithography based lift-off process followed by E-beam evaporation of 40 nm Au

contacts with 3 nm of Cr as the adhesion layer. Before spin coating P3HT solutions,

all the devices were cleaned in piranha solution (4 parts sulfuric acid:1 part hydrogen

peroxide) to ensure complete removal of any residual photoresist and other organic

contaminants, followed by cleaning with acetone, isopropanol and deionized water

in an ultrasound cleaning bath. At the end of the cleaning process, the substrates

were hydrophilic. The substrates were then dried on a contact hot plate at 150 °C

for about 30 minutes. The solutions used for making field effect transistors were

96



prepared in air, by dissolving the P3HT in CHCl3 (ca. 4 mg/mL) at ca. 50 °C with

stirring. A table top ultrasonic cleaner (Bransonic 2510, 40 kHz, 130 W) was used for

ultrasonic irradiation of the solutions. The solutions were prepared and ultrasonicated

in sealed glass vials to prevent solvent evaporation. To test for solvent evaporation, an

experiment was also conducted using pure CHCl3 without P3HT. Upon heating 3 mL

of the solvent for a period of 25-30 mins followed by ultrasonic irradiation for 5 mins,

the reduction in solvent volume was ca. 0.1 mL, which included solvent loss when

transferring it from the vial into the measuring cylinder. Hence, a significant change

in concentration over the 10 min irradiation period is not expected. OFETs were

prepared by spin coating the solutions onto the pre-cleaned substrates and tested in

air without any further treatment using an Agilent 4155C semiconductor parameter

analyzer. The field effect mobility was calculated in the linear region of transistor

operation (V D=-3 V) by plotting the drain current (I D) versus the gate voltage (V G)

and fitting the data to the following equation [104]

ID = µCox
W

L
(VG − VT )VD (18)

Where V T is the threshold voltage, W and L are the transistor channel width

and length respectively and Cox is the capacitance per unit area of the silicon dioxide

gate dielectric=1.72 × 10−8F cm−2. Caution must be exercised when studying the

role of irradiation time, since there are variations in ultrasound intensity across the

ultrasound bath and therefore between experiments. Although irradiation intensity

is a more appropriate index, time is used here in the absence of quantification of the

ultrasound intensity. Thus, a single batch of the solution was sequentially irradiated

to obtain consistent results within a single set of experiments. The experimental data

was fit to a quadratic function for the data up to 3 mins of ultrasonic irradiation.

While only an approximate fit, this does provide a visual guideline to depict the trend

in the mobility as a function of time, which is reproducible.
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4.2.0.3 UV-Vis spectra of P3HT

The solution and solid state UV-Vis spectra were obtained using an Agilent 8510

Spectrophotometer. Films for solid state studies were spin coated onto pre-cleaned

glass slides.

4.2.0.4 Dynamic Light Scattering

DLS was carried out on an ALV/DLS/SLS-5022F precision goniometer system with

an ALV 5000/E correlator and a He-Ne laser (λ = 632.8 nm). Cumulant analyses were

performed for the measured intensity correlation functions. Apparent hydrodynamic

radii, RH, were calculated according to the Stokes-Einstein equation. All measure-

ments were carried out at room temperature. The measurements were performed at

a fixed scattering angle of 90°.

4.2.0.5 Grazing Incidence X-Ray diffraction (GIXD)

Out-of-plane grazing incidence X-ray diffraction data were obtained using a Panalyt-

ical X’Pert Pro system equipped with a Cu X-ray source operating at 45 kV and 40

mA. Grazing incidence angle was fixed at 1 °and the detector was scanned from 3°to

20°. Peak positions were obtained from the measured profiles by fitting the peaks

using the analysis software (MDI JADE). Samples for GIXD measurements were

prepared by spin coating P3HT/CHCl3 solutions (with and without ultrasonic irra-

diation) on hydrophilic silicon substrates with native oxide that were cleaned using

the same procedure used for bottom contact FET substrates.

4.2.0.6 Atomic Force Microscopy (AFM) studies of P3HT

The AFM measurements were performed on films spin coated on bare silicon dioxide

substrates, with a Veeco Digital Instruments Dimension 3100 scanning probe micro-

scope in tapping mode with a silicon tip. While a different set of solutions was used

to prepare samples for AFM, the original UV-Vis spectra were used as a reference
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to achieve results similar to solutions used for the OFET studies. Part of the AFM

analysis was carried out using the WSxM software. [131]

4.3 Results

4.3.1 Field effect mobility measurements

Bottom contact field effect transistors were fabricated by spin coating films of P3HT

from ca. 4 mg/mL chloroform (CHCl3) solution in order to characterize the charge

transport properties of films formed from solutions irradiated for various times. 45

shows the increase in the mobility of the films with ultrasonic irradiation time for two

sets of experiments (the time scale for the sharp increase in mobility varies slightly

between the two sets of data, for reasons noted in the experimental section). In both

cases, the trend is characterized by an initial sharp increase in mobility by two orders

of magnitude after short irradiation times (ca. 2 × 10−4 cm2V−1s−1 to ca. 2.9 × 10−2

cm2V−1s−1 after 1.5 min irradiation for experiment 1 and ca. 1.6 × 10−4 cm2V−1s−1

to 1.4 × 10−2 cm2V−1s−1 after 1 min irradiation for experiment 2). This is followed by

an apparent saturation of the mobility within ca. 1 to 3 mins of ultrasonic irradiation

for both experiments, as shown by the shaded region in 45, with slight fluctuations

about the average saturated value (ca. 0.03 cm2V−1s−1 and ca. 0.01 cm2V−1s−1 for

experiments 1 and 2, respectively). In both experiments an increase in the mobility

by almost an order of magnitude is observed for an ultrasonication time of as lit-

tle as 30 seconds. Such a behavior of the field effect mobility is strong evidence of

a percolation type transport mechanism, which is commonly observed in composite

materials consisting of carbon nanotubes or carbon black as conductive fillers in insu-

lating polymer matrices. [132,133] Such systems are characterized by a sharp increase in

the conductivity at a certain critical filler content known as the percolation threshold,

beyond which there is little or no further change in conductivity on further addition

of the conductive filler. Vapor deposited organic thin film transistors also exhibit
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a sharp increase in charge transport characteristics once a geometric percolation be-

tween islands is established. [134] The observation of a similar electrical behavior in spin

coated P3HT films, for which the film formation mechanism is significantly different

from that involved in vapor deposition, suggests that the percolation behavior might

also be due to the presence of multiple phases or regions, each with different charge

transport characteristics, and not simply due to a geometric percolation leading to

channel formation. Interestingly, the molecular weight dependence of the mobility

is also characterized by an initial increase followed by an eventual saturation of the

mobility value, [51,52] suggesting that similar mechanisms maybe at play in mediating

charge transport in the P3HT thin films investigated.

The similarities in the mobility profiles upon ultrasonication (this work) and the

modification of MW [52] supports an ultrasound induced structural change in the spin

coated polymer films which has been explored using a number of techniques, as shown

below. Although similar ultrasound induced changes have also been recently reported

by others, [135,136] their influence on thin film mobility and the use of ultrasound in the

context of understanding structure-property relations in OFETs is new to this study.

4.3.2 Visible and UV spectroscopy

46 shows the electronic absorption spectra of CHCl3 solutions of P3HT that have been

irradiated with ultrasound (46(a)) and of the corresponding films obtained by spin

coating the solutions onto glass slides (46(b)). The solution state absorption maxi-

mum, λmax, associated with the π-π∗ intraband transition, [137] appears at ca. 450 nm

for all solutions, irrespective of the ultrasonic irradiation times and consistent with

previous investigations of regioregular head-to-tail P3HT. [138] However, two additional

peaks appear at lower energies with increasing irradiation times, [135] suggestive of a

vibronic structure with a 0-0 transition at ca. 610 nm and a vibronic side band at
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Figure 45: Evolution of field effect mobility as a function of ultrasonication time.
Mobilities are calculated in the linear region of transistor operation using V D = -3
V. Inset shows the OFET geometry used for testing. The fits are shown simply to
provide a visual guideline to highlight the saturation of the field effect mobility.

ca. 570 nm respectively. [139] The appearance of these peaks is accompanied by a con-

comitant change in the color of the solution from bright orange to dark brown. These

features are characteristic of aggregates of PATs that are formed upon the addition of

a poor solvent (e.g., methanol, hexane) to solutions of the polymers in good solvents

(e.g. CHCl3).
[112,127,140,141] This is confirmed by dynamic light scattering (DLS) ex-

periments, which register a significant increase in the hydrodynamic radius from ca.

7 nm for pristine solutions to ca. 25 nm for solutions that have been ultrasonicated

for one minute (however, reliable hydrodynamic radii could not be obtained for so-

lutions ultrasonicated for longer times due to strong absorbance of the laser used in

the DLS studies (He-Ne, 632 nm)). Similar features have also been noted in studies

of the thermochromic transitions in solutions of P3HT in a variety of solvents. [139]
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In addition, compared to the pristine P3HT solution, the intensity of photolumines-

cence decreases by 47% and 36% upon ultrasonic irradiation and upon addition of 10

vol.% methanol respectively, consistent with the formation of a π-stacked aggregate

that can partially quench the polymer’s luminescence, Figure 47. [142,143] Such ultra-

sound induced changes have been attributed to disorder-order transformations within

the individual polymer chains, [135,136]with the spectral evidence consistent with the

presence of the solvated (i.e., isolated) conjugated polymer and microcrystallized ag-

gregates of the polymer. [139] The volume of the polymer solution does not change over

the time period of ultrasonic irradiation due to evaporation, and hence the suggested

aggregation phenomenon is not due to an increased concentration of the polymer

in solution (see experimental section). The ultrasound induced spectral changes are

thermally reversible, with the time taken for the restoration of the original spectral

properties (as well as color of the solution) dependant on the ultrasonic irradiation

time applied, Figure 50(a).

Spin coating of the polymer solutions provides thin films with the expected shift

of the π-π∗ transition with respect to the solution state spectra, due to increased

planarity of the conjugated backbone in the solid state. [84] Unlike the spectra of the

polymer solutions which have identical values of λmax for the π-π∗ transition before

and after ultrasonic irradiation, the absorbance maximum in spectra of thin films

obtained from ultrasonicated solutions is sequentially red-shifted as a function of

solution irradiation time, relative to the film obtained from pristine solutions (e.g.

λmax = ca. 544 nm for films obtained from pristine solutions and = ca. 550 nm for

films obtained from 10 min irradiated solutions). This suggests a further ultrasound

induced planarization of the main chain. In addition, a weak peak begins to develop

at ca. 605 nm in the spectrum of the thin films prepared from solutions that had been

irradiated for at least ca. 1 min. This peak become more pronounced in the spectra of

thin films that were prepared from solutions that had been ultrasonicated for longer
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Figure 46: Normalized UV-Vis absorption spectra of (a) P3HT/CHCl3 solutions as
a function of solution irradiation time and (b) corresponding P3HT films obtained by
spin coating. For better clarity in the solution state spectra, only the section from
500-700 nm is shown.
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Figure 47: Photoluminescence spectra of pristine, 5 min ultrasonicated and 10 vol%
MeOH aggregated P3HT/CHCl3 solutions.

times. This fine structure has been attributed to an interchain absorption whose

intensity is a measure of the degree of molecular order in the polymer film. [83] Thus,
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it appears that the increased main chain planarization leads to improved cofacial π

stacking and improved order. The close correspondence between the irradiation time

dependant development of vibronic structures in the solution and the solid state is

clear evidence of the formation of ordered precursors in the polymer solution that are

preserved through the film-forming process.

4.3.3 Crystallinity and microstructure of thin films2

Out of plane grazing incidence X-ray diffraction (GIXD) of thin films of P3HT (48)

reveal the dramatic effect of ultrasonic irradiation of solutions on the crystallinity of

the films. An increase in irradiation time leads to a gradual increase in the intensity

of the (100) peak, associated with the lamellar packing of polymer chains along the

crystallographic direction perpendicular to the backbone. [123] This dramatic increase

could be a result of either an increase in the size of individual crystallites, the number

of crystallites, or both. Debye-Scherrer analysis of the peaks reveals that the coher-

ence length corresponding to the interlayer packing along the ¡100¿ direction varies

from 70 to 80 for films obtained from pristine and irradiated solutions (10 min), re-

spectively. This is consistent with an increase in number of crystallites with a narrow

size distribution leading to an increase in the overall crystallinity of the thin film. [46]

The effect is apparent from Figure 48(b), in which a short time (ca. 1 min) irradiation

of the solution leads to a quadrupling of the intensity of (100) peak, with no further

increase in crystallite formation beyond 5 mins of irradiation. The microstructural

change is also characterized by a simultaneous decrease in the d-spacing in the direc-

tion along the side chains, from ca. 17.6 to ca. 16.8 after 10 min of irradiation, which

suggests either an increase in the overlap between side chains from neighboring lamel-

lae or a change in the side chain tilt. [77] In agreement with the thermal reversibility

of the irradiation induced changes to the UV-Vis spectra described above, thermal

2GIXD scans were performed in collaboration with Dr. Jung-Il Hong, MSE, Georgia
Tech
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treatment of the ultrasonicated solutions also leads to a loss of crystallinity of the

films, Figure 50(b).
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Figure 48: (a). Grazing incidence X-Ray diffraction profiles and (b) (100) peak inten-
sity of films spin-coated from P3HT/CHCl3 solutions that have been ultrasonicated
for sequentially longer times.

Atomic force microscopy (AFM) micrographs of P3HT films obtained from pris-

tine and ultrasonically irradiated P3HT solutions are shown in Figure 49(a). This

shows the clear evolution of a nanofibrillar morphology with increased irradiation

times. In the absence of irradiation, the films show no significant signs of mesoscale

structures, consistent with reports where the short time scales during spin coating

from volatile solvents hinder the formation of well ordered structures, [46] although a

closer examination reveals the presence of short nanofibrils embedded within a largely

amorphous and featureless phase, as shown in Figure 49(b). Applying a short time

(ca. 1 min) ultrasonic irradiation to the solutions leads to the formation of more

distinct nanofiber-like structures that are ca. 30 nm wide with lengths ranging from

150-200 nm, with the short nanofibrillar structures and amorphous regions present
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(a)

(b)

Figure 49: (a). Tapping mode AFM phase images of P3HT films obtained by spin
coating from CHCl3 solutions which are sequentially ultrasonically irradiated for (i)
0 mins (ii) 30 secs (iii) 1 min (iv) 3 mins (v) 5 mins and (vi) 10 mins. (b) Figure
49(a)(i) magnified. The arrows and the dotted circles indicate the presence of short
nanofibrillar structures and amorphous regions respectively.

in all films irrespective of the ultrasonication time. Increasing the irradiation time

leads to an increased number of nanofibers detected within the scan area, without

any substantial increase in their size. Irradiation beyond 3 mins leads to no further

significant changes. The presence of three phases in films obtained upon irradiation
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for at least 1 min must be noted: distinct large nanofibers, smaller less distinct ones

and an amorphous phase. This is in agreement with the XRD results, suggesting that

the increase in the degree of crystallinity of the thin films is a direct consequence of

increase in microcrystallites distributed across the films. Reports by others on ultra-

sonic irradiation of P3HT solutions have shown the formation of nanowires, [135,136]

although, we suggest that the process is aided by the use of relatively poor solvent

systems, which are conducive to the formation of the nanofibrilar morphology [127,144]

even in the absence of any ultrasonic irradiation.

(a) (b)

Figure 50: (a)Solution state UV-Vis spectra of P3HT/CHCl3 solutions after 5 min
ultrasonication and reheating for a period of 16 hours at 55 °C (b) XRD profiles
obtained by spin coating the pristine, irradiated and thermally reversed solutions.

4.3.4 Discussion

The demonstration of an ultrasound induced disorder-order transition in solutions of

P3HT [135,136] and enhanced charge transport in thin films prepared from these solu-

tions highlights the intricate dependence of electrical properties on microstructural

changes in the the solid state of these materials. The crystallinity of thin films of
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the polymer can be varied over a wide range through the application of ultrasonic

irradiation of the solutions. The increase in mobility is consistent with the spec-

troscopic evidence, which is suggestive of considerable conjugation of the polymer

main chain, leading to intermolecular ordering in films prepared from irradiated solu-

tions. [75,83,127,135,136,145] It is interesting to note that the ultrasound induced spectral

behavior is analogous to temperature dependent studies on both solutions and films

of P3HT, where an increase in temperature leads to considerable main chain disorder,

as evidenced by the hypsochromic shifts in the UV absorption spectra. [85,137,139] Al-

though thermotropic-like transitions are observed in the solid state UV-Vis spectra,

they lack a distinct isosbestic point indicating the presence of a multiphase mor-

phology in the films, [85] which is confirmed by the AFM images. As suggested by

Rughooputh et.al., the increasing intensity of the vibronic structure in the solution

state spectra with irradiation can be ascribed to increased generation of microcrys-

tallites. [139] The observation of strong mesoscale features in the film, in spite of an

inherent kinetically limited film formation mechanism, supports the UV-Vis data and

suggests the formation of microcrystallites in solution.

The low mobility in pristine films is in agreement with the low crystallinity of

the film, which is confirmed by the relatively featureless morphology detected by the

AFM. The (100) peak intensity in the X-ray diffractogram almost quadruples after

just a minute of ultrasonic irradiation, with the mobility sharply increasing by two

orders of magnitude within a comparable time scale. The (100) peak intensity con-

tinues to develop beyond a minute of irradiation, finally leveling off beyond 5 mins

of ultrasonication. This is strongly supported by the development of mesoscale crys-

tallites, 49(a)(iii-vi), which clearly indicates that the number of crystallites sharply

increases between 1 and 3 min of irradiation, with a relative invariance beyond 3-5

mins. The charge transport properties are sensitive even to short irradiation times,
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with the mobility increasing by an order of magnitude within 30 seconds, suggest-

ing a rapid initial increase in the ordered assembly of polymer chains followed by

a more gradual attainment of saturation between 1-3 minutes irradiation, although

the film crystallinity continues to develop beyond 3 mins. This is strong evidence

of a percolation type transport mechanism characterized by a threshold crystallinity,

with any further increase in the degree of crystallinity beyond 3 mins having little

or no impact on the mobility of carriers, akin to a percolation threshold in carbon

black/polymer systems. [133] We suggest that the percolation pathway in the P3HT

thin films is formed by regions of varying conductivity, attributed to the presence of

three distinct phases, possibly varying in their crystalline order. Based on the analy-

sis of Holdcroft et.al. [85] we suggest that ultrasonic irradiation of solutions leads to a

continuous transition from a disordered (for films obtained from pristine solutions) to

an ordered state, with both incorporating fractions of an intermediate quasi-ordered

phase. Short irradiation times lead to formation of π stacked polymer aggregates that

act as nucleation centers for nanofiber formation, with short nanofibrils constituting

the quasi-ordered phase discussed above. The percolation pathway between 1-3 mins

of irradiation is established by facile charge transport through the large nanofibers

(constituting the ordered phase), with the disordered and quasi-ordered phases act-

ing as charge transport conduits between the ordered domains. Prior to percolation,

the increase in mobility by an order of magnitude can be attributed to an increased

fraction of the quasi-ordered phase, evidenced by the three fold increase in the (100)

peak intensity. It is possible that the wider and more distinct nanofibrils consist of

polymer chains in extended conjugated states reflected in the ca. 6 nm bathochromic

shift in the solid state absorption spectrum, [94] while the disordered or quasi ordered

phases are formed by chains with a twisted and disordered conformation, [51] resulting

in the proposed differences in conductivities between the phases. Moreover, previous

work by Ihn et al. using electron diffraction and X-ray has shown that nanofibers of
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P3HT consist of polymer macromolecule stacks that are oriented normal to the fiber

axis, conducive to facile charge transport. [49,115] Inspite of an increase in the number

density of ordered domains beyond the percolation threshold (ca. 3 mins), the AFM

images register significant disordered and quasi-ordered regions in the film as well,

which in turn are the bottlenecks for charge transport, thus accounting for only minor

variations in the mobility beyond percolation. The existence of an upper limit for

the mobility, ca. 0.03 and 0.01 cm2V−1s−1 (for Experiments 1 and 2 respectively),

in conjunction with the relative invariance of the domain size shown by AFM, may

be an indication that beyond the percolation threshold, the maximum mobility is

limited either by the intrinsic charge transport within the ordered domains (and thus

the degree of order within the nanofibers) or by the interaction between them. [77]

That the experimental data indicates an enhanced supramolecular π stacking in

the P3HT solution through the application of ultrasound is surprising, especially given

the disaggregation effects of ultrasound on polymers that are commonly reported. [146]

However, it is important to note that a great degree of control can be exercised on

the acoustic cavitation process by manipulating the experimental conditions. Suslick

et.al. have suggested that the cavitational collapse of the bubbles created during ul-

trasonic irradiation is strongly dependent on the solution concentration, temperature

and volatility of the solvent used. The use of a volatile solvent such as CHCl3 in-

creases the vapor pressure inside the bubble, cushioning its collapse and thus making

it less violent. [147]

To discount the possibility that ultrasonic irradiation of the P3HT solution causes

chemical changes, a solution of 3,3”- dioctyl-2,2’:5’,2”- terthiophene was used as a

model for the polymer. The 1H NMR spectra of both P3HT and the model oligomer

were unchanged by this treatment. In addition, the gel-permeation chromatograms

(GPC) of P3HT remain unchanged before and after irradiation as well, indicating no

change in molecular weight. Moreover, the ultrasonic irradiation intensity and times
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(ca. 0.4 Wcm−2, 40 kHz for ca. 10 mins) used in our experiments is relatively mild

compared to those used in systems that can cause polymer degradation (6.8 Wcm−2,

960 kHz for 2 hours). [148] Instead, we suggest that the flow fields created by ultrasonic

irradiation results in a shear induced conformational change of the individual poly-

mer chains, significantly reducing interchain entanglement and promoting facile π-π

associations, as suggested in Figure51. Similar ultrasound induced disentanglement

of chains in low density polyethylene and polystyrene have been reported by other re-

searchers, [149,150] where individual polymer chains are ”activated” by the shock waves

created during acoustic cavitation. [150] Shear exposure can lead to fibril formation in

proteins due to the improved orientational order that facilitates association [151]-a re-

sult that has also been reproduced in peptides through the application of ultrasound

to solutions in trifluoroethanol. [152]

Figure 51: Suggested model for the ultrasound induced aggregation process.

Interestingly, solutions of regiorandom P3HT in CHCl3 showed none of the spec-

troscopic changes reported in the regioregular polymer, even when exposed to rel-

atively long irradiation times (ca. 20 mins) (data not shown). This suggests that

the ultrasound-induced aggregation is possibly linked to the interaction of side chains

and to solute-solvent interactions, which are expected to be significantly enhanced in
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the regiorandom polymer. The polymer molecular weight also has an effect on the

crystallinity of the P3HT films, [52] and might be expected to influence the aggregation

in solution. Low molecular weight P3HT chains have a smaller degree of entangle-

ment and are generally more soluble. [153] However, this effect was not evaluated in

this study because of the poor charge transport properties of low molecular weight

P3HT. [52]

In addition, the relative invariance of the crystallite size in thin films is indi-

cation of a dynamic equilibrium between aggregation and disaggregation [146] effects

being established during the process of irradiation. A more detailed understanding of

this novel ultrasound mediated supramolecular stacking phenomenon would require

further experiments possibly elucidating any micro-rheological changes induced by

changes in the polymer conformation. [154]

4.4 Conclusion

The results presented here establish a critical relationship between the degree of crys-

tallinity and charge transport in high MW P3HT films. Ultrasonication of solutions

of conjugated polymers provides a unique and facile approach to achieve “tunable”

crystallinity and allows for the development of a more thorough understanding of

structure-property correlations. Charge transport in conjugated polymer thin films

is distributed between disordered, quasi-ordered and ordered phases. The field effect

mobility is strongly dependent on the degree of crystallanity up to the percolation

threshold, beyond which additional crystallite formation does not further aid charge

transport. Further experiments to also achieve a tunable domain size would provide

vital information to enhance our understanding of the complex structure-property

relations in organic semiconductor thin films. Such a solution phase control of the

solid state properties of polymer films could lead to the development of facile methods

to manipulate charge transport and thereby eliminate the need for dielectric surface
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modifications or additional processing steps such as thermal annealing of the thin

films themselves.
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CHAPTER V

ULTRASOUND INDUCED ORDERING IN

POLY(3-HEXYLTHIOPHENE): THE ROLE OF

MOLECULAR PARAMETERS AND PROCESS

CONDITIONS ON MORPHOLOGY AND CHARGE

TRANSPORT

5.1 Introduction

In the previous chapter, we demonstrated the utility of ultrasonic irradiation of P3HT

in chloroform (CHCl3) solution in creating ordered precursors that survive the spin

casting process, and are manifest in the solid state as ordered nanofibrillar structures

which effect a dramatic two order of magnitude increase in the field effect mobility. [93]

Ultrasonic irradiation was an effective tool for inducing tunable crystallinity in the

π-conjugated polymer thin film that also proved invaluable in identifying a percola-

tion type charge transport mechanism operating in the P3HT films. The effects of

ultrasonic irradiation discussed in detail in the previous chapter are summarized in

Figure 52.

Alternate processes have also been explored that primarily take advantage of pro-

cesses that predominantly prevail in the solution state before the formation of the

solidified film. For eg., Bao et.al. were one of the first researchers to demonstrate

that the choice of solvents when processing P3HT films can have a strong impact

on the subsequent field effect mobility. [41] This was followed by studies of Chang

et.al., who demonstrated that the use of high boiling solvents can lead to relatively

crystalline films (compared to those obtained from volatile solvents) that routinely
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demonstrate higher mobilities. [46] They argued that in volatile solvents, the polymer

chains are kinetically trapped in to a disordered morphology because of the rapid

evaporation of the solvent. In contrast, Yang et.al. showed that the effect of varying

the solvent environment around the polymer chains may not necessarily be one of

solvent boiling point, but instead the differences in crystallinity and mobility result

from variations in morphology between well dispersed nanofibrils and spherulites. [59]

Surin et.al. showed that variations in the morphology of the films can also be ob-

tained by altering the film deposition method used such as drop casting, dip coating

and spin coating. [47]

The primary goal in this chapter is to probe the role of processing conditions such

as film deposition method, molecular properties of the polymer such as regioregularity

(RR) and the solvent used in controlling the morphology of P3HT films obtained from

both pristine and ultrasonically irradiated solutions. We demonstrate that in spite of

the creation of micro-crystallites prior to thin film formation, extrinsic factors such

as the film deposition method can have a large impact on the final microstructure

of the polymer films. Moreover, the ultrasound induced aggregation process itself is

sensitive to the regioregularity of both the polymer and solvent used. The field effect

mobilities obtained from polymers with two different regioregularities (ca. 94% and

¿98%) from a variety of processing conditions vary by one order of magnitude and

interestingly, are not commensurate with the variations in the corresponding thin

film morphologies. The dependence of the solidified P3HT morphology on different

stages of the deposition process provides insight into factors that must be carefully

considered in order to ultimately realize an optimized morphology that supports facile

charge transport in π-conjugated organic semiconductors.
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Figure 52: Summary of the ultrasound induced molecular aggregation process that
was introduced in Chapter 4

5.2 Experimental Methods

Materials: Regioregular P3HT (referred to as HT94 and HT98 henceforth) used for

the study was purchased from Sigma Aldrich (Catalog no. catalog no. 445703) and

Rieke Metals, Inc. respectively and used without further purification. The molecu-

lar weight (MW) and regioregularity (RR) of both samples are summarized in Table

2. All the solvents used in the study were purchased from Sigma Aldrich and used

without any further purification. Trichloro(octadecyl)silane (OTS) and Hexamethyl-

disilazane (HMDS) were also purchased from Sigma-Aldrich and used without any

further purification.

Table 2: Molecular weight and regioregularity of the P3HT samples used
P3HT Sample Molecular Weight (kDa) Regioregularity

M N M W %H-T
P100 (HT94) 24 47.7 94
P200 (HT98) 12.7 23 98

The MW data were obtained through gel permeation chromatography (GPC)

of the polymer samples in tetrahydrofuran solution. A Waters 1515 Isocratic high

performance liquid chromatography system with a Waters 2489 UV/Vis detector,
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fitted with a Styragel HR 5E column was used. MW data were determined using

polystyrene standards. Polymer regioregularity was estimated from the 1H NMR

spectra obtained from deuterated chloroform solution at 293 K using a Bruker DSX

300.

Organic FET (OFET) fabrication and characterization The FET devices

used for electrical characterization consisted of two contact devices where P3HT films

were prepared via spin coating the relevant polymer solution onto either a 200 or

300 nm thick SiO2 gate dielectric. The highly doped silicon wafer served as the

gate electrode while Au/Cr was used for the source and drain contacts. The source

and drain contacts were fabricated using a standard photolithography based lift-off

process, followed by E-beam evaporation (CVC Inc.) of 50 nm Au contacts with 5

nm of Cr as the adhesion layer. Before spin coating P3HT solutions, the dielectric

surface was cleaned using one of two processes (i) cleaning the substrates in piranha

solution (4 parts sulfuric acid:1 part hydrogen peroxide) followed by cleaning with

acetone, isopropanol and deionized water in an ultrasound cleaning bath (ii) placing

the devices in a UV-Ozone cleaner (Novascan PSD-UV) (15 minutes). Both (i) and (ii)

allow for complete removal of any residual photoresist and other organic contaminants

from the oxide surface. The substrates were rendered hydrophilic at the end of either

treatment, although UV-Ozone cleaning appears to result in a lower contact angle as

determined by a visual examination.

Solutions of P3HT were prepared at a concentration of ca. 3-4 mgs/mL by heating

the solution on a contact hot-plate at a temperature close to the boiling point of the

solvent used (for e.g. at 55 C for chloroform (CHCl3) as the solvent). A table top

ultrasonic cleaner (Bransonic 2510, 40 kHz, 130 W) was used for ultrasonic irradiation

of the solutions. The solutions were prepared and ultrasonicated in sealed glass

vials to prevent solvent evaporation. Ultrasonic irradiation was performed by first

sealing the glass vials with paraffin paper and temporarily removing them from the
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glove-box; the solutions were then ultrasonicated and replaced inside the box. For

spin coating, the substrates were spun at a speed of 1500 rpm affording ca. 25-30

nm thick P3HT films (as determined by spectroscopic ellipsometry). Dip coating

was performed manually by lowering the substrates vertically into a stock solution

of the polymer in CHCl3, where it remained (vertically) for a period of 1 minute

before slowly withdrawing the substrate vertically. Because the entire operation was

conducted manually, some variations in the morphology and possibly related charge

transport characteristics are expected as will be discussed below. Dip coated films

had thicknesses that typically ranged from 16-20 nm as measured by ellipsometry.

Both spin and dip coated films were then thermally annealed at 110 C for 10 hours

on a contact hot plate inside a nitrogen glove-box. The OFETs prepared by either dip

coating or spin coating were tested using an Agilent 4155C semiconductor parameter

analyzer. The field effect mobility was calculated in the linear region of transistor

operation (V D=-3 V) by plotting the drain current (I D) versus the gate voltage (V G)

and fitting the data to the following equation [104]:

ID = µCox
W

L
(VG − VT )VD (19)

Where V T is the threshold voltage, W and L are the transistor channel width

and length respectively and Cox is the capacitance per unit area of the silicon dioxide

gate dielectric=1.15 or 1.78 × 10−8F cm−2 depending on the thickness of the dielectric

used. It must be noted that there are variations in ultrasound intensity across the

ultrasound bath and therefore between experiments which may complicate the results,

especially in the absence of quantification of the ultrasound intensity. However, such

variations have been accounted for as mentioned later in the text. Unless otherwise

mentioned, all experiments were performed in a nitrogen glove-box with less than 1

ppm of oxygen and moisture.

UV-Vis spectra of P3HT : The solid state UV-Vis spectra were obtained using
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an Agilent 8510 Spectrophotometer by spin coating the P3HT solutions onto pre-

cleaned glass slides under conditions equivalent to those for OFET fabrication.

Grazing Incidence X-Ray diffractions: Out-of-plane (OOP) grazing inci-

dence X-ray diffraction data were obtained using a Panalytical X’Pert Pro system

equipped with a Cu X-ray source operating at 45 kV and 40 mA. Grazing incidence

angle was fixed at 1 and the detector was scanned from 3 to 20. Peak positions

were obtained from the measured profiles by fitting the peaks using XRD analysis

software (MDI JADE). Samples for GIXD measurements were prepared by spin and

dip coating P3HT solutions onto hydrophilic silicon substrates having a native oxide

that were cleaned using the same procedure used for bottom contact FET structures.

These solutions used for the GIXD measurements were the same as those used for

the OFET measurements.

Atomic Force Microscopy (AFM) studies of P3HT : AFM measurements

were performed by scanning the channel region of the bottom contact OFET sub-

strates used for the mobility measurements, with a Veeco Digital Instruments Di-

mension 3100 scanning probe microscope in tapping mode using a silicon tip (NSC

14, Mikromasch).

5.3 Results and Discussion

Figure 53 shows the field effect mobilities obtained from HT94 and HT98 P3HT

OFETs fabricated by spin casting and dip coating the π-conjugated polymer from

pristine as well as ultrasonicated solutions in CHCl3. The measured mobility values

are also summarized in Table 3.

It must be noted that in this experiment the HT94 P3HT solutions were irradiated

for ca. 10 mins, while the HT98 solutions were irradiated for ca. 5 mins, because

of a difference in “sensitivity” of the two samples to ultrasonication, vide infra. The

mobility of HT94 P3HT varies from 1.16±0.67 × 10−3 cm2V−1s−1 for spin coated
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Figure 53: (a) Effect of processing conditions on mobility of films obtained by ul-
trasonic irradiation of P3HT solutions. All experiments conducted inside a glove-
box. (b) Representative transfer characteristics obtained from HT94 P3HT films spin
coated from pristine as well as ultrasonicated solutions in CHCl3. (c) Transfer charac-
teristics of HT98 P3HT OFETs obtained by spin coating from solutions in chloroform
on substrates with (i) no modification and (ii) modified with OTS and HMDS. All
the devices were thermally annealed in a nitrogen glove-box for a period of ca. 10
hrs.

films obtained from pristine solutions to 4.94±1.41 × 10−2 cm2V−1s−1 for dip coated

films of the ultrasonicated solutions, a difference of over one order of magnitude.

In contrast, the mobility of the higher RR polymer, HT98 P3HT, varied only by a

factor of 4 from 2.05±0.71 × 10−2 cm2V−1s−1 to 6.08±1.01 × 10−2 cm2V−1s−1 for

films obtained by spin coating from pristine and ultrasonicated solutions in CHCl3,
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(a) (b)

Figure 54: Representative output characteristics obtained from HT94 P3HT films
obtained by spin coating from (a) pristine and (b) ultrasonicated solutions in CHCl3.
All the devices were thermally annealed in a nitrogen glove-box for a period of ca. 10
hrs.

Table 3: Summary of field effect mobilities (in cm2V−1s−1) obtained by spin coating
(SC) and dip coating (DC) of HT94 and HT98 P3HT solutions with and without
ultrasonic irradiation.

Condition HT94 P3HT HT98 P3HT

Pristine SC 1.16±0.67×10−3 2.05±0.71×10−2

Pristine DC 3.45±3.11×10−3 1.48±0.95×10−2

Sonicated SC 2.73±1.25×10−2 6.08±1.01×10−2

Sonicated DC 4.94±1.41×10−2 4.36±1.46×10−2

respectively. The differences in the mobility values noted in Figure 53 (both within a

particular P3HT sample as well as across samples) clearly result from both differences

in polymer regioregularity as well processing conditions; both are known to affect the

microstructure of the resultant films, and thus charge transport. [22,47,49,119,155] Fig-

ures 53(b), 54(a) and 54(b) show representative transfer and output characteristics of

HT94 P3HT OFETs respectively, obtained from pristine and ultrasonicated solutions

in CHCl3, which are typical of p-channel OFET operation in the accumulation mode.

The high turn-on voltages (V ON) obtained, as seen from the semi-log plot in Figure

53(b), are attributed to the effects of residual doping and/or acceptor-like traps at
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the P3HT-oxide interface. [105,106] This is especially likely given the absence of passi-

vation of hydroxyl groups (generated due to the piranha/UV-ozone treatment of the

substrates) that can act as charge traps. [107] Additional experiments show that there

is indeed a large reduction in (V ON) when using semiconductor-dielectric modifica-

tions, as shown in Figure 53(c). Concomitant with the reduction of (V ON) however,

is a decrease in the field effect mobility, with the values of OFETs by spin coating

from pristine HT98 solutions dropping to ca. 2.6× 10−3 cm2V−1s−1 and ca. 2×

10−4 cm2V−1s−1 in the case of HMDS and OTS treated substrates, respectively. The

observed decrease in mobility is likely a result of poor wettability of the P3HT solu-

tions on the hydrophobic surfaces generated by the OTS/HMDS treatment, possibly

leading to inhomogeneous, amorphous films. [156,157] In a prior study using spin coated

pristine HT94 P3HT/CHCl3 solutions on piranha-cleaned bottom contact substrates

(see experimental section for details), average mobilities of ca. 2× 10−4 cm2V−1s−1,

an order of magnitude lower than those obtained here, were observed. [93] While it is

apparent that even a slight variation in the hydrophobicity of the critical polymer-

dielectric interface is sufficient to drastically alter the charge transport properties of

the material, a detailed study of the effects of semiconductor-dielectric interface mod-

ification on the morphology and the charge transport in P3HT was not conducted in

this work.

The effect of processing conditions on carrier transport is more pronounced in

the case of HT94 P3HT films, where dip coated films routinely exhibit higher mo-

bilities compared to the spin coated counterparts (3.45± 3.11 × 10−3 cm2V−1s−1

(DC) vs 1.16± 0.67 × 10−3 cm2V−1s−1 (SC) for films obtained from pristine so-

lutions and 4.94± 1.41 × 10−2 cm2V−1s−1 (DC) vs 2.73± 1.25 × 10−2 cm2V−1s−1

(SC) for films obtained from ultrasonicated solutions. This is not surprising given

that dip coating is believed to yield films with near-equilibrium structures having

higher crystallinity. [158,159] In contrast, for the higher RR HT98 films, the correlation
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is reversed, i.e. spin coated films (=2.05± 0.71× 10−2 cm2V−1s−1 and 6.08± 1.01×

10−2 cm2V−1s−1 respectively for films obtained from pristine and ultrasonicated so-

lutions) exhibit higher mobilities relative to dip coated ones (=1.48± 0.951× 10−2

cm2V−1s−1 and 4.36± 1.46× 10−2 cm2V−1s−1 respectively for films obtained from

pristine and ultrasonicated solutions). Thus a notable inter-play between the effects

of the molecular properties of the polymer and the processing conditions, both of

which are expected to play crucial roles in determining the final morphology of the

film, is apparent. [49] The subtle effects of RR on the morphology as well as charge

transport in spin coated P3HT films have been reported elsewhere, [160] and the results

presented here are further confirmation of the subtlety of the effect. Given that the

charge transport in field effect transistors is dominated by an accumulation layer that

only spans a few mono-layers from the polymer-dielectric interface, [161] the ordering

of the macromolecules at that interface is expected to exert a dominating influence

on charge carrier mobility. Thus, it is likely that the differences in mobility noted

between both dip coated and spin coated films, as well as between HT94 and HT98

films originate with the microstructure.

Spectral features in the UV-visible absorption spectrum of a π-conjugated system

strongly correlate with the state of micro-structural order in the film. [83,103,110] The

spectroscopic changes associated with ultrasonic irradiation of the materials discussed

here are summarized in Figure 55(a), where we associate the development of the low

energy features in the solution (at ca. 570 and 620 nm) and solid state spectra (at

ca. 605 nm) with the presence of micro-crystalline aggregates in solution, that in

turn provide a film having increased molecular order.citeaiyar:ultrasound Moreover,

compared to the pristine P3HT solution, the intensity of photoluminescence (inset

of Figure 55(a)) decreases by 47% and 36% upon ultrasonic irradiation and upon

addition of 10 vol.% methanol (MeOH) respectively, consistent with the formation of

a π-stacked aggregate that can partially quench the polymer’s luminescence. [142,143]
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(a) (b)

Figure 55: (a) Normalized solution and solid state UV-Vis plots for pristine and
ultrasonicated HT94 P3HT/CHCl3 solutions. Inset shows the solution photolumi-
nescence spectra of pristine, 5 min ultrasonicated and 10 vol.% MeOH aggregated
P3HT/CHCl3 solutions (b) Comparison of absorption spectra of HT94 P3HT and
HT98 P3HT films obtained from ultrasonicated solutions. All solutions ultrasoni-
cated for ca. 5 mins in air.

Zhao et.al. have suggested that the primary effect of ultrasonic irradiation of P3HT

solutions is a dramatic increase in interaction between the solute (individual polymer

chains) and the solvent, resulting in decreased chain entanglement, which in turn

promotes polymer-polymer associations. [135] Thus, it is anticipated that the disorder-

order transformation will be influenced by the conformation of the individual polymer

chains and thus molecular parameters such as the RR may be expected to alter the

effects/impact of ultrasonic irradiation. Figure 55(b) shows the solid state absorption

spectra of HT94 and HT98 P3HT films obtained from the respective ultrasonically

irradiated solutions which indicate a bathochromic shift of the absorption maximum

λmax from 556 nm for the HT94 film to 561 nm for HT98 film, with the latter also

showing a more pronounced shoulder at ca. 602 nm. The increased intensity of the

(0-0) transition (at ca. 602 nm) (and thus of the intensity ratio of the (0-0) and

(0-1) transitions) in the HT98 film is indicative of increased intermolecular ordering

in the higher regioregularity film, probably resulting from an extended main chain
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conformation afforded by fewer steric distortions. [83,110] This is also reflected in the

higher free exciton bandwidth in the HT94 P3HT film compared to the HT98 film

(ca. 120 meV in HT94 vs ca. 90 meV in HT98). [103] This is clear evidence of the

dependence of the ultrasound induced aggregation process on the RR of the polymer.

This observation is also consistent with the extent of intra-chain order being partic-

ularly sensitive to subtle changes in the head-tail (HT) attachments of the hexyl side

chains as demonstrated elsewhere. [160] Based on the results of Wang et.al., similar

differences in the absorption spectra are also expected between spin coated and dip

coated films, with the latter yielding films having higher molecular order. [162] The in-

creased intermolecular ordering present in the HT98 films can thus explain the higher

mobility observed for OFET structures prepared with HT98. Furthermore, ultrasonic

irradiation of P3HT solutions (irrespective of regioregularity) results in changes that

bear similarities to the effect of RR and thus the increase in mobility with solution

irradiation also shares a common origin with that of RR-increased molecular order.

The tapping mode AFM phase images shown in Figure 56 show dramatic varia-

tions in the morphology of the P3HT films. Notably, spin coated films of both HT94

as well as HT98 P3HT obtained from pristine solutions are relatively featureless and

apparently lacking texture, consistent with the rapid drying times encountered in spin

coating from volatile solvents such as CHCl3, resulting in a kinetically limited process

that suppresses the formation of ordered structures. [46] The absence of ordered struc-

tures in the AFM phase images is mirrored in the x-ray diffractograms, Figure 57,

where no discernible peak was detected for either sample obtained from spin coated

pristine solutions. Thus, it is not surprising that spin coated films (at least in the

case of HT94 P3HT) routinely exhibit mobilities that are the lowest in magnitude

(=1.16±0.67× 10−3 cm2V−1s−1). By the same token, the mobilities obtained from

HT98 P3HT OFETs spin coated from pristine solutions are also expected to be low,

especially given that the film morphology does not display any obvious signs of order.
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Figure 56: Tapping mode AFM phase images of HT94 and HT98 P3HT films ob-
tained by spin as well dip coating from pristine as well ultrasonicated chloroform
solutions.

However, this is clearly not the case; OFET mobilities obtained for these HT98 films

are 2.05±0.71× 10−2 cm2V−1s−1 even though the film morphology remains relatively

featureless. However, the absorption spectra of P3HT films, where subtle variations

in the RR result in increased molecular order in the films, [160] could contain a po-

tential explanation for the difference in mobility observed between HT94 and HT98

OFETs.

Interestingly, changing from a spin coating to a dip coating process results in mor-

phologies that clearly incorporate nanofibrillar structures within both the higher and

lower P3HT films, Figure 56(a). The subsequently higher mobility of dip coated films

of HT94 P3HT obtained from pristine solutions (µ=3.45±3.11× 10−3 cm2V−1s−1)

clearly demonstrates that the presence of the nanofibrillar network is representative

of increased structural order which in turn promotes facile charge transport. Although
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(a) (b)

(c) (d) (e)

Figure 57: Grazing incidence X-Ray diffraction profiles of (a) HT94 and (b) HT98
P3HT films obtained by spin-coating and dip coating from pristine and ultrasoni-
cally irradiation solutions in CHCl3. Comparison of the XRD profiles of HT94 and
HT98 films obtained by (c) dip coating from pristine solutions (d) dip coating from
irradiated solutions and (e) spin coating from irradiated solutions.

not direct evidence for the presence of structural order, the nanofibrils strongly indi-

cate the existence of π − π associations between adjacent polymer chains that result

in the formation of the nanofibers themselves. [115] A similar nanofibrillar network is

visible in HT98 P3HT films obtained from dip coated pristine solutions, even though,

surprisingly, the mobilities (µ=1.48±0.95× 10−2 cm2V−1s−1) are slightly lower than

those obtained from the spin coated films where nanofiber formation appears signif-

icantly suppressed relative to the dip coated samples. Even more surprising is the

fact that spin coated films of HT98 (µ=2.05±0.71× 10−2 cm2V−1s−1) have a mobility

that is almost an order of magnitude higher than that obtained for devices prepared
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from dip coated HT94 (µ=3.45±3.11× 10−3 cm2V−1s−1), in spite of HT94 films con-

sisting of a distinct nanofibrillar network. Our results are reaffirmed by the molecular

weight dependence of charge transport in P3HT, that has clearly demonstrated that

a highly ordered microstructure may not always result in high charge carrier mo-

bilities. [52] The (100) peak in the x-ray diffractograms, associated with the lamellar

packing of polymer chains along the crystallographic direction perpendicular to the

backbone, [123] which was clearly absent in the spin coated films, is well-developed in

both dip-coated films, although the peak appears to be more intense for the HT98

film. The development of the (100) peak in the dip-coated films is reflective of the

formation of near-equilibrium structures through dip coating, which are otherwise

quenched during the spin coating process. [158,159] The x-ray peak intensities are con-

sistent with the improvement in the mobility observed for the dip coated HT94 films

and to a certain extent could also form a basis to explain the difference in mobil-

ity noted between HT94 and HT98 dip coated films, but it fails to account for the

mobility difference between the spin coated films for which the (100) peak is clearly

absent. Instead it is possible that the higher degree of intra-chain ordering afforded

by the higher RR in HT98 compensates for the kinetically hindered structures that

arise from spin coating preventing the mobility values from being compromised as

a result of the disordered morphology observed via AFM and confirmed by XRD.

In line with an earlier hypothesis, the higher macroscopic mobility observed for the

spin coated HT98 film results from a reduction in the reorganization energy, allowing

for facile inter-chain hopping in spite of the absence of nanofibrillar structures. [160]

Ultrasonic irradiation of the P3HT solutions results in dramatic changes to the mor-

phology as well as the (100) peak intensities, confirming our original observation of

the effect of ultrasound on microstructure. The morphology of both spin coated as

well as dip coated films of HT94 and HT98 P3HT obtained from irradiated solutions

are characterized by the presence of distinct nanofibrillar structures embedded in a
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matrix that is composed of both disordered as well as quasi-ordered structures. [93] In-

terestingly, although the ordered precursors are thought to be generated in solution,

the film deposition method and the polymer RR clearly influence their manifestation

in the solid state, Figures 56(b) and 56(d). For example, a comparison of films ob-

tained by dip vs spin coating reveals subtle differences in the physical appearance

of the nanofibrillar structures incorporated in both films. The effect of RR is also

clearly apparent in the case of the dip coated films, with the HT94 film containing

a significantly lower fraction of the nanofibrillar structures compared to the HT98

film. It should be noted that the same solutions were used for both the spin coat-

ing as well as dip coating experiments to avoid ambiguities associated with changes

in irradiation intensities (see experimental section). However, different irradiation

times were required for HT94 and HT98 solutions, since the former was routinely

less sensitive to ultrasound induced changes in comparison with the higher RR HT98

counterpart (vide infra). In sharp contrast to the dip coated films, a significantly

smaller difference is noted from a comparison of the morphologies obtained from spin

coated films, Figure 56(d), suggesting that the differences noted in the dip coated

films arise predominantly from the deposition method itself, rather than a difference

in ultrasonication time. The dramatic increase in the (100) peak intensity in the x-

ray diffractograms for both spin coated as well as dip coated films is consistent with

the appearance of ordered nanofibrillar structures in the film as a result of ultrasonic

irradiation of the respective solutions. The slightly higher (100) peak intensity in the

case of the HT98 film mirrors the AFM phase image, which detects the presence of a

greater number of the ordered nanofibrils relative to the HT94 films, 56(d). However,

there appears to be no such correspondence for the dip coated films, where in spite of

the sparse distribution of ordered nanofibrils in the HT94 film relative to the HT98

film, Figure 56(b), the (100) x-ray peak intensities in both cases are nearly identi-

cal. The origin of this behavior is not completely understood, however, the identical
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crystallinity between the two samples may result from an equal overall distribution

of disordered, quasi-ordered and ordered phases. In the absence of any appreciable

thickness difference between the two films (ca. 19 nm and ca. 21 nm for HT94 and

HT98 dip coated films respectively), the near identical (100) peak intensities indicate

the presence of equal volume fractions of ordered crystallites in both films. Thus,

the lower fraction of ordered crystallites in the HT94 film may be compensated by

a higher areal fraction of the quasi-ordered phase resulting in a net degree of crys-

tallinity which is similar to that obtained from the HT98 film where the effect of the

greater number of nanofibrillar structures is offset by a higher disordered amorphous

content. Moreover, the different morphologies of dip coated HT94 and HT98 films

once again highlight the inter-play between the effects of polymer RR and the dynam-

ics of film formation. We have suggested elsewhere that the formation of the ordered

nanofibrils involves sequential nucleation of the π stacked polymer aggregates into

an intermediate quasi-ordered phase and eventually into the ordered phase. [93] This

coupled with the fact that HT98 P3HT is far more sensitive to ultrasonic irradiation

would suggest a greater conversion of the intermediate quasi-ordered phase into the

ordered phase resulting in films that incorporate greater numbers of the nanofibrillar

structures embedded in a largely disordered phase. In contrast, the weaker response

to ultrasonic irradiation in the lower RR polymers results in fewer ordered nanofib-

rils, but conceivably a greater conversion of the disordered phase into a quasi-ordered

phase. Thus the facile charge transport within the ordered nanofibrils in the HT98 dip

coated films would be offset by poor transport within the amorphous matrix resulting

in a mobility of 4.36±1.46× 10−2 cm2V−1s−1, that is within experimental error iden-

tical to that obtained from HT94 dip coated films (µ=4.94±1.41× 10−2 cm2V−1s−1),

where the lower fraction of ordered nanofibrils is possibly offset by a higher areal

fraction of the quasi-ordered phase. However, the variations in film crystallinity and

morphology noted in Figures 56 and 57 are insufficient to justify the differences in
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mobility observed in Figure 53. For example, the dramatic difference in the degree of

crystallinity and the film morphology between HT94 films obtained by spin coating

from pristine versus ultrasonicated solutions would explain the increase in mobility

from 1.16±0.67× 10−3 cm2V−1s−1 to 2.73±1.25× 10−2 cm2V−1s−1 obtained from the

corresponding films, but for similar variations in the microstructural properties in

the case of HT98 films, the mobility variations are clearly incommensurate, varying

by as little as a factor of 3. This once again raises the importance of intra-chain vs

inter-chain effects in dominating macroscopic charge transport. The inherently higher

intra-chain order in HT98 films obtained from pristine solutions, evidenced by solid

state absorption spectrum, could explain why only minor differences in mobility are

obtained through ultrasonic irradiation in spite of a large increase in the degree of

inter-chain ordering. This observation is consistent with a percolation type charge

transport mechanism, where any increase in the microstructural quality of the film

beyond a percolation threshold does not necessarily result in further improvements in

macroscopic charge transport, especially when the charges encounter large amorphous

or quasi-ordered regions. [93]

In spite of the role played by film deposition conditions, it is evident that in-

trinsic molecular properties such as the RR are crucial to the manifestation of the

ultrasound induced phenomena reported here and elsewhere. [93,135] As hypothesized

by Zhao et.al., changes observed upon ultrasonic irradiation are fundamentally one

of disorder-order transitions. [135] The acoustic cavitation process likely leads to chain

disentanglement, followed a shear induced change of the polymer chain conforma-

tion maximizing opportunities for cofacial stacking between the individual chains. [93]

This would also mean that the nature of the molecular aggregate thus formed would

depend crucially on the solvent environment the disentangled polymer chains find

themselves in before π − π associations are formed. In addition, elucidation of the

role of solvent-solute interactions in general is expected to clarify understanding of
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(a) (b)

Figure 58: Solution state (a) and solid state (b) absorption spectra of HT94 P3HT
solutions in CHCl3 and toluene and the corresponding films obtained by spin coating
them on to pre-cleaned glass slides. Inset in Figure 58(b) shows the solid state
absorption spectra of HT98 P3HT films obtained by spin coating from cold and hold
pristine solutions in p-xylene.

the molecular aggregation process suggested by results from ultrasonic irradiation of

the polymer solutions. Through experiments with P3HT of varying molecular weights

(M W=11, 30-40 and 87 kDa), Zhao et.al. have suggested that the effects of ultrasonic

irradiation are reduced to that of solubility of the polymer in the solvent system. In

their experiments, the disorder-order transformations in high molecular weight P3HT

solutions in xylene were significantly more favorable relative to medium and low RR

solutions. This was mirrored not only in the steeper transitions observed in the cor-

responding absorption spectra of the solutions upon irradiation, but also confirmed

by the reported thermochromic transitions. [135] Interestingly, similar experiments per-

formed using “marginal” solvents such as toluene or p-xylene, Figure 58(a), revealed

that the molecular aggregation process is dramatically accelerated resulting in spec-

troscopic changes that bear a close resemblance to those obtained by Zhao et.al. from

their high MW P3HT solutions. In addition, the spectroscopic changes noted in Fig-

ure 58(a) are significantly different from the results obtained from irradiation of the

corresponding P3HT/CHCl3 solutions, Figure 55(a), clearly highlighting the role of
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the solvent system. Two essential differences must be noted in the case ultrasonic

irradiation of HT94 P3HT solutions in toluene-(i) the absorption maximum, λmax, is

clearly red-shifted by ca. 8 nm and (ii) the low energy transitions at ca. 555 nm

and 603 nm are more intense for the same irradiation time (2 mins). These results

clearly suggest that solubility effects have some part to play in the ultrasound in-

duced ordering phenomenon. In fact, upon irradiation for longer times (¿ 2mins)

and then allowing the P3HT/toluene (or xylene) solution to rest for a few minutes,

a gel-like substance was obtained, consistent with the reports of Malik et.al. who

have previously demonstrated thermo-reversible gel formation in P3HT/xylene sys-

tems. [144] Based on the spectral features observed in Figure 58(a), it is plausible that

ultrasonic irradiation drives a random coil to rod transformation, evidenced by the

bathochromic shift of the absorption maximum, followed by aggregation of the rods

or fibrillar crystallization. [113,144] Furthermore, there are distinct similarities in the

spectral features of the irradiated toluene solutions in Figure 58 and thermochromic

transitions in P3HT solution observed by Rughooputh et.al., supporting the idea of

an ultrasound induced coil-rod transformation driving the crystallization process. [113]

Kiriy et.al. have suggested that the addition of non-solvents to well dissolved P3HT

solutions results in solvophobic interactions that lead to main chain collapse into a

helical conformation followed by a concentration dependent association of individual

helices into one dimensional aggregates. [125] However, as noted above, the significant

differences in the spectral features between irradiated CHCl3 and toluene solutions

indicate that the development of micro-crystalline aggregates might be fundamentally

different in the two systems. Figure 58(b) shows the solid state spectra obtained by

spin coating the HT94 P3HT solutions in toluene and CHCl3. Based on arguments

made earlier, it would appear that ultrasonic irradiation of solutions of P3HT in

marginal solvents results in increased molecular order in the solid state. Surprisingly,

this is not mirrored in the corresponding field effect mobilities, with values of ca. 2×
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10−3 cm2V−1s−1 and 2× 10−2 cm2V−1s−1 for OFETs obtained by spin coating irradi-

ated solutions of HT94 P3HT from toluene and CHCl3 respectively. This is further

evidence that the physical conformation of the aggregates generated by ultrasonic ir-

radiation is dependent on the nature of the interactions between the polymer and the

solvent. We note that the same solutions were used for both the spectroscopic as well

as OFET measurements. The inset in Figure 58(b) showing the solid state spectra

of HT98 P3HT obtained by spin coating from both, a hot solution in p-xylene and a

solution that has been allowed to cool to room temperature. Like toluene, p-xylene

is a marginal solvent for P3HT and the reduced solubility clearly results in increased

aggregation between the polymer chains, as evidenced by difference in the absorption

spectra.

(a) (b) (c)

Figure 59: Aggregation of HT94 P3HT solutions in various solvents by the addition
of methanol as a non solvent-solution state absorption spectra and field effect mobility
as a function of methanol volume percentage in (a) CHCl3 (b) toluene and (c) MCB
solutions.
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(a) (b)

Figure 60: Aggregation of HT98 P3HT solutions in various solvents by the addition
of methanol as a non solvent-solution state absorption spectra and field effect mobility
as a function of methanol volume percentage in CHCl3 solutions.

Experiments performed by the addition of a non-solvent (MeOH) to solutions of

HT94 P3HT in various solvents including CHCl3, toluene and MCB contains further

clues as to the role of the solvent in modulating the aggregation process encountered

through ultrasonic irradiation, Figure 59. It is clear from the absorption spectra

that the addition of increased amounts of MeOH drives the solution system towards

precipitation, but the amount of MeOH required to precipitate the P3HT solution is

strongly dependent on the primary solvent (i.e. CHCl3, MCB etc.) used. For e.g., ca.

30 vol.% MeOH is required to completely precipitate a solution of the P3HT in MCB,

while significantly lower amounts are required to precipitate solutions in CHCl3 and

toluene (ca. 15 vol.% and 10 vol. % respectively). Based on the MeOH aggregation

experiments, we suggest that the solubility of P3HT in MCB¿CHCl3¿Toluene. Inter-

estingly, ultrasonic irradiation of solutions of HT94 P3HT in MCB show none of the

spectroscopic changes observed in CHCl3 and toluene even upon irradiation for 20

minutes, confirming the role of solubility effects in the ultrasound induced changes.

The fact that HT98 P3HT solutions are routinely more sensitive to ultrasonic irra-

diation in spite of the lower molecular weight of HT98 compared to HT94 (see Table
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1), suggests that RR has a dominant influence on the solubility of the polymer. The

corresponding mobility profiles of the P3HT films as a function of MeOH vol.% added

to the pristine solutions used for spin coating the films, are instructive. The onset

of molecular aggregation clearly results in an improvement of charge transport, but

the existence of a peak mobility is a clear indication of the sensitivity of the charge

transport to the nature of the aggregate that is formed in the solution. Moreover, the

peak mobilities obtained from all the three experiments in Figure 59 are not only very

close in their values, but are incidentally obtained from films spin coated from solu-

tions that display very similar absorption spectra. Note that the mobility starts to

decrease well before complete precipitation of the solution (detected by the spectra as

well as visual observation of macroscopic particles in the solution), hence the decrease

in mobility cannot simply be attributed to the formation of an inhomogeneous film

alone as suggested by others. [127] Also, note that the peak mobilities obtained here

may not represent the maximum obtainable as the MeOH dilution experiments were

performed to determine the mobility profile rather than to estimate peak mobility.

The effect of RR can also be understood in light of the solubility effects discussed

above. The more planar and rigid chain conformation in HT98 P3HT, afforded by

fewer steric distortions imposed by the hexyl side chains, is expected to lead to a lower

solubility in a given solvent relative to HT94 P3HT. This is apparent from Figure

60, which shows that the aggregation process for HT98 P3HT solutions (in CHCl3) is

significantly more sensitive to the MeOH vol.% in comparison to HT94 solutions, with

10 vol.% MeOH sufficient to induce precipitation of the P3HT. This would explain

why the ultrasound induced aggregation phenomenon is clearly accelerated in HT98

solutions, as shown in Figure 61. However, it must be noted that the time dependence

of the intensity of the low energy transitions reported in Figure 61 can be misleading,

especially given the variations in intensity within the ultrasound bath. Thus, both
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experiments (in Figure 61) were conducted back to back in order to minimize extrin-

sic causes of the differences in the spectra. Nevertheless, irrespective of the solution

irradiation time used in the case of HT94 solutions, the (0-0) peak intensity of the cor-

responding films is consistently lower than that recorded from HT98 films, suggesting

that differences in kinetics of the aggregation process (due to a difference in solubility

of the two P3HT samples and/or variations in ultrasound intensity) alone cannot

account for the effect of RR. In addition, the significantly higher mobilities obtained

from the MeOH dilution experiments (µ=ca. 0.05 cm2V−1s−1 for HT98 P3HT vs.

5× 10−3 cm2V−1s−1 for HT94 P3HT), Figure 60(b), is further evidence that subtle

differences in RR have a significant impact on aggregate formation, which in turn

influences charge transport. This is also indicative of the fact that the ultrasonic

irradiation process is strongly influenced by single chain effects. The disentanglement

of the polymer chain that results from ultrasonic irradiation, in turn results in molec-

ular aggregates, the nature of which depends on the solvent environment around the

disentangled chains and the polymer RR, both of which explain the differences noted

above in the absorption spectra. Additionally, we note that regiorandom P3HT with

a H-T content of ca. 50% is unresponsive to ultrasonic irradiation. The decrease in

sensitivity of the polymer to ultrasonic irradiation with decreasing RR suggests that

our ultrasonication conditions (40 kHz, 130 W) may be too mild to surmount the

large steric barrier in less regioregular polymers, preventing effec co-facial π stacking.

Although the suggested propensity of the π-conjugated polymer to form ultra-

sound induced molecular aggregates is strongly dependent on the solubility of the

polymer in the solvent, other factors must also be considered. Since the manifesta-

tion of the effects of ultrasound are through acoustic cavitation, physical properties of

the solvent such as its viscosity, and solution properties such as dilution, are expected

to participate in the process as well. The results of Briggs et.al. have shown that an

increase in viscosity of the liquid would result in an increased power demand to induce
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Figure 61: Solution state absorption spectra of pristine and ultrasonicated HT94
and HT98 P3HT solutions in CHCl3. Both solutions were ultrasonicated for a period
of 5 mins.

cavitation in that system. [163] Thus it is conceivable that the insensitivity of solvents

such as MCB, with a viscosity of 0.8 cP, is due to an increase in viscosity relative to

CHCl3, which has a viscosity of 0.58 cP. This is also supported by experiments with

1,2,4-trichlorobezene (TCB), a system which is also unresponsive to the irradiation,

consistent with its higher viscosity (ca. 2.08 cP) preventing acoustic cavitation from

setting in at the applied power. However, given that a transition from CHCl3 to

MCB results in changes in not just the viscosity, but also polymer solubility, further

experiments to explore the impact of ultrasonic irradiation intensity and frequency

are required to identify solvent parameters that are crucial to the process.

Interestingly, the process is found to be significantly accelerated for both HT94 as

well as HT98 solutions when the experiment is performed in an ambient vs. an inert

atmosphere. This phenomenon is confirmed through a visual observation of the color

change that typically accompanies the ultrasound induced aggregation process, which

starts to occur within ca. 1 minute in air for both P3HT samples. This result is in

contrast to solutions prepared in the glove-box, which display a significantly delayed

response to the irradiation, an effect that is more noticeable in the case of HT94
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solutions, where an irradiation time as high as ca. 5-6 mins is required to observe

the first signs of color change. Kim et.al. have reported a similar acceleration of

the color change process under the influence of ambient light in ultrasonically treated

solutions of P3HT in mixtures of chlorobenzene and acetonitrile, which they attribute

to an increase in chain planarity due to photo-oxidation. [136] P3HT is known to form

a reversible charge transfer complex with oxygen, [71] and hence a sono-chemically

motivated association with ambient or dissolved oxygen in the solvent is not entirely

unexpected, especially given the retardation of the changes in an inert atmosphere.

Moreover, the experiments performed here were conducted under ambient light, so

photo-oxidation effects may be observed. However, it is not currently understood

if and how photo-oxidation influences the molecular aggregation process as several

anomalies exist. The absence of any color change upon ultrasonic irradiation under

ambient conditions in regio-random P3HT or P3HT dissolved in MCB and TCB are

inconsistent with photo-oxidation being the driving force for the molecular aggrega-

tion process. Furthermore, the retardation of the color change is less apparent for

HT98 solutions, with the first signs of color change occurring within the first one to

two minutes.

Nevertheless, the output characteristics of transistors obtained from P3HT solu-

tions in CHCl3 that have been ultrasonically irradiated in air bear a remarkable re-

semblance to those obtained in the presence of an oxygen atmosphere, Figure 62. [71]

In fact, a similar output characteristic is also obtained from the OFETs prepared from

irradiated solutions inside the glove-box, which have not been subjected to thermal

annealing, Figure 62. This result raises the possibility that the increase in mobility

observed upon ultrasonic irradiation is one of doping by molecular oxygen rather than

one associated with structural changes. However, “de-doping” experiments performed

either by thermal annealing (Figure 54(b) or by placing and testing the samples under

high vacuum (ca. 10−8 Torr) resulted in output characteristics curves that no longer
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(a) (b) (c)

Figure 62: Output characteristics of HT94 based OFETs prepared by spin coating
from P3HT solutions without (top row) and with (bottom row) ultrasonic irradiation.
(a) Prepared and tested in air (b) Prepared in air, but tested under a dynamic vacuum
of 10−8 Torr and (c) prepared and tested in a nitrogen glove-box. All samples tested
without any thermal annealing.

bore resemblance to the effects of oxygen exposure, without a significant reduction of

the original increase in field effect mobility. This observation gives credence to our

original hypothesis that the improvement in P3HT charge transport characteristics

are a direct result of improved thin film microstructural quality, although the role of

oxidation effects in mediating the formation of the ordered structures cannot be ruled

out.

5.4 Conclusion

The results presented in this section highlight an interesting inter-play between the

individual roles of ultrasound induced pre-assembled aggregates in solution, molecular

parameters such as regioregularity and the dynamics of the film formation process
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itself. An order of magnitude increase in field effect mobility is routinely observed

upon ultrasonication of the lower regioregularity (ca. 94% H-T) polymer, irrespective

of the deposition method used. Whilst the changes in thin film morphology and

crystallinity observed upon ultrasonication of 98% H-T P3HT are similar to those

obtained from the lower regioregularity polymer, the enhancement of mobility is far

less dramatic. Dip coating of P3HT films obtained from pristine solutions clearly

result in the formation of ordered nanofibrillar structures which are clearly absent in

the featureless spin coated counterparts, with its impact on the mobility dependent on

the regioregularity of the polymer used. Thus, we suggest that although the dynamics

of film formation process clearly influence the morphology and charge transport, it

is the polymer regioregularity which has a dominant influence. The dependencies we

have reported not only identifies the competition between process parameters and

molecular parameters, but also provide a stimulus for further investigations into the

role of intra-chain effects in controlling macroscopic charge transport.
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CHAPTER VI

CONCLUSIONS

The primary objective of this thesis was to elucidate the complex correlations between

thin film microstructure and the corresponding macroscopic charge transport prop-

erties in OFETs made from these films. Our goal was oriented towards addressing

some of the questions raised in Figure 63.

We started our investigation in Chapter 2 by understanding how the microstruc-

ture evolves when going from the solution state to the solid state, especially since the

polymer chain conformations in the solution form an important precedent to solid

state microstructure. We identified a lyotropic liquid crystalline phase as an inter-

mediate between the isotropic solution state and the final solidified microstructure.

The structural changes were found to correspond well with the evolution of drain

current in an evaporating P3HT/TCB solution, raising the possibility that the pres-

ence of long range order possibly induces enhanced charge transport. This was also

corroborated by the the time evolution of the field effect mobility in an evaporating

droplet of P3HT in CHCl3 (Section2.1), which shows a sharp peak, before eventually

decreasing, once again hinting at correlations with the structural evolution in the

evaporating droplet. Our joint in situ investigation of the evolution of drain current

and structure in Section 2.3 revealed that there is a close correspondence between the

evolution of single chain conformation (conjugation) and the sharp increase of the

drain current in the evaporating P3HT/TCB droplet. More importantly, the sharp

onset of the current is observed even though a significant amount of solvent remains

in the film creating an isotropic solution phase. This study is important on several
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Figure 63: The role of microscopic factors in macroscopic charge transport

counts.The presence of a lyotropic liquid crystalline phase can have important impli-

cations for enhanced charge transport motivated by long range order. The fact that

the liquid crystallinity is observed through a simple self-assembly route mediated

through solvent evaporation suggests that macroscopic morphology control can be

achieved through simple means for conjugated polymers. The concurrent evolution

of structure and current provides a fundamental insight into how the development

of drain current corresponds with the development of single chain conformation and

eventually supramolecular assemblies into crystallites.

Chapter 3 then investigates single chain effects in P3HT, using regioregularity

as an effective “handle” to manipulate the thin film morphology. We demonstrate

that subtle variations in the regioregularity as small as ca. 4% is sufficient to dra-

matically alter the field effect mobility by as much as two orders of magnitude. The

concurrent variations noted in the absorption spectra of HT94 and HT98 P3HT films

suggest that effects at the single molecule level, i.e. conjugation, may be responsible

for both the changes in morphology (nanofibrillar width) as well as enhanced inter-

chain polaron delocalization due to a reduced reorganization energy. The increase in

intrachain order is also accompanied by variations in nanofibrillar widths, which then

result in a reduced areal fraction of grain boundaries and thus could be a secondary
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mechanism for rationalizing the dramatic improvement in mobility. The results pre-

sented in this chapter clearly point at the dominant role of single chain effects. It

follows how changes of polymer chain conformation can severely impact assembly into

supramolecular structures with subsequent changes to macroscopic charge transport.

It also highlights the importance of intra-chain effects relative to inter -chain effects.

Chapter 4 explores novel methods of creating supramolecular order through the

generation of ultrasound induced microcrystallized aggregates in solution. The re-

sulting films display a multiphase morphology consisting of disordered, quasi-ordered

and ordered phases that result in a percolation type charge transport mechanism,

where the mobility becomes independent of the microstructure beyond a “threshold”

crystallinity. Not only is ultrasonic irradiation a facile method for enhancing charge

transport in polymeric semiconductors, but it is also a useful tool for clarifying the

complex correlations between microstructure and charge transport. Chapter 5 ex-

tends the work in Chapter 4 to explore the impact of molecular parameters such as

polymer regioregularity and processing parameters such as the solvent and film de-

position method on the ultrasound induced aggregation process. We demonstrated

that the molecular aggregation process itself is strongly dependent on factors such

as solubility of the polymer in the solvent. More importantly, although we suggested

that the ordered precursors are formed in the solution state, the deposition method

used (dip coating vs spin coating) clearly impacts the morphology as well, hinting at

the dual role of solvent-solute as well solute-solvent-substrate interactions in creating

the ordered morphology. However, as noted in Chapter 4, in spite of the significant

differences noted in the morphology, the differences in mobility are far less dramatic,

reaffirming our suggestion that the disorder clearly dominates the charge transport

mechanism.

In summary, this thesis explores microstructure-charge transport correlations us-

ing P3HT as a model system and demonstrates that the structural heterogeneity of
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conjugated polymer thin films results in a percolation type charge transport mech-

anism, characterized by the saturation of the mobility beyond a “threshold crys-

tallinity”. Moreover, new approaches have been presented to not only provide under-

standing of these correlations, but also the very process of film formation in solution

processable organic semiconductors, which could in turn hold the key to approaching

the mobility benchmark represented by single crystals.

6.1 Future work

Although the results presented here lead to a significant clarification of the role of mi-

crostructure in influencing charge transport, further experiments must be conducted

to elucidate the fundamental nature of carrier transport.

In order to accomplish these goals, experiments must be conducted at all length

scales starting from the nano-scale all the way to the macro-scale, as depicted in Figure

64. Experimental techniques such as microwave conductivity (PRMC) described in

Chapter 1, which can probe the movement of charge carriers across single polymer

chains could be invaluable in further understanding the single chain effects described

in Chapter 3 and coupled with OFET measurements could provide a holistic picture

of charge transport in organic semiconductors that accounts for intra- as well as

inter -chain effects.

Liquid crystallinity is an attractive route towards achievement of high macro-

scopic mobilities and further experiments on “quenching” the intermediate anisotrop-

ically ordered phase in the course of evaporative self-assembly of the P3HT chains,

could prove a facile approach to achieving the macroscopic alignment necessary.

This could potentially be achieved by replacing 1,2,4-Trichlorobenzene with 1,3,5-

Trichlorobenzene, the latter being a solid at room temperature (melting point 63-

63°C). Thus, conducting the experiment described in Section 2.2 at temperatures

above the melting point of 1,3,5-TCB would enable the liquid crystalline phase (when
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Figure 64: Probing charge transport across length scales: Nano-scale to the macro-
scale

observed) to be quenched by cooling the solution down to room temperature.

In-situ optical spectroscopy experiments on an electrostatically doped organic

semiconductor, such as those performed by Kaake et.al. [164], could prove escpecially

useful in further understanding the percolation mechanism reported in Chapter 4.

Kaake et.al. are able to identify the presence of hole polarons in P3HT in two dis-

tinct environments: amorphous and crystalline. Applying similar measurements to

multiphase systems generated by ultrasonic irradiation might provide fundamental in-

sights into how the presence of order and disorder impacts the delocalization of hole

polarons. Varying the gate dielectric by incorporating polymeric insulators would

yield further information on the impact of dielectric constant on the carrier delocal-

ization.

Finally, other molecular designs must be investigated as well in order to create

charge transport mechanisms and models that are universally applicable to polymeric

semiconductors at large. Such an understanding would truly enable us to realize the

potential shown by organic semiconductors.
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