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ABSTRACT OF THE DISSERTATION

Controlling Charge-Transfer Interactions in Doped Semiconducting Polymers and

Directly Measuring Charge Carrier Localization with the Vibrational Stark Effect

by

Dane Andrew Stanfield

Doctor of Philosophy in Chemistry

University of California, Los Angeles, 2021

Professor Benjamin J. Schwartz, Chair

Semiconducting polymers show promise for use in a variety of applications such as photovoltaic

cells, light emitting diodes, and thermoelectric generators. For many of these devices, the electronic

properties are tuned through the introduction of chemical dopants. This dissertation is focused

on understanding several key aspects of the chemical doping process. The first chapter gives

an overview of semiconducting polymers, introduces doping by sequential processing methods

and looks at how the chemical doping process works on a basic level. We also explore dopant

transport methods, discuss the electrical and thermoelectrical characterization of these materials,

and finally consider the structural morphology of conjugated polymer thin films. Chapter 2 takes an

analytical approach to understanding how the underlying morphology and electrical/thermoelectrical

properties of doped polymer films are affected when introducing the dopant either via the solution

phase or using vapor transport. Chapter 3 explores the fundamental charge transfer interactions

that occur between polymer and dopant. We introduce a novel processing technique that enables

the tunable production of dopant-polymer charge transfer complexes (CTCs), which represent a

poorly understood but widely seen doping mechanism in these materials. We provide the first

comprehensive picture of the forces that drive CTC formation and offer guidelines for limiting

CTC occurrence in doped conjugated polymers as their electrical properties are usually undesirable.

Finally, in Chapter 4 we solve a long-standing mystery in the literature of the highly variable

vibrational spectra of certain dopant molecules, which should nominally show consistent and

predictable frequencies. We show that the wide range of vibrational energies observed for these
ii



dopant molecules can be fully understood through the framework of the vibrational Stark effect.

Our experimental evidence shows a clear and predictable shift for these modes as a function of

their locally experienced electric field, which arises due to Coulomb interactions with the charge

carriers on the polymer. Thus, the vibrational shifts of these dopant molecules are actually exquisite

reporters on the local environment of the charge carriers in doped conjugated polymers. We use our

experimentally-measured shifts to quantitatively estimate the change in polaron coherence length,

the extent to which the charge carriers on the polymer spread over multiple polymer repeat units.

These chapters cover a variety of themes which highlight the sometimes unexpected path from

experiment to manuscript. I sincerely hope they can be of use to others who study similar systems

and motivate additional works in the future.
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ICT infrared band located near 2185 cm−1 (blue triangles), both taken from the

data in panel a. (c) Estimated ICT carrier mobility (purple triangles), calculated as

described in appendix B and Ref. 2 using the energy of the P1 polaron band peak

absorbance. The estimated ICT carrier density (green squares) was calculated from

the estimated mobility and electrical conductivity. Clearly, the presence of CTC

states is strongly anticorrelated with the doped film ICT carrier density. . . . . . . 59
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3.3 2-D GIWAXS diffractograms for films of: (a) pristine P3HT, (b) P3HT sequentially

doped with F4TCNQ from 100% DCM, (c) and doped from 100% CF. All samples

maintain their edge-on orientation, but the peak positions, widths and texture

all change with doping and with the particular doping solvent composition. (d)

Normalized out-of-plane and (e) in-plane integrations of thickness-normalized 2-D

GIWAXS diffractograms of P3HT sequentially doped with F4TCNQ from blend

solvents with different ratios of CF and DCM. The in-plane scattering from the

π-stacking region in panel (e) shows a continuous shift to higher q and a broadening

of the peak width as the CF fraction is increased. The out-of-plane scattering in the

lamellar region in panel (d) shows that with increasing CF ratio, a new peak appears

at higher q. (f) Integrated GIWAXS peak area ratios for the CTC (phase II) relative

to the ICT (phase I) structures, for both the out-of-plane lamellar (blue points) and

in-plane π-stacking (red points) peaks. The structural trends match with what we

deduced from the infrared C≡N stretch vibrations in Fig. 3.2b. (g) Cartoon of the

pristine P3HT crystal structure showing that the b direction is not precisely parallel

to the π-stacking direction. (h) Cartoon of the ICT (phase I polymorph) structure of

doped P3HT, showing how F4TCNQ resides in the lamellar region of the crystallites

and rearranges the unit cell, resulting in a decreased π distance (dpi) and increased

lamellar distance (dla). (i) Cartoon of the CTC (phase II polymorph) structure of

P3HT doped with F4TCNQ. Because the incorporation kinetics are changed when

CF is used as the dopant solvent, F4TCNQ is capable of π stacking with the P3HT

backbone, forming an interdigitated lamellar structure with decreased lamellar and

tighter π-stacking distances. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
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3.4 (a) FTIR absorption spectra normalized against max P1 intensity for a set of 400 nm

thick (blue curves) and 110 nm thick (red curves) doped P3HT samples. Solid curves

designate films treated by sequential solution doping with F4TCNQ at 1 mgmL−1

from DCM. Dashed curves designate films doped with F4TCNQ by vapor transport.

(b) An inset view of the same set of spectra shown in a) replotted in the wavenumber

range for the C≡N stretching modes. In panel a, the small set of peaks centered near

∼0.27 eV on the P1 spectrum correspond to absorption of the F4TCNQ vibrational

modes. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

3.5 (a) UV-vis absorption spectrum of three different P3HT films with increasing

crystallinity controlled by the evaporation kinetics of the solvent used to cast the

film or the degree of polymer regioregularity. (b) UV-vis-NIR/FTIR combined

spectrum for the same set of films after sequential solution doping with F4TCNQ

from DCM (1 mgmL−1), normalized at the P1 band. (c) Vibrational spectra for

the F4TCNQ C≡N stretching mode for the same three films. The CTC peak near

2201 cm−1 clearly shows that lower polymer cyrstallinity is associated with forming

more CTC states. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

3.6 UV-Visible absorption spectra of P3HT films sequentially solution doped with

F4TCNQ (1 mg mL−1) using 100% CF as the dopant casting solvent. Red curve

represents a short annealing time of 1 minute, while the blue curve represents

annealing for 5 minutes. Thermal annealing at 80 ◦C was carried out in a nitrogen

glovebox. Brief annealing for 1 minute shows increased absorbance of the F4TCNQ

anion peaks near 1.5 eV, 3.0 eV and decreased CTC absorption near 2.0 eV, indi-

cating a conversion of the CTC phase to the ICT phase without a significant loss of

total doping. More extended annealing times lead to overall dedoping as well as a

complete loss of the CTC phase. . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
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3.7 (a) Normalized out-of-plane and (b) in-plane integrations of thickness-normalized

2D GIWAXS diffractograms of P3HT films sequentially doped with F4TCNQ

from different ratio solvent mixtures of DCM and CF, subsequently annealed for

5 minutes at 80 °C. (c) Vibrational spectrum for the C≡N stretching mode after

annealing. (d) In-plane conductivity of blend doped P3HT films prior to (black) and

after annealing (red). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

4.1 (a) Normalized mid-IR electronic absorption spectra for P3HT films sequentially

doped with F4TCNQ (1 mg mL−1) from solvent blends comprised of CF and DCM.

(b) Normalized mid-IR electronic absorption spectra of doped P3HT films where

the initial films are created to have a range of crystallinities and then subsequently

doped with F4TCNQ (1 mg mL−1) from DCM. For the blue and dark green curves,

commercially-available P3HT with a regioregularity of 91−94% was used, and the

relative film crystallinity was controlled by varying the drying time of the casting

solvent. A specially-synthesized batch of P3HT with virtually 100% regioregularity

was cast from ODCB to obtain the most ordered conditions shown in light green.

(See appendix C for x-ray-based structural characterization). The A/B spectral ratio

(see text) for both panels a and b can be estimated on the vertical axis by following

the horizontal dashed lines. (c) F4TCNQ nitrile stretch vibrational spectra of the

doped films in panel a (also directly visible in panel a as tiny peaks near 0.27 eV).

The shaded gaussians correspond to peak fits for the conditions using 100% CF as

the doping solvent, reduced to 0.3 intensity for ease of viewing (see appendix C for

fitting details). (d) F4TCNQ nitrile stretching vibrational spectra of the doped films

in panel b. (e) Scatter plot displaying the experimentally-measured A/B ratio for the

samples in panels a and b plotted against the vibrational energy of the F4TCNQ−

B1u mode. (f) Scatter plot displaying the A/B ratio for all the samples in panels a

and b plotted against the peak width of the F4TCNQ− B2u vibrational mode. . . . . 84
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4.2 (a) Atomic displacement vectors for the two F4TCNQ C≡N vibrational modes with

B1u and B2u symmetry. Compression and expansion of the C≡N bonds is indicated

red and blue arrows, respectively. The difference dipoles (green arrows) for these

two modes point along the long axis of the molecule for the B1u mode and across

the short molecular axis for the B2u mode. (b) FTIR spectrum of the F4TCNQ– 1

radical anion inside sequentially solution-doped P3HT (with the dopant cast from

1 mgmL−1 n-butyl acetate) and (c) inside blend-doped P3HT samples taken from

various literature references, in descending order on the legend: Pingel et al. (3),

Ghani et al. (4), Mendez et al. (5), Jacobs et al. (6), Hase et al. (7), Neelamraju et al.

(8), Watts et al. (9). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

4.3 Cartoons illustrating how the electric field from a variety of polaron geometries

influences the vibrations of the F4TCNQ anion. (a) A localized P3HT polaron

centered along the dopant-polymer axis produces a strong electric field aligned with

the F4TCNQ− B1u difference dipole, resulting in a VSE shift to a higher vibrational

energy. The centered geometry has no electric field component aligned along the

B2u difference dipole, so there is no VSE shift of that mode. (b) A localized P3HT

polaron with a slightly off-axis geometry slightly lowers the electric field component

experienced by the B1u vibration and slightly increases that experienced by the B2u

vibration, leading to a slight broadening of both modes. (c) A more delocalized

P3HT polaron centered along the dopant-polymer axis exerts a lower field strength

on the F4TCNQ anion than the localized polaron case in panel a, resulting in a

smaller VSE shift of the B1u mode, which appears at a lower vibrational energy. (d)

A more delocalized P3HT polaron with an off-axis geometry has little effect on the

B1u mode, but the increased electric field component along the B2u mode leads to
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4.4 (a) Cartoon of hole polaron delocalization along the P3HT backbone, modeled as

a line of uniform charge density q+/L, where q+ is the elementary charge and L

is the delocalization length. (b) The electric field component experienced by the

F4TCNQ anion B1u mode from the line of charge is calculated as a function of

delocalization from a single monomer up to a length of 9 monomer units for a range

of anion distances from 5 Å up to 8 Å. (c) The electric field component from half of

the delocalized polaron, chosen as a proxy to represent along-the-chain disorder,

along the F4TCNQ B2u difference dipole. The magnitude of this component is an

order of magnitude smaller than that along the B1u direction . . . . . . . . . . . . 97
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CHAPTER 1

Introduction

Chemical doping is a straightforward method for tuning the electrical properties of polymeric semi-

conductors.1–57 A comprehensive picture that describes this process is critical to the performance

of many types of organic electronics. In the traditional picture of inorganic semiconductors, the

electronic properties may be modulated by atomic substitution of dopant impurity atoms, giving

rise to conduction at the bulk level. In analogy with these materials, polymeric semiconductors may

also be doped in a similar way by introducing ‘impurity’ molecules, better known in the chemical

literature as strong oxidizing agents for the case of p-type doping. When a molecular p-type dopant

is introduced to a polymer film, it may remove an electron from the extended π conjugation network

along the polymer backbone, leaving behind a positively-charged hole (Figure 1.1). It is sometimes

useful to describe this hole as a quasiparticle, referred to as a polaron.13 The concept of a polaron

includes not only the net charge and spin, but also the distortion of the chemical bonds of the

surrounding material that accompany the charged region, as depicted in Figure 1.1b. Because

these materials have extended π conjugation along the polymer backbone, resonance contributions

mean that polarons may delocalize along the polymer chain as well as between adjacent π orbital

stacks. The polaron is the basic charge transport unit in organic semiconductors, which gives rise to

conduction of mobile carriers at the bulk level.2, 40, 43, 44, 46, 58–61

In this dissertation, we study p-type doping of the archetypal conjugated polymer poly(3-

hexylthiophene-2,5-diyl) (P3HT) using the commonly studied small molecule electron acceptor

2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4TCNQ) as the dopant (Figure 1.2). Chap-

ters 2-4 are each focused on understanding a specific and unique aspect of the chemical doping

process for this polymer-dopant pair, and this introduction serves as an overview of the key concepts

and themes that are shared between them.
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Figure 1.1: (a) Depiction of a single P3HT chain, and (b) the subsequent changes in bond order

as a result of removing an electron during the doping process. Side-chains are semitransparent to

highlight the changes to the conjugated backbone. The polaronic hole is the quasiparticle indicated

by the blurred area in red which describes the positive charge and radical electron left behind on the

polymer, along with the associated quinoidal bond distortions. The polaron is the fundamental charge

transport unit in doped conjugated polymers.

1.1 Semiconducting Organic Molecules

Due to the chemical versatility of carbon-based molecules, there exists a virtually limitless number of

possible organic electronic materials, in contrast to atomic or compound semiconductors, for which

the periodic table only offers a finite number of possible combinations. Organic semiconductor

materials can roughly be divided into two groups: (i) small molecule and (ii) polymeric organic

semiconductors (Figure 1.3). Although both sets of these materials offer their own unique advantages

and drawbacks, this thesis will principally focus on semiconducting polymers.

There are several advantages to working with polymeric semiconductors. For example, relatively

early on in their development, the insight to add solubilizing side-chain groups to the monomer
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Figure 1.2: Electrical conductivity of doped P3HT polymer films plotted against F4TCNQ concentra-

tion in the n-butyl acetate (nBA) solution used to intercalate the dopant.

units significantly improved their processability into thin film devices while largely preserving

the electronic structure of the π conjugation network on the polymer backbone.62 Indeed, it is

a relatively straightforward process to form these materials into bulk heterojunction (BHJ) solar

cells,63 light emitting diodes,64 and thermoelectric generators22 among other applications.65 In

chapter 3 and appendix B of this dissertation, we explore how the presence of these side-chains

affects the resulting packing structure of the material, influencing the type of doping mechanism

that takes place.12

Solution processable semiconducting polymers also benefit from mechanical flexibility, and the

formation of smooth films with nanometer-scale roughness over centimeter length scales. From

the standpoint of structural morphology, conjugated polymers have an intrinsic amount of entropic

disorder, which gives them a mix of crystalline domains surrounded by disordered or amorphous

polymer regions. The size of these crystalline domains (typically a few tens of nanometers) are many
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orders of magnitude smaller than the length scales of devices so that the resulting bulk properties are

predictable and isotropic. This ultimately means that device properties like electrical conductivity

and thermoelectric power factor are highly reproducible between samples using straightforward

solution processing techniques.

These materials also benefit from the relatively straightforward process of spin-coating, where

the polmyer solution is deposited on a rotating substrate so that the centripetal forces pull the liquid

over the entire substrate and the evaporating solution leaves behind a solid polymeric thin film.

Considering how simple this process is, it is capable of producing exceptionally uniform polymer

layers, whith nanometer level reproducibility across many samples. In the section that follows, we

will discuss several spin-coater based techniques developed by our group that enable the fabrication

of polymer thin films containing a wide range of structural morphologies.

1.1.1 Sequential Processing

For many polymer-based devices, it is desirable to mix the conjugated polymer with some guest

species, such as a dopant. The method of sequential processing, developed here at UCLA, has

become quite popular.2, 11, 19, 43, 44, 61, 66, 67 In this method, a pristine polymer layer is first laid down

on the substrate, and then the guest species is intercalated inside the pre-cast polymer film in a

subsequent processing step. This technique is quite versatile in that the guest species may be

deposited from the solution phase, or for small molecules of requisite stability, intercalated via

thermal evaporation. The differences between these two methods will be explored in detail chapter 2

and appendix A. Additionally, the underlying structure of the polymer film can be finely controlled

by sequential processing, either in the first step when the pristine polymer layer is laid down, or

in the subsequent step when intercalating the guest species. In either case, the structural order

of the polymer can be controlled by the solvent choice. To manipulate polymer order in the first

processing step, solvent evaporation kinetics can be exploited, where slower drying times yield a

higher fraction of crystalline polymer domains. It is straightforward then to subsequently intercalate

the guest species using a weakly-interacting solvent that swells but does not dissolve the pre-cast

polymer layer to preserve the underlying film morphology. To manipulate the polymer structure in
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Figure 1.3: A depiction of some common classes of organic semiconductors. The top row shows

the oligo-acene progression, a series of small molecule semiconductors comprised of an increasing

number of fused benzene rings. These molecules form a molecular crystal in the solid phase, held

together by weakly interacting Van der Walls forces. The second row depicts some common larger

small molecule oligomers. Bottom two rows show some commonly seen polymeric semiconductors as

well as buckminsterfullerene C60. (This figure borrowed from reference 1.)
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the subsequent intercalation step, solvent blends with tailored solubility towards the polymer layer

can be used, where greater dissolving power tends to create more amorphous polymer domains,

but the dissolution/reprecipitation from such solvent blends means that the ordered domains that

remain in the polymer layer are on average more crystalline. This technique of manipulating the

intercalation solvent to control polymer structure will be explored in detail in chapter 3 and appendix

B.

1.2 Chemical Doping of Conjugated Polymers

The fundamental goal of the chemical doping process is to introduce equilibrium free charge carriers

into a semiconducting polymeric material. In the case of p-type doping, these are generated through

the oxidation of the conjugated polymer backbone by the dopant guest species. In this way, the

integer transfer of charge from polymer to dopant generates (i) a polaronic hole on the polymer

backbone and (ii) an anionically-charged guest species, which must remain somewhere inside

the film to maintain charge neutrality. Due to the extended π conjugation network, the polaronic

hole is delocalized across the polymer backbone over several repeat units, and possibly between

adjacent polymer backbones. In the crystalline polymer domains, the dopant anion is typically

situated within the side-chain lamellar regions between vertically-adjacent polymer π-stacks (Figure

1.4a).7, 11, 21, 29, 34, 42, 44–46, 53, 55, 57, 61, 68, 69

The distance between a dopant molecule and the hole polaron, danion, is crucially important, be-

cause shorter danion values lead to a stronger Coulomb interaction between the two charges.2, 40, 43, 44, 46, 58–61

This, in turn, serves to localize the polaronic charge carriers, a topic that is discussed in detail in

chapter 4 and appendix C. The hole on the polymer backbone is associated with the loss of an

electron from the valence band, and so Figure 1.4c shows that for a highly doped film, the polymer

band-gap transition becomes heavily bleached as a result of the doping process. Doping is also

associated with the formation of two new mid-gap states between the valence and conduction bands,

as depicted in Figure 1.4b. Because these mid gap states are close to the valence and conduction

bands, the lowest energy transition, P1, is located in the mid-IR (Figure 1.4c). The other two

transitions, P2 and P3, are numbered in order of increasing energy and can be seen near 1.5 eV and
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1.9 eV for P3HT in the spectrum shown in Figure 1.4c. The doped film here was produced via an

anion-exchange doping process, where the dopant F4TCNQ was used to initiate electron transfer

and then replaced with a secondary salt anion, bis(trifluoromethane)sulfonimide (TFSI−), from the

same solution. In addition to the exceptionally high charge carrier densities obtained, exchange

doping with the TFSI− anion is also very useful for spectroscopic purposes, because this anion

does not absorb light in any locations of interest for the doped P3HT spectrum. It is otherwise rare

to observe a doped conjugated polymer spectrum that does not contain overlapping absorbance(s)

from the chemical dopants inside the film.

1.3 Charge Transport Properties and Electrical/Thermoelectrical Charac-

terization

The doping process introduces free charge carriers into a thin polymer film, so measuring the film’s

electrical conductivity yields basic insights into the charge transport characteristics of a given doped

conjugated polymer. The electrical conductivity, σ, is related to the charge carrier mobility, µ,

and charge carrier density, n, through equation 1.1. The charge carrier mobility is a measure of

how easily charge carriers migrate through the material in the presence of an externally-applied

electric field. Equation 1.2 highlights the relationship between the electric field, E, the charge

carrier mobility, µ, and the drift velocity of the charge carriers, υd . Thus, the charge carrier mobility

can be viewed as the parameter that relates a given field strength to the corresponding drift velocity

of free charge carriers in a material.

σ = pµn (1.1)

υd = µE (1.2)

In Eq. 1.1, the charge carrier density n is simply a measure of the volumetric concentration of free

charge carriers present in a material, and p represents the elementary unit of charge. Thus, measur-
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Figure 1.4: (a) Depiction of the structural arrangement for integer charge transfer doped P3HT. The

cationic hole on the polymer is spatially separated from the electron which resides on the dopant

molecule in the side-chain lamellar regions. The two species are separated by a distance danion.

The Coulomb interaction between the two species, and thus the danion distance control the spectral

shape and position for the P1 mid-gap transition. (b) Band diagram depicting the new mid gap

states that arise as a result of the doping process. The transitions depicted by arrows in purple

correspond to the spectroscopic features labeled in panel a. (c) UV-Vis-NIR / FTIR composite spec-

trum of a pristine, undoped P3HT film (maroon curve) and strongly chemically doped P3HT using

bis(trifluoromethane)sulfonimide (TFSI−) as the dopant anion (blue curve). Dashed lines indicate

peak locations for the mid-gap transitions between the valence and conduction bands. The area in

gray corresponds to the FTIR acquired spectrum.
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ing the electrical conductivity gives the product of p, µ, and n. Since p is known, measurement of

either µ or n allows determination of the other, which completely characterizes the charge carrier

landscape of a given polymer-dopant pair. In chapter 3 and appendix B we will use a spectroscopic

analysis, paired with the measured electrical conductivity, to obtain estimates of both the charge

carrier concentration, n, and mobility, µ.

1.3.1 Measuring Electrical Conductivity

When the resistance of a material is sufficiently low, as with doped semiconducting polymer films,

a two-terminal DC measurement is not sufficient for determining the resistivity. This is because

the series resistance between the electrode contacts and cables become non-negligible in this

regime, and the electrode contact resistance can vary from sample to sample. To navigate this, it is

considered best practice to employ a four-point probe measurement, such as that depicted in Figure

1.5.1 In the co-linear geometry, shown in panel a, current is sourced between the outside electrodes

A and D. The voltage drop that is induced across electrodes B and C is then measured to determine

the resistivity. The advantage here over the two terminal measurement is that the quantity of sourced

current can be measured very accurately by the source meter, independent of the cable resistance.

Similarly, electrodes B and C are only sensing a voltage drop, and thus receive no current, so that

the contact resistances are negated in this measurement, allowing the resistance to be calculated

according to equation 1.3.

A slightly more sophisticated four-point probe measurement can be taken in the so-called van

der Pauw geometry. This has the advantage of sampling the sheet resistance across the entirety of a

2-D thin film rather than only in a line as with the co-linear geometry. When carried out correctly,

this method gives remarkably good reproducibility between samples (Figure 1.2), since the source

and sense electrodes are arranged across the full area of the sample. In this geometry, electrodes are

situated according to the scheme depicted in Figure 1.5b. Two measurements are carried out, first

sourcing current between points A and D, and measuring the induced voltage at points B and C.

The electrode geometry is then rotated by 90° so that the current is subsequently sourced between

points A and B, and the ensuing voltage drop is measured at points C and D. The result of these
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measurements yields values Ra and Rb, which then can be inserted into equation 1.4 to solve for

Rsheet .

The sheet resistance, Rsheet , which has units of Ω/�, is an intrinsically thickness-independent

parameter related to the resistivity, ρ, according to equation 1.5. Thus, to obtain the resistivity from

a material’s measured sheet resistance, the thickness, d, of the thin film must also be known. This is

usually straightforward to measure using surface profilometry techniques, or under more stringent

circumstances, atomic force microscopy (AFM). Of course, resistivity is just the reciprocal of

conductivity, σ, which is much more commonly quoted in the field of doped organic semiconductors.

R =
VB−VC

IAD
(1.3)

exp(− πRa

Rsheet
)+ exp(− πRb

Rsheet
) = 1 (1.4)

Rsheet =
ρ

d
(1.5)

1.3.2 The Seebeck Coefficient and Thermoelectric Power Factor

One exciting application for doped semiconductors is thermoelectric power generation, a process

that is capable of converting waste heat into usable electricity. These devices operate on the

principle of the thermoelectric effect, which is the direct conversion of a temperature difference into

an electric voltage. Because this principle is reversible, it is also possible to use a sourced voltage to

induce a temperature difference across the same material.

The Seebeck coefficient, S, is an important parameter for evaluating thermoelectric performance.

Observationally, S is the measured induced voltage across a material per unit temperature difference

that is applied across the same distance (Eq. 1.6) So, the greater the voltage drop for a given

temperature difference, the higher the Seebeck coefficient. In more precise terms, the Seebeck

coefficient can be represented as the average amount of entropy that each charge carrier transports

from the hot to cold side of the material, which depends on the density of states at the fermi level.
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Figure 1.5: The four-point probe resistivity measurement in the (a) co-linear geometry with electrode

spacing, S. Current is sourced from points D to A and the corresponding voltage that is induced is

sensed across points B and C. (b) The van der Pauw geometry. Current is sourced across points D to

A and the corresponding induced voltage is sensed across points B and C. (This figure borrowed from

reference 1.)

11



Thus, at low charge carrier densities, the average entropy per carrier is high, and at increased carrier

densities, the average entropy per carrier becomes reduced.

S =−∆V
∆T

(1.6)

The thermoelectric effect arises due to the migration of charge carriers from the hot side of a

material to the cold side, however because the charge carriers in a semiconductor can be either

p-type or n-type, the sign of the charge carrier determines which direction the current is flowing;

in either case, however, the carriers will always migrate from hot to cold. The efficiency of

thermoelectric materials can be evaluated according to the figure of merit, ZT , which is described

in equation 1.7. We can see that the thermoelectric efficiency is proportional to the electrical

conductivity, σ, the square of the Seebeck coefficient, S2, the average temperature, T , and is

inversely proportional to the thermal conductivity, κ. Thus, the ideal thermoelectric generator will

have the largest possible electrical conductivity and Seebeck coefficient and the smallest possible

thermal conductivity. Unfortunately, thermal and electrical conductivities tend to move in tandem

as a material’s properties are varied. Moreover, when increasing the conductivity of a material by

doping, the Seebeck coefficient is empirically seen to fall as σ
− 1

4 across a wide range of doped

materials. Because of these factors, developing high performance thermoelectric generators made

from readily available materials has remained an elusive goal for materials scientists.

In general, polymeric materials have fairly low thermal conductivities, so one approach to solving

this problem has been to develop organic thermoelectric generators (OTGs).22 The fundamental

goal is to raise the electrical conductivity as much as possible for doped semiconducting polymers,

without mitigating these gains through too much reduction in the Seebeck coefficient.

ZT =
σS2T

κ
(1.7)

Given the empirical trade-off that exists between the Seebeck coefficient and electrical conduc-

tivity, one parameter that is useful for measuring these two quantities collective contribution to the

thermoelectric figure of merit is, σS2, a parameter referred to as the thermoelectric power factor

(PF). In chapter 2 and appendix A, we will explore how the differences in dopant deposition method
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affect the resulting performance of organic thermoelectric materials by characterizing the electrical

conductivity and the Seebeck coefficient, which determine the thermoelectric power factor.

1.4 Structural Morphology of Conjugated Polymers

Fundamentally, the charge transport properties in doped conjugated polymers are related to the

underlying structural morphology of the material. In previous sections we discussed how Coulomb

interactions between the dopant anion and hole contribute to the degree of hole delocalization. In

this section, we will show how the distance between the two oppositely-charged species is controlled

by the structure of the polymer.7, 11, 29, 44, 55, 57, 61, 68, 69 In addition, the intrinsic structural order of

the polymer can also control the extent of polaron delocalization. This means that a description of

charge carrier transport in these doped materials is not complete without an understanding of the

underlying structural morphology.

Through an ongoing collaboration with the Tolbert group at UCLA, we have studied the

structure-function relationships of doped conjugated polymers. Most commonly, this was done

using 2-D grazing incidence wide-angle X-ray scattering (GIWAXS), which requires the use of a

synchrotron light source. Figure 1.6 summarizes the data acquisition geometry, where a grazing

incident X-ray beam is directed at the sample of interest. Incident X-rays interact with and scatter

off of the electrons inside the sample, and subsequently strike the detector. For an ordered material,

certain repeat distances or ‘d-spacing’s’ will cause the scattered X-rays to interfere constructively,

forming peaks on the 2-D detector that contain information about the stacking distance for a given

plane. In addition to this, because GIWAXS is a 2-D measurement, it also records the relative

orientations of these stacking distances, either out-of-plane (Figure 1.6c), or in-plane (Figure 1.6d).

P3HT adopts a so-called ‘edge-on’ geometry, meaning that the aliphatic side-chains which are

added to confer favorable solubility properties tend to be oriented perpendicular to the substrate

on which the polymer film is cast. Many conjugated polymers that are capable of forming ordered

crystals adopt this edge-on geometry, and as a result, the lamellar side-chain stacking distance is

reflected in the out-of-plane peaks in Figure 1.6b and c. The edge-on geometry also shows the

crystallographic π−π stacking direction from scattering in the in-plane direction.
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Figure 1.6: (a) A depiction of the 2-D grazing incidence wide-angle X-ray scattering (GIWAXS) ge-

ometry. (b) The corresponding 2-D diffractogram acquired from a pristine P3HT polymer thin film.

(c) Integration of the out-of-plane wedge shown in panel b in white. The edge-on orientation of the

P3HT crystallites means that the side-chain lamellar regions interact with each other in vertically lay-

ered structures. (d) Integration of the in-plane wedge shown in panel b in white. Again, the edge-on

orientation of P3HT here shows that the π−π stacking interaction occurs in the plane of the substrate.
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In chapter 2 and appendix A, we will use this technique to evaluate the structural order of the

doped polymer, comparing the effects of vapor vs. solution processing of the dopant molecule. In

chapter 3 and appendix B, we will use structural insights gleaned from GIWAXS experiments to

build an understanding of the preferred charge transfer interaction in doped crystalline polymer

regions, including identifying a rare polymer-dopant polymorph that was previously difficult to

study.

1.5 Overview of Thesis

This thesis is comprised of four chapters, each with a specific focus on aspects of the chemical

doping process.

1.5.1 Chapter 2: Evaporation vs. Solution Sequential Doping of Conjugated Polymers:

F4TCNQ Doping of Micrometer-Thick P3HT Films for Thermoelectrics

The work in this chapter has been previously published as reference 11. For thermoelectric and other

device applications, there has been great interest in the chemical doping of conjugated polymer films.

Blending the polymer and dopant together before deposition generally yields poor quality films,

but this issue can be alleviated by sequential doping: a pure polymer film is deposited first and the

dopant is then added as a second processing step, preserving the quality and structure of the original

polymer film. In this chapter, we compare two methods for sequential doping of conjugated polymer

films: evaporation doping, where a controlled thickness of dopant is added via thermal sublimation

to a temperature-controlled polymer film, and sequential solution doping, where the dopant is spin-

cast from a solvent chosen to swell but not dissolve the underlying polymer film. To compare these

two different types of sequential doping, we examine the optical, electrical, and structural properties

of P3HT films doped by each method with the small-molecule dopant F4TCNQ as a function of the

polymer film thickness. Although each method intercalates the dopant in fundamentally unique

ways, we find that both vapor and solution doping methods produce films that share many of the

same properties. Interestingly, both methods can produce doped P3HT films with conductivities of

∼5 Scm−1 and comparable thermoelectric properties, even for films as thick as 400 nm. For the
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evaporation method, an ‘overhead’ dopant film thickness of ∼6 nm is required, either to promote

reorganization of existing crystallites or to fill preexisting trap states in the polymer film. After the

overhead amount has been deposited, the thickness of the dopant layer that must be evaporated to

reach the optimal electrical conductivity is ∼1/3 that of the underlying polymer film. For a given

P3HT film thickness, the amount of evaporated dopant needed to produce the highest conductivity

corresponds to a thiophene monomer to ionized dopant ratio of ∼8.5:1. For solution processing,

with the appropriate choice of solvent and dopant concentration, we show that P3HT films as thick

as 2 µm can be doped to achieve conductivities of ∼5 Scm−1 and thermoelectric power factors

approaching 2 µWm−1 K−2. For either method, if excess dopant is applied, it remains in neutral

form either in the amorphous regions or on top of the film, reducing the conductivity by increasing

the film thickness. For both methods, UV-Visible absorption can be used as a quick proxy to easily

monitor whether saturation doping levels have been reached or exceeded. Fourier-transform infrared

spectroscopy (FTIR) and grazing-incidence wide-angle x-ray scattering (GIWAXS) both show that

vapor-doped films and thicker solution-doped films have improved morphologies that result in more

mobile carriers. Overall, we demonstrate that it is a straightforward process to select a sequential

doping method for a desired application: evaporation doping is more amenable to large-area films

while solution-doping is lower cost and better suited for polymer films with µm thicknesses.

1.5.2 Chapter 3: Controlling the Formation of Charge Transfer Complexes in Chemically

Doped Semiconducting Polymers

The work in this chapter was previously published as reference 12. Chemical doping of semicon-

ducting polymers predominantly takes place via integer charge transfer (ICT), where an electron is

entirely removed from the host conjugated polymer and transferred to reside on the dopant guest

species. In contrast, chemical doping of small conjugated molecules and oligomers often leads to the

formation of charge transfer complexes (CTCs), which have significant orbital overlap and shared

electron density between the host and guest species. To date, the observation of fractional charge

transfer in doped conjugated polymers is relatively rare, occurring only under extreme processing

conditions that can be difficult to achieve, which is fortunate given that CTC formation generally

yields fewer mobile carriers per dopant. In this work, we use the classic conjugated polymer/dopant

16



pair of P3HT and F4TCNQ to demonstrate how simply adjusting the casting solvent for the dopant

in sequential processing can fundamentally alter the nature of doping in this well-studied system,

leading to tunable production of CTCs. Using solvent blends of dichloromethane and chloroform,

selected for their low and high solubility towards P3HT, respectively, we show that the relative

amount of polymer-dopant CTCs can be readily controlled over an order of magnitude. Increasing

the amount of chloroform in the dopant solvent blend favors the creation of CTCs, while increasing

the dichloromethane content results in doping by the more standard ICT mechanism; the results

allow us to explain why CTC formation is common in charge-transfer salts but generally less so in

doped conjugated polymers. We also explore the role of the doping method and the crystallinity of

P3HT films in controlling the relative amounts of ICT and CTC formation. We find that the use of

evaporation doping and higher-crystallinity material discourages CTC formation, but that even in

the most favorable case of evaporation doping with high polymer crystallinity, fractional charge

transfer always occurs to some extent. Finally, we show that brief thermal annealing can convert

CTCs to integer charge transfer species, indicating that ICT is the thermodynamically-preferred

doping mechanism in conjugated polymers, and that fractional charge transfer is the result of kinetic

trapping. With this understanding, we offer guidelines for limiting the occurrence of charge transfer

complexes during sequential doping of conjugated polymers, thus avoiding the deleterious effects

of CTCs on charge transport.

1.5.3 Chapter 4: Measuring The Vibrational Stark Effect in Chemically Doped Semicon-

ducting Polymers

The work in this chapter is currently unpublished, but will be submitted soon. The nitrile stretching

vibrational modes of the 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4TCNQ) anion

can occur across a range of different frequencies in doped P3HT films. In this paper we show

that these shifts can be predicted using the vibrational Stark effect (VSE). F4TCNQ− serves as a

sensitive vibrational Stark probe and the nitrile stretching modes shift as a function of the locally

experienced electric fields from the nearby polaron on the polymer backbone. The shift of the

F4TCNQ− B1u mode and broadening of the B2u mode show conclusively that the anion’s long axis

is oriented perpendicular to the P3HT backbone. These vibrational shifts also prove that the anion-
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polaron distance in F4TCNQ− doped P3HT films is 6 Å, and that the intrachain polaron coherence

varies between 3-4 P3HT monomer units with increasing local polymer order. We also show that

attempting to increase polaron delocalization through enhancing the local order only works to an

extent, where polaron delocalization eventually becomes limited by the minimum intrinsic strength

of the anion-polaron Coulomb interaction. This provides the first direct experimental measurement

of polaron delocalization in doped conjugated polymer films, and verifies theoretical models relating

polaron coherence increases to changes in the mid-IR electronic absorption spectrum.
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CHAPTER 2

Evaporation vs. Solution Sequential Doping of Conjugated

Polymers: F4TCNQ Doping of Micrometer-Thick P3HT Films

for Thermoelectrics

2.1 Introduction

Conjugated polymers are of considerable interest since they are semiconducting,70–72 low-cost,73, 74

have mechanical flexibility,75, 76 are easily solution processed,73, 77 and have properties that are

readily tuned synthetically.73, 78 As a result, these materials are ideally suited for a wide variety of

device applications.79–82

As with inorganic semiconductors, it is possible to dope conjugated polymers to increase

their equilibrium carrier density and thus modify their electrical properties. Unlike inorganic

semiconductors, which are doped by atomic substitution, organic semiconductors are usually doped

chemically by adding a strong oxidizing (or reducing) agent. When doped, semiconducting polymers

show particular promise as active materials for thermoelectrics29, 70, 83–88 due to their reasonably

high electrical conductivities and generally poor thermal conductivities.22, 83, 86, 89 This explains the

recent surge of research on the multiple ways to produce molecularly-doped conjugated polymers;

this research includes studies on the methodologies used to produce doped polymer films as well as

studies on the performance of devices fabricated from such materials.16, 19, 44, 61, 90–93

It is well established that the electrical conductivity of semiconducting polymers can be effec-

tively tuned over several orders of magnitude by changing the amount of dopant used.34, 91, 94, 95

What is less clear, however, is the maximum possible degree of doping that can be achieved. Part of

the reason for this is that there are multiple different methods for producing doped polymer films.
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The most common method involves casting a film of pre-doped polymer created by co-blending the

polymer and dopant in solution, which we refer to as blend-cast doping.19, 22, 34, 39, 84, 87, 90, 96 This

method makes it difficult to produce high doping levels, however, because as conjugated polymers

become charged in solution, they generally become much less soluble, making it difficult to cast

high-quality films.19, 28, 84, 97–99 Because of this, there has been a great deal of recent effort aimed at

starting with undoped conjugated polymer films and then exposing the pre-cast films to the dopant

in a secondary step.

Different groups implemented this latter approach, which we term sequential doping, in var-

ious ways. Some researchers expose the polymer film to the dopant molecules in the vapor

phase,21, 21, 34, 35, 37, 42 as outlined schematically in Fig. 2.1a. Alternatively, some groups, including

ours, pursued a solution-based technique where the dopant is directly spin-coated from solution onto

a pre-cast polymer film,19, 23, 29, 44, 61, 90, 100 represented in Fig. 2.1b. The purpose of this paper is to

compare in detail the evaporation and solution-based sequential doping methods to determine which

method, if either, is better for particular applications, such as thermoelectrics. This is accomplished

through a head-to-head comparison of the films’ optical, electrical, and structural properties. As

far as we are aware, this is the first study performed to-date that compares the two doping methods

side-by-side on identical pre-cast polymer films. Furthermore, our comparison extends to films that

are hundreds of nm thick, a thickness regime that is largely uncharacterized in the literature.

Evaporation sequential doping has been the subject of many recent reports, most of which have

focused on the doping of poly(3-hexylthiophene-2,5-diyl) (P3HT) by 2,3,5,6-tetrafluoro-7,7,8,8-

tetracyanoquinodimethane (F4TCNQ).34, 42 These reports attributed the high electrical conductivities

observed after doping to the idea that the crystalline order of the pre-cast polymer films is preserved

after doping. Similar conclusions have been reached upon evaporation doping of poly(2,5-bis(3-

alkylthiophen-2-yl)thieno[3,2-b]thiophene) (PBTTT).24 Although evaporation sequential doping

yields high conductivities, most reports focus on films that are only a few tens of nm thick.21, 24, 35, 42

Another open question with evaporation doping is how to reproducibly control the amount of

dopant delivered. This is because most experimental evaporation doping setups add the dopant

by sublimation in a home-built chamber with no way to precisely monitor the amount of dopant

deposited on the polymer film.34, 35, 37, 42 An additional issue is the fact that the sublimation process
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Figure 2.1: Schematic showing sequential doping of conjugated polymer films using (a) evaporation

sequential doping and (b) solution sequential doping; after the initial step, the arrows in each panel

indicate the changes that take place as a function of time. Panel a shows that for evaporation doping,

the crucible is resistively heated, producing dopant vapor (yellow) that can intercalate into a pre-cast

polymer film (red). With additional time, a greater amount of dopant intercalates within the polymer

film (doped film is indicated with black color). If evaporation continues, the dopant is added in excess,

eventually coating the exposed side of the film. Panel (b) shows that for solution doping, a dopant

solution (yellow) is spin-cast onto a pre-cast polymer film (red). The solvent for the dopant solution

is chosen to swell but not dissolve the polymer, allowing mass action to drive the dopant from the

solution into the swollen film. Films can be more strongly doped (increasing black color) by increasing

the concentration of the dopant in solution.
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tends to heat polymer films: heating promotes increased diffusion of dopant species, and heating-

induced diffusion may vary among different polymer/dopant systems. This leads to potential

difficulties with reproducibility if the temperature of the film cannot be precisely controlled.35, 42

Very few studies have focused on more quantitative methods for delivering a precise amount of

dopant, such as using a thermal evaporator with thickness monitoring.21

Solution sequential doping has also been the focus of much recent work.19, 23, 29, 37, 44, 61, 87, 90, 100–102

Methods for solution sequential doping include 1) immersing the film in a dopant solution, 2) drop-

casting the dopant solution onto the polymer film, and 3) spin-coating the dopant solution onto the

polymer film. Although film immersion and drop-casting can effectively dope polymer films, we

focus here on doping by spin-coating due to its facility in producing high-quality films.19, 44, 61 With

spin-coating, the dopant is dissolved in a solvent that is chosen to optimally swell but not dissolve

the polymer of interest. When the dopant solution is spin-coated onto a pre-cast polymer film, mass

action drives the dopant from the solution into the swollen polymer underlayer.19, 44, 61, 90, 90, 103, 104

As with evaporation doping, solution sequential doping maintains much of the pre-cast polymer

film’s morphology, leading to excellent film quality and high electrical conductivities.19, 44, 61, 90

Moreover, because the method involves the spin-coating of a dopant solution with a precisely

defined concentration, the reproducibility of the method is high.19, 23, 44, 61, 90

Solution sequential processing is limited, however, by the need to find solvents that simulta-

neously dissolve the dopant and optimally swell the polymer, but do not dissolve the polymer

underlayer. Since it is generally straightforward using solvents or solvent blends to optimally swell

a conjugated polymer film,90, 104 the limiting factor for dopant intercalation with solution sequential

doping is usually the solubility of the dopant in the selected swelling solvent.105

Despite the widespread and increasing application of sequential doping via evaporation and

solution processing, no head-to-head comparison between the two methods has been carried out.

In this work, we consider the similarities and differences between the evaporation and solution

sequential doping methods, focusing on the well-studied P3HT/F4TCNQ materials combination. Of

particular interest is the way each method scales for doping conjugated polymer films of increasing

thicknesses. For our evaporation-sequential-doping experiments, we employ a thermal evaporator to

intercalate the F4TCNQ dopant into films of P3HT. The films are actively held at a fixed temperature
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and the extent of deposition is calibrated using a quartz crystal microbalance (QCM) thickness

monitor, providing quantitative and reproducible dopant delivery. Our solution sequential doping

measurements rely on spinning F4TCNQ from dicholormethane (DCM), which is a near-optimal

solvent for swelling P3HT.19, 44, 61, 90, 90, 104, 106, 107 Since both techniques are sequential, we are able

to make detailed comparisons between the two methods by doping identical pre-cast films of P3HT.

Using these two methods, we find that the electrical conductivities and thermoelectric perfor-

mance of doped films are comparable if each method is properly applied. For evaporation doping,

after an “overhead” thickness of ∼6 nm of F4TNCQ is deposited, the optimal degree of doping is

achieved when a thickness ratio of ∼1:3 dopant:polymer is reached, corresponding to a thiophene

monomer:ionized dopant species ratio of∼8.5:1 for all film thicknesses studied. For solution doping,

the dopant solution concentration must be adjusted depending on the polymer film thickness.

We also find that both solution and evaporation sequential doping can effectively dope very

thick semiconducting polymer films. When we started this study, we expected that evaporation

doping would be ineffective for thicker films because the vertical distribution of the dopant would

be limited by molecular diffusion, yielding high dopant concentrations near the top surface and a

deficit of doping near the substrate. Surprisingly, however, our UV-Vis, conductivity, and QCM

measurments all indicate that for a wide range of polymer film thicknesses, the extent of uniform

chemical doping by evaporation only levels off after a monomer unit:dopant ratio of ∼8.5:1 is

reached.

Both the evaporation and solution methods can create 400-nm-thick doped P3HT films with

electrical conductivities of ∼5 S/cm and thermoelectric power factors near 2 µWm−1 K−2; these

same properties can be maintained for films as thick as 2 µm when doped via the solution method.

In addition, we find using grazing-incidence wide-angle x-ray scattering (GIWAXS) that doping

by either method increases P3HT crystalline coherence lengths, particularly for the evaporation-

doped films: crystallinity of the doped film is important with dopants such as F4TCNQ in order to

keep the dopant anion as far as possible from the polaron on the polymer backbone.43, 61 When the

doping process is optimized by either the solution or evaporation sequential methods, we see that

the amplitude ratio of the P3HT neutral to F4TCNQ anion/P2 polaron optical absorption peaks is
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near 1:1, providing a simple guideline to achieve optimal doping when the evaporation thickness

cannot be easily controlled. Overall, we conclude that both solution- and evaporation-based doping

methods are well-suited to achieve high doping concentrations for applications across a wide range

of polymer film thicknesses.

2.2 Experimental Methods

All materials and solvents were purchased commercially and used as received. Electronic-grade

P3HT was purchased from Rieke Metals and F4TCNQ was purchased from TCI America. Please

see appendix A for more details.

P3HT solutions at concentrations of 0.5%, 2%, and 5% weight/volume (w/v) were prepared

by dissolving 5 mg, 20 mg, and 50 mg P3HT in 1 mL of o-dichlorobenzene, respectively. The

solutions were heated and stirred at 65 ◦C to fully dissolve the polymer and the solutions were

cooled to room temperature before use. Films were prepared in a N2 atmosphere by spin-casting

the P3HT solutions onto glass substrates at 1000 rpm for 60 s followed by 3000 rpm for 5 s. With

this spin-casting condition, the 0.5%, 2%, and 5% w/v P3HT solutions yielded 25-nm, 110-nm, and

400-nm thick films, respectively. Films that were 2 µm thick were prepared by drop-casting 30 µL

of a 2% w/v P3HT solution onto glass substrates, which were then slow-dried by being placed onto

a small, covered Petri dish for two days. Thickness measurements were carried out using a Dektak

150 profilometer. UV-visible absorption spectra were collected using a Lambda 25 UV-visibile

spectrophotometer and Fourier-transform infrared (FTIR) spectroscopy data were acquired for films

prepared on KBr plates using a Jasco FT/IR-420 spectrophotometer.

We performed our evaporation sequential doping via controlled thermal evaporation. F4TCNQ

was thermally evaporated onto pre-cast P3HT films using an Angstrom Engineering Nexdep thermal

evaporator, in which the F4TCNQ powder was placed into an alumina crucible that was resistively

heated at pressures below 1 × 10−6 Torr to induce sublimation. The pre-cast P3HT films were fixed

to a rotating sample stage that was actively cooled using ∼15 ◦C chilled water. The evaporation rate

was held constant at 0.5 Ås−1 and the thickness of evaporated dopant was monitored using a quartz

crystal microbalance located next to the sample holder. For all the data presented here, the doped
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polymer films were characterized immediately (≤ 1 hr) after treating with dopant from either the

vapor or solution phases; however, no changes in conductivity, spectroscopy or other factors were

observed as a function of time after doping, indicating that subsequent diffusion of the dopant did

not take place.

Determination of the P3HT monomer to dopant ratio required measuring the mass density of

both pristine P3HT films and pure evaporated films of F4TCNQ, which was carried out using a

previously reported method.108 The mass density of evaporated F4TCNQ also was verified using a

fresh quartz crystal microbalance (QCM) and surface profilometer. We found that the mass density

of evaporated F4TCNQ is only 0.77 ± 0.06 gcm−3, about half that of the single-crystal density;

a more detailed discussion of how we determined the precise amount of F4TCNQ deposited by

evaporation can be found in appendix A. Solution sequential doping proceeded via spin coating

solutions of F4TCNQ dissolved in dichloromethane (DCM) at specified concentrations onto pre-cast

P3HT films at 4000 rpm for 10 s.

Grazing incidence wide angle X-ray scattering (GIWAXS) experiments were performed at the

Stanford Synchrotron Radiation Lightsource on beamline 11-3 using an X-ray wavelength of 0.9742

Å, an incident angle of 0.12◦, and a sample to 2-D charge-coupled device distance of 250 mm. All

samples were irradiated for 90 s. 2-D diffractograms were radially integrated from 0-180◦ for full

integration, 0-10◦ for in-plane curves, and 80-90◦ for out-of-plane curves. Curves were thickness

normalized based on the pre-doping film thickness. This normalization was chosen because only

the polymer thickness contributes to the diffraction intensity.

Four-point-probe based electrical conductivity measurements were performed under ambient

conditions on samples fabricated as described above using the Van der Pauw geometry,109 with

silver paste electrodes placed at the corners of the 1.5 × 1.5 cm2 square samples as in our previous

work.19, 61 Electrical conductivities were determined by measuring the film thickness and sheet

resistance, and the electrical conductivity was determined by dividing the reciprocal of the measured

sheet resistance by the measured thickness of the doped film in centimeters.

For measurements of the thermovoltage/Seebeck coefficient, the samples were prepared in the

same way as for the electrical conductivity measurements except the electrodes were fabricated by
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evaporating 15 nm of molybdenum oxide (MoO3) to reduce the contact resistance followed by 60

nm of silver; these electrodes had a 6.6-mm spacing. The samples were placed at the interface of two

commercial thermoelectric devices to establish a temperature difference between the two electrodes,

generating a thermovoltage. We measured the thermovoltage generated at applied temperature

differences ranging from 2 to 9 ◦C, and calculated the Seebeck coefficient as the slope of the best-fit

line of the thermovoltage vs. temperature difference. Details of our home-built thermoelectric

characterization setup and data analysis are further described in appendix A.

2.3 Results & Discussion

The main goal of this work is to understand the evaporation and solution sequential doping methods

by comparing them on the same pre-cast conjugated polymer films using the same dopant. We

seek to better understand any trade-offs that may exist between the two doping methods, and

describe under what conditions if any, one method may be favored over the other. For both types of

sequential doping, we investigate the limit of thick films, which are expected to function better for

many applications, including thermoelectrics. The evaporation doping literature has only explored

film thicknesses of a few tens of nm, and it is not yet clear if thick polymer films can be fully

saturated with dopant by this method. Solution doping has been explored for thicker films using a

multi-layer method,100 and more recently, very thick P3HT films (10-40 µm) were demonstrated to

be homogenously doped by soaking in solutions of dopant dissolved in acetonitrile for 72 hours.110

It is still unclear if the method of soaking in a completely orthogonal solvent is reproducible, and

how this method would extend to solution spin-coating which relies on semi-orthogonal swelling

solvents in a single, concerted processing step. Here, we show that when properly tuned, both the

evaporation and solution sequential doping methods are capable of doping films of surprisingly

large thicknesses, yielding comparable conductivities and thermoelectric performance.

2.3.1 Sequential-Doping of P3HT by Thermal Evaporation

We begin our comparison by studying doping via thermal evaporation. For this method, we tracked

the extent of doping via the thickness of F4TCNQ deposited, as measured by a calibrated QCM. For
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the 25-nm thick polymer films, we explored a range of evaporated dopant thicknesses between 5 and

50 nm. For 110-nm thick P3HT films, we examined dopant thicknesses from 25 to 50 nm. Finally

for 400-nm thick polymer films, our dopant deposition ranged from 25 to 200 nm. The evaporated

doping thickness ranges were chosen to span a similar ratio of evaporated dopant thickness to

pre-existing polymer film thickness.

The electrical conductivities of our evaporation-doped P3HT films are explored in Fig. 2.2 and

Table 2.1. The blue circles/lines in Fig. 2.2a show that the conductivity of 25-nm pre-cast P3HT

films is low when only small amounts of evaporated F4TCNQ are employed, reaches a maximum

with 15 nm of evaporated F4TCNQ, and then decreases upon the evaporation of additional dopant.

For 110-nm-thick P3HT films, the red circles/lines in panel b show that the optimal conductivity is

reached using 40 nm of evaporated dopant. The increased thickness of dopant required to achieve

the optimal conductivity makes sense given the greater pre-cast polymer film thickness: additional

dopant is clearly required to optimally dope the additional polymer in the thicker film. For 400-

nm-thick pre-cast P3HT films, the green circles/lines in Fig. 2.2c show that 150 nm of evaporated

F4TCNQ is needed to achieve the optimal conductivity. As far as we are aware, this represents

the first time a P3HT film of this thickness has been successfully doped to saturation levels by the

evaporation method. Previous work has shown that evaporated bulky dopants that are larger than

F4TCNQ can effectively diffuse through P3HT at room temperature, but only for 50-nm-thick P3HT

films.111 Our results here show that this diffusion holds for films at least eight times as thick.

Although we could have explored thicker films via evaporation sequential doping, we did not

examine this limit since reaching the optimal conductivity would likely require evaporating hundreds

of nm of F4TCNQ, which becomes cost-prohibitive. Additionally, previous work indicates that

evaporated F4TCNQ better penetrates P3HT films if the temperature of the film is raised during the

evaporation, although it is important to note that excessive heat can de-dope polymer films.7, 112 The

data in Fig. 2.2 were taken on films that were actively cooled and held at 15 ◦C during evaporation.

This suggests that evaporation doping should be readily applicable to even thicker films if heating

were applied to increase the solid-state diffusion of the dopant into the polymer.

The conductivity values shown in Fig. 2.2 were calculated from the measured electrical sheet

resistance using the measured film thickness after doping. In the limit of evaporating a large amounts
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of dopant, enough material was added that the thickness of the film increased significantly after

doping. For example, Table 2.1 shows that the pre-cast 400-nm-thick P3HT with the optimal 150

nm of evaporated F4TCNQ becomes 512 nm thick after doping. We surmise that at the highest

evaporated doping thicknesses, not all of the dopant participates in the electrical conduction of

the films; thus, in some sense, the ‘conductive thickness’ of the doped film is at most only that

of the original pre-cast P3HT polymer. This strongly suggests that at the point of maximum

conductivity, the largest possible number of P3HT units are doped, and that the addition of more

dopant accomplishes little other than increasing the film thickness. As a result, the conductivity

begins to decrease past the optimal evaporated dopant thickness simply because of the change in

thickness.

Figure 2.2 and Table 2.1 also show that we obtain higher maximum conductivities with increasing

thickness of the pre-cast P3HT films. As we will discuss further below, this is because the doped

thicker films have a larger crystalline coherence length: this produces more delocalized carriers

with higher mobilities by helping to increase the distance between the dopant counterion and the

conductive hole on the polymer backbone.43, 61

To gain further insight into the changes taking place in our P3HT films upon evaporation doping,

Fig. 2.3 shows the UV-visible absorption spectrum of each of the films whose conductivities were

explored in Fig. 2.2. The spectroscopy of F4TCNQ-doped P3HT films has been explored previously

by many groups,19, 23, 29, 35, 61, 113 and we show a reference spectrum of a doped film assigning the

various features in appendix A. For purposes of the discussion here, we will focus on the P3HT

neutral exciton absorption peak spanning the region from 2.0 to 2.8 eV and the overlapping P3HT

P2 polaron and F4TCNQ anion peaks near 1.6 eV.19, 113

Figure 2.3 shows that for all three pre-cast P3HT film thicknesses, as the amount of evaporated

dopant is increased, the amplitude of the P3HT neutral exciton absorption decreases while the

amplitude of the overlapping P2 polaron and dopant anion absorption bands concomitantly increases.

Moreover, the data also show that once we have passed the point of optimal conductivity for each

film, a broad absorption centered near ∼3.1 eV appears due to the presence of neutral F4TCNQ;

appendix A shows the absorption spectrum of a pure film of evaporated F4TCNQ for comparison.

Figure 2.3 thus indicates that once the optimal conductivity is achieved, additional F4TCNQ does
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pre-cast evaporated doped P3HT conductivity monomer

P3HT (nm) F4TCNQ (nm) film thickness (nm) (Scm−1) : dopant ratio

25

5 25 ± 5 0.26 ± 0.02 N/A

10 26 ± 5 0.67 ± 0.07 17 ± 1

15 27 ±5 1.04 ± 0.07 8 ± 1

20 33 ± 5 0.47 ± 0.03 5 ± 1

25 45 ± 5 0.43 ± 0.04 4 ± 1

35 53 ± 5 0.34 ± 0.02 2 ± 1

50 70 ± 5 0.22 ± 0.03 2 ± 1

110

25 142 ± 5 0.57 ± 0.03 16 ± 1

35 145 ± 5 1.74 ± 0.13 11 ± 1

40 149 ±5 2.75 ± 0.14 9 ± 1

50 154 ± 5 1.50 ± 0.14 7 ± 1

400

25 403 ± 5 0.00041 ± 0.00004 58 ± 4

35 407 ± 5 0.019 ± 0.003 38 ± 3

50 430 ± 5 0.18 ± 0.02 25 ± 3

75 441 ± 5 1.52 ± 0.06 16 ± 1

100 480 ± 5 2.22 ± 0.14 12 ± 1

150 512 ± 5 4.20 ± 0.17 8 ± 1

200 564 ± 5 3.52 ± 0.10 6 ± 1

Table 2.1: Summary of the conductivity for sequential doping of pre-cast P3HT films with different

thicknesses. The conductivity values were calculated using the measured sheet resistance and thick-

ness of the doped films. 1These values calculated after subtracting initial 6 nm of overhead.
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Figure 2.2: Conductivity (circles) measurements for (a) 25-nm pre-cast P3HT films (blue), (b) 110-nm

pre-cast P3HT films (red), and (c) 400-nm pre-cast P3HT films (green) doped with different evapo-

rated thicknesses of F4TCNQ. The ratio of the optical absorbance at 1.6 eV to that at 2.4 eV (corre-

sponding roughly to the amount of neutral material) for each film is plotted as the magenta squares

(right axis); cf. Fig. 2.3. The optical absorption ratio empirically tracks the conductivity and reaches

a peak of ∼0.9 at the optimal conductivity.
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little except cake onto the surface of the film.

Figure 2.3 also shows that for all three pre-cast P3HT film thicknesses, the absorption spectra

of the doped films with the optimal amount of evaporated F4TCNQ for the best conductivity are

essentially identical (other than their absolute absorptivities). In particular, we empirically see

that the optimally-doped films always have a roughly 0.9:1 ratio of the absorbance at 1.6 to 2.4

eV: these two energies, respectively, correspond roughly to the amounts of doped and neutral

material in the film. We note that deconvoluting the overlapping absorbances in this region37

can be challenging because the spectrum and absorptivity of the polaron and anion species are

environment-dependent,19 but we see that the absorption ratio at these two wavelengths serves as an

excellent proxy for determining the optimal degree of doping. We plot the ratio of the absorbance

at 1.6 and 2.4 eV for each of our evaporated doped films as the magenta squares/lines in Fig. 2.2.

Below, we will show that optimally-doped films created by solution sequential doping also have a

similar absorbance ratio at these two energies. This indicates that this ratio corresponds to optimal

doping in all situations for this materials combination. This suggests that when the amount of

evaporated dopant cannot be readily controlled (such as in a home-made sublimation set-up), one

could use the empirically-determined absorbance ratio at these two wavelengths as a useful proxy

for determining the optimal amount of F4TCNQ needed to dope a given P3HT film.

As summarized in Table 2.1, the 25-nm, 110-nm, and 400-nm pre-cast P3HT films require 15,

40, and 150 nm of evaporated F4TCNQ, respectively, in order to achieve their optimal conductivity.

When we examine the ratio of optimal evaporated dopant thickness to pre-cast polymer film

thickness, we see that it is 0.36 and 0.38 for the 110-nm and 400-nm pre-cast films, respectively.

This strongly suggests that there is an optimal doping ratio that is independent of the polymer film

thickness. The 25-nm-thick pre-cast film, however, has a much higher evaporated dopant:polymer

thickness ratio (∼0.6) at the optimal conductivity point.

This discrepancy in dopant/polymer thickness ratio for the 25-nm P3HT film likely results from

structural transitions that occur when P3HT is doped with F4TCNQ.29 As dopant is introduced

into the polymer, it is well documented that the P3HT lamellar spacing becomes larger and the

π-π stacking distance decreases,19, 61 a change that can be attributed to a reorientation of the P3HT

chains with respect to the unit cell to accommodate the presence of the dopant in the lamellar
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Figure 2.3: UV-visible absorbance spectra for (a) 25-nm pre-cast P3HT films (blue), (b) 110-nm pre-

cast P3HT films (red), and (c) 400-nm pre-cast P3HT films (green) doped with varying thicknesses of

evaporated F4TCNQ; more saturated/darker colors correspond to thicker amounts of evaporated

dopant. As the pre-cast P3HT film thickness is increased, an increasing thickness of evaporated

F4TCNQ is required to effectively dope the film. At the F4TCNQ thickness for optimal electrical

conductivity, the ratio of the absorbance at these two energies (plotted in Fig. 2.2) is ∼0.9:1. For all

three P3HT film thicknesses, once the optimal conductivity point is passed, a new absorbance feature

at 3.1 eV due to presence of neutral F4TCNQ grows in, indicating that the ability to dope the film is

saturated.
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region of the film.29 This makes it possible that there exists a threshold or “overhead” thickness of

evaporated dopant that is required to induce or nucleate this structural transition, as discussed further

in appendix A. It is also possible that this overhead thickness is required for filling trap states in

the polymer film before an appreciable number of free carriers can be formed, although this would

suggest that the overhead thickness would depend on the film thickness. An explanation in better

agreement with our observations is that structural reorganization proceeds in a way similar to seeded

crystal growth, where a minimum crystal size is required to initiate the process, at which point the

structural reorganization may self-propagate as new dopants are added. We find that if the required

“overhead” thickness of evaporated F4TCNQ is 6 nm, we obtain an identical dopant-to-polymer

thickness ratio of ∼ 1
3 for all three P3HT film thicknesses, as shown in appendix A.

We can take this idea of an optimal thickness ratio a step further and analyze the ratio of

thiophene monomer units to ionized dopant molecules at the optimal doping concentration. Typically,

this ratio has only been determined at very low doping levels when the dopant and polymer species

were co-dissolved at carefully prescribed concentrations. At higher dopant concentrations, this

ratio has been estimated based on the optical absorption of the polaron in the infrared region of

the spectrum (the so-called P1 absorption).23, 58 Unfortunately, as mentioned above, the spectral

position, shape and intensity of the P1 polaron absorption band changes with the degree of P3HT

crystallinity because of a change in the average distance between the polaron and the counterion,43, 61

and the P2 polaron absorption overlaps with that of the F4TCNQ anion. This makes the reliable

determination of stoichiometric dopant ratios by optical methods a challenging task. This is

especially true near the limit of saturation doping levels when both trapped and free polarons can be

present.19, 114

However, because our vapor-doping process uses a QCM thickness monitor in-situ, we have

explicit knowledge of the mass of the added dopant during thin-film deposition. As described in

appendix A, by measuring the evaporated F4TCNQ and spin-coated P3HT film mass densities, we

are able to determine the dopant/polymer stoichiometry based on the evaporated dopant thickness.

The stoichiometric ratios for each evaporation are summarized in Table 2.1. We find that when

excluding the measured “overhead” thickness of 6 nm, the optimum ratio of P3HT thiophene units

to ionized F4TCNQ dopants is ∼8.5:1 for all P3HT film thicknesses.

33



Based on this information, we can draw two important conclusions about the evaporation doping

process. First, it appears that small molecule dopants like F4TCNQ are capable of interpenetrating

films of P3HT of essentially any thickness. Second, it appears that there is little point to further

doping beyond the optimal ratio of ∼8.5:1 thiophene units per ionized F4TCNQ molecule. For

dopant densities higher than optimal, we see an increase in absorption of the neutral F4TCNQ

species located at ∼3.1 eV, suggesting once saturation doping levels are reached, much of the

additional F4TCNQ does not undergo charge transfer. This observation is consistent with previous

work that suggests at higher doping levels there is an increase in the creation of trapped carriers,

suggesting that the optimal ratio is where the polymer crystallites become full with dopant.114

2.3.2 Sequential-Doping of P3HT by Solution-Processing

We continue our comparison of sequential doping methods in this section by exploring the properties

of P3HT films doped via solution sequential doping. This involves spin-coating solutions of

F4TCNQ dissolved in dichloromethane at different concentrations on top of pre-cast P3HT films

of different thicknesses. DCM is known to swell P3HT films without dissolving them, and it also

has a reasonable solubility for F4TCNQ, allowing mass action to drive the dopant into the swollen

polymer underlayer.90 In previous work, we have successfully used this method to dope P3HT

films of roughly 100-nm thickness with F4TCNQ,19, 44, 61, 90 and another group has developed a

layer-by-layer version of solution doping to produce thicker doped films for thermoelectrics.100

We begin by investigating how the use of different F4TCNQ solution concentrations (0.01 mgmL−1,

0.1 mgmL−1, and 1.0 mgmL−1) influence the resultant electrical conductivity of doped P3HT films

with different thicknesses. Figure 2.4 shows that when using a 0.01 mgmL−1 F4TCNQ solution

(orange diamond), we are able to measure the conductivity of a pre-cast 25-nm-thick P3HT film,

but thicker films show no measurable conductivity as they are exhaustively under-doped. When we

increase the dopant concentration to 0.1 mg/mL (maroon squares), we see respectable conductiv-

ities (≤1 Scm−1 for pre-cast 25-nm, 110-nm, and 400-nm thick P3HT films. Not until we use a

1.0 mgmL−1 F4TCNQ solution, which is close to the F4TCNQ solubility limit in DCM, we can

effectively dope P3HT films with thicknesses ranging from 25 nm to 2 µm; these films all have
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conductivities above 1 Scm−1.

These results demonstrate that solution sequential doping can be used in a single step to optimize

the conductivity of even very thick conjugated polymer films. Similar to our evaporation results, the

thickest pre-cast P3HT films have the highest electrical conductivities, which we attribute below

to greater polymer ordering and thus hole mobility. Although ∼1 µm-thick films of P3HT have

previously been doped with tetrabutylammonium salts,36 our results here represent, to the best of

our knowledge, the thickest reported films of P3HT doped with F4TCNQ.

Figure 2.5 presents the UV-visible absorption spectra of the solution-doped films, which show

noticeably similar trends compared to the evaporation-doped films (Fig. 2.3): as the dopant concen-

tration increases, the neutral P3HT peak intensity decreases while that of the F4TCNQ anion/P2

polaron peak increases. Figure 2.5a shows that 25-nm-thick pre-cast P3HT films are already highly

doped even when using a low solution F4TCNQ concentration of 0.01 mgmL−1. When the dopant

solution concentration is increased to 1.0 mgmL−1, we observe significant absorbance at 3.1 eV

from neutral F4TCNQ, indicating we are past the optimal doping point and have over-saturated the

films with F4TCNQ. For 110-nm-thick pre-cast P3HT films, Fig. 2.5b shows a similar trend, but

at low dopant concentrations, the extent of doping is reduced. This fits with our expectation that

additional polymer material requires additional dopant to achieve the same doping levels. Figure

2.5c indicates for 400-nm-thick pre-cast P3HT films, the extra polymer material necessitates the

higher-concentration 1.0 mgmL−1 dopant solution to achieve sufficient doping levels. We were

unable to perform UV-visible spectroscopy on 2 µm-thick P3HT films because their optical density

exceeds 10. Although the concentration range investigated here is more coarse grained than that

explored for vapor doping, it is worth discussing some final similarities and difference between

the two methods. First, in the case where dopant is in high excess relative to the polymer, we see

very similar absorption features in UV-Visible spectra. This is most clearly illustrated in panel a of

Figures 2.3 and 2.5, where excess dopant produces very similar absorption profiles, independent

of doping method. One marked difference we might expect between the two methods concerns

the need for the overhead thickness to induce structural reordering, as in the case of vapor doping.

Because polymer films swell during the solution doping process, it is plausible that the swelling

solvent instead provides the impetus for the needed structural reordering, negating the need for an

35



0 2 0 0 4 0 0 2 0 0 01 0 - 3

1 0 - 2

1 0 - 1

1 0 0

1 0 1

Co
nd

uc
tivi

ty 
(S/

cm
)

P r e - C a s t  P 3 H T  T h i c k n e s s  ( n m )

 1  m g / m L
 0 . 1  m g / m L
 0 . 0 1  m g / m L

Figure 2.4: Conductivity measurements for solution-doped pre-cast P3HT films ranging in thick-

ness from 25 nm to 2,000 nm. The films are solution-doped with 0.01 mgmL−1 (orange diamond),

0.1 mgmL−1 (maroon squares), or 1.0 mgmL−1 (navy circles) solutions of F4TCNQ in DCM. Film

conductivity increases with increasing F4TCNQ concentration until an optimal value is reached. Note

the x-axis scale break between 525 and 1,900 nm.
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overhead amount of dopant material. Again, adequately exploring the analogous doping regime for

solution processing would require investigating a more finely spaced concentration range, and we

leave this open to future work.

When we examine the UV-visible spectra in more detail, we see that the ratio of the doped

material absorption peak at 1.6 eV to the neutral P3HT absorption peak at 2.4 eV is ∼1.1:1, which

is very similar to the optimal ratio of ∼0.9:1 that we saw with evaporation doping. We note that the

absorbance peak ratio for the 25-nm-thick film is lower, but this likely results from overlap of the

neutral P3HT peak with the tail of the neutral F4TCNQ absorption. Thus, the UV-visible absorption

spectrum can serve as a guide to finding the optimal doping concentration for electrical conductivity

by roughly matching the intensities of the neutral and doped P3HT absorbance peaks. This result

follows in the same manner as our UV-visible results for evaporation-doped films, where the same

ratio was observed for optimal electrical conductivity.

2.3.3 Structural & Infrared Characterization of Vapor & Solution-Doped P3HT Films

In order to better understand the relationship between film structure and the conductivity of our

doped and undoped P3HT films, we used 2-D grazing-incidence wide-angle X-ray scattering

(GIWAXS) to study films doped by both evaporation and solution sequential doping. In the data

shown below, we study P3HT films at their optimal doping level for conductivity, as determined by

the data in Figures 2.2 and 2.4.

Undoped P3HT is well known to prefer an edge-on orientation in films: the π-stacking or

(010) diffraction peak appears in the in-plane direction and the lamellar or side-chain spacing (100)

peak appears in the out-of-plane direction. Figure 2.6 shows representative 2D diffractograms

for 110-nm-thick P3HT films. The data demonstrate that, as expected, the pre-cast films (panel

a), solution-doped (panel b), and evaporation-doped (panel c) films have a preferentially edge-on

orientation. We also show in Figs. A.5, A.7, and A.8 of appendix A that edge-on orientation is

maintained for all other P3HT thicknesses of pre-cast and sequentially-doped films.

Previous work has shown that increased P3HT relative crystallinity (as measured by the (100)

peak intensity) is correlated with increased conductivity in F4TCNQ-doped films.19, 35, 37, 44, 61 The
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Figure 2.5: UV-visible absorption spectra for (a) 25-nm pre-cast P3HT films (blue), (b) 110-nm

pre-cast P3HT films (red), and (c) 400-nm pre-cast P3HT films (green); as with Fig. 2.3, more sat-

urated/darker colors correspond to increased dopant concentrations of 0.01 mgmL−1, 0.1 mgmL−1,

and 1.0 mgmL−1. As the thickness of P3HT increases, an increasing concentration of F4TCNQ is re-

quired to effectively dope the film, as indicated by the decrease of the P3HT neutral peak near 2.4 eV

and the increase of the F4TCNQ anion/polaron P2 peak near 1.6 eV. As with the evaporated doped

films, the optimal electrical conductivity occurs when the doped:neutral ratio is ∼1.1. For all films

in this thickness range, the doping becomes saturated at higher concentrations, as evidenced by the

appearance of absorbance due to neutral F4TCNQ peak near 3.1 eV.
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Figure 2.6: Representative 2-D diffractograms of 110-nm-thick P3HT films that are (a) undoped, (b)

doped with F4TCNQ via solution sequential processing, and (c) doped with F4TCNQ via thermal

evaporation. These results demonstrate that the natural edge-on orientation of the P3HT chains in

undoped films is maintained following both methods of sequential doping.
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origin of this increase lies in the fact that F4TCNQ molecules located within crystalline domains

sit between the side chains in the lamellar region, and are thus held fairly far from the polaron

on the P3HT backbone. This distance decreases coulomb attractions between the polaron and the

counterion, which is particularly important given the low dielectric constant of most conjugated

polymers, thereby resulting in more mobile charge carriers.43

We note that simply integrating the (100) scattering peak is not the ideal way to determine the

relative crystalline fraction of a P3HT film because other effects (overall structure factor, etc.) can

modify this value, particularly for films with very different thicknesses. Table 2.2 summarizes the

GIWAXS data for all of our pristine and sequentially-doped P3HT films. These data show that based

simply on the thickness-normalized integrated (100) peak areas, the thicker and more conductive

doped films in fact have less relative crystallinity. Moreover, the vapor-doped films show lower

integrated (100) peak areas than the thickness-matched solution-doped films, despite the fact that

vapor doping produces more conductive films (Figs. 2.2 and 2.4).

Since diffraction peak area alone cannot explain the conductivity trends we observe with the

doping method or film thickness, we also investigated the relative degree of order of the crystalline

regions, which is reflected in the GIWAXS crystalline coherence length and relative overtone

strength.115–117 Figure 2.7 shows that doping by either sequential method causes the lamellar (h00)

peaks to shift to lower q, which corresponds to a larger d-spacing that better accommodates the

F4TCNQ anion, as expected.29 However, the insets of Figure 2.7a and b demonstrate that vapor

doping of P3HT also causes a (400) lamellar overtone to appear, which is particularly evident in

thicker films. There is no sign of a new (400) peak for the equivalent solution-doped P3HT samples,

in agreement with previously-published work,19, 34, 35, 42, 44, 61 indicating that this additional order is

induced only by the vapor doping process.

Using the widths of the (h00) overtones, we calculated crystallite size or crystallite coherence

lengths from the Scherrer equation.118, 119 The results in Table 2.2 show that for films thicker

than 25 nm, vapor doping results in an increase in domain sizes compared to both solution-doped

P3HT films and the original undoped P3HT films; for example, the vapor-doped samples where

the (400) peak is observed have a crystalline coherence length calculated from the diffraction peak

width of 14 nm, while our solution-doped films of equivalent thickness demonstrate a coherence
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Figure 2.7: Full integrations of thickness-normalized 2-D GIWAXS diffractograms of P3HT films

doped with F4TCNQ via (a) thermal evaporation and (b) solution sequential processing. The data for

undoped P3HT (dashed black curve) is shown for reference. Out-of-plane integrations are included in

the expanded insets for clarity. The data show that 25-nm (blue) and 110-nm (red) films both largely

maintain their original crystallinity after doping. For the 110-nm and 400-nm (green) vapor-doped

films, a (400) overtone appears, indicating improved long-range order that correlates with higher

carrier mobility and thus conductivity.
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length of only 9 nm. This increased coherence length further corroborates the conclusion that the

vapor-doped samples are more ordered than the solution-doped samples. The decrease in peak

width and the increase in the number of observable overtones together indicate that doping increases

the long-range order of P3HT films and that evaporative doping increases the long-range order of

P3HT to a greater extent than solution doping.

pre-cast P3HT (nm) doping method (100) location (Å
−1

) relative (100) area (200) location (Å
−1

) relative (200) area coherence length (100):(200) peak area ratio

25

None 0.39 1.0 0.78 1.0 9.3 29:1

Solution 0.37 1.2 0.72 2.0 8.8 17:1

Vapor 0.35 0.92 0.70 2.1 9.2 12:1

110

None 0.40 0.73 0.78 1.1 13 20:1

Solution 0.36 0.97 0.70 3.0 9.0 10:1

Vapor 0.35 0.55 0.69 1.8 14 8:1

400

None 0.40 0.83 0.78 1.3 11 18:1

Solution 0.35 0.55 0.69 1.9 9.2 8:1

Vapor 0.35 0.36 0.69 1.4 14 7:1

2000
None 0.40 0.51 0.80 0.83 13 17:1

Solution 0.35 0.34 0.69 1.3 12 8:1

Table 2.2: Summary of the thickness-normalized GIWAXS data for pure P3HT, solution-doped P3HT,

and vapor-doped P3HT films.

Figure 2.7 and Table 2.2 also show that although the peak widths are somewhat broader for

solution-doped films compared to both undoped and vapor-doped films, the relative intensities

of the overtone peaks is even higher than those from the vapor-doped material. This suggests

that for the the P3HT/F4TCNQ system, it is not the overall crystalline fraction that contributes

to increased conductivity, but rather increased long-range ordering within the crystalline regions

that correlates with increased conductivity, presumably because this best increases the average

polaron-to-counterion distance.

To better explore the correlation between film structure and the resultant carrier properties, we

measured the IR absorption spectrum of the P1 polaron transition for our 110-nm and 400-nm

pre-cast P3HT films. We chose conditions for both solution and evaporation doping to achieve

the optimal electrical conductivity at each thickness. Figure 2.8 shows that for the 400-nm-thick

pre-cast P3HT films (blue curves), the main P1 band is red-shifted and the IR-active vibrations

(IRAVs, which occur below 0.18 eV) have a higher intensity compared to the 110-nm-thick pre-
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cast films (red curves), independent of processing method.120 A red-shifted P1 band and higher-

absorption IRAV band are known to correlate with increased polaron delocalization and hence higher

carrier mobility.40, 43, 61, 121, 122 Thus, we see a direct correlation between the degree of polaron

delocalization and conductivity, explaining why thicker films in general have higher conductivities.

2.3.4 Thermoelectric Properties of P3HT Films Prepared by Evaporation & Solution Se-

quential Doping

Having compared two methods for effectively sequentially doping P3HT films of varying thickness,

we now turn to investigating how F4TCNQ-doped P3HT films fabricated by the different routes

function as thermoelectric materials up to 2 µm thick. Figure 2.9 presents the thermoelectric

properties of the evaporation (black squares) and solution (red circles) doped P3HT films that

yielded the highest electrical conductivities for each pre-cast film thickness. Panel a shows that

the electrical conductivity increases with increasing pre-cast P3HT film thickness for both doping

methods. As mentioned above, this is because the thicker P3HT films have a higher degree of

delocalization, yielding higher-mobility carriers. The evaporation doped samples yield slightly

higher conductivities at the same film thickness, which is due to slightly increased long-range

order in the evaporation-derived materials. The UV-visible absorption spectra of these optimal-

conductivity films are all quite similar, as shown in appendix A.

Figure 2.9b shows the Seebeck coefficients of the doped polymer films, which are determined

by the magnitude of the thermovoltage produced for a given temperature gradient. The data show

that the Seebeck coefficient decreases for the thicker, more conductive films. This trend agrees with

the well-known anti-correlation between electrical conductivity and Seebeck coefficient, where

the Seebeck coefficient is seen empirically to vary as electrical conductivity to the −1
4 power,22, 83

as shown in more detail in appendix A. Indeed, the Seebeck coefficients for the solution-doped

films are higher than those for the evaporation-doped films, as expected from their slightly lower

electrical conductivities. Furthermore, we note that the Seebeck coefficients we measure in the

tens of µVK−1 range are consistent with those found in other studies on thinner films of doped

polythiophenes.22, 96
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Figure 2.8: Absorption spectra of the P1 polaron transition for the doped 110-nm (red) and 400-nm

(blue) pre-cast P3HT films. The films are doped by solution (solid lines) and evaporation (dashed

lines) sequential doping; the doping conditions were selected to optimize the electrical conductivity.

The P1 band for both the solution and evaporation sequentially-doped 400-nm pre-cast P3HT films

are red-shifted, indicating greater polymer ordering that is correlated with a higher hole mobility.
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Figure 2.9: Thermoelectric properties of 25-nm, 110-nm, 400-nm, and 2000-nm pre-cast P3HT films

doped with F4TCNQ by solution (black squares) and evaporation (red circles) sequential processing.

The processing conditions for each method were chosen to produce the most conductive films. For

evaporation doping, the 25-nm, 110-nm, and 400-nm-thick pre-cast P3HT films were doped with 15

nm, 40 nm, and 150 nm of F4TCNQ, respectively. For solution doping, all P3HT films were doped with

a 1.0 mgmL−1 F4TCNQ solution. (a) Thicker P3HT films have higher electrical conductivities than

thinner films, and evaporation doping produces slightly higher conductivities than solution doping.

(b) The Seebeck coefficient of doped P3HT films decreases with increasing film thickness, and solution

doping yields slightly higher values than evaporation doping. (c) The thermoelectric power factors of

all our doped P3HT films are similar, indicating that both processing techniques produce films equally

well-suited for use in thermoelectrics. Note the scale break on the x-axis between 525 and 1,900 nm.

45



Finally, we calculated the thermoelectric power factor, which is the product of the electrical

conductivity and the square of the Seebeck coefficient. The power factor, along with the thermal

conductivity and the temperature, is the main measure of thermoelectric efficiency; we show the

power factor for our doped P3HT films in Fig. 2.9c.22, 83 For all film thicknesses that we investigated,

the devices show similar power factors on the order of 1–2 µWm−1 K−2. The fact that the power

factor holds for the 2 µm-thick film shows that solution sequential processing is an effective method

for producing organic thermoelectric active layers.

Overall, we see that regardless of doping methodology, the thermoelectric properties of solution-

and evaporation-doped polymer films are quite similar. Even though the two methods deliver

the dopant in different ways, they both preserve the original P3HT film structure by doping in a

sequential manner19, 34, 42, 61, 90 and thus both offer potential for creating active layers for organic

thermoelectrics. Overall, both evaporation and solution doping methods have distinct advantages,

and our results show that one can use whichever method best suits the particular device fabrication

needs: solution processing benefits from lower cost while evaporation methods might be more

amenable for larger device areas.

2.4 Conclusions

In this paper, we demonstrate that sequential processing is a highly effective method for chemically

doping conjugated polymer films by performing a direct comparison between identically-prepared

evaporation and solution doped films. Sequential doping starts with a pre-cast polymer film, which

is then doped either by thermally evaporating dopant or by spin-casting a solution of dopant on

top of the polymer film. Both methods have the advantage of leaving the structure of the pre-cast

polymer film roughly intact, and thus the methods give similar electrical conductivities with similar

degrees of doping.

One key aspect of this work is our demonstration that both methods can be used to dope very

thick semiconductor polymer films. For evaporation sequential doping, we demonstrated the ability

to dope films up to 400 nm thick, and the doping of thicker films should be readily possible

(particularly if heating is employed to improve diffusion of the dopant into the film), limited only
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by cost of evaporating large amounts of dopant. For solution sequential doping, we have shown that

films up to 2 µm thick can be doped via spin-coating in a single processing step.

Evaporation doping results in improved long-range crystallinity, as evidenced by the devel-

opment of a (400) lamellar overtone in GIWAXS, and increased crystalline coherence lengths,

explaining why evaporation doping achieves slightly higher electrical conductivities than solution

doping. Evaporation doping requires an “overhead” thickness of ∼6 nm, possibly to induce restruc-

turing of the polymer crystal lattice to accommodate the dopant; once the overhead is complete, the

optimal evaporated F4TCNQ thickness is ∼ 1
3 the P3HT film thickness, resulting in a thiophene

monomer:ionized dopant molecule ratio of ∼8.5:1. Solution doping, on the other hand, allows

access to the doping of thicker films with a far more cost efficient use of material. However, finding

the optimal solvent to dissolve the dopant and swell, but not dissolve the polymer may not be so

straightforward with every polymer:dopant combination.

For both sequential doping methods, we find empirically that UV-visible absorption spectroscopy

provides a good indication of when the optimal electrical conductivity has been achieved. Here we

define optimal as the point where the ratio of the doped to neutral P3HT absorption approaches

1:1. When less dopant than the optimal is used, the films have poor conductivity because much of

the polymer remains undoped. When more dopant than optimal is employed, the film conductivity

decreases slightly, due to the fact that additional dopant either creates trapped carriers or does not

dope at all. The increase in thickness that results from the presence of excess dopant causes a drop

in conductivity. Thicker pre-cast P3HT films demonstrate higher electrical conductivities due to

greater polymer long-range ordering, which increases the hole mobility.

Upon fabricating thermoelectric devices by both sequential doping methods, we find that

their thermoelectric properties are quite similar regardless of which method is employed. For

each polymer film thickness studied, the power factors fall across only a narrow range. This

demonstrates that processing techniques that operate on fundamentally different principles can both

be successfully applied to the fabrication of thermoelectric devices. Finally, although we have

pushed the limit of sequential doping to 2 µm-thick films, it is clear that either technique could

potentially be extended to still thicker films, which is something worth exploring in the future.
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2.5 Supporting Information

Details on the device materials, doping fabrication procedures, UV–visible spectra, grazing inci-

dence wide-angle X-ray scattering (GIWAXS) experiments and analysis, calculation of the F4TCNQ

overhead thickness, determination of the monomer:dopant ratio in evaporation-doped films, conduc-

tivity measurements, thermoelectric measurements, and Seebeck empirical power law fitting can all

be found in appendix A.
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CHAPTER 3

Controlling the Formation of Charge Transfer Complexes in

Chemically Doped Semiconducting Polymers

3.1 Introduction

Conjugated organic semiconductors offer great promise as the active materials for applications in

flexible electronics, including light emitting diodes, photovoltaics and thermoelectric devices.22, 63, 64, 123, 124

For many of these applications, it is necessary to introduce equilibrium charge carriers into the

π-systems of these materials. This is often achieved by chemical doping, which involves the intro-

duction of a strong oxidizing (or reducing) agent to remove (or add) electrons from (to) an organic

semiconductor. In organic light emitting diodes and photovoltaic cells, for example, chemical

doping of an interfacial conjugated polymer layer can lower barriers and enhance charge injection.

Additionally, for organic thermoelectric materials, doping dramatically affects both the Seebeck

coefficient and the electrical conductivity, two of the factors that comprise the thermoelectric figure

of merit.22, 55, 125 Most organic semiconductors are p-type materials, so they are best doped by using

strong oxidizing agents to remove electrons from the π-conjugated backbone.

The idea of chemical doping of organic semiconductors has its roots in the study of charge-

transfer salts, which dates back to the 1970’s.126–128 The classic example of a charge-transfer salt is

a mixture of tetrathiafulvalene (TTF) and 7,7,8,8-tetracyanoquinodimethane (TCNQ).129 In such

charge-transfer salts, acceptor molecules like TCNQ act as oxidizing agents, removing part of an

electron from conjugated donors like TTF. The co-crystals are characterized by charge-transfer

complexes (CTCs), which result in delocalized electronic states with a band structure that has the

valence band predominantly derived from the donor HOMO and the conduction band from the

acceptor LUMO.130 Such charge-transfer salts can exhibit metallic behavior if they form in the
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right co-crystal structure and have sufficient driving force for charge separation (i.e., the energetic

offset between the oxidation potential of the donor and the reduction potential of the acceptor is

sufficiently large), both of which determine the fraction of an electron that is locally transferred

from the donor to the acceptor.128, 131

Unlike the donors in small molecule charge-transfer salts, when solution-processable conjugated

polymers are mixed with small-molecule oxidizing agents, the result is nearly always integer charge

transfer (ICT);2, 16, 17, 19, 21, 23, 29, 43, 61, 95, 132 the types of CTCs that are readily observed with small

conjugated molecules in charge-transfer salts have been less commonly seen.4, 6, 8, 9, 52, 133 In fact,

one needs to go to great lengths to produce CTCs from chemically-doped conjugated polymers. For

example, CTCs can be observed when the polymer and dopant are spun from a hot solution onto a

pre-heated substrate,6 or when branched side chains are employed to force the dopant counterion

into specific locations in the polymer crystal lattice.133 CTC’s are usually not desirable for most

doped conjugated polymer applications, since they produce a smaller fraction of doping-induced

carriers than ICTs; thus, their relative rarity is generally advantageous.134 But it is still not clear

why ICT is favored when chemically doping conjugated polymers. This leads to the central question

explored in this work: why do mixtures of acceptors with small-molecule donors, including the

oligomers of many common conjugated polymers, usually produce CTCs,5 while mixtures of

conjugated polymers with the same acceptors usually lead to ICT?

To address this question, in this paper we re-examine the well-studied conjugated polymer,

poly(3-hexylthiophene-2,5-diyl) (P3HT) doped with the strong electron acceptor 2,3,5,6-tetrafluoro-

7,7,8,8-tetracyanoquinodimethane (F4TCNQ) to gain new insights into the process of how con-

jugated polymers produce CTCs or undergo ICT upon chemical doping. We track the degree of

charge transfer using a combination of UV-Visible spectroscopy, to monitor the electronic transitions

produced following doping, and FTIR spectroscopy, to determine the amount of charge transferred

from the polymer to the F4TNCQ acceptor; we also monitor the structure of the doped films using

2-D grazing-incidence wide-angle x-ray scattering (GIWAXS). We find that we can control the

relative amounts of CTCs and ICT that take place upon F4TCNQ-doping of P3HT by using a

tunable blend of solvents (dichloromethane, DCM, and chloroform, CF) to infiltrate the dopant into

the polymer layer via sequential processing. Using pure DCM to deposit F4TCNQ onto pre-cast
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P3HT films, we see relatively little CTC formation, whereas the use of pure CF increases CTC

formation by over an order of magnitude. Sequentially depositing the dopant from blends of DCM

and CF allows the amount of CTC formed to be tuned anywhere in between.

With this control in hand, we now have a toolkit for studying CTC formation without resorting

to extreme processing conditions or synthetically-modified conjugated polymers. This allows us

to explore how different aspects of the materials and processing conditions affect the tendency to

undergo CTC formation. In particular, we compare the use of evaporation doping (i.e., subliming the

F4TCNQ dopant onto pre-cast conjugated polymer film)11 to the typical solution-based sequential

doping method to investigate the role of dopant transport on CTC formation. We then study the role

of the pre-formed polymer film crystallinity to elucidate the preference of crystalline and amorphous

polymer domains to participate in CTC formation.

P3HT films are always comprised of some combination of crystalline and amorphous regions,

we find that the more crystalline a P3HT film is prior to sequential doping, the smaller the fraction

of CTC states generated. However, we also find that CTC doping cannot be entirely eliminated,

even for the most crystalline P3HT films, showing that there is still room to improve sequential

doping methods. We also show that doping via vapor transport produces a smaller fraction of CTC

states relative to solution sequential doping, providing significant clues to the role of kinetics in

forming CTC states.

The structure of most conjugated polymers consists of semi-crystalline regions characterized

by a π-stacking spacing between the polymer backbones and a lamellar spacing along the polymer

side chains. We and other research groups have argued in previous work that dopant molecules

prefer to reside in the polymer lamellae, as the barrier to dopant insertion into the easily disordered

side-chains is lower than breaking up the polymer π-stacks to insert the dopant.2, 19, 29, 55, 61 Placing

dopants in the lamellae, where they reside far from the polymer backbone, leads to ICT, as there is

insufficient wave function overlap between the donor and acceptor for CTC formation to take place.

Instead, CTC states only occur when the F4TCNQ dopant is able to π-stack with the conjugated

polymer.6, 8, 9, 52, 133 These results lead us to an improved picture of the kinetic competition between

the two doping mechanisms, where the choice of processing conditions can alter the kinetic barrier

for placing dopants in the polymer π-stacks. All the results explain how solvent blends and polymer
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crystallinity can control the preference for ICT vs. CTC formation in doped conjugated polymers,

and why CTC is the preferred doping mechanism in small-molecule charge-transfer salts.

Finally, we show that ICT is not only kinetically preferred, but is also thermodynamically

favored for the F4TCNQ/P3HT combination of dopant and conjugated polymer. By exposing doped

films to brief thermal annealing treatments, we find that the fraction of CTCs produced upon doping

can be converted to ICT, further indicating that CTCs are kinetically trapped in doped conjugated

polymer films. Overall, our work shows the steps that can be taken to minimize CTC formation for

electronic applications (or to enhance CTC formation for study), including increasing the polymer

crystallinity and using dopants that physically cannot π-stack or have wave function mixing with

the conjugated polymer backbone.43, 61

3.2 Experimental Section

3.2.1 Materials

Electronic-grade P3HT (4002-EE; 91-94%, Mw = 46-57 kg/mol, PDI = 2.3) was purchased from

Rieke Metals and sublimation-grade F4TCNQ (purity >98%) was purchased from TCI America.

The synthesis and preparation of the P3HT denoted “100% RR” has been described by us in prior

work.61 All materials and solvents were used as received without any further purification.

3.2.2 Fabrication and Doping of Polymer Films

Glass and silicon substrates were first degreased by sequentially sonicating for ten minutes in a

detergent solution, deionized water, acetone, and finally isopropyl alcohol. Substrates were then

dried and stored in a nitrogen glove box where all subsequent solution processing steps takes place.

For experiments using doping solvent blends, thin films of P3HT were prepared by spin-coating a

polymer solution (20 mgmL−1) out of o-dichlorobenzene (ODCB)) at 1000 rpm for 20 s. Directly

after spin-coating, the still wet films were moved to an open petri dish until finished drying. All

dopant solutions of F4TCNQ (1 mgmL−1) for the set of solvent blends containing chloroform (CF)

and dichloromethane (DCM) were generated by adding the desired volume of each solvent to a
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vial with F4TCNQ powder. Sequential doping was carried out by pipetting dopant solution solvent

blends (100 µL) onto pristine P3HT films and spin-coating at 4000 rpm for 10 s to remove excess

material. Additional experimental details can be found in appendix B.

For the experiments comparing the vapor and solution sequential doping methods, 110 nm and

400 nm thick pristine P3HT films were prepared by spin-coating from 20 mgmL−1 and 50 mgmL−1

ODCB solutions respectively at 1000 rpm for 60 s followed by 3000 rpm for 5 s. Sequential

solution doping with F4TCNQ was carried out by pipetting 100 µL of dopant solution out of DCM

(1 mgmL−1) onto pristine P3HT films and spin-coating at 4000 rpm for 10 s to remove excess

material. Sequential vapor doping with F4TCNQ was carried out using an Angstrom Engineering

Nexdep Physical Vapor Deposition System. F4TCNQ powder was placed in an alumina crucible

and evaporated at 0.5 Ås−1 with a base pressure < 1×10−6 Torr. Pristine P3HT films were placed

on a rotating stage that was actively cooled to 15 °C during deposition. Doping levels for the vapor

process were optimized to produce the highest conductivity and to show comparable doping levels to

the solution-processed samples. A more detailed discussion can be found in chapter 2 and appendix

A.

For our work comparing doped P3HT films with tunable crystallinity, we used solvent evap-

oration kinetics to control the rate of P3HT film formation, where higher-boiling point solvents

yield higher-crystallinity polymer films. To obtain P3HT films with relatively low crystallinity,

P3HT solutions (10 mgmL−1) were spin-coated from chloroform (CF) (b.p. = 61.2 °C) at 1000 rpm

for 60 s. For films of intermediate crystallinity, P3HT solutions (20 mgmL−1) were spin-coated

from o-dichlorobenzene (ODCB) (b.p. = 180 °C) at 1160 rpm for 20 s. These still wet films were

then placed in a covered petri dish to further extend the drying period. Finally for films with the

highest degree of crystallinity, an in-house batch of P3HT with a regioregularity of essentially unity

was employed. The same spin-coating procedure was used for this material as for the commercial

material cast from ODCB with the exception that solutions were spincoated out hot at 60 °C to

prevent aggregation. Additional details on film preparation, synthesis and characterization can be

found in our earlier work61 and its supporting information.
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3.2.3 GIWAXS Measurements of Doped Polymer Films

2-D GIWAXS data were collected at the Stanford Synchrotron Radiation Lightsource using beamline

11-3. The beam wavelength was 0.9742 Å and the incidence angle was 0.12 ◦. The sample chamber

was flowed with helium to reduce noise and the sample holder was 250 mm away from the detector.

All the samples were irradiated for 90 s. To reduce the 2-D diffractograms, we used the WAXStools

in Igor Pro. The diffractograms were radially integrated to reduce to 1-D diffraction curves (0-10◦

for out-of-plane, 80-90◦ for in-plane and 0-90◦ for full). All the samples at a given doping condition

were made and measured in triplicate to ensure the reproducibility and absolute scattering intensity.

All diffractograms were thickness-normalized (after background subtraction) to the polymer film

thickness prior to doping with F4TCNQ since only the polymer contributes to the diffraction

intensity. Additional details can be found in appendix B.

3.3 Results & Discussion

One of the most common ways to produce chemically-doped polymer films is by solution sequential

processing, where the dopant is infiltrated into a pre-cast conjugated polymer film using a semi-

orthogonal solvent that swells but does not dissolve the underlying morphology.19, 61 Sequential

doping is generally preferred because simply mixing the polymer and dopant together results in

solution-phase charge transfer, creating a salt with unfavorable solubility in the non-polar organic

solvents typically used to dissolve conjugated polymers. The resulting blend solutions are usually

highly aggregated, leading to poor quality when cast into films.19 Sequential processing avoids this

difficulty because the doped films largely have the same morphology as the original pre-cast films,

providing the added advantage that the pre-cast polymer film can be created with different degrees of

crystallinity19, 61 or rubbed to produce alignment of the polymer chains.29, 55, 68 Sequential doping

can also involve thermally evaporating the dopant onto a pre-cast polymer film,21, 34, 35, 37, 42, 51

which allows for effective infiltration of the dopant, even into polymer films that are hundreds of

nm thick.11
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Figure 3.1: (a) UV-vis-NIR absorption spectrum of 1 mg mL−1 F4TCNQ sequentially-doped P3HT

films with the dopant deposited from solvent blends with different CF/DCM ratios, normalized to the

peak absorption for the main P1 band near 0.4 eV. The electronic transitions from the CTC phase

are labelled, along with the standard absorption features that appear with ICT. For comparison,

the black curve shows the absorption of a P3HT film prior to doping, scaled to the correct relative

absorption intensity of the film doped using 100% DCM (red curve). (b) Zoom-in of the NIR P1

polaron absorption of P3HT films sequentially doped with F4TCNQ from solvent blends with the

indicated CF/DCM ratio by volume; this data corresponds to the section shaded in gray in panel a.

The black arrows highlight the increased intensity of the IRAV band and the monotonic redshift of

the main P1 peak absorption with increasing CF content of the dopant casting solvent, indicative of

increased polaron delocalization. The absorbance for pristine P3HT is essentially zero in this part of

the spectrum and has thus been omitted for clarity.
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3.3.1 Optical Transitions of P3HT:F4TNCQ Charge-Transfer Complexes

When using solution sequential processing to dope a conjugated polymer, the solvent selected to

introduce the dopant is usually chosen to have poor solubility for the underlying polymer; however,

in principle, any solvent with a reasonably high solubility for the dopant can be used. For the

P3HT/F4TCNQ system, we have shown that DCM is a particularly good solvent for solution

sequential processing due to its reasonably high solubility towards F4TCNQ and relatively low

solubility (0.818 mgmL−1) towards P3HT.11, 19, 44, 61, 135

Based on this idea, it would seem that a solvent like CF, which has one of the highest known

solubilities towards P3HT (38 mgmL−1),135 would be a poor choice for doping via solution sequen-

tial processing. This is because at first glance, CF would be expected to dissolve the underlying

polymer and thus remove the entire P3HT film from the substrate during the doping process. What

we will show below, however, is that when sequentially doping P3HT, the high dissolving power of

CF does put some of the underlying P3HT film into solution while the F4TCNQ is being introduced,

effectively removing any kinetic barriers to placing the dopant in the polymer π-stacks. At the

same time, the rapid change in polymer solubility that occurs upon doping still allows most of the

polymer material to remain intact on the substrate through a dynamic dissolution and reprecipitation

process during doping.

Our first sign that using CF to sequentially dope P3HT with F4TCNQ produces a different

electronic species comes from UV-Vis-NIR spectroscopy. Figure 3.1 shows the results when DCM,

CF and various blends of the two solvents (which are miscible) are used to expose pre-cast films

of P3HT to 1 mgmL−1 solutions of F4TCNQ. The full spectra are plotted in Fig. 3.1a, with the IR

region focusing on the so-called P1 band (lowest-energy electronic transition) of the P3HT polaron

shown on an expanded scale in Fig. 3.1b. The spectra in both panels are normalized to the height of

the absorption maximum near 0.4 eV and further experimental details can be found in appendix B.

The red curves in Fig. 3.1 show the results when pure DCM is used as a dopant processing

solvent. As is well known, doping P3HT this way leads to a reduced intensity of the neutral P3HT

exciton absorption near 2.3 eV (black curve) as electrons are removed from the polymer valence

band. Doping also leads to the appearance of a new band with two sharp vibronic features near
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1.5 eV, which are representative of the F4TCNQ anion produced by ICT, along with the so-called

P2 absorption band of the oxidized polymer that appears in the same energetic location. Finally,

doping and ICT lead to a new absorption with peaks at 0.16 and ∼0.4 eV, corresponding to the

infrared active vibrations (IRAV band) and the P1 band of the hole (or polaron) on the polymer,

respectively. The relative intensities of the P2/F4TCNQ−1 peak, the P1 band, and the remaining

neutral P3HT absorption are all comparable in magnitude. In previous work, we found that with

sequential doping, there is a maximal amount of F4TCNQ that can be intercalated into a pre-existing

polymer film, no matter how high the doping solution concentration. The spectral signature for

reaching this ‘saturation doping’ is seen when the P1, P2/F4TCNQ− and neutral P3HT bands are all

comparable in absorbance, as is the case for these samples.11

With the exception of the film doped using pure CF, the other colored curves in Fig. 3.1 show that

using blends of DCM and CF to dope the P3HT film with F4TCNQ leads to the generally-accepted

ICT doping behavior. However, for the solvent blend comprised of 80% CF and 20% DCM (blue

curves), there is a noticeable increase in absorption near 0.7, 2.0 and 3.3 eV, which further increase

when casting F4TCNQ from pure CF (purple curves). The three new features all match well with

what has been observed previously for CTC formation by Jacobs et al. for this system when hot

solution mixtures of P3HT and F4TCNQ and hot substrates and pipette tips were used to create

doped films.6 These workers were able to isolate a structurally novel polymorph associated with

these electronic features,6 which we show below is also present in our films doped sequentially

from CF. Thus, Fig. 3.1 shows that changing the solvent blend used for doping allows for control

over the relative amount of CTC formation.

The results in Fig. 3.1 can further be compared to work from Thomas et al., who showed that

F4TCNQ doping can produce CTC states in a polythiophene derivative whose conjugated backbone

is identical to that of P3HT, but with branched ethyl-hexyl side chains.133 The bulkier side chains

prevent F4TCNQ molecules from residing in their typically preferred location in the lamellar regions

of the P3HT crystallites, leading to an absorption spectrum that resembles that seen with hot solvent

casting by Jacobs et al.6 and that of the purple curve in Fig. 3.1. Thus the UV-Vis-NIR spectrum

in Fig. 3.1a strongly suggests that the elevated solubilzing power of CF has a similar effect to

high-temperature-prolonged solvation of both species, allowing them to assemble into a polymorph
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with π-stacked charge transfer interactions that are separate from the typical ICT geometries seen

for doped conjugated polymers. In addition, the relative intensity of the CTC absorption features

to the P1 polaron peak seen for the pure CF processed condition further indicates a substantial

fraction of the F4TCNQ molecules in the film are no longer undergoing ICT and are instead doping

via CTC formation. It is tempting to attempt to use the measured spectra to quantitatively extract

information about the overall doping level and/or the ratio of ICT to CTC carriers for each set of

processing conditions. However, because these films are doped via sequential deposition, we do

not quantitatively know the overall doping level. We have established previously19 that there is

overlapping peak intensity of the F4TCNQ anion with other absorbing species, and unfortunately,

we do not know the cross-section for any of the absorbing species in doped P3HT films. This makes

it problematic to use absorption spectroscopy directly to quantify the doped species. Despite this,

we will show in Section 3.3.2 below, that we can obtain good estimates of carrier concentrations

from spectroscopy via a more indirect method.

Figure 3.1b also shows that increasing CF content produces a monotonic redshift of the main P1

absorbance peak near 0.4 eV that is concomitant with an increase in the relative intensity of the

IRAV modes located near 0.16 eV, as highlighted by the black arrows. These two spectral features

are hallmarks of greater polaron delocalization and increased carrier mobility.40, 61, 122 We believe

that this results from a solvent annealing effect. CF (b.p. = 61.2 °C) has a higher boiling point

than DCM (b.p. = 39.6 °C), and the extra drying time and increased P3HT solubility during spin

coating likely gives P3HT crystallites more time to order, as we will demonstrate using GIWAXS

data in Section 3.3 below. It is also possible that the more soluble disordered polymer regions,

corresponding to more blue-shifted P1 absorption, are the most likely to be dissolved away upon

exposure to CF. Together, this means that increasing CF content when depositing F4TCNQ both

increases the formation of CTCs but also makes those remaining carriers produced via ICT even

more mobile.
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Figure 3.2: (a) Infrared absorbance of the C≡N stretching modes of F4TCNQ-doped P3HT films as

the dopant is introduced sequentially from solvent blends containing various CF/DCM ratios. The

CTC peak at 2201 cm−1 shows a monotonic increase in relative amplitude as the fraction of CF is

increased for the doping solvent. (b) Electrical conductivity (red squares) plotted against the fraction

of CF in the doping solvent blend. A monotonic decrease in conductivity is observed as an increasing

proportion of CF is used in the doping solvent, despite the fact that the carriers produced by ICT are

becoming more mobile. The ratio of integrated infrared peak area for the CTC peak at 2201 cm−1

to that of the integrated peak area of the central ICT infrared band located near 2185 cm−1 (blue

triangles), both taken from the data in panel a. (c) Estimated ICT carrier mobility (purple trian-

gles), calculated as described in appendix B and Ref. 2 using the energy of the P1 polaron band peak

absorbance. The estimated ICT carrier density (green squares) was calculated from the estimated

mobility and electrical conductivity. Clearly, the presence of CTC states is strongly anticorrelated

with the doped film ICT carrier density.
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3.3.2 Quantifying CTC Formation Using the F4TCNQ C≡N IR Stretching Modes

Two features make the F4TCNQ C≡N vibrational modes particularly well suited for studying CTC

formation: (1) the fact that the frequency of C≡N stretches are known to be highly sensitive to the

local coulombic environment,10, 136 and (2) the fact that the C≡N stretch frequencies occur near

2200 cm−1, which places them in an IR spectral window that is largely absent of other vibrational

modes. Although neutral F4TCNQ has a vibration that weakly absorbs near 2227 cm−1, the fully

anionic species produced by ICT undergoes a mode softening, bringing the vibrational frequency

down to ∼2190 cm−1, as shown in Fig. 3.2a. Because the energy of the C≡N stretching mode is

highly dependent on the charge state of the dopant molecule, FTIR is better suited than UV-Vis-

NIR for quantifying the abundance of partial charge transfer states since the F4TCNQ stretching

vibrational energy associated with CTCs appears at intermediate stretching frequencies just above

2200 cm−1.6, 8, 9 For the case when pure CF is used as the casting solvent, the purple curve in

Fig. 3.2a shows a well-defined peak at 2201 cm−1, clearly revealing the presence of a large fraction

of CTC states for this dopant casting condition.

Consistent with the electronic indications of CTC formation from the UV-Vis-NIR in Fig. 3.1,

Fig. 3.2a shows that as the fraction of CF is increased in the dopant casting solvent blend, the

fraction of CTC states in the doped films also increases. Surprisingly, however, even when using

pure DCM as the dopant casting solvent, the presence of the CTC peak near 2201 cm−1 never

disappears. The ratio of CTC to ICT states, taken from the integrated peak areas in the IR spectrum

and plotted as the blue curve in Fig. 3.2b, reaches 0.04, but never zero. This suggests that for

sequential solution doping, there is always a small population of CTC states formed alongside the

more predominant ICT phase when doping P3HT with F4TCNQ.

It is worth pointing out that the corresponding electronic transitions for the small fraction of CTC

states produced at low CF fractions are not readily identifiable in the corresponding UV-Vis-NIR

spectra. This is due to the already-crowded nature of the electronic spectrum, the small population

of CTCs generated for these doping conditions, and the fact that the CTC electronic absorption

features likely have lower cross-sections than the corresponding ICT features. However, using the

integrated area peak fits from the FTIR spectra, we find that the CTC content can be controllably
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varied in these doped films by a factor of just over 10 as the fraction of CF in the dopant casting

solvent is tuned from zero to 100%.

To better understand how the presence of CTCs affects the electronic properties of F4TCNQ-

doped P3HT films, we also probed the in-plane conductivity of the various doped P3HT films.

Fig. 3.2b (red squares) shows the electrical conductivity of the films as a function of CF composition

in the doping solvent blend. A monotonic decrease in electrical conductivity is observed, going

from 5.6±0.3 S cm−1 when using pure DCM, down to 2.3±0.3 S cm−1 when using pure CF as

the casting solvent, a ∼60% reduction in electrical conductivity.

It is well known that the electrical conductivity is given by, σ = peµ, where µ is the free carrier

mobility, p is the free carrier density and e is the fundamental charge. Recently, we performed an

analysis based on AC Hall effect measurements to show that for P3HT, the energetic location of

the P1 polaron band is strongly correlated with the free charge carrier mobility.2 Thus, we can use

this correlation, along with the measured electrical conductivity and P1 peak position, to estimate

the free carrier density and mobility in our doped P3HT films as a function of CF fraction in the

solvent used to infiltrate the F4TCNQ dopant. The precise way we accomplish this is described in

both Ref. 2, and appendix B, and the results are shown in Fig. 3.2c

The purple triangles in Fig. 3.2c show that as the fraction of CF in the dopant solution is

increased, the estimated free carrier mobility actually increases from 0.036 cm2V−1s−1 for pure

DCM, up to 0.8 cm2V−1s−1 when using pure CF. These values are well within the range of Hall

mobilities that have been measured previously for similarly doped P3HT films.2, 43, 61 Given that the

electrical conductivity decreases with increasing CF fraction, the increase in free carrier mobility

reflects a strong decrease, over 80%, in the density of free carriers produced by ICT, shown as green

squares/right axis in Fig. 3.2c. We note that we spent a great deal of time attempting to quantify the

CTC carrier concentration in these films from absorption, but this is challenging to do accurately

because we do not know the cross-sections of either the vibrational or electronic transitions of either

the F4TCNQ anion or the CTCs. However, if we assume a similar total dopant loading density

across this series of doped P3HT samples, then the drop in free carrier concentration suggests a

CTC dopant concentration of roughly 8×1020 cm−3. Thus, free carriers created by ICT become

more mobile with the use of CF as a doping solvent, but the overall electrical conductivity still
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drops due to the fact that free carriers produced by integer charge transfer are lost via conversion

into CTCs.

Overall, IR spectroscopy and electrical conductivity shows that the use of solvent blends in

seqential doping affords a high degree of control over the relative population of CTCs compared to

ICTs. Simply changing the amount of CF in the solvent used to infiltrate F4TCNQ into a P3HT film

is enough to control the amount of CTCs present, allowing us to study their electronic, vibrational

and structural properties. The fact that we cannot entirely eliminate CTC formation, however, even

using pure DCM as the dopant casting solvent, means that there is still significant room to improve

the electrical properties of doped conjugated polymer films.

3.3.3 The Structure of P3HT:F4TCNQ CTCs via Grazing Incidence Wide Angle X-ray Scat-

tering

To understand the local structures of the crystalline ICT and CTC states, we used 2-D GIWAXS

to probe films sequentially doped from different-composition CF/DCM solvent blends. P3HT is

well-known to lie edge-on to the substrate, with its side chains oriented normal to the substrate and

its π-π stacking oriented in the plane of the film (Fig. 3.3a). Pristine P3HT has a monoclinic crystal

structure where the angle of π-π stacking is tilted with respect to unit cell b axis (Fig. 3.3g).137

Upon doping P3HT with F4TCNQ, Fig. 3.3b shows that the overall edge-on orientation is

preserved, while Fig. 3.3d (red curve labelled ICT) shows that the lamellar scattering peak shifts

to lower q. The red curve in Fig. 3.3e shows that the π-π stacking peak splits into two, with one

peak remaining near the original location and a new peak appearing at higher q.2, 29, 34, 43, 55, 61 All

of these shifts result from a rearrangement of the P3HT crystal structure upon doping, caused by the

incorporation of F4TCNQ into the side-chain regions of the P3HT crystallites. The added F4TCNQ

volume causes a reduction in the tilting of the π-π stacking direction with respect to the b axis and

thus a reduction in the π spacing, as shown in Fig. 3.3h.29

The fact that the dopants prefer to reside in the polymer lamellae (even for dopants that are

physically larger than the lamellar spacing)2, 43 is important for helping to physically separate

polarons from their counterions following ICT. This is because the low dielectric constant of
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organic semiconductors does a poor job of screening the interaction between the charge carriers on

the polymer backbone and the dopant counteranion. When the dopant counterion in a crystallite

is located among the polymer side chains, it is physically as far from the holes on the polymer

backbone as possible, allowing the holes to move more freely.40, 43, 61, 122 Despite the preference

for dopants to occupy the lamellae and thus be physically separated from the polaron, it has been

estimated that only 5 to 10% of holes generated by doping P3HT with F4TCNQ become free charge

carriers.2, 16

In contrast to the ubiquitous formation of ICT states when paired with semiconducting poly-

mers, F4TCNQ usually shows fractional charge transfer when combined with small organic donor

molecules, forming CTCs as mentioned earlier.138–140 Depending on the packing geometry and

driving force for charge transfer, the degree of charge transfer can vary from 0 to 1.131 Similarly,

both experimental5 and theoretical141 work show that conjugated oligomers also have a tendency to

π-stack with F4TCNQ, which means that oligomers show very different structural behavior when

compared to their polymeric counterparts comprised of the same monomer.142

This leads us again to the question of why CTCs form readily in charge-transfer salts, but

much less so in doped conjugated polymers.6, 8, 9, 52, 133 As discussed above, increasing the polymer

solubility by casting at high temperatures6 or forcing dopants out of the lamellae with branched side

chains133 can facilitate CTC formation. Moreover, Neelamraju et al. found that CTC formation can

be the preferred doping mechanism in regiorandom P3HT, which is a highly amorphous material

compared to the regioregular P3HT material studied in this work.8

The spectroscopic characterization presented above shows evidence for the co-existence of ICT

and CTC states in P3HT films sequentially doped with F4TCNQ using CF/DCM solvent blends.

Here, we draw similar conclusions based on structural evidence derived from GIWAXS. We find

that changes in the diffraction patterns emerge as the CF ratio of the doping solvent increases, as

seen in Figures 3.3a-c, (intermediate CF/DCM ratios are shown in Fig. B6 in appendix B). As

the fraction CF in the doping solvent is increased, both the peak positions and widths evolve. In

particular, when P3HT is doped using CF (Fig. 3.3c), the scattering shows unusual broadening of

both the lamellar and π-stacking peaks. In addition, thickness-normalized data in Fig. S8 shows that

the films become less edge-on with higher CF ratios in the doping solvent.
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Figure 3.3: 2-D GIWAXS diffractograms for films of: (a) pristine P3HT, (b) P3HT sequentially doped

with F4TCNQ from 100% DCM, (c) and doped from 100% CF. All samples maintain their edge-on

orientation, but the peak positions, widths and texture all change with doping and with the particular

doping solvent composition. (d) Normalized out-of-plane and (e) in-plane integrations of thickness-

normalized 2-D GIWAXS diffractograms of P3HT sequentially doped with F4TCNQ from blend sol-

vents with different ratios of CF and DCM. The in-plane scattering from the π-stacking region in

panel (e) shows a continuous shift to higher q and a broadening of the peak width as the CF fraction

is increased. The out-of-plane scattering in the lamellar region in panel (d) shows that with increas-

ing CF ratio, a new peak appears at higher q. (f) Integrated GIWAXS peak area ratios for the CTC

(phase II) relative to the ICT (phase I) structures, for both the out-of-plane lamellar (blue points)

and in-plane π-stacking (red points) peaks. The structural trends match with what we deduced from

the infrared C≡N stretch vibrations in Fig. 3.2b. (g) Cartoon of the pristine P3HT crystal structure

showing that the b direction is not precisely parallel to the π-stacking direction. (h) Cartoon of the

ICT (phase I polymorph) structure of doped P3HT, showing how F4TCNQ resides in the lamellar

region of the crystallites and rearranges the unit cell, resulting in a decreased π distance (dpi) and

increased lamellar distance (dla). (i) Cartoon of the CTC (phase II polymorph) structure of P3HT

doped with F4TCNQ. Because the incorporation kinetics are changed when CF is used as the dopant

solvent, F4TCNQ is capable of π stacking with the P3HT backbone, forming an interdigitated lamellar

structure with decreased lamellar and tighter π-stacking distances.
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To better display the structural changes that take place upon doping, Figs. 3.3d and e show

radially-integrated 1-D curves from the corresponding 2-D scattering patterns. Panel d shows

normalized out-of-plane integrations for the lamellar peak for different doping solvent blends.

When P3HT is doped with F4TCNQ using DCM as the casting solvent (red curve), the peak from

the pristine material (black curve) shifts to lower q (higher d spacing), as expected for intercalation

of F4TCNQ into the crystalline lamellae.29, 61 As the fraction of CF in the doping solvent increases,

the ICT lamellar peak remains in the same shifted position, but a shoulder grows in at higher q,

which fits best to a single new peak appearing around 0.44 Å−1 (see Fig. B7a in appendix B for

more details on fitting). This new peak can be assigned to the fundamental lamellar spacing of the

CTC phase.6

Figure 3.3e shows the normalized in-plane integration in the π-stacking region for the same

series of doped P3HT films. Here, we see that when pure DCM is used as the doping solvent (red

curve), the original undoped π peak (black curve) decreases in intensity while a new π peak rises at

1.66 Å−1, as expected when F4TCNQ occupies the lamellar region of the crystallites.29, 61 As the

fraction of CF in the doping solvent increases, the doped-phase π-stacking peak appears to shift to

higher q and slightly broadens. A detailed analysis shows that this results from changes in intensity

of two underlying peaks: the original doped lower-q peak at 1.66 Å−1 (ICT peak) decreases in

intensity while a second peak from the CTC phase appears at 1.84 Å−1 when high fractions of CF

are used (see Fig. B7b in appendix B for fits).

Both the out-of-plane lamellar peak at 0.44 Å−1 and the in-plane π-stacking peak at 1.84 Å−1

closely resemble those of the CTC polymorph described by Jacobs et al.6 This provides structural

confirmation that tuning the fraction of CF in the doping solvent controllably introduces a second

polymorph of doped P3HT (labelled phase II in Fig. 3.3i), which co-exists with the more familiar

ICT phase I structure (Fig. 3.3h). Since the new phase II shows a decrease in lamellar packing

distance as well as a further decrease in π-π distance, we assign it to a CTC structure where

F4TCNQ π-stacks with thiophene rings on the P3HT backbone and the side chains become further

interlocked.6

We note that in previous works, ICT was incorrectly postulated to take place via a π stacking

arrangement.17, 143 This makes the structural data presented here and in Ref. 6 interesting in that we
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can definitively correlate P3HT polymorphs with the F4TCNQ dopant occupying either the lamellar

or the π stacks to two unique charge transfer interactions with distinct spectroscopic and electronic

properties.

With the caveat that GIWAXS only reports on the crystalline regions of a sample (and we

know there can be significant amounts of F4TCNQ in the amorphous regions at high doping

concentrations),43, 67, 114 we can use the ratio of the integrated peak areas for each of the two phases

to estimate their relative abundance. Figure 2.7f shows the ratio of the CTC and corresponding ICT

peaks for both the lamellar (blue data points) and π-stacking (red data points) regions. The ratios of

the two different peaks change in a similar fashion with increasing CF fraction, verifying that they

are indeed reporting on the same new phase.

We believe that this results from the fact that CF’s high dissolving power is capable of swelling

and disrupting the P3HT crystallite structure to a much greater extent than DCM during the

sequential doping process. This disruption allows F4TCNQ to intercalate between the P3HT π-

stacks, producing the phase II polymorph associated with CTC doping. The appearance of the new

phase monitored by GIWAXS also closely matches that monitored by the infrared absorbance of

the C≡N stretch of the F4TCNQ, as shown in Fig. 3.2b. Interestingly, the diffraction peak area ratio

in Fig. 3.3f rises somewhat more gradually than the IR peak area ratio, suggesting that CTC states

formed at lower CF fractions occur with higher probability in disordered regions of the polymer,

and thus affect the GIWAXS data less strongly than the IR absorption.

One additional question is whether the red shift in the P1 band observed in Fig. 3.1b can be

correlated with structural changes observed in GIWAXS. Figures B.6 and B.7 in appendix B show

a systematic decrease in ICT scattering intensity with increasing CF fraction at all compositions

below 100% CF. This decrease is likely due to the conversion of ICT states to CTC states. At 100%

CF, the intensity jumps up, indicating that despite significant CTC formation, the total crystallinity

is also increasing. The fact that high CF fractions can dramatically crystallize formerly amorphous

regions of the polymer is compatible with the idea that smaller amounts of CF can more subtly

increase order in the already-crystalline regions, helping to explain the red shift of the P1 peak

observed in Fig. 3.1b.
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3.3.4 Dopant Infiltration Method & CTC Formation

Now that we have established that CF content can be used to tune the relative amounts of ICT and

CTC formation in F4TCNQ-doped P3HT films, we next explore the effects of different dopant

infiltration methods. In previous work, our group performed a head-to-head comparison of sequential

doping using solution vs. evaporation deposition.11 Evaporation, or vapor doping, involves exposing

a pre-cast polymer film to a flux of dopant vapor created by sublimation. We found that vapor

doping is every bit as effective as solution doping, even for very thick polymer films, and that vapor

doping does a slightly better job of preserving the underlying crystallinity of the polymer film than

solution doping.11

Figure 3.4 shows the IR absorption of two sets of sequentially-doped P3HT films; one set based

on underlying films of 110-nm thickness (red curves) and a second set based on underlying films of

400-nm thickness (blue curves). We have shown previously that due to the spin-coating conditions

for the pure material, the 400-nm-thick films have a higher total crystallinity compared to the

110-nm-thick films.11 We then doped each set of films with F4TCNQ both by solution processing

(solid curves), using 100% DCM as a casting solvent (1 mgml−1), as well as by vapor deposition

(dashed curves) in an evaporator equipped with a QCM thickness monitor to achieve comparable

doping levels. The increased IRAV absorption and red-shift of the P1 band of the 400-nm-thick films

seen in Fig. 3.4a makes clear that the thicker films have a greater degree of polaron delocalization,

and thus increased degree of order.40, 122 Figure 3.4a also shows that choice of sequential doping

method has almost no effect on the degree of delocalization.

Figure 3.4b shows the FTIR spectra of these same films in the F4TCNQ C≡N stretching

region. Unlike the electronic absorption, the FTIR data shows pronounced differences depending

on the sequential processing method employed. The biggest difference is in the relative amplitude

of the CTC band at 2201 cm−1, which is significantly higher for solution doping with DCM

compared to evaporation doping. This suggests that evaporation doping goes further toward

eliminating undesirable CTC formation than solution doping, independent of the initial degree

of film crystallinity. From the perspective of kinetics, solution doping is much more effective at

disrupting the existing P3HT π stacks and thus at facilitating the insertion of CTC dopants. On
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Figure 3.4: (a) FTIR absorption spectra normalized against max P1 intensity for a set of 400 nm thick

(blue curves) and 110 nm thick (red curves) doped P3HT samples. Solid curves designate films treated

by sequential solution doping with F4TCNQ at 1 mgmL−1 from DCM. Dashed curves designate films

doped with F4TCNQ by vapor transport. (b) An inset view of the same set of spectra shown in a)

replotted in the wavenumber range for the C≡N stretching modes. In panel a, the small set of peaks

centered near ∼0.27 eV on the P1 spectrum correspond to absorption of the F4TCNQ vibrational

modes.
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the other hand, vapor transport is a minimally invasive processing technique during which P3HT π

stacks are less likely to be disrupted, causing CTC doping to be largely relegated to the amorphous

polymer regions. In addition, the vapor-doped films show remarkably narrow ICT C≡N stretching

modes, suggesting a more homogeneous population of ICT states. Overall, the data show that the

choice of doping method can also control the extent of CTC formation, which may be important for

many applications.

3.3.5 The Role of P3HT Crystallinity in CTC Formation

One of the strongest advantages of sequential doping is that it allows for a degree of control over

the total crystallinity of a doped polymer film.11, 61 Since the polymer layer is deposited first in

sequential doping, the processing conditions (choice of solvent, spin speed, thermal annealing, etc.)

can be chosen to enhance or reduce crystallinity as desired. In previous work, we examined how

controlling the crystallinity of pre-cast P3HT films affected the electrical and optical properties

after sequentially doping with F4TCNQ.61

Here, we follow those same methods to prepare P3HT films of identical thickness with three

different degrees of crystallinity, whose (undoped) UV-Visible absorption spectra are shown in

Fig. 3.5a. First, we cast the initial P3HT film from CF (prior to doping), which is a rapidly-

evaporating solvent that produces substantially more disordered, lower crystallinity films than

traditional aromatic solvents used for polymer deposition (teal curve). The relatively low crystallinity

is easily verified by the lack of vibronic structure in the UV-Vis144, 145 as well as by GIWAXS.61

Second, we cast the P3HT films using our standard high boiling point solvent o-dichlorobenzene

(ODCB) (orange curve), producing higher-crystallinity films, as evident by both GIWAXS61 and

by the presence of vibronic structure in the UV-Visible absorption spectrum. Finally, very high

crystallinity films were obtained using a specially-synthesized batch of P3HT with nearly 100%

regioregularity,146 also cast from ODCB (blue curve).

Figure 3.5b shows the UV-Vis-NIR absorption spectra of the same three films as panel a after

solution sequential doping with F4TCNQ using pure DCM (1 mgmL−1) as a casting solvent. As

expected, the films with higher crystallinity show a red-shifted main P1 band near 0.4 eV and an
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increased relative IRAV band intensity near 0.16 eV.2, 40, 43, 61, 122 The electrical conductivity, carrier

mobility, free carrier concentration and GIWAXS of films produced this way all have been discussed

in our previous work; the electrical conductivity of the most crystalline film conditions is roughly

seven times higher than that of the least crystalline, as a direct result of improved carrier mobility

with increased crystallinity.61

Figure 3.5c shows the corresponding FTIR absorption spectrum of the F4TCNQ C≡N stretching

modes in these same three doped P3HT films. Interestingly, the main (ICT) anion absorption band

shifts position from 2191 cm−1 in the least-crystalline film (P3HT cast from CF) to 2185 cm−1 in

the most crystalline film (100% RR P3HT). This suggests that the position of the ICT vibronic

absorption band depends directly on the degree of overall crystallinity, with the more ordered

environments producing a red-shifted vibronic band; we will explore this observation in more detail

in future work.

In addition to the shift of the anion absorption associated with ICT, the data in Fig. 3.5c show

the distinct presence of the CTC peak in all three films, as evidenced by its vibronic absorption

near 2201 cm−1. The correlation is clear: the film with the lowest overall crystallinity has the

largest fraction of CTCs, and vice-versa for the most crystalline film. Given that the CTC requires

π-stacking of the dopant and polymer, which is kinetically difficult to achieve in crystallites, it

makes sense that CTC formation is favored in more disordered, amorphous films, where the requisite

π-stacking geometry is easier to achieve.

3.3.6 Thermal Annealing and the Stability of CTC States

The question of the relative thermodynamic stability of CTC and ICT phases in doped conjugated

polymer films has also been a topic of considerable interest. Watts et al. recently argued that CTC

states in P3HT films are thermodynamically preferred9 while Jacobs et al. showed that the CTC

polymorph in their samples rapidly degraded when exposed to light or air, suggesting that the CTC

states are kinetically unstable.6 More recently, Zapata-Arteaga et al. investigated CTC formation

following extended thermal annealing of vapor-doped conjugated polymer films, and ultimately

concluded that samples rich in the CTC phase are more thermally stable.52
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Figure 3.5: (a) UV-vis absorption spectrum of three different P3HT films with increasing crystallinity

controlled by the evaporation kinetics of the solvent used to cast the film or the degree of polymer

regioregularity. (b) UV-vis-NIR/FTIR combined spectrum for the same set of films after sequential so-

lution doping with F4TCNQ from DCM (1 mgmL−1), normalized at the P1 band. (c) Vibrational spec-

tra for the F4TCNQ C≡N stretching mode for the same three films. The CTC peak near 2201 cm−1

clearly shows that lower polymer cyrstallinity is associated with forming more CTC states.
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Because of the control over CTC production afforded by our solvent blend method, we have also

addressed this question here by exploring the effects of thermal annealing. Our goal is to understand

if the CTC phase, once formed, is only kinetically stable or is in fact the thermodynamically

preferred phase. It is known that F4TCNQ can thermally desorb from doped P3HT films upon

exposure to higher temperatures, leading to chemical dedoping of these films.31 Thus, to test the

stability of the CTC phase, we employed only modest heating for a short duration. Utilizing the

full span of CF/DCM solvent blend ratios, films were placed on a hot plate at 80 ◦C for one to five

minutes in a nitrogen atmosphere. The samples were removed promptly after the indicated time and

allowed to cool to room temperature prior to analysis.

Figure 3.6 shows the results of thermally annealing our pure-CF-doped films, which contain the

highest fraction of CTC states, for different durations of time.

Upon heating at 80 °C for 1 minute, the two vibronic absorption peaks near 1.5 eV, and an

additional peak near 3.0 eV all from the F4TCNQ anion actually increase in intensity. This result is

contrary to what is usually seen when annealing doped polymer films, since heating typically leads

to dedoping, resulting in a loss of all absorption features associated with the doped species.31 The

fact that we see increased absorption upon heating indicates that heating reverts the metastable CTC

phase back to ICT. It’s worth pointing out that if CTC states were simply being converted to ICT, we

might expect to see isosbestic points in the spectra following different degrees of thermal annealing.

However, because the thermal annealing process also causes a net dedoping of the P3HT film,

the overall absorption of F4TCNQ− and neutral P3HT are also changing. As such if we continue

thermal annealing at this temperature for 5 minutes, the resulting UV-Vis spectrum loses overall

intensity. More importantly however, the spectrum obtained after 5 minutes of annealing looks

quite similar to that obtained when using pure DCM as the doping solution, indicating that at least

at the level of sensitivity provided by electronic absorption, we can remove the CTC states while

still leaving the majority of the ICT states intact.

Remarkably, GIWAXS patterns of the doped P3HT films (Fig. 3.7a and b) show that the new

CTC phase II polymorph reverts entirely back to the phase I P3HT ICT crystal structure upon

thermal annealing. Both the lamellar peak (Fig. 3.7a) and the π-stacking peak (Fig. 3.7b) lose all

signatures of the CTC structure. These data provide direct structural evidence that the phase II
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Figure 3.6: UV-Visible absorption spectra of P3HT films sequentially solution doped with F4TCNQ

(1 mg mL−1) using 100% CF as the dopant casting solvent. Red curve represents a short annealing

time of 1 minute, while the blue curve represents annealing for 5 minutes. Thermal annealing at 80 ◦C

was carried out in a nitrogen glovebox. Brief annealing for 1 minute shows increased absorbance of

the F4TCNQ anion peaks near 1.5 eV, 3.0 eV and decreased CTC absorption near 2.0 eV, indicating

a conversion of the CTC phase to the ICT phase without a significant loss of total doping. More

extended annealing times lead to overall dedoping as well as a complete loss of the CTC phase.
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Figure 3.7: (a) Normalized out-of-plane and (b) in-plane integrations of thickness-normalized 2D

GIWAXS diffractograms of P3HT films sequentially doped with F4TCNQ from different ratio solvent

mixtures of DCM and CF, subsequently annealed for 5 minutes at 80 °C. (c) Vibrational spectrum for

the C≡N stretching mode after annealing. (d) In-plane conductivity of blend doped P3HT films prior

to (black) and after annealing (red).
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CTC polymorph is a kinetically-trapped phase. Upon thermal annealing, the dopants responsible

for CTC formation physically relocate in the P3HT film and revert to the more preferred integer

charge transfer doping mechanism. Moreover, the thickness-normalized GIWAXS data (appendix B

Figs. B.8c-d and B.9b) show that after low-temperature thermal annealing, both the lamellar and

π-stacking peak intensities for samples doped using CF are higher than those for films processed

from DCM. Even more surprising, the GIWAXS intensities for these annealed conditions are also

higher than the pristine P3HT intensity. Doped P3HT films usually show decreased lamellar peak

intensities because doping usually induces some disordering.43, 61 The increased peak intensity

we see after removing the CTC state (Figs. B8a,b and B9a in appendix B) by thermal annealing

indicates that the original loss of peak intensity after doping from solvents with increasing CF

fraction is due to conversion of ICT states to CTC states and not to induced disorder upon doping.

Indeed, it appears that fundamentally, CF serves as an annealing solvent during the doping process

which favorably rearranges the polymer microstructure. In the ICT state, this increased order can be

observed in the P1 band (Figure 3.1b), and upon thermal conversion of the CTC states to ICT states,

the increased order also can be clearly observed in the diffraction intensity.

Figures B.8c-d in appendix B also show that after thermal annealing, P3HT films doped from

CF become more edge-on than the unannealed films. Since the edge-on geometry is beneficial for

in-plane conductivity, this could also help to explain the conductivity change after thermal annealing

in Fig. 3.7d.

The changes in structure seen by GIWAXS are directly reflected in the optical and electrical

properties of the thermally-annealed doped films. In the FTIR C≡N stretching region, shown in

Fig. 3.7c, the thermally-annealed samples produced with DCM-rich doping solvent mixtures show

little change relative to their unannealed counterparts (shown above in Fig. 3.2a). This suggests

that CTC states formed from CF-poor solvents may be isolated doping sites in amorphous regions

that can more favorably form the CTC π-stacked structure. In contrast, samples fabricated with

CF-rich doping solvents almost entirely lose their CTC vibrational signature at 2201 cm−1 after

thermal annealing. In fact, the vibrational spectra for these CF-rich, thermally-annealed samples

most closely resemble what was seen for our highest-crystallinity predominantly ICT-doped films;

in other words, annealing the samples doped from CF ultimately produces a film whose properties
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match the solution-doped 100% RR P3HT (Fig. 3.5c) or the commercially-available P3HT that was

doped from the vapor phase (Fig. 3.4b). The characteristic narrowing of the principal absorption

peak and relatively small intensity for the CTC peak is a common feature shared across each of

these processing methods and confirms that using CF as a doping solvent actually improves the

overall crystallinity for the remaining P3HT. This also provides additional evidence that ICT

is thermodynamically preferred: modest heating causes a marked reduction in the CTC peak at

2201 cm−1 where dopant molecules that π-stack with the P3HT backbone become free to diffuse

until they can find a more stable configuration in the lamellae to undego ICT.

Finally, Fig. 3.7d shows the electrical conductivity of two series of identical samples doped

from different solvent blends with one series subsequently being thermally annealed. As is typical

for samples that use pure DCM as the doping solvent, thermal annealing decreases the electrical

conductivity from 5.6±0.3 S cm−1 to 2.8±0.3 S cm−1, because thermally-driven desorption of

the F4TCNQ species leads to de-doping.7, 132 In contrast, for the samples sequentially doped from

pure CF, annealing actually causes an increase in electrical conductivity from 2.3±0.3 S cm−1

to 4.8±0.3 S cm−1, nearly the same value measured for unannealed DCM solvent-doped films.

This behavior is also consistent with the idea that brief annealing causes F4TCNQ molecules that

were kinetically locked in the metastable CTC π-stacking phase to revert back to the ICT doping

mechanism, as corroborated by the C≡N stretching spectrum and the structural changes seen with

GIWAXS. The drop in conductivity from any F4TCNQ lost to desorption appears to be more than

compensated for by the increased ICT carrier density and mobility due to enhanced crystallinity.

Further annealing leads to additional dedoping, lowering the conductivity of all the films. An

interesting crossover point exists near the 60/40 (CF/DCM) samples, which can be interpreted as a

steady-state regime where the annealing-induced desorption of F4TCNQ, the thermal conversion of

CTC states into the ICT phase, and any annealing-induced changes in carrier mobility all compensate

to cancel each other out.

In combination, the X-ray, FTIR and electrical conductivity data make clear that the application

of modest heating can convert the CTC phase to the more desirable ICT phase. This shows

that the CTC phase is kinetically accessible only under special processing conditions, but is not

thermodynamically preferred, which means that the application of small amounts of heat for
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short treatment times may greatly improve the performance of devices based on chemically-doped

conjugated polymers.

3.4 Conclusions

Overall, our work shows that even though ICT is the preferred mechanism of charge transfer in doped

conjugated polymers, fractional charge transfer – i.e., CTC formation – also plays a significant,

though sometimes hidden, role. Methods like UV-Vis-NIR and X-ray diffraction are incapable of

detecting the presence of CTC species when they exist in small quantities: the electronic absorption

of CTCs is likely weaker than those of the ICT states, and CTCs may also be associated with

primarily amorphous regions in the polymer film, making them hard to detect via X-ray scattering.

Here, we show clearly that even in the most crystalline P3HT films, produced either using vapor

doping or with 100% regioregular material, we consistently see the presence of at least some charge

transfer complexes after doping with F4TCNQ.

Why are CTCs generally harder to make and study in doped conjugated polymers than in small

molecule/oligomeric charge-transfer salts? The donor species in these charge transfer salts do not

have the large aliphatic side chains needed to confer solubility on most conjugated polymers. Thus,

small molecules and oligomers tend to form co-crystals with electron acceptors that allow for the

close spatial contact needed for wave function overlap and CTC formation. For conjugated polymers,

there is not only much more space to place acceptors in the lamellae, but lamellar placement leads to

much less disruption of the polymer crystal structure and polymer-polymer π-stacking than insertion

into the π-stacks, as outlined in Figs. 3.3g-i.

The propensity for CTCs to form in doped conjugated polymers is directly related to the degree

of polymer swelling that takes place during the doping process, which in turn is linked to the fraction

of amorphous regions. Indeed, we see that the relative abundance of CTCs in doped polymers

increases with film swellability (and is minimized with evaporation doping), strongly suggesting

that CTCs primarily reside in the disordered regions of the polymer film. This explains why CTC

phases are rarely seen via GIWAXS, since it is difficult to form them in large crystallites without

specially controlling the processing, such as our use of CF, or via high temperature processing as
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demonstrated by Jacobs et al.,6 or by specifically preventing lamellar intercalation through the use

of branched side chains.133

The key observation in this work is that simple adjustment of the composition of the sequential

processing solvent used to introduce the dopant can greatly influence the observed doping mecha-

nism. The use of CF as a doping solvent likely redissolves the underlying polymer film and thus

provides a route for the thermodynamically-disfavored CTC state to form by initiating π-stacking

between the dopant and the polymer in the disordered, partly dissolved state, and then preserving

the kinetically-trapped π-stacked structure into the solid state. This is likely the same mechanism

that occurs in the high-temperature processing employed by Jacobs et al.,6 but should prove much

easier to control for others to reproduce and further study. Moreover, we also presented a recipe

– modest thermal annealing for a brief period of time – to remove CTC states and convert them

to the ICT phase without significant dedoping, providing a simple way to improve the electrical

performance of doped conjugated polymer films.

Moreover, our results are reassuring in that they confirm that for conjugated polymers, doping

overwhelmingly takes place by integer charge transfer. This is because under normal sequential

doping conditions, the dopants prefer the lamellae, where they remain far from the extended π-

system of the polymer. Thus, the addition of side chains to conjugated polymers meant to confer

favorable solubility also happens to control the preferred type of charge transfer interaction. This is

consistent with conclusions we drew when exploring the doping of P3HT films with dodecaborane

acceptors that are larger in size (∼2 nm) than the polymer lamellar spacing (∼1.6 nm) but still

prefer to reside in the lamellar region.2

Finally, when comparing dopant infiltration methods, vapor doping showed the smallest fraction

of CTC states generated, independent of the degree of pre-formed polymer crystallinity. In a certain

sense, vapor doping provides the absolute minimum kinetic facilitation for CTC doping, helping to

explain why this method produces a notably smaller quantity of CTC states. Additionally, it seems

clear that under normal solution sequential doping conditions, the majority of CTC states are located

in the amorphous polymer regions, and that the fraction of amorphous polymer will, in fact, also

dictate the overall fraction of doping that takes place via the CTC mechanism. This work suggests

that to minimize the occurrence of CTC states when sequentially doping with F4TCNQ, one should
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strive for the highest crystallinity polymer possible, and carry out the sequential doping process

by thermal evaporation, followed by brief low-temperature thermal annealing. These processing

guidelines create the most conducive environment for maximizing both the equilibrium free carrier

concentration as well as charge carrier mobility in these materials.

3.5 Supporting Information

Supporting Information includes detailed information on materials used, fabrication & doping of

polymer films, optical & electrical measurements, F4TCNQ C≡N vibrational spectrum & peak

fitting details, and GIWAXS measurements of doped polymer films. These can all be found in

appendix B.
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CHAPTER 4

Measuring the Vibrational Stark Effect in Chemically Doped

Semiconducting Polymers

4.1 Introduction

Chemical doping of conjugated polymers has emerged as a viable method for tuning the electronic

properties of organic electronic devices such as thermoelectrics and photovoltaics.22, 63, 64, 123, 124 In

the simplest case, p-type doping of polymer-based semiconductors can be achieved through the

introduction of strong oxidizing agents whose LUMO levels are energetically lower than than the

HOMO levels of the semiconducting polymer. This leads to doping via integer charge transfer

(ICT), where each dopant molecule removes an electron from the polymer π-system, producing both

a cationic hole that can delocalize along the conjugated backbone (also referred to as a polaron) and

a counterion formed from the reduced dopant. A variety of recent work has suggested that the ICT-

separated hole and dopant counterion Coulomb interaction plays a fundamental role in determining

the carrier behavior in doped conjugated polymers: the stronger the Coulomb interaction, the lower

the polaron delocalization and carrier mobility.2, 40, 43, 44, 46, 58–61 The experimental evidence for

charge carrier-counterion interactions, however, is indirect, based mostly on features observed in the

polaron mid-IR absorption spectrum. Thus, one of the goals of this paper is to provide a means by

which to directly measure the local electric fields experienced by polarons and dopant counterions

in doped conjugated polymers.

The approach we take is enabled by the fact that the strength of the Coulomb interaction

between polarons on the conjugated polymer backbone and dopant counterions is actually recorded

in the vibrational spectra of certain dopant anions. Our first hint that this might be possible comes

from previous work both by our group12 and others3, 4, 6, 8, 9, 52, 53, 133, 147, 148 who have used the
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nitrile stretching vibrational spectrum of the 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane

(F4TCNQ) dopant as a diagnostic tool for tracking the doping mechanism in conjugated polymers,

which takes place either via ICT or by the formation of charge transfer complexes (CTCs). These

nitrile stretching modes have the advantage that they appear in a mid-IR spectral ‘window’ where

no other molecular vibrations appear, so that they are relatively easy to measure and characterize.

In the context of studying CTCs, the nitrile stretching modes of the neutral F4TCNQ molecule

undergo a predictable softening in their resonant vibrational energy that is roughly proportional

to the oxidation state of the molecule. As a result, vibrational absorption at intermediate energies

between the neutral and anionically-charged species is understood to represent a fractional charge

transfer state for the dopant molecule.

Another clue comes from the work of Hase et al.,7 who recently studied the nitrile stretching vi-

brational spectrum of the F4TCNQ radical anion inside blend-doped films of poly(3-hexylthiophene-

2,5-diyl) (P3HT). These workers showed that the amplitude of certain F4TCNQ− vibrational

features can change quite dramatically (and even disappear) when the doped films are subjected to

thermal annealing cycles. This demonstrates that the precise vibrational spectrum of the F4TCNQ

dopant anion is in fact dependent on the local structural morphology. As a result, it has become

increasingly clear that the F4TCNQ vibrational spectrum can change in subtle ways as a result of

the charge state of the molecule and the local structural morphology in which it resides.

In this paper, we provide a comprehensive picture of the Coulomb interactions in F4TCNQ-

doped P3HT films that links the behavior of the F4TCNQ nitrile vibrational spectrum to the degree

of polaron delocalization in the doped polymer, the local structural disorder, and the polaron-dopant

Coulomb interactions that ultimately affect the charge carrier mobility. We show that the counterion

vibrational spectrum is directly influenced by the local electric field emanating from the nearby hole,

and thus can serve as an exquisite reporter of the degree of polaron delocalization on the nearby

conjugated polymer.

We then argue that the behavior of the F4TCNQ− nitrile stretching modes can be quantitatively

described using the framework of the vibrational Stark effect (VSE). There is a rich existing

literature using the vibrational Stark shifts for a variety of nitrile, carbonyl, and other groups to

directly measure the local electric fields experienced in biological systems,149–161 self assembled
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monolayers,162–166 solvated ion pairs,167–169 and other applicationas.170–172 Thus, by measuring

the vibrational Stark shift of the nitrile stretches on the F4TCNQ anion across a range of doped

P3HT environments, we are able to directly infer the anion-hole separation distance and to correlate

the electric field experienced by the dopant anion directly with the degree of polaron coherence.

Overall, we show in this work that the F4TCNQ radical anion is more than just a dopant counterion,

it also serves as a sensitive vibrational Stark probe, reporting directly on the strength of the local

Coulomb interaction with polaronic charge carriers in doped P3HT.

4.2 The mid-IR Spectroscopy of F4TCNQ-Doped P3HT Films

We have previously shown that sequential processing, casting the polymer film first and then

infiltrating the dopant in a second solution- or gas-phase step, is a versatile technique capable

of producing high-quality doped polymer films.2, 11, 19, 43, 44, 61, 66, 67 This method also allows for

tuning the degree of crystallinity in doped conjugated polymer films. For example, doped P3HT

crystallinity can be tuned either by changing the processing conditions of the pre-cast polymer

film,61 or by careful choice of the solvent used in the subsequent doping step.12

Figure 4.1a shows a series of mid-IR absorption spectra for F4TCNQ-doped P3HT films

where the solvent used to introduce the dopant is comprised of a mixture of chloroform (CF) and

dichloromethane (DCM). By varying the blend ratio of these two solvents, we can exert a high

degree of control over the resultant morphology. In previous work, we used grazing incidence

wide-angle X-ray scattering (GIWAXS) to characterize the crystallinity of these films, and found that

although the morphology and even the doping mechanism both become associated with increased

amorphous regions as CF content increases in the doping solvent, the ordered regions that remain

become more highly crystalline.12 This is due to the strong dissolving power of the CF solvent,

which effectively allows for recrystallization of the ordered fractions of the pre-cast P3HT film that

remain following doping. Thus, the crystalline domains that do survive have a much higher average

polaron coherence length than those in films prepared with doping solvents where redissolution

does not occur.12

The crystallinity of F4TCNQ-doped P3HT films also can be manipulated during the initial
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polymer spin-coating step, as shown in Figure 4.1b. In this case, we exploit both the polymer

regioregularity and the polymer casting solvent drying kinetics to control the polymer order. We

previously have used GIWAXS to show that when a commercial P3HT film is cast from CF, a fast-

drying solvent, the resultant polymer film is highly amorphous with relatively little crystallinity.61

In contrast, when commercially-available P3HT is cast from the more slowly-drying solvent o-

dichlorobenzene (ODCB), the films have more time to order and become more crystalline. Finally,

by using a specially-synthesized batch of P3HT with virtually 100% regioregularity,61, 146 cast

from ODCB, we can obtain highly crystalline P3HT films (Please see appendix C for experimental

details). We also showed that when the film crystallinity is tuned this way, the crystalline regions

of the polymer dope first, and the amorphous regions only become doped at very high doping

concentrations after the crystalline regions are filled.61

4.2.1 Spectral Signatures of P3HT Polaron Coherence Following Doping with F4TCNQ

Spano and co-workers have developed a theory for doped conjugated polymers that describes how

changes in the energetic and structural disorder of a polymer affect polaron coherence, that is, the

degree to which the polaron is delocalized along the P3HT backbone or possibly between adjacent

π-stacked P3HT chains.40, 58–61 The theory indicates that as the polaron coherence changes, there is

a corresponding shift in both the position and shape of the mid-IR polaron electronic absorption

spectrum. In this model, one of the primary features that affects the polaron coherence length is

the strength of the Coulomb interaction between the positively-charged, delocalized hole on the

polymer and the corresponding counter-charge located on the dopant molecule. The model is able

to reproduce experiment remarkably well for a variety of conjugated polymer-dopant pairs.40, 58–61

In the present work, the most crystalline of the F4TCNQ-doped P3HT samples (Fig. 4.1 purple

curve in panel a and light green curve in panel b) show characteristic P3HT polaron absorption from

highly-ordered environments. Since the hole is better able to delocalize in such environments, there

is less Coulomb attraction between the hole on the polymer and dopant counterion, as discussed

further below in section 4.3.1. This weakened Coulomb interaction and larger coherence lengths are

manifest spectroscopically by both increased relative absorption intensity for the ‘A’ peak (the rough
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Figure 4.1: (a) Normalized mid-IR electronic absorption spectra for P3HT films sequentially doped

with F4TCNQ (1 mg mL−1) from solvent blends comprised of CF and DCM. (b) Normalized mid-IR

electronic absorption spectra of doped P3HT films where the initial films are created to have a range

of crystallinities and then subsequently doped with F4TCNQ (1 mg mL−1) from DCM. For the blue

and dark green curves, commercially-available P3HT with a regioregularity of 91− 94% was used,

and the relative film crystallinity was controlled by varying the drying time of the casting solvent.

A specially-synthesized batch of P3HT with virtually 100% regioregularity was cast from ODCB to

obtain the most ordered conditions shown in light green. (See appendix C for x-ray-based structural

characterization). The A/B spectral ratio (see text) for both panels a and b can be estimated on the

vertical axis by following the horizontal dashed lines. (c) F4TCNQ nitrile stretch vibrational spectra of

the doped films in panel a (also directly visible in panel a as tiny peaks near 0.27 eV). The shaded gaus-

sians correspond to peak fits for the conditions using 100% CF as the doping solvent, reduced to 0.3

intensity for ease of viewing (see appendix C for fitting details). (d) F4TCNQ nitrile stretching vibra-

tional spectra of the doped films in panel b. (e) Scatter plot displaying the experimentally-measured

A/B ratio for the samples in panels a and b plotted against the vibrational energy of the F4TCNQ−

B1u mode. (f) Scatter plot displaying the A/B ratio for all the samples in panels a and b plotted against

the peak width of the F4TCNQ− B2u vibrational mode.
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feature centered near ∼0.16 eV), and a shift to lower energies for peak ‘B’ (the main, smoother

feature that peaks between 0.35 and 0.55 eV).

In contrast, the curves in maroon (panel a) and blue (panel b), which are for the most disordered

doped P3HT films, show mid-IR absorption spectra characterized by a relatively low absorption

intensity of the A peak and a shift of the B peak to higher energies. This is a hallmark of poor

polaron coherence.40, 58–60 Because the amplitude of peak A decreases relative to peak B with

increasing hole localization, the amplitude ratio of peaks A/B becomes a simple metric for tracking

changes in polaron delocalization in doped conjugated polymers.40, 58–60

For the method of controlling morphology by adjusting the doping solvent (panel a), the A/B

ratio increases from A/B = 0.55 when casting F4TCNQ from pure DCM, up to A/B = 0.81 when

casting the dopant from pure CF. When altering the morphology during the polymer casting step

(panel b), the change in the A/B ratio is nearly identical, with A/B = 0.56 when the polymer is cast

from CF and A/B = 0.81 for slow-dried films fabricated from 100% regioregular P3HT. Due to the

relatively small physical size of the F4TCNQ anion, the Coulomb interaction between the anion and

the hole polaron has enough strength that increasing the local order of the polymer can only tune

the degree of polaron delocalization over a somewhat limited range compared to what is achievable

with larger dopants.2, 43

The theory developed by Spano and co-workers provides a direct connection between polaron

coherence lengths and spectral A/B ratios.59 In this work, we will quantitatively estimate the polaron

coherence by measuring the strength of the electric field between the F4TCNQ− counterion and the

hole polaron on P3HT. Our approach is possible because the theoretical relationship between the

A/B spectral ratio and polaron coherence is predicted to be roughly linear across a wide range of

coherence length values.59 For our doped P3HT films with different degrees of order, the measured

A/B ratios ranged from ∼0.55→ 0.81, which should correspond to a ∼25% increase in the average

polaron coherence length.59 In the sections that follow, we will show how shifts in the energy of the

F4TCNQ vibrational modes allow us to map out the local electrical fields in doped P3HT films to

precisely determine the change in polaron coherence length.
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4.2.2 The F4TCNQ− Nitrile Vibrational Spectrum in Doped P3HT Films

F4TCNQ− has two IR active vibrational modes with significant oscillator strength in the so-called

transparent window between 1800 and 2500 cm−1: these are C≡N stretching modes with B1u

and B2u symmetry (Figure 4.2a) that in doped P3HT films occur near 2190 cm−1 and 2170 cm−1,

respectively. An example IR spectrum of F4TCNQ-doped P3HT produced by sequential processing

is shown in Figure 4.2b. Meneghetti and Pecile have noted that the location and geometry of the

nitrile substituents on this molecule make these two vibrational modes uniquely susceptible to their

local environment.136 In fact, this susceptibility to local environment should make these modes

relatively poor indicators for quantitatively measuring the degree of charge transfer, a subject of

much recent interest.4, 6, 8, 9, 12, 52, 53, 133, 147, 148

The literature on the vibrational spectroscopy of the F4TCNQ radical anion inside films of doped

P3HT shows that the two nitrile stretches can absorb at a variety of locations.3–9 In Figure 4.2c,

we have reproduced the IR spectra of F4TCNQ− in doped P3HT films taken from seven different

recent sources in the literature; it is clear that different groups observe different F4TCNQ anion

vibrational spectra for what is nominally the same doped polymer system.

All of the data shown in Fig. 4.2c were taken on films prepared by blend doping, where the

polymer and dopant were mixed together in solution prior to casting. This method has the advantage

of providing a precise dopant to monomer ratio, but suffers from several drawbacks, including

yielding a very poor film morphology, as we have discussed elsewhere.11, 19, 61 We can see that for

blend casting, the B1u and B2u modes usually appear near 2194 cm−1 and 2170 cm−1, respectively.

However, the spectra in Fig. 4.2c show an additional vibrational peak between these two modes,

centered near 2185 cm−1. The specific origin of this peak has been a topic of some debate.3–6, 8, 9

In early work, this 2185 cm−1 peak was tentatively assigned to a C≡N stretching mode of Ag

symmetry,3, 147 which would require a break in planarity of the F4TCNQ anion. Such a non-planar

geometry might occur if F4TCNQ doped P3HT in a π-stacking arrangement.142 The more recent

consensus, however, is that F4TCNQ− resides in the lamellar side-chain regions of the doped P3HT

crystallites,7, 11, 21, 29, 34, 42, 44–46, 53, 55, 61 so that the 2185 cm−1 mode must result from some other

phenomenon.9
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Figure 4.2: (a) Atomic displacement vectors for the two F4TCNQ C≡N vibrational modes with B1u

and B2u symmetry. Compression and expansion of the C≡N bonds is indicated red and blue arrows,

respectively. The difference dipoles (green arrows) for these two modes point along the long axis of the

molecule for the B1u mode and across the short molecular axis for the B2u mode. (b) FTIR spectrum

of the F4TCNQ– 1 radical anion inside sequentially solution-doped P3HT (with the dopant cast from

1 mgmL−1 n-butyl acetate) and (c) inside blend-doped P3HT samples taken from various literature

references, in descending order on the legend: Pingel et al. (3), Ghani et al. (4), Mendez et al. (5),

Jacobs et al. (6), Hase et al. (7), Neelamraju et al. (8), Watts et al. (9).
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One important clue to the assignment of the 2185 cm−1 peak comes from Hase et al.,7 who

showed that upon exposing F4TCNQ-doped P3HT films to extended thermal annealing cycles, the

B1u absorption feature near 2194 cm−1 becomes reduced in amplitude, leaving behind the peak

near 2185 cm−1 and the B2u mode near 2170 cm−1. Watts et al. subsequently noted that if the

unknown peak near 2185 cm−1 did belong to an Ag mode, then the two features near 2185 cm−1

and 2194 cm−1 should show similar behavior upon annealing.9 The fact that annealing causes a loss

in amplitude only for the 2194 cm−1 mode suggests that this vibrational feature is associated with a

structure that can change upon annealing. Thus, it seems far more likely that the two features near

2185 cm−1 and 2194 cm−1 both belong to the B1u mode, where the specific vibrational energies are

reporting something about variations in the local structural environment.

With the idea that the F4TCNQ− nitrile stretching modes shift with their local environment, we

can examine how the doped film processing method, which controls P3HT crystallinity and polaron

delocalization, affects the resulting dopant nitrile vibrational spectrum. Figure 4.2b shows the

intensity-normalized nitrile vibrational spectrum of the F4TCNQ radical anion inside sequentially-

doped P3HT using the relatively non-interacting solvent n-butyl acetate to infiltrate the dopant

at a concentration of 1 mgmL−1. It’s clear from comparing panels b and c in Fig. 4.2 that the

dopant anion vibrational spectrum for sequentially-doped films is considerably different from those

obtained from blend doping. Rather than seeing two peaks for the B1u mode distributed between

2194 cm−1 and 2185 cm−1, the sequentially-doped film shows only a single feature centered at

2187 cm−1. This suggests that for sequential processing, which under these conditions produces

more ordered doped P3HT films, the dopant molecules have a singular well-defined geometry in

the polymer crystallites. The higher-energy B1u peak near 2194 cm−1, in contrast, must belong to

anions that Coulombically trap the hole in the morphologically-disordered polymer regions that

predominate in blend-cast doped films.

4.2.3 Correlation Between Polaron Coherence and F4TCNQ− Vibrational Spectrum

Now that we have established a basis for understanding how the doped polymer structural environ-

ment should affect the vibrational spectrum of F4TCNQ−, we can consider how the local degree
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of order and polaron coherence affect the nitrile stretching frequencies. Figure 4.1c shows the

vibrational spectrum of the F4TCNQ radical anion inside P3HT films sequentially doped with

F4TCNQ cast from CF/DCM solvent blends. We see that when the dopant is infiltrated from pure

CF, the principle B1u nitrile absorption feature occurs with νmax = 2185 cm−1 (purple curve). As

the polaron becomes increasingly localized by increasing the fraction of DCM in the doping solvent,

the B1u vibrational peak monotonically shifts to νmax = 2189 cm−1 (maroon curve). It is worth

noting that even in these high-DCM processed P3HT films, which are the most disordered made by

sequential doping, the B1u mode is still five wavenumbers lower in energy than the 2194 cm−1 peak

seen in the even more disordered blend-doped P3HT films.

When we analyze the principal vibrational features in the sequentially-doped films seen in

Fig. 4.1c in more detail, we see that they are actually best fit to two gaussians: a dominant feature

that shifts between 2188 and 2185 cm−1 (shaded purple curve reduced to 0.3 intensity) and a smaller

shoulder (shaded maroon curve) located near 2194 cm−1 (see appendix C for fitting details). As

the polarons in the crystalline regions become more delocalized by increasing the fraction of CF,

the intensity of this small peak shoulder near 2194 cm−1 monotonically decreases and disappears

entirely when the dopant is cast from 100% CF. The fact that the peak near 2194 cm−1 decreases

with a higher fraction of CF solvent and thus increasing local crystalline order fits well with the

notion that this higher-energy peak is associated with highly localized polarons, which are more

likely to exist in more disordered polymer regions. This also helps to explain why the peak near

2194 cm−1 presents so prominently in films produced by blend doping, since blend-cast films are

expected to have a broader distribution of morphological states.

A similar trend for the F4TCNQ− B1u vibrational mode also occurs when the doped polymer

crystallinity is tuned by changing the how the polymer film is cast (with the dopant solvent held

constant), as shown in Figure 4.1d. When the underlying P3HT film is 100% regioregular and

cast from ODCB, the F4TCNQ− B1u mode has νmax = 2186 cm−1. As the polaron becomes more

localized when the initial P3HT film is cast from CF, we see the B1u mode shift up to νmax =

2191 cm−1.

For both sets of doped P3HT films, we see a remarkably strong correlation between the P3HT

polaron coherence, as measured by the A/B spectral intensity ratio, and the position of the F4TCNQ−
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B1u nitrile stretch, as summarized in Fig. 4.1e. This correlation is one of the principal results of

this work: the position of the B1u stretching peak of the dopant provides a local measure of polaron

coherence on the polymer.

As an aside, we note that in both sets of doped P3HT films, we see an increased amplitude for

the F4TCNQ CTC vibrational peak near 2200 cm−1 with increasing polymer disorder.12 The reason

the CTC peak becomes more prominent when the doping solvent has an increasing fraction of CF

is because the use of CF as a sequential doping solvent causes significant disruption of the P3HT

crystal lattice. This is what both increases the total fraction of disordered regions and also increases

the order of the crystalline regions that remain.12 When using more common and milder processing

solvents however, it is clear that CTC formation is mostly limited by the amount of disordered

polymer regions.

For the subset of our F4TCNQ-doped P3HT samples where the F4TCNQ− B2u mode did not

have a neighboring low-energy shoulder (which has been previously attributed to the B3g mode

near ν = 2160 cm−1,4, 10 or simply remained an unassigned mode8, 9) we can cleanly fit both the

position and width of the B2u peak. We find that the vibrational energy of this mode does not shift

in different P3HT environments, always remaining within a 2 cm−1 range. However, we do see that

the full width at half maximum (FWHM) of the F4TCNQ− B2u feature broadens from 8.1 cm−1

for doped P3HT films with the most localized polarons (lowest A/B ratio) up to 12.5 cm−1 for

doped films with the most delocalized polarons (highest A/B ratio), as summarized in Figure 4.1f.

The fact that it is the peak width of the B2u mode that correlates with polaron coherence, not the

peak vibrational energy, provides another crucial piece of information that will allow us to quantify

both the orientation of the F4TCNQ anion relative to the P3HT polaron and the degree of polaron

delocalization.

Although the two series of doped P3HT films we have studied modify the local polymer

crystalline order during different processing steps, they show a similar range of polaron coherence,

as evidenced by the A/B spectral ratio, and a similar behavior of the B1u and B2u vibrational modes,

summarized in Figures 4.1e and f. For the most locally-ordered P3HT films from each set (100% RR

pre-cast P3HT film and commercial P3HT with the dopant cast from 100% CF) the mid-IR spectra

have an identical A/B ratio of 0.81 and correspondingly similar B1u vibrational peak positions of
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2185−2186 cm−1 as well as similarly broad B2u vibrational peak widths of ∼12.2−12.5 cm−1.

This represents the highest A/B ratio, smallest B1u vibrational frequency and broadest B2u peak

width that we have observed for this polymer-dopant combination. Thus, it is likely these values are

approaching the fundamental upper limit for polaron delocalization when F4TCNQ is used to dope

highly-ordered P3HT.

Why would there be a fundamental upper limit to polaron delocalization? We expect polaron

delocalization to be determined by two primary factors: (i) the inherent energetic disorder due to

structural imperfections in the polymer crystallites, and (ii) the strength of the Coulomb interaction

between the hole and dopant counteranion.40, 58–60 Since the dopant preferentially occupies crys-

talline regions of P3HT films,11, 61 the distance between the anion and the polymer backbone, danion,

depends mainly on the physical size of the anion.2, 43 For the doped P3HT samples whose properties

are shown in Fig. 4.1, danion is essentially fixed, so the increases we see in polaron coherence and

the corresponding changes in the vibrational modes must result from increases in the local structural

order of the polymer.

All of this means that the extent of polaron delocalization in the most-ordered polymer regions

is limited by the minimum possible strength for the hole-counterion Coulomb interaction. F4TCNQ-

doped P3HT has a lamellar spacing of 17Å,12, 61 so the maximum possible dopant-polaron distance

is ∼8 Å. Because of this relatively short distance, the Coulomb interaction from F4TCNQ− always

causes some localization of the polaron beyond what is intrinsically allowed by a highly ordered

polymer structure.59, 61 This explains why the F4TCNQ-doped P3HT system has a relatively limited

doping efficiency and carrier delocalization,16 and why the use of physically larger dopants that

screen the coulomb interaction can produce polarons with even greater delocalization in P3HT (A/B

ratios greater than unity).2, 43 The idea that dopant anions can only reside in a limited set of places

also helps to explain why F4TCNQ-doped P3HT films always display some absorption of the most

weakly-shifted B1u nitrile peak near 2185 cm−1: even in blend-cast films with a relatively poor

overall morphology, there are always a few doped P3HT crystallites with a reasonable degree of

order.
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4.3 F4TCNQ and the Vibrational Stark Effect

Now that we have established a clear correlation between the behavior of the C≡N vibrational

stretches of F4TCNQ− and the degree of polaron coherence in doped P3HT films, we can turn our

attention to considering the mechanisms that cause these changes to take place.

The central thesis of this paper is that the blueshift of the B1u mode and broadening of the B2u

mode with increasing A/B ratio occur as a direct result of the vibrational Stark effect (VSE). The

VSE arises from the interaction between a molecule’s vibrational mode and an externally-applied

electric field. If vibrational excitation of a particular mode changes the dipole of the molecule, then

the difference dipole vector between the ground and excited vibrational states can interact with

the aligned component of an external electric field, causing a shift in the resonant energy for that

vibrational mode. Since external fields are usually weak relative to the internal fields that hold a

molecule together, the VSE can be well described by first-order perturbation theory, and the shift of

the vibrational frequency is roughly linear with the local field strength.

The VSE is well studied in the literature, and its primary use has been to better understand

the electric fields present in biological systems.149–161 The VSE also has been recently used to

directly study ionic interactions in solution, allowing researchers to determine if dissolved salts

exist as contact ion pairs, solvent-separated ion pairs, or truly free solvated ions.167–169 In many

applications, VSE probes are simple alkyl-nitrile substituents, for which the difference dipole is

aligned along the internuclear axis of the C≡N triple bond. The F4TCNQ anion, in contrast, has two

pairs of nitrile groups arranged so that the ground state molecule has no net dipole moment. Figure

4.2a shows the atomic displacement vectors for the F4TCNQ− B1u and B2u nitrile stretching modes

with bond compression indicated in red, bond expansion in blue, and the difference dipole vectors

in green. The difference dipole vector for the B1u mode points along the long axis of the molecule,

while that of the B2u mode points transversely across the short axis. So although F4TCNQ was

not specifically designed for this purpose, it’s clear that this dopant molecule contains all of the

essential machinery required to operate as a vibrational Stark probe.
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Figure 4.3: Cartoons illustrating how the electric field from a variety of polaron geometries influences

the vibrations of the F4TCNQ anion. (a) A localized P3HT polaron centered along the dopant-polymer

axis produces a strong electric field aligned with the F4TCNQ− B1u difference dipole, resulting in a

VSE shift to a higher vibrational energy. The centered geometry has no electric field component

aligned along the B2u difference dipole, so there is no VSE shift of that mode. (b) A localized P3HT

polaron with a slightly off-axis geometry slightly lowers the electric field component experienced by

the B1u vibration and slightly increases that experienced by the B2u vibration, leading to a slight broad-

ening of both modes. (c) A more delocalized P3HT polaron centered along the dopant-polymer axis

exerts a lower field strength on the F4TCNQ anion than the localized polaron case in panel a, resulting

in a smaller VSE shift of the B1u mode, which appears at a lower vibrational energy. (d) A more de-

localized P3HT polaron with an off-axis geometry has little effect on the B1u mode, but the increased

electric field component along the B2u mode leads to an increase in VSE broadening.
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4.3.1 Coulomb Interactions and the Vibrational Stark Effect in F4TCNQ-Doped P3HT

Films

The fact that the difference dipoles of the B1u and B2u modes point in perpendicular directions

allows us to directly infer the orientation of the dopant anion relative to the polaron on the polymer

backbone that generates the local electric field. As mentioned above, X-ray diffraction work from

several groups has determined that F4TCNQ− sits in the lamellar side-chain regions of the P3HT

crystallites.7, 11, 21, 34, 42, 44–46, 53, 61 In addition, Brinkmann and co-workers, who study rub-aligned

F4TCNQ-doped P3HT films using polarized absorption spectroscopy, have shown that the long axis

of the F4TCNQ− anion sits perpendicular to the polymer backbone.29, 55, 57, 68, 69 This means that

the difference dipole vector of the B1u mode is oriented parallel to the electric field lines emanating

from the hole on the polymer backbone (Figure 4.3), while that of the B2u mode lies perpendicular

to the local field.

Fig. 4.3a and c illustrate how the VSE shifts the resonant energy of the F4TCNQ− B1u mode

in direct response to changes in the magnitude of the P3HT hole-generated electric field. At fixed

danion, the strength of the field will decrease as the polaron becomes increasingly delocalized. This

provides a simple explanation as to why the frequency of the F4TCNQ− B1u mode, whose difference

dipole is oriented parallel with the field lines from the polaron, exhibits a strong vibrational Stark

shift in response to changes in polaron coherence length (i.e., with A/B spectral ratio, as seen in

Fig. 4.1e).

In contrast, the peak vibrational energy of the F4TCNQ− B2u mode does not change with polaron

coherence length, it only broadens. This is because the orientation of the B2u mode difference dipole

is mostly orthogonal to the hole-generated electric field. This means that any Coulomb interaction

between the polaron and the difference dipole of this mode must originate from an off-axis electric

field component. In the simplest case where the polaron is centered on the polymer-dopant axis

(Fig. 4.3a and c), there is no net off-axis field component that might be aligned with the B2u mode,

explaining why this peak does not shift in response to changes in polaron coherence.

However, there is no guarantee that a polaron will always be centered along the dopant-polaron

axis; in fact, we expect some degree of along-the-chain disorder of the dopant location relative to
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the polaron position in F4TCNQ-doped P3HT films. When such lateral disorder is present, the

F4TCNQ anion is not exactly centered relative to the polaron. This means that the magnitude of

the polaron Efield component aligned with the B2u difference dipole will increase not only with the

amount of off-center displacement, but also with the degree of polaron delocalization, as illustrated

in Fig. 4.3b and d. If the total lateral disorder is modest, the result will be a net broadening of

the B2u mode rather than a shift, exactly as observed in Fig. 4.1f. This is because on average, the

polaron is still centered relative to the location of the anion, so the off-axis component is relatively

weak compared to the field strengths experienced along the B1u difference dipole direction.

It makes sense that there should be a relatively strong correlation between the width of the

F4TCNQ− B2u nitrile stretch and the degree of polaron delocalization, but it is also possible that

broadening of the B2u mode might occur if the dopant anions had significant orientational disorder

relative to the direction of the electric field from the polaron. If there were orientational disorder,

however, the B2u peak would be expected to narrow as the degree of local polymer crystalline order

increased. Instead, we observe the opposite: the B2u peak broadens as the polymer film becomes

more ordered. This verifies that the observed correlation of the anion vibrational spectrum with the

delocalization of the polaron indeed comes from the most ordered regions in the doped films and is

not representative of orientationally-disordered areas of the film.

4.3.2 The Stark Tuning Rate: Quantifying Local Electric Field Strengths with Vibrational

Mode Shifts

The above evidence strongly indicates that the VSE can explain all of the observed changes in the

F4TCNQ− nitrile vibrations as resulting from changes in polaron delocalization in doped P3HT

films. In the remaining sections, we will work to quantify the strength of these interactions to

experimentally extract the anion-hole distance and degree of polaron delocalization.

It is well established that there is a linear relationship between the shift of a vibrational mode

and the strength of the applied field. The magnitude of the vibrational shift per unit applied field

is known as the Stark Tuning Rate (STR) parameter. To the best of our knowledge, the STR

parameter for F4TCNQ and its anions has not been experimentally measured. Thus in order to
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quantitatively determine the changes in electric field produced by different P3HT polaron coherence

lengths, we must first determine the STR parameter for the relevant F4TCNQ− nitrile vibrational

modes. One method is to pair the experimentally-measured vibrational shifts for these modes

with detailed modeling of the predicted changes in Efield for the anion-hole Coulomb interaction.

These methods consistently yield a STR of ∼2 cm−1/(MVcm−1) for the B1u mode, and a STR

of ∼4 cm−1/(MVcm−1) for the B2u mode across a wide range of delocalization length changes,

justifying their use here. These values are also within the range of STR parameters determined by

others for similar molecules with multiple nitrile groups on a single carbon atom.153, 154, 164

4.3.3 Using the VSE to Directly Measure Polaron Delocalization in F4TCNQ-Doped P3HT

Films

With the Stark tuning rate parameters in hand, we can now use these values, along with the data

presented in Fig. 4.1, to quantitatively determine how the polaron coherence length changes across

the experimentally observed range of A/B values. We begin by considering how the electric field

experienced by the different vibrational modes of F4TCNQ− change as a function of both P3HT

polaron coherence length and the anion-hole separation distance, danion. For this calculation, we

consider the field experienced by the anion at a single point located at danion away from the center of

the P3HT chain. We then approximate polaron delocalization as a single positive charge spread out

uniformly along a one-dimensional line of length L, given in units of the number of P3HT monomers.

We then model changes in polaron coherence as n increases from 1→ 9 (Figure 4.4a), so that the

one-dimensional polaronic charge density goes as 1/L. Our model assumes a dielectric constant

of unity, as the short-range interactions between the polaron and anion likely do not experience

the dielectric value of the bulk material, an assumption which is consistent with what others have

chosen for similar inquiries.58, 59, 61 We note that our model ignores interchain polaron coherence, a

choice made because we do not expect delocalization between neighboring chains to significantly

affect the electric fields experienced by a nearby F4TCNQ anion. Finally, even though we expect

some along-the-chain disorder, we assume that on average, the anion is centered along the length of

the delocalized polaron.
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Figure 4.4: (a) Cartoon of hole polaron delocalization along the P3HT backbone, modeled as a line

of uniform charge density q+/L, where q+ is the elementary charge and L is the delocalization length.

(b) The electric field component experienced by the F4TCNQ anion B1u mode from the line of charge

is calculated as a function of delocalization from a single monomer up to a length of 9 monomer units

for a range of anion distances from 5 Å up to 8 Å. (c) The electric field component from half of the

delocalized polaron, chosen as a proxy to represent along-the-chain disorder, along the F4TCNQ B2u

difference dipole. The magnitude of this component is an order of magnitude smaller than that along

the B1u direction
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The main difficulty associated with quantitatively determining the change in P3HT polaron

coherence length from the VSE of the F4TCNQ nitrile stretching modes is that we only have access

to the experimentally-measured vibrational shifts that occur within a range of externally applied

fields: we do not know the absolute magnitudes of these fields because we do not know the position

of the B1u stretching mode inside a P3HT film in the absence of any external fields. Thus, the best we

can do is use the measured shift in the B1u peak vibrational energy, along with the calculated STR,

to determine the change in electric field associated with the ∼25% increase in polaron coherence

length measured by the spectral A/B ratio in Fig. 4.1. Once we have calculated the change in electric

field experienced by the B1u mode, we can then use the measured change in width of the B2u mode,

which experiences a field from the same delocalized polaron, to experimentally determine both the

value of danion and the physical polaron coherence length increase that can explain the vibrational

Stark features of both modes.

Figure 4.4b shows how the strength of the electric field aligned with the B1u difference dipole is

affected as polaron delocalization is increased from 1→ 9 monomer units. As argued above, the

maximum possible dopant-polaron distance in a P3HT crystallite is half the lamellar spacing, or only

∼8 Å.12, 61 Thus, by examining a range of possible anion-hole distances up to 8 Å, we can narrow

down the possible range of fields exerted by a P3HT polaron on the nitrile stretching modes of

F4TCNQ−. In Figure 4.4b, the dark blue squares corresponding to danion = 8 Å show that increasing

the degree of polaron delocalization diminishes the strength of the electric field experienced by the

anion to ∼ 39% of its original value. Because this is the largest possible anion-hole distance, it also

represents the minimum possible decrease in the relative field strength for a 1→ 9-unit change in

polaron delocalization. For shorter anion-hole distances, such as danion = 5 Å (red triangles), the

relative electric field strength drops to ∼ 26% of its starting value as the polaron delocalizes from

1→ 9 monomer units. We do not expect more sophisticated models to deviate significantly from

these trends, since fundamentally this is an interaction described by Coulomb’s law.

For the B2u mode, our simplified model does not predict any net electric field alignment with

the difference dipole. However, we can approximate the effects of along-the-chain disorder (cf.

Fig. 4.3b and d) by considering the field contribution from just half of the delocalized polaron along

the positive axis. Figure 4.4c shows the magnitude of the electric field component from half the
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delocalized charge that is aligned parallel with the B2u mode as function of both polaron coherence

length and danion. In this case, we see that the electric field does not vary monotonically with polaron

delocalization because of competing effects. At shorter polaron coherence lengths, additional

delocalization creates additional off-axis field alignment, which raises the overall magnitude of the

field component along the B2u difference dipole. However at longer coherence lengths, additional

delocalization lowers the line charge density, which contributes to a net reduction in the total

magnitude of the field.

In our simple model, the predicted magnitudes of the fields experienced by the F4TCNQ− B2u

mode are nearly an order of magnitude lower compared to those experienced by the B1u mode. This

is indeed consistent with the fact that the B2u mode only slightly broadens and does not shift with

changing P3HT polaron delocalization, as measured by the A/B spectral ratio, while the B1u mode

shows a definite Stark shift as polaron delocalization changes.

With these curves it is now possible to quantify the degree of polaron coherence associated

with a given A/B spectral ratio on the doped polymer. As mentioned above, theoretical work

based on Spano’s model59 indicates that our range of measured A/B ratios corresponds to a ∼25%

increase in P3HT polaron coherence length; this change of coherence is the same whether or not the

delocalization is along or between the polymer chains, and as also mentioned above, we consider

only the intrachain delocalization here. With the calculated B2u STR of ∼4 cm−1/(MVcm−1) and

the observed (single edge) vibrational peak broadening of 2.2 cm−1, the observed 25% change in

polaron delocalization corresponds to a change in electric field of 0.52 MVcm−1. Note that because

the Efield alignment does not change monotonically for this mode, we cannot determine the sign of

this change or the distance of the delocalized polaron that exerts the field.

However, the same delocalized polaron electric fields that change the width of the B2u mode also

cause the simultaneous Stark shift of B1u mode. The calculated STR parameter for the B1u mode

is ∼2 cm−1/(MVcm−1), so based on the experimentally-measured vibrational shift of 5.79 cm−1,

the electric field experienced by this mode decreases by 2.94 MVcm−1 over this range of A/B

ratios. Figure 4.4b and c shows that the only way for F4TCNQ− to experience both of these field

components for a ∼25% change in polaron coherence at a single distance is when the intrachain

coherence length increases from 3→ 3.75 monomer units with an anion-hole separation distance
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of 6 Å. Thus, using the VSE it is possible to make the first experimental measurement linking the

spectral A/B ratio to a specific degree of intrachain polaron delocalization.

Rather than assuming the ∼25% change in delocalization length from theory, we can also do

the same analysis by first assuming a fixed 6 Å distance for danion based on x-ray diffraction. The

measured field-induced changes of the two F4TCNQ− modes are then consistent only with a coher-

ence length change of ∼25% from 3 to 3.75 monomer units, verifying that we have experimentally

determined the intrachain polaron coherence length with two independent but reasonable starting

assumptions.

Thus, by using the two orthogonally-oriented nitrile vibrational modes of F4TCNQ− as inde-

pendent measurements of the ranging electric field, we can build a comprehensive picture of the

charge carrier-dopant interactions in F4TCNQ-doped P3HT films. The experimentally-determined

change in intrachain polaron coherence length from 3→ 3.75 monomer units is consistent with

what has been put forward previously for this system.58 The Stark-determined danion of 6 Å also fits

well with the X-ray scattering determined lamellar stacking distances12, 61 (see appendix C table

C.3) as well as previously modeled anion distances based on the profile shape of the mid-IR polaron

absorbance of F4TCNQ-doped P3HT system.58, 59, 61

4.4 Conclusions

In summary, we have shown that the nitrile stretches of the commonly-used dopant F4TCNQ make

an exquisite vibrational Stark probe of the local electric fields in doped conjugated polymer films,

allowing us to uncover detailed information about P3HT polaron coherence. The fact that we

observe one mode shift with polaron coherence while the other only broadens directly demonstrates

that the dopant anion has a preferred orientation with respect to the polymer backbone. This is

consistent with the idea that dopants prefer to reside in the lamellar regions of polymer crystallites,

reinforcing conclusions in the literature reached by x-ray scattering7, 11, 21, 34, 42, 44–46, 53, 61 and by

polarized spectroscopy of rub-aligned films.29, 55, 57, 68, 69

More importantly, we have provided the first experimental evidence that shows it is the degree of

polaron delocalization that is directly responsible for the commonly seen changes in the F4TCNQ−
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nitrile vibrational spectrum in doped P3HT films with varying degrees of crystalline order. This

verifies theories that argue the polaron A/B spectral ratio (and position of the B polaron absorption

band) are indeed direct experimental signatures of polaron coherence. With a simple model,

we are able to use the magnitudes of the observed vibrational spectral shifts and broadening to

pin down precisely how the local electric field changes with polaron delocalization in different

P3HT environments. The field magnitudes experimentally prove that the anion-polaron distance in

F4TCNQ-doped P3HT films is ∼6 Å, and that intrachain polaron coherence lengths of roughly 3

to 4 monomer repeat units can be produced by varying the degree of local order through the film

processing conditions.

Our results also allow us to explain the previous uncertainty over how to assign the vibrational

spectrum of F4TCNQ− in doped P3HT films. The various vibrational lines that have been observed

occur as a direct result of the unique preparation conditions and dopant/polymer blend ratios which

produce a range of structural morphologies and polaron delocalization lengths. This in turn causes

the dopant anions to experience a range of local electric fields, ultimately shifting the resonant

vibrational energies. This also means that using the positions of the F4TCNQ anion nitrile vibrations

to determine the precise degree of charge transfer in charge-transfer complexes, usually associated

with a feature near 2200 cm−1, is potentially fraught with difficulty as electric fields from nearby

integer charge-transferred polarons may also be responsible for shifts of this mode.

For the F4TCNQ-P3HT materials combination studied here, the relatively short intrachain

polaron coherence lengths we measure are a direct result of the fact that the F4TCNQ anion

always resides within 1 nm of the polaron, so that polaron coherence is always limited by the local

Coulomb interaction with the anion, independent of how well ordered the P3HT crystallites are.

Thus, although F4TCNQ is certainly a useful molecular dopant for studying polaron behavior in

conjugated polymers, the relatively strong Coulomb interaction it partakes in puts a fundamental

limit on the degree of polaron coherence for this polymer-dopant combination. Fortunately, these

issues can be avoided with the use of other dopants that better screen the polaron-counterion

Coulomb interaction.2, 43

We close by noting that in many ways, measuring the electric field landscape in doped semicon-

ducting materials is precisely the kind of application that vibrational Stark probes were designed to
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explore. The nitrile groups that make this kind of analysis possible are commonly added to p-type

dopants to make them stronger oxidizers. Thus, application of dopants as VSE probes is a natural

use for these molecules. Although the current generation of nitrile containing dopants like F4TCNQ

were not designed to be used this way, it’s exciting to imagine an entirely new class of p-type

dopants that could be specifically engineered to fulfill the dual roles of being strong oxidizers that

also map the electric fields from polarons in these materials. For these reasons, we are optimistic

that the VSE will become a more generally applied principle in this area for probing the Coulomb

interactions in doped conjugated polymers.

4.5 Supporting Information

Supporting Information includes detailed information on materials used, fabrication & doping of

polymer films, FTIR measurements, peak fitting of the F4TCNQ C≡N vibrational spectra, tabulated

fitting parameters, dopant-polaron Coulomb modeling, and GIWAXS measurements of doped

polymer films. These can all be found in Appendix C.
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APPENDIX A

Supporting Information for Chapter 2

A.1 Experimental Details

A.1.1 Organic Materials

All materials were purchased commercially and used as received. P3HT was purchased from Rieke

Metals, Inc. (4002-EE; RR ∼91-94%, Mw = 46-57 kDa, PDI=2.3) and F4TCNQ was purchased

from TCI America.

A.1.2 Doping Fabrication Procedures

The first step in the fabrication process was cleaning glass substrates. First, the glass substrates

were sonicated for approximately ten minutes in each cleaning solution (detergent, deionized water,

acetone, and isopropanol). The substrates were dried with nitrogen gas before being put under

vacuum for approximately 10 minutes.

P3HT solutions at concentrations of 0.5%, 2%, and 5% were prepared by respectively dissolving

5 mg, 20 mg, and 50 mg P3HT in 1 mL ortho-dichlorobenzene. The solutions were heated at 65
◦C to dissolve the polymer and the solutions were cooled to room temperature before using. The

solutions were used without any further preparation such as filtration. Films were prepared in a

nitrogen atmosphere by spin-casting the P3HT solution on glass substrates at 1000 rpm for 60 s,

followed by 3000 rpm for 5 s. The 0.5%, 2%, and 5% solutions respectively gave 25 nm, 110 nm,

and 400 nm thick films. The 2 µm thick films were prepared by slow-drying: 30 µL of a 2% P3HT

solution was drop-cast onto the glass substrate and placed into a covered Petri dish for two days for

complete drying.
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Evaporation sequential doping proceeded via thermal evaporation. F4TCNQ was thermally

evaporated onto P3HT films using an Angstrom Engineering Nexdep thermal evaporator: the

F4TCNQ powder was placed in an alumina crucible resistively heated at pressures <1 × 10−6 Torr

to induce sublimation towards exposed P3HT samples fixed to an actively-cooled rotating sample

stage; due to the high vapor pressure of F4TCNQ, only low powers were needed to sublime the

material, further ensuring the films were constantly cooled. The evaporation rate was 0.5 Å/s for

the entire evaporation and the thickness of evaporated dopant was monitored using a quartz crystal

microbalance located near the sample stage. Solution sequential doping proceeded via spin coating

a solution of F4TCNQ dissolved in dichloromethane (DCM) onto the P3HT film. The F4TCNQ

solution was cast directly on the P3HT film and spun at 4000 rpm for 10 s.

A.2 Optical Characterization

A.2.1 UV-Visible Spectroscopy

UV-Visible absorption experiments were carried out using a Lambda 25 UV-Vis spectrophotometer.

As shown in Figure A.3, there is close agreement in the spectral profiles for the solution- and

evaporation-doped 110-nm- and 400-nm-thick pre-cast P3HT films that yield the highest electrical

conductivities. We note that the 25-nm pre-cast P3HT film doped with the 1 mg/mL solution has

the optimal conductivity, yet by UV-vis has a large F4TCNQ neutral peak. This observation agrees

with the report by Hamidi-Sakr et al. and our “overhead” analysis where some extra dopant is

required for optimal doping.29 Since this additional dopant is required to reorient and does not

contribute to the doping, for thin films we expect to see a larger intensity for the F4TCNQ neutral

peak. We also note that the 25 nm evaporation-doped P3HT film does not have a large F4TCNQ

neutral peak, but instead has a high dopant:polymer thickness ratio. Thus, both evaporation and

solution-sequential doping require extra F4TCNQ, but the identification is different for each doping

method. This highlights that despite the similarities in doping the film, some differences do exist

and they are more apparent in the thinner films.
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Figure A.1: Normalized UV-Visible spectra for a P3HT film doped with F4TCNQ. Chemical doping

results in the following peaks: P3HT polaron (navy), F4TCNQ anion (red), neutral P3HT (green), and

neutral F4TCNQ, (black).
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Figure A.2: UV-Visible spectrum of 50 nm evaporated F4TCNQ on glass.
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Figure A.3: UV-visible spectra for solution- and evaporation-doped P3HT films with the highest elec-

trical conductivity. The films compared are (a) 25 nm pre-cast P3HT films, (b) 110 nm pre-cast P3HT

films, and (c) 400 nm pre-cast P3HT films. Varying thicknesses of F4TCNQ were evaporated on the

P3HT films. As the thickness of P3HT increases, an increasing thickness of F4TCNQ is required to

effectively dope the film, as indicated by a decrease the in P3HT neutral peak and the increase of the

F4TCNQ anion peaks. For all films, as the film is saturated with F4TCNQ, the neutral F4TCNQ peak

grows in as the primary feature.
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Figure A.4: Total film thickness for 25 nm (black squares), 110 nm (red circles), and 400 nm (blue

triangles) pre-cast P3HT films after F4TCNQ evaporation. For the initial evaporation of F4TCNQ,

the thickness change is very small.
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A.3 Grazing Incidence Wide Angle X-Ray Scattering (GIWAXS)

2-D grazing incidence wide angle X-ray scattering (GIWAXS) experiments were performed at

Stanford Synchrotron Light Source beamline 11-3. A wavelength of 0.9742 Å, incidence angle

of 0.12◦, and a 2-D charge-coupled device distance of 250 mm were used. 2-D diffractograms

were radially integrated from 0-180◦ for full integration, 0-10◦ for in-plane curves, and 80-90◦ for

out-of-plane curves. GIWAXS curves were reduced and processed using the WAXStools macro in

IgorPro. Curves were thickness normalized based on the pre-doping thickness because only the

polymer thickness contributes to diffraction intensity.

2-D images and 1-D integrated curves are shown in the figures A.5 and A.6 below demonstrating

the orientation behavior relative to the substrate of all doped and undoped films discussed in this

study.

A.4 Calculating the F4TCNQ Overhead Thickness

Since the 25 nm, 110 nm, and 400 nm pre-cast P3HT films require, respectively, 15 nm, 40 nm, and

150 nm of evaporated F4TCNQ in order to achieve optimal conductivity values, we can calculate the

F4TCNQ:P3HT thickness ratios: respectively, these values are 0.60, 0.36, and 0.38. The thickness

required to orient the polymer, or “overhead” thickness can be calculated assuming that it does

not contribute significantly to the conductivity. It is important to note that the dopant-to-polymer

thickness ratios to maximize the electrical conductivity calculated above all assume each nm of

dopant contributes to the conductivity. Once subtracting the “overhead” thickness, t, the optimal

doping thicknesses for the 25 nm, 110 nm, and 400 nm films are, respectively, 15 - t, 40 - t, and 150

- t. We find that when t = 6 nm, the dopant-to-polymer thickness ratios are, respectively, 0.36, 0.31,

and 0.36.
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Figure A.5: Intensity color-mapped GIWAXS diffractograms for (a) Pure P3HT 25 nm, (b) solution-

doped 25 nm, (c) vapor-doped 25 nm, (d) pure P3HT 110 nm, (e) solution-doped 110 nm, (f) vapor-

doped 110 nm, (g) pure P3HT 400 nm, (h) solution-doped 400 nm, (i) vapor-doped 400 nm, (j) pure

P3HT 2000 nm, and (k) solution-doped 2000 nm.
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Figure A.6: Thickness-normalized full integrations of pure P3HT at various thickness demonstrating

that there is little crystallinity difference between sample thicknesses. Crystallinity as demonstrated

by the (100) peak intensity decreases slightly for thicker films.
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Figure A.7: Out-of-plane (top) and in-plane integrations of pure P3HT demonstrating predominantly

edge-on orientation is preserved for all film thicknesses.
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Figure A.8: Out-of-plane (top) and in-plane (bottom) integrations of solution-doped P3HT. This

demonstrates that the edge-on orientation does not change upon SqP doping via solution processing.
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Figure A.9: Out-of-plane (top) and in-plane (bottom) integrations of vapor-doped P3HT. This demon-

strates that the edge-on orientation does not change upon vapor-doping.
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Figure A.10: (a) UV-Vis absorbance spectrum for known P3HT solution concentrations. (b) Cali-

bration curve of P3HT dissolved in ODCB from the data in (a). The red star indicates the average

absorbance for P3HT films re-dissolved in 1.00 mL ODCB.

A.5 Determination of Monomer:Dopant Ratio in Evaporation-Doped Films

The mass density of our P3HT films and evaporated F4TCNQ films was determined using a

previously-described method108 that relies on UV-Vis spectroscopy and surface profilometry. First,

a calibration curve was constructed of known concentrations of P3HT solutions dissolved in ODCB,

as shown in Figure A.10. Next, we used profilometry and the fact that Volume = Thickness × Area,

to obtain the total volume of a P3HT film on a 1.5 × 1.5 cm2 substrate was obtained. In order to

determine the average mass of a P3HT film of known volume, the film was dissolved in 1.00 mL

of ODCB and the UV-Vis absorbance of the resulting solution was measured. This absorbance

was then compared to a least-squares linear fit of the calibration solutions to obtain the mass of

the dissolved P3HT. This procedure yielded a P3HT mass density of ∼1.29 gcm−3, in line with

previously reported P3HT densities173, 174 that range between 1.1-1.33 gcm−3.

For F4TCNQ, we first followed a similar procedure as for P3HT films followed above. We note

that the density of F4TCNQ single crystals has been reported to be 1.68 gcm−3, which is quite a

bit higher than that of P3HT. Figures A.11 and A.12 show that using the re-dissolution method,

we arrived at an unexpectedly low mass density value for our evaporated F4TCNQ films of only

115



0.74 gcm−3, less than half that of the single crystal. Given how low the evaporated density came

out, we worked to verify this number using an independent technique. Our thermal evaporator

uses an SQC-310 Thin Film Deposition Controller from INFICON and the user manual details a

standard procedure for refining the density value for a given material. Using a fresh QCM thickness

monitor, setting the deposition tooling factor to 100%, Z-factor to 1.000 and inputting a “best guess”

density, D1, for the pure crystal value. After placing a sample directly adjacent to the QCM sensor,

a 100-nm deposition, Tx, of F4TCNQ was carried out as measured by the SQC-310, followed by a

measurement of the actual film thickness, Tm, using profilometry. Using Eq. A.1, this procedure was

performed 3 times, each with a successively more accurate “best guess” until the revised estimate

gave 0.77 gcm−3, and a final iteration confirmed the value with Tm = Tx, and the same density

0.77 gcm−3.

Density(g/cm3) = D1

(
Tx

Tm

)
(A.1)

To further verify the validity of this method, we employed the Sauerbrey equation (Eq. A.2)

relating the change in resonant frequency for an ideal AT-cut quartz crystal resonator to the change

in mass, where here the mass of the added material is approximated to be part of the QCM itself. It

is important to note that the relationship between these two quantities can only be assumed to be

linear for the first 5% change in resonant frequency thus requiring the use of a new QCM sensor.

∆m =−
∆ f A
√

ρqµq

2 f 2
0

(A.2)

Simply using the resonant frequency change, ∆ f , the piezoelectrically active crystal area (i.e.,

the QCM area exposed to the impinging material), A, the density and shear modulus of quartz for

an AT-cut crystal, ρq, and µq, respectively, (Table A.1) and the profilometer measured thickness of

108 ± 8 nm, we obtained a calculated density of 0.77 ± 0.06 gcm−3.

Note that the density obtained by the UV-Vis re-dissolution method, 0.74 gcm−3, is within

the error of this presumably more trustworthy method which relies on very sensitive changes in

QCM resonant frequency, so it appears that the density of evaporated F4TCNQ is indeed about half

that of the single crystal. We use 0.77 ± 0.06 gcm−3 for our calculations of the monomer:dopant

ratio presented in the main text. To further justify the validity of this abnormally low density, we
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Table A.1: List of parameters used and calculated for the method relying on the Sauerbrey equation.

Parameter Value

f0 5986930.02 Hz

f f inal 5986254.63 Hz

∆ f −675.39 Hz

∆m 4.027 µg

A 0.4869 cm2

Tpro f ilometer 108 ± 8 nm

Calculated Density 0.77 ± 0.06 gcm−3

performed the same set of experiments on an evaporated film of silver (114 ± 4 nm). It is typical

for evaporated thin films to have somewhat lower densities when compared to their bulk values and

this was indeed true for our silver sample. We calculated a density of 9.28 ± 0.27 gcm−3 compared

to the bulk value of 10.49 gcm−3.

A.6 Electrical Measurements

A.6.1 Conductivity Measurements

Conductivity measurements were collected in the Van der Pauw geometry using a custom-made appa-

ratus. The measurements were collected in ambient atmosphere using a Keithley 2400 sourcemeter

where the max current ranged from 10 µA to 100 µA. The current was swept from negative to

positive, rotated 90 ◦, and repeated. The slope of the I–V curves were subsequently fit to the Van der

Pauw equation. Note that our 4-point probe Van Der Pauw technique relies on a Keithley 2400 and

is not capable of accurately measuring values with sheet resistances above ∼5×108 Ω/�. This

sheet resistance corresponds to conductivities far below what we have reported here. Samples in the

Van der Pauw geometry were prepared as described in the main text, with silver paste applied at the

corners of the film to act as contacts.
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Figure A.11: (a) UV-Vis absorbance spectrum for each solution concentration. Red star indicates the

average absorbance for F4TCNQ films dissolved in 1 mL ODCB. (b) Calibration curve of F4TCNQ

dissolved in ODCB and serial diluted to obtain a range of concentrations.

A.6.2 Sheet Resistance Over Time

To verify that the vapor doped films were stable over time, we periodically tested sheet resistance

over several hours. In Figure A.13 it can be seen that the film sheet resistance is largely unchanged

over a period of 130 minutes, indicating the majority of dopants have already undergone charge

transfer and films remain stable to degradation in air over a period of hours.

A.6.3 Thermoelectric Measurements

Samples for the Seebeck measurement were prepared as earlier described in the text. To reduce

contact resistance at the electrodes, 15 nm molybdenum oxide (MoO3) was first evaporated, followed

by 60 nm of silver. To ensure reproducibility of the Seebeck measurement, the distance between

electrodes was kept constant by evaporating the metal contacts through a shadow-mask with an

active layer gap of 6.6 mm. The measurements were collected in an argon atmosphere.

The Seebeck measurement requires the use of an HP 6632A DC power supply to power both

peltier heat pumps (the hot and cold sinks), a Keithley 2400 source meter to run the resistance

temperature detectors (RTDs) that measure the temperature at each electrode, and a Keithley 2000
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Figure A.12: An overlay of 5 samples with 50 nm of F4TCNQ evaporated on 1.5 cm × 1.5 cm sub-

strates. Samples were each dissolved in 1 mL ODCB prior to taking UV-VIS
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Figure A.13: Sheet resistance measured for a precast 25 nm P3HT film, vapor doped with 30 nm of

F4TCNQ.
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digital multimeter to measure the induced thermoelectric voltage.

A home-built LabVIEW program controls the measurement and operates as follows. A tem-

perature gradient is first established across the device using the two peltier devices. Once the

temperature gradient stabilized, the induced voltage drop across the two electrodes is measured.

Following this, a larger temperature gradient is defined and the process repeated until a satisfactory

range of values can be recorded (thermovoltage vs. temperature difference). The thermovoltages

sampled ranged from 2 ◦C to 9◦C. The data was then fit to a least squares linear regression and the

Seebeck coefficient was determined from the corresponding slope, where all R2 ≥ 0.999 with an

example plot shown in Figure A.15.

A.6.4 Seebeck Empirical Power Law Fitting

It has been empirically observed that the Seebeck coefficient follows the proportionality S ∝

σ−1/4.22, 96 More, precisely the corresponding power law is defined as:

S = kB
e

(
σ

σα

)−1/4

where S is the Seebeck coefficient, kB is the Boltzmann constant, e is the fundamental unit charge, σ

is the electrical conductivity, and σα is an empirical constant fitted to 1 Scm−1.96 For convenience,

the term kB
e is represented in the unit of thermopower as 86.17 µVK−1. We plotted the Seebeck

coefficient for both evaporation and solution sequential-doped as a function of the electrical conduc-

tivity. The data points used are from the samples that produced the highest electrical conductivities

for each doping method, as shown in the main text. As shown in Figure A.17 the evaporation and

solution sequential-doped films match the empirical power law well.
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Figure A.14: A schematic of the home-built setup for taking Seebeck measurements. The temperature

gradient was maintained by a set of Peltier devices attached to aluminum heat sinks. The distance

between the sensing locations (6.6 mm) was kept constant across all devices tested. The RTDs were

lowered down onto the film using a probe alignment head, ensuring they were always separated by

the same distance as the electrical contacts.
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Figure A.15: Graphical determination of the Seebeck coefficient for a pre-cast 110 nm P3HT film

doped with a 1 mg/mL F4TCNQ solution. Two thermoelectrics (the hot and cold sinks) are powered to

established a temperature difference (∆T ). For each temperature difference, the thermovoltage (∆V )

was measured, allowing a line to be constructed. Using the slope of the line, the Seebeck coefficient

was determined.
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Figure A.16: Seebeck coefficients for pre-cast 110 nm P3HT films doped with 15 nm, 40 nm, and 150

nm of F4TCNQ. The three thicknesses were selected to under-dope, optimally-dope, and over-dope

with respect to the electrical conductivity. Once optimally doing the film with 40 nm of dopant, the

Seebeck coefficient remains constant to higher doping levels.
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Figure A.17: Solution (black squares) and evaporation (blue triangles) Seebeck coefficient (S) plotted

as a function of the electrical conductivity (σ). The negative correlation between these two properties

can be better visualized when plotted against each other.
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APPENDIX B

Supporting Information for Chapter 3

B.1 Experimental Methods

B.1.1 Optical & Electrical Measurements

UV-vis-NIR absorbance spectra were acquired between 300-2000 nm with a Shimadzu UV3101PC

Scanning Spectrophotometer using polymer films prepared on glass substrates. FTIR absorbance of

the P1 polaron band and F4TCNQ C≡N stretching mode were acquired between 480-5000 cm−1

using a Jasco FT/IR-420 spectrometer. The corresponding polymer films were prepared on KBr

plates.

Figure B.1 shows UV-vis spectra of P3HT films sequentially solution doped with F4TCNQ

(1 mgmL−1) from solvents with a wide rage of solubilities towards P3HT: Acetonitrile (3×10−5

mgmL−1), dichloromethane (0.818 mgmL−1), and chloroform (38 mgmL−1).135 For dopant sol-

vents with increased solubility towards P3HT, the neutral absorption of P3HT near 2.5 eV diminishes

in the doped films. Once the solubility increases to a level like that of chloroform, the two peaks

near 1.5 eV and third near 3.0 eV (dashed red lines) which are all indicative of ICT, become reduced

in magnitude, while peaks near 2.0 eV and 3.3 eV (dashed green lines), which indicate new CTC

transitions, increase in magnitude.

Figure B.2 shows an unrefined set of spectra for the (20/80) CF/DCM solvent blend conditions,

to illustrate the method used for constructing the combined UV-vis-NIR / FTIR spectra, for example,

in Figure 3.1 of the main text. UV-vis-NIR spectra were acquired on films using glass substrates

and FTIR was acquired for the same film conditions cast on KBr plates. The two spectra were

connected at 5000 cm−1 = 2000 nm = 0.619 eV in what is shown in the main text.
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Figure B.1: Films sequentially solution doped with F4TCNQ (1 mgmL−1) from solvents with increas-

ing solubility towards the underlying P3HT layer.
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Figure B.2: (Dashed blue) raw absorption profile captured from FTIR spectrometer. (Solid blue) raw

absorption profile captured from UV-vis-NIR spectrophotometer
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Figure B.3: (Borrowed from ref 2) AC Hall determined mobility vs fitted P1 peak absorption. A

roughly linear relationship exists between the two in this regime.

Doped polymer film samples used for measuring electrical conductivity were prepared on

1.5×1.5 cm2 glass substrates. Resistivity was measured via a home-built four-point probe setup

using the Van der Pauw method with electrodes placed at the corners of the substrate. In order

to convert resistivity to conductivity, the corresponding film thicknesses were also measured for

each sample using a Dektak 150 surface profilometer. At least three samples were measured for

each doping condition. We note that our use of a macroscopic, cm-scale conductivity measurement

generally produces lower values of conductivity than measurements from other groups that use

electrodes spaced in the mm or even µm length range. Thus, our values are likely underestimates

compared to those from other groups.

In previous work, we have shown using AC Hall effect measurements that there is a roughly

linear relationship between the peak energy of the P1 polaron band absorption and the corresponding
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Figure B.4: Example UV-Vis-NIR / FTIR spectrum showing overlayed gaussian fit for the P1 peak

absorption (blue). The energy for the best fit P1 peak intensity is then used to estimate the free carrier

mobility.
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Table B.1: P3HT film thicknesses after sequential doping from CF/DCM solvent blends.

CF / DCM Thickness (nm)

00/100 148±6 nm

40/60 143±12 nm

60/40 107±9 nm

80/20 91±6 nm

100/00 83±8 nm

free carrier mobility for chemically-doped P3HT (Figure B.32) µ = −0.338λmax +0.206, where

λmax is the P1 band peak position in eV and µ is given in cm2V−1s−1. Thus, the IR spectrum of

doped P3HT films also includes implicit information about the free carrier mobility for each set of

preparation conditions. Figure B.4 shows an example of fitting the P1 band to a gaussian peak in

the range of 0.25-0.6 eV to obtain a value for peak absorbance. We used this value to estimate the

free carrier mobility. Then, using the known relationship between the electrical conductivity, σ, and

carrier mobility, µ, shown in equation B.1 (which is also mentioned in section 3.3.2 of the main

text), we were able to estimate the free carrier concentration, p; these values are what are shown in

Fig. 3.2c of the main text.

σ = peµ (B.1)

Because accurate determination of the in-plane conductivity also requires knowledge of the film

thickness, we measured the film thickness of our P3HT films as the doping solvent was tuned from

DCM to CF (Table B.1). A consistent loss in P3HT film thickness is observed as the fraction of CF

is increased, due to the fact CF has a higher dissolving power for P3HT than does DCM. We see

that the overall thickness when using pure CF as the doping solvent results in a doped film that is

44% smaller in thickness compared to using pure DCM as the doping solvent.
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B.1.2 F4TCNQ C≡N Vibrational Spectrum & Peak Fitting Details

F4TCNQ contains only a limited number of vibrational modes with significant absorptivity above

2000 cm−1. For neutral F4TCNQ, there is a relatively weakly absorbing b1u mode at 2227 cm−1

and a b2u mode at 2214 cm−1. Upon formation of the anionically charged species, these two modes

gain significant oscillator strength, as well as soften to lower energy. We label these peaks of the

F4TCNQ anion as b1uν2185 and b2uν2168. We assign the peak corresponding to the fractional charge

transfer species as belonging to the b1u stretching mode, denoted here as b1uCTC.

Peak fitting for all vibrational spectra was carried out by assigning three gaussian peaks and

allowing the parameters (peak center of gravity, amplitude, and FWHM) to independently vary. Fit-

ting was carried out by a non-linear least squares minimization following the Levenberg-Marquardt

algorithm and allowed to iterate until converging with a χ2 tolerance of at least 1×10−6.

Table B.2 shows that the relative amplitude for the b1uCTC peak, which corresponds to partial

charge transfer, monotonically increases as the fraction of CF is increased in the casting solvent. It’s

also interesting to point out that when only considering the ICT phase, peak b1uν2185 systematically

redshifts from 2189 cm−1 from when pure DCM is used as the dopant casting solvent down to

2185 cm−1 when pure CF is used; this is nearly 10 cm−1 redshifted from the typically reported

anion peak location at 2194 cm−1. We believe this to be a consequence of the highly ordered,

lamellar environment found for these sequential doping conditions, an idea further supported by the

fact that the FWHM for this peak also decreases by ∼30% as the solvent is changed from DCM to

CF, indicating a more homogeneous environment for the remaining ICT phase.
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Figure B.5: Peak fits overlayed on raw FTIR spectra for each solvent blend ratio. Peak fits for b2uν2168

and b1uν2185, shown in green. Peak fits for the intermediate CTC phase b1uCTC shown in magenta.
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Table B.2: Fitting parameters for the F4TCNQ vibrational spectra, sequentially doped from CF/DCM

solvent blends.

CF/DCM 00/100 20/80 40/60 60/40 80/20 100/00

Adj. R-Square 0.9983 0.9991 0.9980 0.9970 0.9974 0.9948

b2u ν2168

A 5.26 5.18 5.25 6.44 5.72 6.15

c 2168.00 2167.84 2167.12 2166.75 2166.76 2167.38

ω 9.65 11.09 10.42 12.10 12.07 12.53

b1u ν2185

A 15.49 15.02 13.65 13.60 15.09 11.68

c 2188.92 2188.39 2186.68 2185.86 2186.07 2184.79

ω 15.49 14.17 13.33 13.10 14.44 11.04

b1uCTC

A 0.60 1.47 3.92 4.36 5.38 6.08

c 2203.08 2202.22 2197.91 2198.41 2200.16 2201.14

ω 6.14 8.54 12.60 11.92 11.03 10.62

Figure B.6: 2D diffractograms of P3HT SqP doped with F4TCNQ from solvent mixture of DCM/CF

with ratio of (a)100/00, (b) 80/20, (c) 60/40, (d) 40/60, (e) 20/80 and (f) 0/100. With increasing CF ratio,

the lamellar diffraction peaks broaden. The π diffraction peak moves to higher q as well as broadens.

The doped P3HT transits from Phase I(ICT) to Phase II(CTC).
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Figure B.7: Peak fitting of lamellar (a) and π-π(b) peaks of doped P3HT with F4TCNQ SqP from

mixture of DCM and CF with different ratio. With increasing CF ratio, there is a new lamellar peak

coming up at 0.44 Å
−1 (pink curve,CTC peak) along with the commonly seen ICT peak(green curve).

At the same time, the broadened π peak can be fitted to two peaks: an ICT peak (green curve) and a

new peak located at 1.84 Å
−1 (pink peak) that assigned to CTC peak. The new peaks in both lamellar

and π direction correspond to a new doped P3HT phase(Phase II, CTC phase).
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Figure B.8: Out-of-plane integrated thickness-normalized 2-D GIWAXS diffractograms for P3HT

doped with F4TCNQ SqP from different CF/DCM ratio before (a)(b) and after (c)(d) thermal anneal-

ing. The inset in (a) and (c) show the higher q region expanded in vertical direction. Similarly, (b) and

(d) show more expanded π stacking region in (a) and (c).

Figure B.9: In-plane integrated thickness-normalized 2-D GIWAXS diffractograms for P3HT doped

with F4TCNQ SqP from different CF/DCM ratio before (a) and after (b) thermal annealing.
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APPENDIX C

Supporting Information for Chapter 4

C.1 Experimental Methods

C.1.1 Materials

Electronic-grade Poly(3-hexylthiophene-2,5-diyl) (P3HT) (4002-EE; 91-94% RR, Mw=46–57 kg

mol−1, PDI=2.3) was purchased from Rieke metals. Sublimation grade F4TCNQ (purity > 98%)

was purchased from TCI America. Synthesis, preparation, and characterization of the specially

synthesized 100% RR P3HT has been described by us in prior work.61 All materials and solvents

were used as received without any further purification. Reusable KBr plates were used as substrates

and first cleaned by polishing with a cotton swab soaked in chlorobenzene (CB). All subsequent

fabrication steps described in sections below were carried out inside a N2-filled glovebox.

C.1.2 Sequential Doping from CF/DCM Solvent Blends

For the polymer coating step, P3HT (20 mgmL−1) in o-dichlorobenzene (ODCB) was spin-coated

for 20 s at 1000 RPM to fully coat the substrate, while still keeping a thin layer of liquid ODCB

dissolved P3HT intact. The wet films where then placed inside a petri dish with the lid off, so that

the solvent vapor could still collect inside the petri dish volume but dissipate relatively quickly. This

causes the solid polymer film to form over the course of 1-2 minutes. Subsequently, these pristine

polymer films were solution doped with F4TCNQ by spin-coating them using a doping solvent

mixture of various ratios chloroform (CF) and dichloromethane (DCM) (F4TCNQ concentration

held at 1 mgmL−1) at 4000 RPM for 10 s.
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C.1.3 Fabrication of Pristine Polymer Films of Controlled Crystallinity & Sequential Dop-

ing

To tune the crystallinity of the pristine polymer films, we exploited solvent evaporation kinetics to

control the drying time of the polymer layer. For the most disordered films, commercially-available

P3HT (10 mgmL−1) was spin-coated out of chloroform (CF) (b.p.=61.2 °C) for 60 s at 1000 RPM.

To produce films with more order in the P3HT crystallites, the same commercially-available P3HT

(20 mgmL−1) was spin-coated out of ODCB (b.p.=180.19 °C) for 20 s at 1000 RPM. The still-wet

films were then placed inside a closed petri dish to prevent the solvent vapor from easily escaping,

which extends the drying time to 3-4 hours.

Finally, P3HT films with the most crystalline order were fabricated from an in-house synthesized

batch of P3HT with virtually perfect regioregularity, confirmed via 1H NMR.61 Because of the high

degree of regioregularity, the solutions were first heated to 60 °C to prevent aggregation and then

spin-coated out of ODCB (20 mgmL−1) for 20 s at 1160 RPM. The still-wet films were then placed

inside a closed petri dish to prolong the crystallization period.

C.1.4 Sequential Doping from n-butyl acetate

To form the pristine polymer films for sequential doping from n-butyl acetate (nBA), P3HT solutions

(20 mgmL−1) in o-dichlorobenzene (ODCB) were spin-coated for 60 s at 1000 RPM followed by

5 s at 3000 RPM to form a solid-phase polymer film of good quality. These films were then solution

doped by spin-coating with F4TCNQ solutions (0.01-5 mgmL−1) out of n-butyl acetate (nBA),

a solvent chosen because it adequately swells the underlying P3HT layer (to allow for dopant

infiltration) without dissolving it.

C.1.5 Fourier-Transform Infrared Spectroscopy

FTIR absorbance was captured in a N2-purged Jasco FT/IR-420 spectrometer, from 470-5200 cm−1.

Both the mid-IR electronic absorption of doped P3HT and the vibrational modes for the F4TCNQ

radical anion were acquired from a single spectrum for each film, as shown in Figure C.1. The doped
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Figure C.1: Example of a raw FTIR absorbance spectrum for a sequentially solution doped P3HT

film, fabricated on a 25 x 4 mm circular KBr window. Note the absorbance of the F4TCNQ nitrile

stretching modes near ∼2200 cm−1, which are indicated by the gray oval.

polymer’s A/B ratio was determined by taking the intensity of peak A at 0.160 eV and dividing

it by the intensity of peak B. Due to the broad absorption profile of peak B, the precise energy

for the true maximum peak intensity can be affected by noise intrinsic to the FTIR measurement.

Thus, to accurately determine the point where peak B is centered, we fit the absorption feature to a

gaussian function, allowing a wide range of measured data to be used in determination of the peak

absorbance energy (Figure C.2).
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Figure C.2: The magenta curve shows an example FTIR absorbance spectrum for a sequentially

solution doped P3HT film (1 mgmL−1 F4TCNQ out of DCM). The dashed red curve with light red fill

shows the best-fit gaussian function to the band, which aids in the reliable determination of the peak

energy for peak B.
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C.2 Baseline Correction and Peak Fitting of the F4TCNQ Vibrational Spec-

trum

C.2.1 Baseline Correction & the Christiansen Effect

Baseline correction for the F4TCNQ nitrile-region vibrational spectra was carried out using the

Peak Analyzer tool in OriginPro 9.1 software. The F4TCNQ vibrational spectrum sits atop the

broad, sloped electronic absorption due to peak B of the corresponding doped polymer. Due to this

feature, the raw absorption spectrum of the F4TCNQ radical anion is significantly skewed to higher

absorbances at higher wavenumbers, making it necessary to remove this background before carrying

out meaningful peak fitting (Figure C.3). Additionally, we and others7 have noted a ‘transmittance

peak’ in the raw absorption spectrum that has a dip in intensity on the high-energy side of the

nitrile stretching modes near 2010 cm−1. This has been attributed to the Christiansen effect,7

which appears as an anomalous increase in transmittance, or Christiansen peak. The Christiansen

effect is typically seen in cases where a guest species is disbursed throughout a host matrix, and a

Christiansen peak is expected where the index of refraction of the host and guest species happen

to be equal.175 For our F4TCNQ-doped P3HT system, we consistently find the Christiansen peak

located near 2010 cm−1, a location sufficiently separated from the closest vibronic features that

it should not affect our understanding of the nitrile stretching peaks of interest. For clarity, the

small dip in absorption due to the Christiansen effect has been carefully included in the background

and subtracted accordingly before any fitting. We note that although the Christiansen peak is also

expected to appear in blend-cast doped films, we are only aware of one other work in this area that

mentions its presence,7 so we surmise that it is likely a routine practice to subtract this feature.

C.2.2 Peak Fitting

Peak fitting for all vibrational spectra was performed using the Peak Analyzer tool in OriginPro

9.1. Fitting was carried out by assigning initial gaussian peak centers for each expected vibra-

tional mode and subsequently allowing all lineshape parameters to freely vary (peak center (c),

amplitude (A), FWHM (ω)). A non-linear least squares minimization was carried out using the
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Figure C.3: (a) Raw absorbance data for the C≡N vibrational spectrum of the F4TCNQ radical

anion inside sequentially solution doped P3HT (1 mgmL−1 out of nBA) with baseline anchor points

shown as red squares. The B-Spline function was used to connect anchor points, which allows for

a smooth intensity transition between the low energy and high energy background regimes. (b) The

corresponding background-subtracted dataset, shown with the expanded background regime used for

baseline correcting.

Levenberg–Marquardt algorithm and allowed to iterate until converging with a χ2 tolerance of at

least 1×10−6.

Unless stated otherwise, we fit our measured vibrational spectra (cf. Fig. C.4) to four independently-

varying gaussians that were initially centered at 2201 cm−1 (pink), 2194 cm−1 (dark green), 2185 cm−1,

(light green) and 2168 cm−1 (orange). The peak center at 2201 cm−1 was chosen to represent the

characteristic absorption energy for F4TCNQ in a fractional charge transfer complex (CTC), a topic

we have previously discussed in detail in Ref 12. The peak at 2194 cm−1 was chosen to represent the

F4TCNQ− B1u mode in a trapped polaronic environment, characteristic of more disordered P3HT

crystallites. The peak closer to 2185 cm−1 was chosen to represent the B1u mode in more ordered

P3HT crystallites, where the electric field strengths from the more delocalized P3HT polaron are

smaller.

The results of peak fitting in Figure C.4 show that the dominant ICT species in sequentially

doped P3HT belongs to the peak we label here as B1uν2185, with only a small population of B1uν2194,

which is otherwise usually the most intense absorbance peak found in blend-doped polymer films.

It’s interesting to see that the peak near 2194 cm−1 manifests here as either a small shoulder or
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Figure C.4: Peak fits for the F4TCNQ-doped P3HT vibrational spectra with the doping solvent com-

prised of blends of CF and DCM. Conditions c-e benefit from an improved fit by including a small

amount of the B3g mode (light blue) to account for the low energy tail in these spectra. We note that

this assignment is in agreement with what others have sometimes found in this location as well.4, 8–10
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Figure C.5: (a) Vibrational peak fits for a CF-cast P3HT film sequentially solution doped with

F4TCNQ from DCM (1 mgmL−1), which has the lowest degree of crystalline order of all the doped

samples studied in this work. This is the only vibrational spectrum presented where the B1uν2194 vibra-

tional mode corresponds to the principle absorption feature. This sample also has a correspondingly

high CTC peak intensity, indicating an elevated degree of CTC states for these preparation conditions.

(b) Peak fits for a P3HT film initially spin-coated from ODCB and slow-dried before being sequentially

solution doped with F4TCNQ from DCM (1 mgmL−1). The spectrum could not be fit properly with

any B1u peak at 2194 cm−1, further indicating the relatively high crystalline order. (c) Peak fits for

solution doped highly crystalline P3HT films of essentially 100% regioregularity, which were subse-

quently doped with F4TCNQ from DCM (1 mgmL−1). This film also did not show any sign of the 2194

cm−1 peak, but an additional peak near 2181 cm−1 was required to explain the asymmetric shape of

the tallest absorption feature.
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Figure C.6: Peak fits for an ODCB-cast P3HT film sequentially doped from the minimally-interacting

solvent n-butyl acetate. (5 mgmL−1).
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change in inflection. The only film with a dominant peak near 2191 cm−1 belongs to the P3HT

which was cast from CF (figure C.5a), which has the lowest degree of crystalline order. For films

with a higher degree of crystalline order, it was not actually possible to obtain a plausible fit for

the peak B1uν2194. This happened in the case of using (1) pure CF as the dopant casting solvent,

(2) pre-cast P3HT cast from ODCB that was extensively slow-dried in a covered petri dish, and (3)

the 100% RR P3HT. Each of these conditions are known to correlate with the most delocalized

polaron spectra, which further supports the notion that the peak near 2194 cm−1 belongs to the B1u

mode inside the least-ordered P3HT crystallites. This peak near 2194 cm−1 was also missing for

conditions where the minimally-interacting nBA solvent was used (Figures C.6 and C.13a) instead

of DCM, which was applied for every other sample in this study except that using 100% CF as the

doping solvent. DCM has excellent swelling properties towards P3HT and results in the highest

doping levels per unit concentration that we are aware of. This suggests that DCM’s swelling power

also introduces some minor disorder to the crystallites in these films, as reflected in the presence

of the disordered nitrile stretching peak near 2194 cm−1. This is similar to a previous observation,

which noted broader peak widths associated with doping of P3HT from DCM compared to relatively

narrow peak widths seen when intercalating F4TCNQ from the vapor phase.11, 12

Figure C.7 details the relative loss in intensity of the B1uν2194 peak as the fraction of CF in the

doping solvent increases; the greater the loss, the more the P3HT polaron is delocalized.
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Figure C.7: Integrated peak area for B1uν2194 scaled against the integrated peak area for the principle

B1uν2185 vibrational peak. The final data point at 00/100 (CF/DCM) has no plausible peak fit for

B1uν2194 and so is listed as undefined.
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For doping from the solvent blends with compositions of 40/60 through 80/20 CF/DCM (Figure

C.4c-e), the cumulative peak fit can be improved by including an additional gaussian in the low-

energy tail region near B2uν2168. This is similar to what has been found elsewhere, where the

additional gaussian has simply remained an unassigned tail.8, 9 In Ref 4, it was argued that the

peak we refer to here as B2uν2168 can be assigned to an additional, smaller vibrational mode of B3g

symmetry. This specific energy, along with the correspondingly low amplitude of this mode, are

consistent with calculations in the literature,10 so we believe it is acceptable to assign this additional

peak as B3gν2160.

Figure C.8 shows that for the 100% RR P3HT, a reasonable fit can only be obtained when

including an additional gaussian centered near 2181 cm−1. The clear asymmetry in the tail on the

lower frequency side of the B1u mode suggests that there is indeed an additional peak here, which

remains unassigned in the current work. It’s interesting to speculate that this unknown peak could be

associated with a further Stark-shifted B1u mode where the Coulombic interaction with the polaron

is either further reduced, or possibly this peak arises from the purely free F4TCNQ anion, an idea

that would fit with the fact that this mode is only present for the most ordered 100% RR P3HT

samples.

C.3 Overview of Efield Calculation

To estimate the total net electric field from P3HT polarons along the difference dipole of the

F4TCNQ anion B1u mode, we can use the general solution for the electric field near any line of

uniform charge with length L, which is given by Eq. C.1 where µ = q+/L is the 1-D line charge

density and danion can take on any integer value between 5-8 Å. Figure C.9 depicts how the geometry

is related to this equation, with a specific example for a chain length of 5 P3HT monomer units, or

5n.

As the length of the line increases by increments of n, the total Efield can be calculated by

subtracting the limits of Eq. C.2.
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Figure C.8: Nitrile vibrational peak fits for solution-doped highly crystalline P3HT films with essen-

tially 100% regioregularity (a) without including any extra vibrational modes, and (b) including the

additional mode at 2181 cm−1. It’s clear that the raw FTIR absorbance profile can only be reproduced

when including the additional peak.
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Table C.1: Fitting parameters for the F4TCNQ vibrational spectra taken for sequential doping out of

CF/DCM solvent blends. A, Integrated peak area percent of cumulative fit (%). c, peak center (cm−1).

ω, FWHM peak width (cm−1).

CF/DCM 00/100 20/80 40/60 60/40 80/20 100/00

Adj. R-Square 0.9980 0.9965 0.9996 0.9990 0.9992 0.9948

B3gν2160

A - - 4.01 8.00 2.33 -

c - - 2161.23 2161.41 2158.25 -

ω - - 8.15 10.20 7.14 -

B2uν2168

A 25.41 25.32 18.24 16.88 19.20 25.71

c 2168.07 2168.07 2167.91 2168.01 2167.14 2167.38

ω 10.05 11.97 8.85 8.64 10.35 12.53

B1uν2185

A 61.90 61.70 64.46 61.53 59.04 48.87

c 2187.95 2188.06 2187.06 2186.20 2186.06 2184.79

ω 12.98 13.09 14.48 14.48 14.88 11.04

B1uν2194

A 5.63 5.76 3.39 3.70 2.37 -

c 2193.71 2194.31 2194.90 2195.57 2195.03 -

ω 6.63 7.11 5.79 5.64 4.94 -

B1uCTC

A 7.06 7.22 9.90 9.90 17.06 25.42

c 2201.13 2202.38 2201.44 2201.47 2201.13 2201.14

ω 9.22 7.36 9.02 8.35 7.14 10.62
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Table C.2: Fitting parameters for the F4TCNQ vibrational spectra, inside films where the crystallinity

was tuned via solvent evaporation kinetics during polymer spin-coating. A, Integrated peak area

percent of cumulative fit (%). c, peak center (cm−1). ω, FWHM peak width (cm−1).

Polymer Conditions CF Cast ODCB Cast 100% RR

Adj. R-Square 0.9992 0.9890 0.9961

B2uν2168

A 11.83 14.61 27.48

c 2168.78 2168.55 2168.79

ω 8.09 9.20 12.22

Unknown Mode

A - - 34.94

c - - 2181.12

ω - - 10.30

B1uν2185

A 14.04 70.46 32.96

c 2184.95 2187.14 2186.98

ω 9.23 11.44 7.70

B1uν2194

A 46.60 - -

c 2191.08 - -

ω 9.97 - -

B1uCTC

A 27.54 14.93 4.62

c 2201.13 2201.64 2201.53

ω 13.67 10.18 8.82
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To calculate the magnitude of the P3HT polaron’s electric field along the B2u mode difference

dipole, we consider only the positive axis. As explained in the main text, most of the field along

the B2u difference dipole arises from along-the-chain disorder of the F4TCNQ anion relative to

the center of the polaron. To approximate the magnitude of the off-axis field associated with this

disorder, we simply used only half of the line of charge, and then integrate over sinθ instead of

cosθ.
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C.4 Grazing-Incidence Wide-Angle X-ray Scattering (GIWAXS)

Figure C.10, with the data reproduced from reference 61, shows an example of the out-of-plane

and in-plane diffraction patterns for sequentially F4TNCQ-doped P3HT films where the P3HT

crystallinity was varied by adjusting the casting conditions when putting down the polymer layer.

The combination of in-plane and out-of-plane data for both the (100) and (010) diffraction peaks

allowed us to conclude in previous work that for the pristine films, both the relative crystalline order

and degree of edge-on crystallite orientation increase for both the pristine and doped samples in the

order CF-cast, ODCB-cast, 100%RR.61

Figure C.11, which is based on data from reference 12, shows the full 2-D diffraction patterns for

sequentially F4TCNQ-doped P3HT films where the polymer morphology is modified by adjusting

the ratio of CF/DCM in the doping solvent. In addition to altering the degree of crystalline order,
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Figure C.9: Depiction of the needed parameters to calculate the total Efield alignment for a line of

uniform charge which is 5 monomers in length for this example.

Figure C.10: Integrated (a) out-of-plane and (b) in-plane grazing-incidence wide-angle X-ray diffrac-

tion patterns for CF-cast (blue dashed curves), ODCB-cast (green dashed curves), and 100% RR

ODCB-cast P3HT (red dashed curves). Solid curves of the same colors represent the same films after

doping with F4TCNQ from DCM (1 mgmL−1). The inset in panel (a) shows the region around the

out-of-plane (010) peak on an expanded scale.

varying the doping solvent in this way causes a significant increase in the number of fractional

charge transfer complexes (CTCs) in the film. The use of CF as a dopant deposition solvent is
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Table C.3: Measured d-spacings for doped P3HT Lamellar stacking direction.

Experimental Conditions d-spacing (Å)

00/100 (CF/DCM) 17.6

100/00 (CF/DCM) 17.3

CF Cast P3HT 17.8

ODCB Slow Dried P3HT 17.5

100%RR P3HT 17.5

CF/DCM
00/100

20/80 40/60

60/40 80/20 100/00

Figure C.11: 2-D GIWAXS diffractograms of P3HT sequentially doped with F4TCNQ from solvent

mixtures of CF/DCM (1 mgmL−1) (a) 00/100, (b) 20/80, (c) 40/60, (d) 60/40, (e) 80/20 and (f) 100/00.

associated with a significant disruption of the preexisting polymer structure, increasing the fraction

of amorphous polymer regions and CTC polymorphs in the film. However, the remaining ICT-doped

regions that remain have more crystalline order than in the original undoped P3HT film. Figure C.12

is adapted from previous work in reference12 and shows the in-plane and out-of-plane components

of the data in Figure C.11. This data shows clearly that both the doping mechanism (CTC vs. ITC)

and the fraction of amorphous regions increase as CF content increases in the doping solvent. At

the same time, the ordered regions that remain become more highly crystalline.12
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a

c

b

a

Figure C.12: Integrated thickness-normalized GIWAXS diffractograms for F4TCNQ-doped P3HT

from solvent mixtures of CF/DCM in-plane (a) full range and (b) just higher q segment. (c) in-plane.

The inset in panel (a) shows the region around the out-of-plane (010) peak on an expanded scale.
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C.5 Polaronic Coulomb Interactions and Doping Concentration

To investigate how the vibrational spectrum of films produced via sequential processing changes

as a function of doping concentration, Figure C.13a shows intensity-normalized spectra of the

F4TCNQ− B1u vibrational mode in doped P3HT films spanning a solution doping concentration

range over two orders of magnitude. For these films, the specific energy of the B1u mode is not

sensitive to the absolute doping level. At the highest doping levels we do see the appearance of a

new peak located near 2202 cm−1, which is a signature of F4TCNQ in a fractional charge-transfer

complex (CTC).4, 6, 8, 9, 12, 52, 133

Figure C.13b shows that the mid-IR electronic absorption spectrum of these same films, nor-

malized to the intensity of the ‘B’ peak, are essentially independent of dopant concentration. We

can see that the degree of polaron delocalization stays virtually unchanged as a function of doping

concentration; for these spectra, the A/B band amplitude ratio is 0.53±0.01.

We thus see a set of five distinct conditions where the Stark shift for the F4TCNQ radical anion

yields νmax = 2187 cm−1, which are each in direct correspondence with precisely the same mid-IR

spectral shape, quantified by A/B ratio = 0.53±0.01. This verifies the idea that doping happens in

the crystalline polymer regions first, so that there is a relatively fixed anion-polaron geometry until

the polymer crystallites are filled.

Figure C.14 shows an experimental example that demonstrates how the strength of the Coulom-

bic interaction can profoundly affect the mid-IR hole polaron absorption in doped P3HT. When

the electron acceptor is a small molecule such as F4TCNQ (teal curve), the close proximity of

the anionic charge provides for a relatively strong Coulomb interaction between the dopant anion

and the P3HT polaronic charge carriers, limiting the extent to which the hole can delocalize. The

spectral signatures of this interaction are characterized by peak B being shifted to higher energies,

and a correspondingly small absorption for peak A below ∼0.17 eV. In contrast, the magenta

curve in Fig. C.14 shows the P3HT polaron absorption when the dopant anion is a very large

(2 nm diameter) dodecaborane-based cluster (DDB-F72).2, 43 Since the electron on the cluster anion

localizes near the core of the molecule, there is very little Coulomb attraction between the hole on

the polymer and the dopant counterion simply due to this counterion’s large physical size.2, 43, 59
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Figure C.13: (a) The F4TCNQ radical anion vibrational spectrum in sequentially solution doped

P3HT, normalized against peak intensity across a range of doping solvent concentrations. The domi-

nant feature near 2187 cm−1 belongs to the B1u vibrational mode. At sufficiently high doping levels, an

additional peak emerges near 2202 cm−1, indicating the presence of some additional charge transfer

complex doping with P3HT. (b) The mid-IR electronic absorbance spectrum for the corresponding

P3HT films, normalized against peak intensity for peak B.
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This significantly weakened Coulomb interaction produces polarons with large coherence lengths in

P3HT, as evidenced by the broad ‘B’ peak shifting to lower energies and by the increased intensity

for the IRAV ‘A’ peak. These conditions are also associated with significantly higher charge carrier

mobilities, a factor of two higher than the most crystalline P3HT doped with F4TCNQ.2 As such,

there is a clear relationship between the hole-dopant Coulomb interaction and the resulting mid-IR

spectral shape.
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Figure C.14: Mid-IR electronic absorbance spectra for P3HT sequentially solution doped with the

small molecule, F4TCNQ (teal), compared to the bulky dodecaborane cluster, DDB-F72 (magenta).
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APPENDIX D

Laboratory Specific Experimental Methods

D.1 Introduction

The purpose of this appendix is to guide lab members to successful operation of existing Schwartz

Group lab equipment and LabVIEW programs used for device testing. There are additional

tutorial videos that have been assembled to aid in the data processing work flow. These tutorials

cover concepts related to connecting spectral data for samples acquired on FTIR and UV-Vis-NIR

instruments, the baseline correction of vibrational spectra with a highly sloped background, Savitsky-

Golay filtering of data (when necessary), peak fitting methods, and construction of publication

quality figures using OriginPro 9.1 software which is available to students in the Department of

Chemistry & Biochemistry for free. These videos can be found on the internal Schwartz group

website under the ‘Tutorials’ panel.

D.2 Veeco Dektak 150 Surface Profilometer

The user manual for this instrument can be found at the link https://www.equipx.net/uploads/Veeco/Veeco-

Dektak-150-user-manual.pdf , and should be the first resource used to answer questions concerning

normal operation of this instrument. An image of our profilometer for reference can be seen in

Figure D.1

There are currently two known issues with our particular profilometer and these can be divided into

problems with (1) software and (2) hardware. In the below subsections D.2.1 and D.2.2, we will

discuss how these issues present themselves and what can be done to mitigate / work around them.

By following these guidelines, it is possible this profilometer will continue to be operational for a
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Figure D.1: View of our Veeco Dektak 150 Surface Profilometer from the front.
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very long time. If these guidelines are ignored, it could lead to serious damage of the stage motor,

stylus tip, and possibly instrument death.

D.2.1 Software Related Issues

When first beginning to operate the instrument, always be sure that the the mechanical switch is first

illuminated with the ‘ON’ button clicked in (small control box located at the back right section of

the vibration isolation table in Figure D.1). The software can then be opened on the computer. From

the perspective of the software, the instrument should always be physically ‘ON’ when in use. To

safely turn off the instrument (without throwing software errors that require a reboot), first be sure

that the tower is fully raised, then close the software completely before changing the mechanical

switch on the instrument to the ‘OFF’ position.

By far the most limiting software issue has come up during the last academic year of 2020-

2021. It was first noted that the software would sometimes throw a ‘Critical Error’ message when

initializing to begin taking a scan. In the moments directly after the beginning of the scan, the

surface profile will fail to post any curve to the screen and shortly thereafter the dreaded ‘Critical

Error’ box will display on the screen as shown in Figure D.2. Once the error is displayed, the

instrument will not communicate properly with the software until both the instrument and computer

have been fully power cycled.

The critical error only displays for certain combinations of scan parameters. Table D.1 shows a

list of combinations of scan distances / length, and the corresponding scan rate. Table D.1 makes it

clear that for a wide range of distances and durations, scan rates that are slower than ∼15 µms−1,

are likely to result in a ‘Critical Error’. At the same time, any combination of scan distance and

duration greater than this value will likely complete the scan normally without any indication of a

problem. The specific cause behind this issue is not known, but it appears to be software related. In

any case, this issue can be entirely negated by choosing scan rates above ∼15 µms−1.

The scan parameters can be adjusted by first going ‘Window’→ ‘Scan Routine’ (Figure D.3).

On the subsequent window, the ‘Scan Length’ and ‘Scan Duration’ can be adjusted as shown

in Figure D.4. Unfortunately the scan rate must be calculated manually from these two values,
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Table D.1: List of combinations of scan distance and scan duration, alongside the corresponding scan

rate. Scans parameters that caused the error are shown in red and those that did not cause a critical

error are shown in green.

Scan Distance / Duration Scan Rate

1000 µm / 30 s 33.3 µms−1

800 µm / 30 s 26.66 µms−1

600 µm / 30 s 20.00 µms−1

500 µm / 30 s 16.67 µms−1

450 µm / 30 s 15.00 µms−1

300 µm / 30 s 10.00 µms−1

250 µm / 30 s 8.33 µms−1

1500 µm / 100 s 15 µms−1

250 µm / 17 s 15 µms−1

since it is not displayed anywhere in the software as far as I know. For taking standard thickness

measurements on polymer films, a scan distance of 450 µm and 20 s (scan rate = 22.5 µms−1)

provides a wide enough distance to capture a reasonable background needed for leveling the scan in

the subsequent processing step.

D.2.2 Hardware Related Issues

In addition to some software issues, there is also a mechanical issue related to the motor which

raises the tower along the vertical z-axis of the instrument. Due to apparent age related wear of the

motor or gears related to this mechanism, under certain circumstances when raising the tower to

the fully retracted position, the tower will make an audible grinding sound while skipping in place,

without making progress towards lifting itself. The issue can be temporarily alleviated by carefully

placing a hand through the front window to the area near the back of the instrument where the large

screw is located (obviously be careful where your hand is touching and do not bump the stage or
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Figure D.2: The ‘Critical Error’ that’s displayed when scanning at a rate below 15 µms−1
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Figure D.3: Go to ‘Window’→ ‘Scan Routine’ to access the scan routine settings shown in figure D.4
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Figure D.4: ‘Scan Routine’ dialogue, displaying all of the adjustable scan parameters.
165



tower which may result in stylus tip damage). Figure D.5 shows with red arrows the location where

your hand should be hovering just underneath, ready to intervene if the tower begins to grind. With

your right hand still free, click the ‘Tower Up’ icon in the software to begin moving the tower to the

fully retracted position. If you begin to hear any grinding sound, promptly apply gentle but firm

pressure upwards in the direction the tower should be moving. Your hand should be pressing on the

light gray section indicated by the red arrows, and continue slowly applying additional pressure

up until the grinding stops. This might only be 1-2 seconds as the grinding issue appears to only

happen when the tower is fully extended to the lowest position. As the grinding noise stops, you

can gently release pressure and allow the tower to raise under its own power. Only apply pressure

as needed and whenever possible, allow the tower to retract under its own power. The idea here

is we want to relieve whatever excess strain is being exerted on the motor. Helping it by reducing

the weight it has to lift tends to put things back on track. If this issue happens once, it will likely

happen again on the subsequent scan, so the instrument tends to stick with what it has done recently

in the past (both good and bad behavior). I have had some success with exiting the software, turning

off the instrument and then starting the instrument up again and opening the software. Doing this

procedure forces the instrument to reinitialize itself, which may allow it to fix itself in some way. It

is very possible that the instrument will retract without issue for extended periods of time, however

if it begins to show signs of grinding, follow the above steps to minimize wear and tear.

You can gain a sense for if the instrument will be behaving this way on a given day, by carefully

observing its behavior when moving the tower down to the null position, close to the sample.

Sometimes, it will display some subtle ‘skipping’ behavior in the last moments before reaching the

null position on the way down.

If you suspect that the motor will grind when trying to move the tower up, preemptively place a

hand hovering near the back to minimize the time spent grinding (if it happens). Doing it this way

also means you won’t be thrusting your hand into the instrument enclosure during the grinding,

which if you are panicked could cause your arm to bump into things causing other damage.

This small skipping on the way down is also typically associated with some skipping when the

tower is moving down to actually begin taking a scan. In this case, the tower will skip forwards

along your line path by an unpredictable amount, so adding some additional length to your scan to
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Figure D.5: Red arrows indicate the location where your hand should be hovering just underneath,

ready to intervene applying gentle upwards pressure if the tower begins to grind.

anticipate this shift can be a useful practice. If you observe that the tower is behaving this way with

small skips that appear fine on the way down, it is much more likely (but not a certainty) that the

tower will have a grinding event when you go to fully retract the stage so this would be an indication

you may want to place your hand ready near the back (Figure D.5).

D.2.3 Changing the Stylus Tip and Completing the Stylus Force Calibration

If for some reason the stylus needs to be changed or the force that it applies needs to be recalibrated

(e.g. replacing a broken tip) a video demonstrating how this is done can be found on YouTube at the

following the url, https://www.youtube.com/watch?v=JqPQThHB6_s&ab_channel=davesatiesdavesaties
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Figure D.6: Procedure for recalibrating the stylus force, as provided by Bruker (which now owns

Veeco).

What is not mentioned in that video is that upon installing a tip (either brand new, or just

resituating an old one), the stylus force needs to be recalibrated. An Excel calculator displaying this

procedure can be found on the argon box computer by searching for ‘Dektak 150 Simplified

Force Calibration’ but I’ve also reproduced an image of it here in Figure D.6 for ease of access.
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D.3 Electrical Measurements and LabVIEW Programs

Photovoltaics, light emitting diodes and other devices adopt a layered thin film structure where

layers are put down in a particular order with the need for a transparent electrode on one side. In

the Schwartz Group, we have accumulated a large number of reusable conductive ITO, transparent

substrates from the days of making bulk heterjunction (BHJ) solar cells. The additional electrodes

for these types of devices can be deposited using our thermal evaporator and the corresponding

shadow mask, as depicted in Figure D.7. The specific evaporation recipes for a variety of small

molecule depositions designed for OLED device fabrication (as well as electrode deposition recipes)

can be found in Dane’s lab notebook as well as in the Inficon thermal evaporator software.

Once electrodes have been deposited, the final step is to characterize the electrical quality of

these devices. In Figures D.7 and D.8b, the four pads that show a bulb near the top and bottom

represent the device cathode (-). When driving the device, electrons are injected into the sample

through this electrode. On the far left, the fifth electrode which looks different from the others

makes contact directly with the ITO substrate by previously scraping away the polymer layer here

or masking off this section with tape when evaporating small molecule layers. In this way, the

aluminum based anode (+) makes direct physical contact with the underlying ITO. The charges

from this electrode on the anode side are holes which are injected from the ITO directly into

the active layer of the device. Electrical characterization is carried out using various LabVIEW

programs that are located on the argon box computer. There have been many different LabVIEW

programs developed over the years, and many improved iterations based on similar underlying

virtual instruments (VIs). Below is a non comprehensive list of the most useful LabVIEW VIs

you may want to choose from during electrical characterization. Many of these are located on the

computer desktop, but they can of course also be found by doing a search from the windows start

menu.
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• Van der Pauw Ke2400_v2.0

• Resistance vs time

• New J-V Sweep

• 2 point IV sweep

• OFET sweep

• LIV_OLED

• CELIV

• Seebeck Measurement v2.0

• EQE_V2.1

Inside the argon box there is a control box with rainbow colored wires connected to a 3M clip.

This can be used to secure the gold pronged electrodes on the clip to the actual device electrodes,

as shown in Figure D.8b. There is a circular white teflon sample holder with a metal bracket that

this 3M clip fits snuggly into which is not shown, but is currently fastened to the small optical table

inside the argon box. The electrical signal is carried outside the argon box through the rainbow wire

indicated by the orange arrows in Figures D.8a and D.9a. Unfortunately, for unknown reasons, the

positive and negative leads are routed through the BNC cable backwards so to ensure the device

anode (+) is connected to the Keithley 2400 source meter properly, be sure that the GRND banana

plug (indicated by the notch that says GRND) is actually connected to the red (+) terminal on

the Keithley 2400 as shown in Figure D.9b. You can check if this setup is working properly by

running a J-V sweep from 0-3V using a test LED stored on the shelves of the argon box. The longer

electrode on the LED is the anode (+) and thus clips to the first gold lead on the 3M clip (electrode

on the far left in Figure D.8b). The control box near the computer is shown in Figure D.9 and has a

black dial that allows for switching between a series of channels. You can see that the dial begins

counting from channel 2, and this is because channel 1 is dedicated to carrying the (+) anode signal

from the device on pad 1. In this way, the dial allows simple switching between pads 2-5 from
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Figure D.7: An ITO substrate showing thin film interference with the reflected light inside the argon

box. The section at the bottom does not show thin film interference because it is electrically insulated

and does not contain any ITO. This way, when attaching the electrode clip, the electrodes can punch

through the pad without risk of shorting directly through to the ITO. The substrate here is located in-

side a custom made shadow mask. The aluminum will travel through the negative part of the ‘shadow’

and deposit an image of the electrodes on top of the sample.
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a b

Figure D.8: Depiction of the old school device testing arrangement for ITO based samples in the

‘sandwich structure’ (a) A complete image showing the wiring for this arrangement on the side that’s

inside the argon box. The rainbow colored cable exits the box and runs directly to the small control

switch box near the argon box PC. (b) A closeup image of the 3M clip device holder with gold prongs,

clipped to an ITO based sample.

outside the box, without having to disturb the sample. By investigating the behavior of 4 different

pads on a single ITO slide, the chances of finding an idealized trace are much higher.
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a b

Figure D.9: (a) The control switch box that is connected directly via the rainbow colored cable in-

dicated by the orange arrows here as well as in Figure D.8. The specific pad (2-5) gets selected by

adjusting the channel as shown by the black dial on the center of the control box. The anode (+) lead

that is connected to the ITO on pad 1 remains in place, and the dial adjusts which pad becomes elec-

trically connected as the device cathode (-). The positive and negative leads are then routed through

a BNC cable indicated by the arrow in red, and ultimately connected to the Keithley 2400 shown in

panel b. For this measurement, be sure that the bannan clip is plugged in backwards, with the GRND

lead plugged into the red (+) terminal and the other clip plugged into the black (-) terminal. If you

are not sure, test your setup with a commercial LED found on the argon box shelves.
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Figure D.10: A snapshot of the current arrangement of crucibles for evaporating non metal species.

Many of these molecules are used as layers in the fabrication of light emitting diodes, and so the

corresponding vials these were taken from can be found by matching the short hand name with the

structure found online (e.g. search for ‘ALQ3 OLED’ to match the short hand name to the specific

structure listed on the bottle.) At the time of this writing, the commercial bottles for these small

molecules are stored in the large antechamber area with the additional supplies of metals.
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