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ABSTRACT OF THE DISSERTATION 

 

Understanding the Morphological Effects of Self-Assembly and Molecular Doping in 

Semiconducting Polymers 

 

by 

 

Patrick Yi Yen Yee 

Doctor of Philosophy in Chemistry 

University of California, Los Angeles, 2019 

Professor Sarah H. Tolbert, Chair 

 

Semiconducting polymers are a versatile class of materials used for a variety of 

electronic applications. They are a cheap source of material relative to their inorganic 

counterparts, are flexible, and with solution processing, are easily scalable However, they are 

intrinsically poor conductors, which can result in low device efficiencies and shorter carrier 

lifetimes. The conductivity can be improved using a variety of methods, including controlling 

the morphology to improve carrier transport or introducing charge carriers using chemical 

dopants. In this dissertation, we describe experiments that use a combination of X-ray and 
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neutron scattering techniques to understand how we can use morphology in semiconducting 

polymers to improve their charge transport properties. 

The first part of this dissertation focuses on the design of an amphiphilic conjugated 

polyelectrolyte model system to control the aggregation of polymer chains in solution, with the 

goal of straightening chains to reduce carrier trap sites caused by kinks that disrupt the π-

conjugation. After showing good control of the nanoscale morphology in a well-defined, ideal 

system in solution, we then look at the controllably improving the electron transfer process in 

an actual organic photovoltaic (OPV) device. We then look to control and improve the electron 

transfer process in full organic photovoltaic devices. We show that using sequential processing, 

where the polymer and fullerene are deposited in two separate steps, we can control the device 

level mixing of polymer and fullerene. 

We end with a discussion of studies focused on the morphological effects of molecular 

doping of semiconducting polymers. Using small molecule dopants, we show that with SqP, the 

polymer morphology is maintained as compared to conventional blend casting (BC) method. 

This allows more dopant to incorporate into thin films, further increasing the conductivity. 

Thereafter, we focus on how SqP provides the opportunity to tune the polymer morphology 

prior to doping and investigate how controlling the polymer crystallinity affects the optical and 

electronic properties in its doped state. Using statistical copolymers, we investigate the effect 

of polymer crystallinity and energy level offset between polymer and dopant. Finally, we 

conclude with a study on how the interplay between polymer chain ordering and the location 

of the dopant counterion in the lattice controls polymer conductivity. Overall, these results 

emphasize the importance of understanding and controlling the morphology of semiconducting 

polymers on multiple length-scales.  
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Chapter 1. Introduction 

 Semiconducting polymers are a versatile class of materials with a variety of 

(opto)electronic applications. Structurally, they are comprised of carbon and earth abundant 

elements that keep synthetic costs low and their solubility is tunable such that they are solution 

processable, making device fabrication and scale-up relatively inexpensive to their inorganic 

counterparts.1–7 Synthetically, the polymer backbone can be designed and modified to tune the 

optical and electronic properties, leading to significant advances in the performance of organic 

photovoltaics (OPVs), organic light emitting diodes (OLEDS), and transistors.8–16 However, 

semiconducting polymers suffer intrinsically from their inherent disordered nature, wherein 

kinks and bends along the polymer chains disrupt the π-system and result in low conductivities, 

especially when compared to the inorganic materials predominantly used in commercial 

technologies. The effects of this inherent disorder are apparent in resulting devices, as the 

device performance is highly sensitive to the self-assembly of the semiconducting polymers and 

resultant thin film morphologies. Fortunately, there has a been a large effort in the literature 

to understand and improve the relationship between optical, electronic, and structural 

properties in semiconducting polymers.17–24 

This nanoscale morphology is highly complex, with a multitude of factors affecting the 

self-assembly and corresponding electronic properties across various length scales. On a more 

global level, there are both crystalline and amorphous domains, where the charge transport 

properties are more optimal in the crystalline regions.20,25,26 For the amorphous regions where 

the polymer chains are inherently disordered with bends and kinks in the chains, charge 

transport is much less efficient. Synthetic methods for controlling the amount and size of 

crystalline regions have been developed, wherein the degree of regioregularity (polymer head-

to-tail ratio) or the molecular weight (MW) is tuned. Increasing the regioregularity results in a 
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decrease in amorphous content due to the larger driving force for large crystal formation and 

packing,19,27,28 while increasing the MW increases the amount of long-chained polymers that can 

connect multiple crystallites via “tie-chains”.20,29 Film processing conditions can also adjust the 

relative crystallinity just by choosing different casting solvents, where the longer it takes for a 

film to dry, the more time it allows for crystallite formation.30,31 

Within the crystalline and amorphous regions, polymer chains can self-assemble into π-

stacks of different orientations with respect to the substrate as seen in Figure 1.1.32 This 

orientation inherently affects the dominant charge transport direction, as charges conduct best 

along the polymer backbone, followed by conduction between chains in the π-stacking 

direction, and least well between chains in the side chain direction. Thus, for horizontal 

conduction pathways such as in field-effect transistors (FETs), the preferred polymer 

orientation would be edge-on, where the polymer side chains align perpendicular to the 

substrate allowing for along chain and through the π-system transport between electrodes.33–36 

Alternatively, for top-to-bottom electrode configurations like in OPVs, the preferred, but less 

likely orientation would be end-on, where the polymer chains align with the polymer end 

perpendicular to the substrate. Instead, a face-on orientation where the polymer π-stacks are 

oriented perpendicular to the substrate allowing for charge carriers to move through the π-

conjugation network.37–39 On the molecular level, in addition to modifying the backbone to tune 

 
Figure 1.1. Cartoon illustrating the potential polymer stacking orientations in organic 

electronic devices 

Edge-On End-On
Face-On
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the base optical and electronic properties, the side chains can be engineered to affect and 

control how the individual polymer chains will interact with each other, and thus influence the 

morphology throughout the thin films40–42. 

Understanding the correlation between semiconducting polymer self-assembly and the 

resulting optical and electronic properties is imperative for the rational design and 

improvement of organic electronics. This thesis focuses on controlling the self-assembly and 

resulting nanoscale morphology in order to better understand the structure-function 

relationship in these organic materials. The work presented here can be represented in three 

overarching parts: the first part (Chapter 2) focuses on controlling the local assembly of 

amphiphilic conjugated polyelectrolytes (CPEs) in water to straighten polymer chains for 

improved charge transport; the second part (Chapter 3) examines how to form an ideal bulk 

heterojunction (BHJ) by controlling the global mixing in polymer:fullerene solar cells; the final 

part (Chapters 4-7) investigates the structural effects upon small molecule doping of 

semiconducting polymers. 

The first part of this thesis (Chapter 2) addresses the problem of the intrinsic disorder 

and resulting carrier trap sites by using self-assembly to straighten polymer chains. Amphiphilic 

CPEs can self-assemble into a variety of structures due to their charged side chains, wherein 

the assembly is driven by the kinetics of the polymer aggregation in solution.43 A design rule to 

drive the formation of cylindrical micelles in water was developed with the synthesis of an 

alternating copolymer, poly(fluorene-alt-thiophene) (PFT), consisting of a rigid hydrophobic 

backbone and charged hydrophilic side chains that are all on the same side of the polymer 

chain.43–45 This design rule is expanded with the design and synthesis of 

poly(cyclopentadithiophene-alt-thiophene) (PCT) to further straighten the polymer chain and 

resulting micelle formation. The cyclopentadithiophene subunit moiety has a more similar bond 
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angle to the thiophene moiety, resulting in a straighter polymer backbone. Upon self-assembly, 

this straighter backbone should result in straighter, more compact micelles as previously seen 

in the PFT system. In addition to straightening the polymer chains, cyclopentadithiophene 

absorbs in visible spectrum, making PCT particularly interesting for OPV applications, as it is 

capable of utilizing visible light for carrier excitation. We confirm the expansion of our design 

rule for straight cylinder CPE self-assembly in water using a combination of cryo-electron 

microscopy (cryoEM), solution small-angle X-ray scattering (SAXS), and Dammin bead modeling 

of the SAXS scattering data. By confirming the expansion of this amphiphilic self-assembly 

design rule for straightening polymer chains with the synthesis of PCT, we open up the 

possibilities for the incorporation of appropriate acceptors to study charge transfer properties 

both in solution and solid-state. 

The second part of this thesis looks to control the formation of an ideal BHJ in 

polymer:fullerene OPVs. In order to achieve a high power conversion efficiency (PCE), these 

BHJs must comprise of an ideal nanoscale morphology: the donor (polymer) and acceptor 

(fullerene derivative) must be mixed well enough (< 20 nm) to prevent exciton recombination 

prior to charge separation46 but also have separated domains for efficient charge collection.47,48 

Traditionally, this morphology has been achieved through blend-casting (BC), wherein the 

polymer and fullerene are codissolved in solution and deposited onto a substrate. This process, 

however, relies on the polymer and fullerene demixing in order to form an ideal BHJ, which is 

often aided by the use of solvent additives31,49–51 or post-treatments steps such as thermal and 

solvent annealing52–55. An alternative method, sequential processing (SqP), has been more 

recently developed in order to more controllably form ideal 39,56–63. With SqP, the polymer is 

first deposited and out of a semi-orthogonal solvent or solvent blend, as to not dissolve the 

underlying polymer layer, the fullerene is intercalated into the pre-existing polymer matrix. 
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This provides the ability to tune and control the polymer morphology first, resulting in more 

reproducible devices, especially when scaling up to larger devices56. 

We look to take advantage of the control provided with SqP in conjunction with tuning 

the fullerene casting solvent, where amorphous regions of the polymer layer are swelled by a 

semi-orthogonal solvent blend, to regulate the vertical mixing and incorporation of fullerenes 

for ideal BHJ formation. Specifically in Chapter 3, we look to control the polymer:fullerene 

mixing using two high-performance polymers that have different degrees of crystallinity and 

solubility: semi-crystalline poly[(4,8-bis[(ethylhexyl)oxy]benzo[1,2-b:4,5-b’]dithiophene-2,6-

diyl)(3-fluoro-2-[(2-ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl)] (PTB7)64 and amorphous 

poly[(4,8-di(2-butyloctyl)oxybenzo[1,2-b:4,5-b’]dithiophene-2,6-diyl)-alt-(2,5-bis(4,4’-bis(2-

octyl)dithieno[3,2-b:2’3’-d]silole-2,6-diyl)thiazolo[5,4-d]thiazole)] (PSDTTT).65 We show that 

by tuning the fullerene co-solvent blend, we can tune the device efficiencies for each polymer 

system. Using a combination of 2D-grazing-incidence wide-angle X-ray scattering (GIWAXS) and 

neutron reflectometry (NR), we probe both the local and global morphology as a function of 

increasing swelling solvent for each polymer. By controlling how effectively the solvent swells 

the polymer matrix, we are able to control polymer:fullerene mixing profiles within the device. 

These morphological changes directly correlate with improved device performances upon the 

addition of increased swelling solvent. 

The last part of this dissertation investigates the structure-function relationship in 

molecular doped polymers. Alternative to controlling the self-assembly of semiconducting 

polymers to counteract the inherent disorder and poor conductivities, the electronic properties 

of these materials is readily tunable via small molecule doping.66–74 Typical dopants are strong 

electron or hole acceptors that can undergo electron transfer with the polymer by either adding 

an electron (n-doping) or more commonly removing an electron (p-doping). At low dopant 
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concentrations the introduction of doped carriers can fill intrinsic trap sites75 whereas large 

dopant concentrations can improve the overall conductivity and carrier mobility.76–79 While a 

lot of work has been done to investigate the optical, electronic, and structural properties of 

doped semiconducting polymer, the polymer-dopant interactions and doping mechanism are 

still not well understood.80–88 The following chapters (Chapters 4-7) aim to provide insights on 

the structure-function relationship upon molecular doping, particularly using SqP as a way to 

control and understand how the polymer morphology is affected by the addition of dopant. 

In Chapter 4, we look at the immediate advantages of SqP relative to the more 

traditional BC technique when infiltrating the molecular dopant 2,3,5,6-tetrafluoro-7,7,8,8-

tetracyanoquinodimethane (F4TCNQ) into pure poly(3-hexylthiophene-2,5-diyl) (P3HT) thin 

films. Using profilometry measurements, optical microscopy, and GIWAXS, we find that with 

SqP the P3HT film quality and underlying morphology is preserved, allowing more dopant to be 

intercalated into the P3HT matrix. Contrarily, in BC-doped films P3HT and F4TCNQ form 

aggregates in solution prior to casting, resulting in poor quality films and disruption of the P3HT 

crystallite sizes and orientation. Expanding on the benefits and morphological preservation of 

SqP for polymer doping, we further investigate the structural effects of doping by systematically 

tuning the initial polymer crystallinity. Chapter 5 again uses SqP to intercalate F4TCNQ into 

P3HT films whose crystallinities have been varied using different processing techniques. GIWAXS 

data suggests that the F4TCNQ anions primarily reside in the lamellar regions of the P3HT 

crystallites or in the amorphous regions of the film, and do not form π-stacked P3HT+:F4TCNQ- 

co-crystals. Optical spectroscopy shows that increasing the crystallinity results in red-shifted 

polaron absorption, indicative of more mobile charge carriers that correspond to the increase 

in overall conductivity. Theoretical modeling of the optical spectroscopy corroborates the 

GIWAXS data, predicting the dopant anions to reside 6-8 Å from the polymer backbone, a 

distance too large for π-stacking and more in line with changes in the lamellar stacking 
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distances. This suggests that the increased polymer crystallinity is attributing to delocalizing 

the polaron by keeping the F4TCNQ anion further away in the lamellar regions rather than in 

the π-stacks. 

Chapter 6 utilizes a series of statistical copolymers of P3HT and poly(3-

heptylselenophene-2,5-diyl) (P37S) to create a series of materials with controllably tuned 

gradients in bandgap, HOMO energy levels, and crystallinity. Upon SqP doping with F4TCNQ, we 

determine that the copolymer’s HOMO energy level relative to the F4TNCQ LUMO energy level 

dominates the copolymer’s ability to effectively dope. Using GIWAXS and ellipsometric 

porosimetry, we conclude that the final doped polymer crystallinity correlates best with 

increased conductivity, which in turn is dependent on the pure copolymer crystallinity, its 

swellability, and its ability to restructure and allow for dopant intercalation. We end our 

discussion of small molecule doping in Chapter 7, wherein we investigate the structural effect 

of doping on the amorphous regions in polymer thin films. Using regiorandom (RRa) P3HT as our 

model amorphous system, we use GIWAXS to monitor any structural changes upon the 

incorporation of a small molecule that energetically cannot dope P3HT, 

tetracyanoquinodimethane (TCNQ), a small molecule that cannot π-stack with P3HT upon 

doping, iron (III) chloride (FeCl3), and the π-stackable F4TCNQ. We determine that the act of 

doping, regardless of the ability to π-stack, induces a structural ordering and crystal structure 

change similar to that of regioregular (RR) P3HT in order to separate the dopant anion and 

polaron and create more mobile charge carriers. 
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Chapter 2. Design Rule for Straightening Conjugated Polymer Electrolyte Chains for OPV 

Applications 

2.1. Introduction 

 Semiconducting conjugated polymers have a variety of applications due to their ease of 

processing, low-cost, and structural tunability.1–5 In particular, the electronic tunability and 

ability to control polymer self-assembly provide logical routes to improve the device 

performance for organic photovoltaics (OPVs). However, semiconducting polymers suffer 

intrinsically from their inherent disorder. Any kink or bend along the polymer backbone breaks 

the π-conjugation, creating a carrier trap and thus decreases the polymer conductivity. Poor 

conductivity as a result of the inherent disorder directly affects device performance. 

 Recently, one method of improving polymer conductivity that has been studied 

extensively is of molecular doping.6–11 At low dopant concentrations the introduction of doped 

carriers can fill intrinsic trap sites12–14 whereas large dopant concentrations can improve the 

overall conductivity and carrier.15–18 Alternatively, the intrinsic conductivity can be improved 

by controlling the polymer morphology to reduce the kinks and bends in the polymer chain and 

therefore decrease the number of carrier trap sites. Tuning the polymer side-chains to pro-

mote more tightly π-stacked domains has been shown to improve OPV device performance and 

carrier transport,19–22 while controlling the polymer crystallinity and polymer π-stacking 

orientation has also been heavily investigated to improve OPV efficiencies.23–26 

 We aim to address the problem of the intrinsic disorder and resulting carrier trap sites 

by using amphiphilic self-assembly as a driving force to straighten the polymer chains. Other 

methods to improve the intrinsic carrier mobility by causing the polymer chains to be straighter 

has been previously investigated. By using inorganic host systems, semiconducting polymers 
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such as poly-(3-hexylthiophene-2,5-diyl) (P3HT) and poly[2-methoxy-5-(2’-ethylhexyloxy)-p-

phenylene vinylene] (MEH-PPV) have been infiltrated into straight nanopores.27–30 In particular, 

Coakley et al. showed using this method that the hole mobility of regioregular P3HT could be 

enhanced by a factor of 20.29 However, the use of these inorganic host systems limit the 

application despite improving carrier mobility and charge transfer properties due to chain 

straightening. 

 To make straighter polymer chains while circumventing the host system strategy, we 

have taken advantage of the amphiphilic self-assembly of conjugated polyelectrolytes (CPEs).31 

CPEs are polymers that consist of a conjugated backbone with charged sidechains, allowing for 

processing in polar solvents and unique self-assembly properties. CPEs are particularly useful 

for optoelectronic properties because their bandgap and other electronic properties are 

dependent only on the conjugated back-bone, while the solvation of the charged side chains 

and anion can be used to drive the desired self-assembly.32,33 In the past, we have extensively 

studied, poly(fluorene-alt-thiophene) (PFT), an alternating copolymer with a rigid hydrophobic 

 

Scheme 2.1: Synthetic route for PCT. 
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conjugated backbone and charged hydrophilic side chains that are all on the same side of the 

polymer chain., This alternating copolymer CPEs structure creates a driving force for the 

formation of straight, cylindrical micelles.31,34–36 Studies of the optical and structural properties 

of PFT, showed efficient charge transfer properties with acceptor molecules and straight 

cylindrical micelle assembly. 

 In this work, we expand on this alternating copolymer amphiphilic CPE design rule to a 

new polymer system. By exchanging the fluorene monomer subunit with 

cyclopentadithiophene, we synthesized poly(cyclopentadithiophene-alt-thiophene) (PCT), 

chemical structure shown in Scheme 2.1. We hypothesized that this new structure would 

demonstrate two advantages over the previously studied PFT. As compared to the fluorene unit 

in PFT, the cyclopentadithiophene subunit moiety has a more similar bond angle to the 

thiophene moiety, resulting in a straighter polymer backbone. Upon self-assembly, this 

straighter backbone should, in theory, result in straighter cylindrical micelles that what was 

previously seen in the PFT system. In addition to straightening the polymer chains, 

cyclopentadithiophene absorbs in the visible spectrum,37 which should make this polymer more 

applicable for use in OPVs. We will study the expansion of our design rule for straight cylinder 

CPE self-assembly in water using a combination of cryo electron microscopy (cryoEM), solution 

small-angle X-ray scattering (SAXS), and Dam-min bead modeling of the SAXS scattering data. 

Overall, we aim to demonstrate that this amphiphilic polymer structure can be used as a design 

rule for making straight polymer chains. 

2.2. Results and Discussion 

 The linear structure of amphiphilic PCT was achieved through choice of 

cyclopentadithiophene as one of the monomeric units and incorporation of hydrophilic terminal 

ammonium side chains. Installation of these side chains began via Michael addition at the sp3 
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carbon of the cyclopentadithiophene moiety. Subsequent bromination and later reduction of 

the amides to amines yielded the monomeric core of PCT, which could later be functionalized. 

After polymerization with 2,5-bis(tributylstannyl)thiophene, the final polymer is quaternized 

with ethylbromide to give hydrophilic terminal ammonium moieties. The versatility in this 

strategy easily allows for changes to the core or side chains and thus a potential library of 

amphiphilic polymers. 

 Optical characterization of PCT shown in Figure 1a demonstrates the large red-shift in 

the band gap as com-pared to PCT is caused only by exchanging the fluorine unit for 

 

 

Figure 2.1: (a) optical characterization of PCT demonstrating visible-region band gap 
absorption. (b) cryoEM image of PCT solution showing micelle-like structures with average 
diameters of 2 nm, and a chemical structure of PCT. 

60 nm
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cyclopentadithiophene. As expected the emission spectrum is further red-shifted. These optical 

results demonstrate that the band gap of this polymer can easily be tuned with only slight 

changes in the atomic structure. 

 We performed preliminary structural characterization by observing dilute samples of 

PCT in water with cryoEM, as seen in Figure 2.1. The cryoEM samples are prepared by the 

standard method, producing thin-films of vitreous solution suspended across holey-carbon grids. 

The procedure produces a network of micelles with many individual micelles overlapping one 

another, and each micelle measuring about 2 nm in diameter. While the formation of a micellar-

 

Figure 2.2: (a) radially averaged SAXS data with power-law fits and (b) P(r) transformations 
of the SAXS data confirming rod-like micelle structures for both high- (red) and low- (blue) 
MW PCT in water. 
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network makes distinguishing individual micelles difficult, we estimate that the average length 

of each micelle is roughly several-tens-of-nanometers. Most importantly, the cryoEM data pro-

vides clear evidence for PCT micelle formation. 

 To complement the images of our cylindrical micelles, we use solution SAXS which 

provides more quantitative information on the size and shape of self-assembly and aggregates 

in solution. All samples measured by solution SAXS underwent size-selective precipitation to 

separate high and low molecular weight. We expect low molecular weight polymer chains to 

demonstrate nearly ideal cylindrical self-assembly behavior while high molecular weight chains 

will give us insight as to the behavior that would be observed if these polymers were used in 

real OPV applications. The raw scattering data in Figure 2.2a of both high- and low-molecular 

weight (MW) samples (red and blue curves, respectively) are fairly featureless, which is 

expected for cylindrical micelles in solution.31,38,39 The general shape of solution self-assembly 

can be determined by fitting to a Guinier/power law, wherein the power law slope is 

representative of the polymer fractal structure.40 In essence, this power law slope is 

representative of the dimensionality of the average shapes in solution: slopes of 1, 2, and 3 

correlate to rigid rod, flat disk, and spherical structures, respectively. Interactions between 

molecules, or branching/bending in the case of rigid rods, will result in deviations from a slope 

of 1. As can be seen in Figure 2.2a, both high- and low-MW scattering profiles have slopes near 

1, with the low-MW scattering profile fitting exactly to 1. This confirms that using the 

cyclopentadithiophene unit to match the bond angle of the thiophene unit, indeed straightens 

the polymer chain and results in perfectly straight micelles at low-MW. For the high-MW sample, 

the deviation of the power law slope to 1.3 can be explained by the presence of longer chains 

that increase the odds of misaligned polymer chains during micelle formation resulting in 

slightly curved micelles. 
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 The radially averaged scattering data shown in Figure 2.2a can then be Fourier 

transformed to pair-distance distribution functions, P(r), as seen in Figure 2.2b. These P(r) 

functions represent the radially averaged distribution of electron density correlations as a 

function of the separation distance, r, within a solution-phase aggregate.38,41,42 We note that if 

the interparticle spacing is ordered, such as in liquid crystals or aligned systems, we would 

observe distinct peaks representing the corresponding average interparticle distance.43,44 The 

P(r) functions of the SAXS data in part at in Figure 2.2b confirm the cylindrical scattering profile 

with a sharp peak corresponding to the diameter of the cylinder (region 1) followed by a linear 

decay (region 2) related to the long axis of the cylinder. For both high- and low-MW PCT samples 

(red and blue curves, respectively), there is a sharp peak at r=~20 Å. Particularly in the case of 

 

Figure 2.3: Dammin bead model fit and structure for (a) 1 mg/mL high-MW PCT and (b) 1 
mg/mL low-MW PCT confirming rod-like micelle shapes; the curvature in the high-MW PCT 
is due to the broad correlation peak seen in the P(r) function from Figure 2.2c. 
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low-MW, the P(r) demonstrates a shape nearly identical to that of a perfect rigid rod, further 

indicating that matching the bond angles between the alternating units of the copolymer is 

crucial for creating straight polymer chains. We also note that there is a broad peak centered 

at ~100 Å for the high-MW sample (red curve, region 3), suggesting some intra-particle 

correlation is possible at longer chain lengths due to curvature of the micelle, a phenomenon 

which will be discussed in more detail below. 

In addition to the cryoEM, SAXS power-law analysis, and P(r) transformations, we 

perform Dammin bead modeling, a type of Monte Carlo simulation of our SAXS data, to 

conclusively prove expansion of our design rule for straightening polymer chains using 

amphiphilic CPEs with the synthesis of PCT. Before performing the simulation, the radially 

averaged SAXS is fit to a singular function (green, Figure 2.2) based on shape and size 

constraints. The Dammin bead model then uses this fit of the data to output a simulated 

structure in agreement with, and representative of, the scattering data.42,45 

Low-MW 3D reconstruction results (Figure 2.3a) show straight-rod like chains that are in 

agreement with the Guinier-Porod fit and the P(r) function suggesting straight polymer 

micelles. The overall shape of the high-MW micelle simulations still represent cylinders but only 

at shorter length scales. As would be expected by the intra-particle correlation peak seen in 

the P(r) results, high-MW polymer chains are long enough to have a slight bend to them. The 

size limit of this integration is 140 nm, thus the electron density correlation peak at 100 nm 

falls well within the limits of the model. Overall, the comparison of high and low molecule 

weight Dammin bead models further demonstrate that PCT forms rod-like micelles with straight 

chains but, as expected, high molecular weight polymer chains have slight more disorder 

resulting in some curvature to the micelles. For both samples, more examples of bead models 

are shown in Figures S2 and S3. 
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In order to ensure the previously discussed SAXS results are not due to aggregation 

effects and to observe the interaction of polymer chains in solution, we further examine both 

high- and low-MW samples at varying concentrations, as seen in Figure 2.4. In non-interacting 

systems the scattering profiles shapes stay the same, with only the scattering intensity 

increasing with increasing concentration. 

Figure 2.4a shows concentration-normalized P(r) trans-formations for the low-MW 

fraction of PCT. The peak at 20 Å remains the same for all concentrations indicating that the 

rod-like shape of the individual micelles remains unchanged and that all measurements were 

per-formed above the critical micelle concentration.46 However, as the concentration 

increases, a large peak appears at ~400 Å, corresponding to the electron density correlation of 

neighboring chains in solution. These changes are also reflected in the Guinier-Porod power law 

fits shown in Figure 2.4b. The increase in slope from 1.0 to 1.2, indicating a deviation from 

perfect linearity, can thus be explained because of the interaction between separate polymer 

 

Figure 2.4: Concentration-dependent studies of low-MW PCT (a-c) and high-MW PCT (d-f) 
demonstrating that cylinder shape is maintained while micelles interact with each other in 
solution. 
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micelles. These interchain relationships observed in the SAXS data are represented (region 4) 

in the schematic shown in Figure 2.4c. 

It can be seen in the P(r) results for high-MW (Figure 2.4d) that there are three distinct 

peaks at the different concentrations. The first peak at ~20 Å, as with the low-MW samples, 

corresponds to the cylinder diameter (region 1). The peak at ~100 Å (region 3), as previously 

dis-cussed, relates to the electron density correlation of intra-micelle interactions that only 

occur because of the increased length of the polymer chains. However, as the concentration 

increases, an additional peak at ~300 Å (region 5) appears. Similar to what has been seen for 

the low-MW PCT, this new peak occurs due to inter-micelle correlation because the distinct 

micelles are now closer to each other. Despite the changes in the P(r) function, the radially 

averaged data and corresponding Guinier-Porod fits seen in Figure 2.4e have very little change 

be-cause both correlation peaks represent a deviation from ideal-rod like behavior. It is also 

interesting to note that the inter-micelle correlation peak appears at longer distances for low-

MW as compared to high-MW PCT. In the low-MW system, the polymer chains are short enough 

that that are able to minimize repulsive forces more effectively with increased distance 

between micelles. However, at higher-MW, there is too much disorder caused by the longer 

polymer chains to spatially separate each micelle as effectively. 

2.3. Conclusions 

 In conclusion, we are able to confirm our ability to expand the design rule for 

straightening polymer chains by using self-assembling amphiphilic CPEs to form cylindrical 

micelles with the synthesis of PCT. We were able to move the band-gap ~150 nm into the 

visible region, making this polymer much better applicable for future OPV applications. 

CryoEM images indicate rod-like micelle self-assembly with dimension of ~20 Å. Solution SAXS 

profiles and the resulting P(r) transformations provide further proof of this cylindrical micelle 
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formation, with featureless raw scattering decays and a sharp peak at low distances 

representative of the cylinder diameter followed by a decay for correlations along the length 

of the cylinder, respectively. The radially averaged SAXS profiles are fit to the Guinier/power 

law to determine the straightness of the cylinders. With slope values of 1.2 and 1.0 for high- 

and low-MW PCT, respectively, in dilute solution, we corroborate the idea of straightening 

the polymer backbone with a more similar bond-angled cyclopentadithiophene relative to the 

thiophene moiety for straighter micelle formation. We prove our ability to design a straighter 

amphiphilic CPE for self-assembly into micelles with Dammin bead models of our SAXS data. 

For low-MW PCT samples, the bead models further suggest straight-chained micelle 

formation, while high-MW PCT samples produce curved micelles due the appropriation of the 

larger correlation peaks observed in the P(r) functions. We further explored the 

concentration-dependent effects of self-assembly and were able to show that while inter- and 

intra-micelle interactions change at varying concentrations, the core rigid rod-like assembly is 

unchanged no matter the molecular weight or concentration. By confirming the expansion of 

our amphiphilic self-assembly design rule for straightening polymer chains with the synthesis 

of PCT, we open up the possibilities for the incorporation of appropriate acceptors to study 

charge transfer properties both in solution and solid-state. Due to ease of structural 

tenability, other CPEs can be synthesized using this design rule to further rigidify the 

backbone for improved electronic properties or the incorporation of different monomer 

moieties to tailor the optical properties. In all, we have shown that by straightening the 

individual polymer chain backbone, we can control the self-assembly to form straight rod-like 

micelles in water for potential in OPV applications. 

2.4. Experimental Methods 
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Polymer Synthesis. Synthetic procedures and characterization data can be found in the 

Supporting Information. T0 purify the PCT into high- and low-MW fractions, 250 mg of PCT 

was dissolved in 5 mL of DMSO. Once dissolved, ethyl acetate was added to the PCT in DMSO 

solution until the high-MW polymer fraction started to precipitate out of solution. The 

precipitate is then centrifuged to separate from the solution, which is poured off and the 

solid is dried to collect the high-MW fraction. More ethyl acetate is then added to the 

remaining solution and the rest of the polymer is precipitated to collect the low-MW fraction. 

All resulting studies were then performed on the size-separated PCT dissolved in water at 

various concentrations. 

cryoEM Measurements. Cryo EM grids were prepared using a Vitrobot Mark IV cryo-sample 

plunger. Briefly, 2.5 µl of polymer sample at a concentration of 1 mg/ml was deposited onto 

a glow-discharged Quantifoil holey-carbon grid (SPI Quantifoil R3.5/1). The grid was then 

blotted dry and rapidly frozen by plunging the grid into a 2:1 mixture of liquid propane:liquid 

ethane cooled to liquid nitrogen temperatures, producing thin films of amorphous ice 

containing the sample in the holey carbon film. Grids were imaged on an FEI (Hillsboro, OR) 

Tecnai TF20 EM (Electron Imaging Center for Nanomachines, California Nanosystems Institute, 

Los Angeles, CA) at either 50 kX or 100 kX magnification with a defocus value of around 3 µm. 

Solution SAXS Characterization. SAXS experiments were conducted at the Stanford 

Synchrotron Radiation Lightsource (SSRL) on beamline 4-2. Using a syringe, 50 μL of each 

sample was loaded into a quartz capillary held at 25°C. Scattered X-rays (12 keV) were 

collected on a Rayonix MX225-HE detector (sample-to-detector distance = 1.7 m). The 2-D 

data was radially averaged to obtain 1-D scattering profiles. The 1-D scattering profiles were 

fit and smoothed using Gnom,42 and bead modeling was performed on the smoothed data 

using Dammin, a Monte Carlo type modeling software, to use beads and solvent for creating 
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shapes to replicated SAXS scattering representative of the experimental curves. Within 

Dammin, expert mode was used and the bead size radius was set to 5 Å, corresponding to the 

wide of a single polymer chain. The diameter of the volume space sphere was set to be 140 Å. 

Each data set was run at least 5 times to ensure trends/model structures were reproducible. 

Only a subset of the overall data is shown in the main text. 

2.5. Supporting Information 

 Supporting Information is available in Appendix A.  
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Chapter 3. Controlling Fullerene:Polymer Vertical Phase Segregation Using Sequential 

Processing and Solvent Swelling in Organic Photovoltaics 

3.1. Introduction 

 Organic photovoltaics (OPVs) are of particular interest due to their low cost, ease of 

solution processing, and flexible properties1. These devices typically consist of a conjugated, 

semiconducting polymer that acts as the main photoabsorber and electron donor, and a 

fullerene derivative, typically phenyl-C61-butyric acid methyl ester (PCBM), as the primary 

electron acceptor. Together, the polymer and fullerene derivative form the active layer, which 

usually takes the form of a bulk heterojunction (BHJ), whose morphology plays an integral role 

in determining the device performance and efficiency.2–6 An ideal BHJ morphology requires the 

polymer and fullerene to be mixed on small enough length scales (~20 nm) to prevent exciton 

recombination prior to charge separation, but also to have separated domains to enable 

efficient charge collection.7–9 

Traditionally, this morphology has been achieved through blend-casting (BC), wherein 

the polymer and fullerene are codissolved in solution and deposited onto a substrate. This 

process, however, relies on the polymer and fullerene demixing in order to form an ideal BHJ, 

which is often aided by the use of solvent additives10–13 or post-treatments steps such as thermal 

and solvent annealing.14–17 Unfortunately, the spontaneous donor-acceptor phase separation 

that drives BHJ formation in blend-cast systems is hard to control, particularly in large scale 

devices.18 An alternative method, sequential processing (SqP), allows for more structural 

control.19–27 With SqP, the polymer is first deposited as a homogeneous film. Then, using a semi-

orthogonal solvent or solvent blend that will swell but not dissolve the polymer layer, the 

fullerene is intercalated into the pre-existing polymer matrix. This provides the ability to tune 
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the polymer morphology first, resulting in more reproducible devices, especially when scaling 

up to larger areas.20 

 Inherent to SqP, BHJ formation relies on the mass action to drive fullerene into the 

already cast polymer matrix. While thermal annealing has been shown to help improve mixing 

for crystalline polymers such as the well-studied poly-3-hexylthiophene (P3HT),28–32 it is not 

always applicable for more amorphous polymers. Alternatively, it has been shown that fullerene 

diffusion into the film can be aided by polymer swelling via solvent additives13,21 or using solvent 

blends.22,33–35 Indeed, we have previously shown that the fullerene casting solvent, or swelling 

solvent, can be rationally selected to swell but not dissolve the polymer film using its Flory-

Huggins χ parameter, which in turn can be determined by performing ellipsometry on solvent-

swollen polymer films.22 Recently, this method has also been expanded to other applications, 

such as infiltrating molecular dopants into polymer thin films to produce highly conductive 

materials.36–40 

 In this paper, we expand on the solvent swelling SqP method, and show that we can 

control vertical fullerene distribution as well as local phase separation in SqP processed BHJ 

films simply by tuning the swelling solvent blend ratios. We demonstrate how this method can 

be applied to two high-performance polymers that have different degrees of crystallinity and 

solubility: semi-crystalline poly[(4,8-bis[(ethylhexyl)oxy]benzo[1,2-b:4,5-b’]dithiophene-2,6-

diyl)(3-fluoro-2-[(2-ethylhexyl)carbonyl]thieno[3,4-b¬]thiophenediyl)] (PTB7)41 and amorphous 

poly[(4,8-di(2-butyloctyl)oxybenzo[1,2-b:4,5-b’]dithiophene-2,6-diyl)-alt-(2,5-bis(4,4’-bis(2-

octyl)dithieno[3,2-b:2’3’-d]silole-2,6-diyl)thiazolo[5,4-d]thiazole)] (PSDTTT).42 We show that 

by increasing the amount of swelling solvent in the fullerene solvent blend (up to the point of 

polymer dissolution), we improve device efficiencies for each polymer system. Using a 

combination of 2D-grazing-incidence wide-angle X-ray scattering (GIWAXS) and neutron 
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reflectometry (NR), we probe both the local and global morphology as a function of increasing 

swelling solvent for each polymer. The GIWAXS data shows that we can introduce more 

fullerene into the polymer films using a solvent blend that more effectively swells the polymer 

matrix, and that this is accomplished without drastically altering the polymer morphology. 

Using NR, we can globally differentiate between polymer and fullerene, and are able to obtain 

vertical phase separation profiles for each system. By controlling how effectively the solvent 

swells the polymer matrix, we are able to control polymer:fullerene mixing profiles within the 

device. These morphological changes directly correlate with improved device performances 

upon the addition of increased swelling solvent. 

3.2. Results and Discussion 

 Device Performance. We start by looking at the device performance of our 

polymer:fullerene solar cells. Using the Flory-Huggins χ-parameter, it was determined that a 

‘good’ SqP swelling co-solvent blend should have an effective χ in the range 1.4 ≤ χ ≤ 2.22 For 

 

Figure 3.1. Photovoltaic device performance for SqP active layers containing (a) 

PTB7:PC61BM with the PC61BM deposited from a co-solvent blend of 2-CP:1-BuOH with ratios 

of 40:60 (red) and 50:50 (blue) and (b) PSDTTT:PC61BM with the PC61BM deposited from a co-

solvent blend of Tol:2-CP with ratios of 35:65 (red), 50:50 (green), and 65:35 (blue). 
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these systems, we use 2-chlorophenol (2-CP) as the base fullerene solvent due to its high 

fullerene solubility and its low vapor pressure. PTB7 is fairly soluble in 2-CP (χ ≤ 1) and thus a 

co-solvent with a larger χ -parameter must be added to prevent PTB7 dissolution during the SqP 

process. Here, we choose 1-butanol (1-BuOH) as our co-solvent, which had previously been 

shown to act as effective non-solvent while maintaining the ability to wet and swell the polymer 

film.22 By increasing the amount of 2-CP in our solvent blends, we induce more PTB7 swelling 

solvent and potentially provide more space for the PC61BM to intercalate into the polymer 

matrix. 

 The photovoltaic device performance for the PTB7:PC61BM devices with different 2-CP:1-

BuOH ratios can be seen in Figure 3.1a. We indeed see an increase in device performance from 

4.1% to 6.0% by increasing the 2-CP:1-BuOH ratio from 40:60 (red curve) to 50:50 (blue curve). 

We note that a 2-CP:1-BuOH ratio of 60:40 washed away part of the PTB7 film, indicating that 

we had reached the point of dissolution. From the solar cell performance data summarized in 

Table 3.1, we clearly see that increasing the amount of swelling solvent (2-CP) results in a 

higher short circuit current density (Jsc) and increased fill factor. This suggests that with more 

swelling solvent, there is better charge transfer and charge collection, presumably due to 

better fullerene intercalation. We also see a small decrease in the open-circuit voltage (Voc) for 

 Voc (mV) Jsc (mA/cm2) FF (%) PCE (%) 

PTB7:PC61BM 
40:60 2CP:1-BuOH 

0.79 12.97 42.0 4.1 

PTB7:PC61BM 
50:50 2CP:1-BuOH 

0.76 13.70 60.2 6.0 

PSDTTT:PC61BM 
35:65 Tol:2CP 

0.23 4.94 31.5 0.62 

PSDTTT:PC61BM 
50:50 Tol:2CP 

0.71 9.11 42.4 2.7 

PSDTTT:PC61BM 
65:35 Tol:2CP 

0.73 9.67 54.77 3.8 

Table 3.1. Summary of photovoltaic device parameters and efficiencies for PTB7:PC61BM 

and PSDTTT:PC61BM devices with different co-solvent blend ratios. 

. 
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the 50:50 2-CP:1-BuOH device, suggesting that there is more efficient charge extraction 

occurring, reducing the charge buildup upon photoexcitation. 

 PSDTTT, in contrast, has poor solubility in most organic solvents, and is completely 

insoluble in 2-CP (χ ≥ 2.5). Thus, for this polymer, we must add a good solvent for the polymer 

such as toluene (herein abbreviated as “tol”) to the SqP solution to induce enough swelling to 

drive fullerene intercalation. Indeed we see in the J-V data in Figure 1b, that by increasing the 

amount of toluene in the solvent blend from 35:65 (red curve) to 50:50 (green curve) and finally 

to 65:35 (blue curve), the device characteristics monotonically improve. This improvement 

corresponds to an increase in efficiency from 0.6% to 3.8%. Similar to the PTB7 system, we also 

see an increase in Jsc and fill factor as we use more toluene in our co-solvent blends. This again 

suggests that with increased swelling of the polymer layer, there is better polymer:fullerene 

mixing, which in turn leads to improved charge transfer and charge collection. 

 GIWAXS Characterization of the Polymer:Fullerene Active Layers. To better 

understand the changes in the solar cell device performance for PTB7:PC61BM and 

 

Figure 3.2. 2D diffractograms on films of (a) pure PTB7, (b) pure PSDTTT, (c) 

PTB7:PC61BM, and (d) PSDTT:PC61BM showing both polymers are face-on oriented with a 

prominent (010) π-stacking peak in the out-of-plane direction. 
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PSDTTT:PC61BM active layers with changes in solvent composition during fullerene deposition, 

we first take a look at the molecular structure of our films using two-dimensional GIWAXS. This 

powerful technique allows us to study the changes in relative crystallinity for both polymer and 

fullerene, as well as any effect on the polymer orientation when tuning the fullerene co-solvent 

blends. The polymer orientation can be ascertained by comparing the intensity of the (100) 

lamellar stacking peak to that of the (010) π-stacking peak in both the in- and out-of-plane 

scattering directions. The in-plane scattering encompasses the diffraction planes oriented 

perpendicular to the plane of the substrate while the out-of-plane scattering consists of the 

diffraction planes oriented parallel to the plane of the substrate. The resulting 2D 

diffractograms of our pure polymers and SqP processed polymer:fullerene films are presented 

in Figure 3.2. 

 Looking at the diffractograms for pure PTB7 and PSDTTT films in Figures 3.2a,b, we 

clearly see that both polymers are face-on oriented with the lamellar stacking peak 

predominantly scattering in the in-plane direction and the π-stacking peak in the out-of-plane 

direction. Upon the addition of PC61BM (Figs. 3.2c,d), we see the appearance of broad isotropic 

peaks that largely obscure the π-stacking peak, arising from fullerene scattering. By selectively 

integrating over these diffractograms we can glean more quantitative information regarding 

the relative crystallinities (full integrations) and polymer orientation (in- and out-of-plane 

integrations). 

 We first look at the fully integrated scattering curves for our PTB7:PC61BM system, as 

shown in Figure 3.3a. Upon fullerene addition (red and blue curves), we notice that the (100) 

stacking peak intensity at q = 0.3 Å-1 decreases relative to the pure PTB7 (100) peak intensity 

(black curve), suggesting that the fullerene is disrupting the polymer crystallinity to form a 

BHJ. Furthermore, we see the main fullerene scattering peak intensity centered at q = 1.35 Å-
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Figure 3.3: (a) Full integrations of GIWAXS diffractograms for the PTB7:PC61BM system: 

pure PTB7 (black), 40:60 2CP:1-BuOH (red), and 50:50 2CP:1-BuOH (blue). The in- (b) and 

out-of-plane (c) scattering is shown to confirm the edge-on orientation for PTB7 with 

strong (010) scattering in the out-of-plane direction. Further examination of the (010) 

peak is facilitated by subtraction of all isotropic scattering (mainly fullerene scattering). 

The difference patterns (d) show a (010) peak only in the out-of-plane direction (light 

curves) , indicating that any non-isotropic polymer has a face-on orientation with respect 

to the substrate, even after SqP processing. 
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1 appear, an indication that there is fullerene within the polymer film. We note that if the 

PC61BM was deposited on top of the film, rather than infiltrating into the PTB7 matrix, we would 

see sharp diffraction peaks superimposed on this broad scattering due to the formation of larger 

fullerene crystallites. Delving further into our solvent blend system, we see that increasing the 

2-CP:1-BuOH ratio from 40:60 (red curve) to 50:50 (blue curve) increases the fullerene 

intensity, confirming that with better swelling, we are able to incorporate more fullerene into 

PTB7 film. 

 In order to look at the PTB7 orientation in our pure polymer and BHJ films, we examine 

the in- and out-of-plane integrated diffraction, as plotted in Figure 3.3b,c, respectively. For 

pure PTB7 (black), we see that there are apparently two polymer populations with different 

orientation. The (100) intensity is roughly equivalent both the in- and out-of-plane, which could 

arise from a purely isotropic domain distribution. This possibility is excluded by the very 

different (010) or π-stacking peak position in the in- and out-of-plane directions, however. The 

in-plane data shows a prominent peaks at very large spacing of q = 1.3 Å-1, a value that is usually 

associated with disordered π-stacking. By contrast, the out-of-plane data has a peak at a much 

more standard π-stacking value of q = 1.6 Å-1.  For complex polymers like these, it is often 

observed that that those domains that lie face-on to a flat surface show more ordered 

crystallinity and small π-stacking distances.43 

 For OPV applications, we are most interested in the closely stacked out-of-plane (010) 

peak, as this provides the needed conduction pathway for carriers traveling through the π-

system perpendicular to the substrate between the device electrodes. For the BHJ films, 

however, the fullerene scattering peak largely obscures any π-stacking peak character. Due to 

the isotropic nature of the PC61BM scattering, we can subtract off a 10° radial segment of the 

diffractogram centered at 45° from both our in-plane and out-of-plane data to uncover any 
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information on oriented or non-isotropic domains, as seen in Figure 3.3d. We find is that when 

subtracting the isotropic scattering from the out-of-plane direction (light curves), we see a 

clear (010) peak; no oriented (010) diffraction remains in the in-plane direction (dark curves). 

This indicates that the swelling and fullerene intercalation process does not destroy the 

favorable face-on polymer orientation. We also notice that as we increase the amount of 2CP 

in our solvent blends from 40:60 (red) to 50:50 (blue), we see a slight decreasing the π-stacking 

scattering intensity, again confirming that we are disrupting the PTB7 crystallinity by 

intercalating more fullerene into our films. 

 Having shown that for a semi-crystalline polymer such as PTB7 we can controllably 

introduce more fullerene into BHJ films by tuning the nature of the co-solvent blend while 

preserving the face-on polymer orientation, we now turn to examination of local structure for 

the more amorphous, less soluble polymer in PSDTTT. The full integration scattering curves in 

Figure 3.4a show a clear (100) lamellar stacking peak centered at q = 0.3 Å-1 and a very broad 

(010) π-stacking peak centered around q = 1.6 Å-1 for pure PSDTTT (black curve). With the least 

swelling solvent, 35:65 Tol:2CP (red curve), we see minimal change in the (100) scattering 

intensity, but the (010) peak becomes obscured by PC61BM scattering centered around q = 1.35 

Å-1. The lack of change in the diffraction data agrees with the device performance shown in 

Figure 3.1, which suggests little fullerene is intercalating into the PSDTTT matrix. When we 

increase the amount of toluene in our solvent blends to 50:50 Tol:2CP (green curve) and 65:35 

Tol:2CP (blue curve), there is a decrease in the (100) scattering intensity, similar to the results 

for PTB7:PC61BM. This again indicates that with enough swelling, we are able to infiltrate 

fullerene into the film and disrupt the polymer crystallinity. The PC61BM scattering intensity 

also increases with increasing toluene concentration, proving that we are able to controllably 

intercalate fullerene into the film. 
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Figure 3.4: (a) Full integration of GIWAXS diffractograms for the PSDTTT:PC61BM system: 

pure PSDTTT (black), 35:65 Tol:2CP (red), 50:50 Tol:2CP (green) and 65:35 Tol:2CP (blue). 

The (b) in- and (c) out-of-plane integrations are shown to confirm edge-on orientation for 

PSDTTT with strong (010) scattering in the out-of-plane direction. Further examination of 

the of this (010) peak is facilitated by subtraction of all isotropic scattering (mainly 

fullerene scattering), showing that this SqP process is not altering the polymer orientation: 

(010) peak in the out-of-plane direction (light curves) rather than the in-plane (dark 

curves). 
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 The PSDTTT orientation is more quantitatively examined in the in- and out-of-plane 

integrated diffraction curves shown in Figures 3.4b,c, respectively. For pure PSDTTT (black 

curve), we again see two populations of PSDTTT with different orientation. The in-plane data 

again shows an isotropic population with a larger π-stacking distance population (q ~ 1.35 Å-1) 

whereas the out-of-plane data show the more ordered, face-on population with a smaller π-

stacking distance (q ~ 1.65 Å-1). Because of the sharpness of the diffraction arising from the 

more ordered, face-on population, we can see a clear trend of this (010) peak decreasing in 

intensity with increasing amounts of toluene (red  green  blue) in the out-of-plane 

scattering, despite the overlapping fullerene scattering. The same trend is observed when we 

again subtract of the isotropic diffraction collect at 45° in order to remove the fullerene 

scattering, as shown in Figure 3.4d. Using this analysis procedure, we confirm that the more 

tightly packed (010) peak is face-on oriented, whereas the more disordered, low q (010) peak 

is isotropic. Moreover, increased PC61BM incorporation with the uses of more toluene 

controllably disrupts both the polymer crystallinity and this domain orientation. 

 NR Characterization of the Polymer:Fullerene Active Layers. While GIWAXS provides 

structural information on the molecular level, it does not tell us about the distribution of 

fullerene within the film. For that, we can use neutron reflectometry (NR) to study the device 

level structure. With NR, the molecular distribution along the direction perpendicular to the 

plane of the film is probed. This is made possible due to the unique contrast in neutron 

scattering length densities (SLDs) between hydrogen-rich semiconducting polymers and 

hydrogen-deficient fullerene derivatives. In particular, P3HT and PC61BM have been extensively 

studied using NR in order to determine efficient methods for fullerene intercalation into the 

P3HT layer.28,33,44,45 The reflectivity data is fit using a multilayer model with layers of varying 

SLDs to represent the vertical phase segregation profile. In the fitting, a guessed profile is 

iteratively refined until the model reflectivity matches with the experimental data. By limiting 
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values to known neutron scattering characteristics of the component material and using 

constraints to maintain a physically realistic system (film thicknesses and roughness profiles), 

a representative SLD profile of the active layer material can be obtained. Additional details 

regarding the NR fitting can be found in the SI. 

 We begin by determining the SLD for the pure components of our films. We find that 

PTB7 has an experimentally determined SLD = 0.6 x 10-6 Å-2 (see SI, Figure S1) and that PC61BM 

has a SLD ~ 4.3 x 10-6 Å-2, taken from the literature.46 The resulting SLD profiles for PTB7:PC61BM 

using different solvent swelling blends can be seen in Figures 3.5a,b. For our BHJ films, we 

define three distinct regions: polymer-rich or low SLD (blue region), mixed or intermediate SLD 

(yellow region), and fullerene-rich or high SLD (green region). The 40:60 2CP:1-BuOH film (red 

curve) shows all three regions, as we would expect using SqP: a PTB7 rich region near the silicon 

substrate, a mixed PTB7:PC61BM region in the middle, and a fullerene-rich region at the top of 

the film. This SLD profile suggests that there is not enough swelling solvent to facilitate full 

 

Figure 3.5. SLD vertical phase profiles for PTB7:PC61BM BHJ films using fullerene solvent blends 
of (a) 40:60 2CP:1-BuOH (red curve) and (b) 50:50 2CP:1-BuOH (blue curve). The data show the 
molecular distribution of polymer-rich regions (blue), mixed regions (yellow), and fullerene-
rich regions (green) relative to the Si/SiO2 substrate (gray). With more swelling (i.e. more 2CP), 
the fraction of mixed region increases. 
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fullerene intercalation into the film, so there is only a small mixed region and there is a large 

fullerene region atop of the film. This small mixed region can help explain the low fill factor 

and Jsc parameters seen in Figure 3.1. Upon increasing the amount of 2CP in our co-solvent 

blend to 50:50 (blue curve), there is a clear increase in both the size of the mixed region and 

the film thickness. The increase in amount of fullerene mixing due to solvent swelling is 

consistent with the improvement in device performance. 

 The SLD of PSDTTT was experimentally determined to be 0.4 x 10-6 Å-2 (see Figure S2 for 

SLD profile and reflectivity fit), again providing adequate contrast to PC61BM’s SLD of ~ 4.3 x 

10-6 Å-2. The resulting SLD profiles for the PSDTTT:PC61BM BHJ films are shown in Figures 6a-c. 

Similar to the PTB7:PC61BM films, there are three distinct regions of low SLD, polymer-rich 

region (blue section), intermediate SLD, mixed region (yellow section), and high SLD, fullerene-

rich region (green region). For the 35:65 Tol:2CP BHJ film (red curve), which has the lowest 

amount of the good solvent, toluene, we again see a small mixed region which correlates with 

 

Figure 3.6. SLD vertical phase profiles for SqP processed PSDTTT:PC61BM films using fullerene 
deposition solvent blends of (a) 35:65 Tol:2CP (red curve), (b) 50:50 Tol:2CP (green curve), 
and (c) 65:35 Tol:2CP (blue curve). The data shows the molecular distribution of polymer-rich 
regions (blue), mixed regions (yellow), and fullerene-rich regions (green) relative to the 
Si/SiO2 substrate (gray). With more toluene used, the fraction of mixed region increases. 
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its poor device efficiency. As we increase the amount of toluene to 50:50 Tol:2CP (green curve) 

we see this mixed area increase in size, while both the fullerene-rich and polymer-rich regions 

decrease. As we further increase the toluene amount to a 65:35 Tol:2CP ratio (blue curve), we 

see this mixed polymer:fullerene region grow even larger. This increase in mixed region in the 

SLD profiles for SqP processed PSDTTT:PC61BM films once again demonstrates our ability to 

tune the device performance by tuning the polymer:fullerene intercalation using solvent 

swelling. 

 Interestingly, we notice that despite adding in the fullerene on top of the PSDTTT layer, 

the SLD profiles show the fullerene-rich region (green area) is near the silicon substrate whereas 

the polymer-rich region is at the top of the film. This is counterintuitive to the SqP mechanics, 

wherein the fullerene is deposited onto an already established polymer matrix. We hypothesize 

that this is a thermodynamically favored state enabled by the amorphous nature of PSDTTT. 

Based on surface energies calculated from contact angle measurements (see SI for additional 

details), as seen in Table 3.2, we note that PSDTTT has a lower surface energy (22.4 mJ/m2) 

than PC61BM (30.4 mJ/m2) and the SiO2/Si substrate (56.3 mJ/m2). As materials with higher 

surface energy prefer to interact with other materials of similarly high surface energy,47–49 we 

predict that PC61BM would preferentially reside at the high-energy SiO2/Si substrate rather than 

PSDTTT. Importantly, this spatial arrangement indicates that the final distribution of fullerene 

in the PSDTTT device is thermodynamically, rather than kinetically controlled. 

Organic 

Layer 

Surface Energy 

(mJ/m2) 

PTB7 26.1 

PCBM 30.4 

PSDTTT 22.4 

SiO2/Si 22.4 
Table 3.2. Calculated surface energies (mJ/m2) from contact angle measurements for the 
active layer materials in our BHJ films. 
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3.3. Conclusions 

 Here we have investigated the effect of tuning the co-solvent blends used to deposit 

fullerenes in order to SqP process BHJ films for two different semiconducting polymer systems: 

semi-crystalline PTB7 and amorphous PSDTTT. Our results show that by tuning how effectively 

the solvent swells the polymer network, we are able to controllably improve the device 

performance and efficiencies from 4.1% to 6.0% and from 0.6% to 3.8% for PTB7 and PSDTTT, 

respectively. Using GIWAXS, we examine the molecular structure for these two polymer systems 

and see very similar trends despite having very different inherent crystallinities. We observe 

that with increasing amounts of solvent swelling, the amount of fullerene in the film, as 

measured by fullerene diffraction, increases without disrupting the polymer orientation. With 

NR, we are able to study the global morphology and obtain vertical phase SLD profiles of our 

BHJ films. We find that for both polymers, as the amount of solvent swelling is increased, a 

larger polymer:fullerene mixed region is created. The combined effect of intercalating more 

fullerene overall and larger polymer:fullerene mixing, corresponds well with the improved 

device efficiencies. Furthermore, for the PSDTTT:PC61BM system, we find that PC61BM 

intercalates closer to the SiO2/Si substrate, as predicted by comparing the material surface 

energies. This result indicates that SqP fullerene intercalation can be viewed as a 

thermodynamically, rather than kinetically controlled process. Overall, this study demonstrates 

the ability to control polymer:fullerene mixing using solvent swelling and SqP. The use of 

solvent blends can be used to tune the driving force for fullerene intercalation, such that the 

thermodynamically favored morphology is obtained. 

3.4. Experimental Methods 

 Film Fabrication. PTB7 was purchased commercially (Solarmer, Inc.) and PSDTTT was 

synthesized in-house41. All other materials used in this study were purchased commercially and 
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used as received. For polymer-based photovoltaic devices, sequentially processed active layers 

were prepared by spin-casting a 10 mg/mL polymer solution in chlorobenzene onto a 

PEDOT:PSS-covered ITO substrate, and then subsequently depositing the fullerene from a 10 

mg/mL solution of PC61BM in 2-chlorophenol/co-solvent blend solutions. The exact co-solvent 

ratios are specific to each polymer and co-solvent being used, as stated in the main text. 

Electrodes were evaporated to produce the final device structure: ITO/PEDOT:PSS/Active 

Layer/Ca/Al.  Films made for GIWAXS and NR studies using the same solutions made for active 

layer devices were cast onto silicon substrates (with a 1.8 nm SiO2 native oxide layer). All film 

thicknesses were measured using a Dektak 150 stylus profilometer. Further fabrication details 

can be found in the Supporting Information (SI). 

 Structural Measurements. The two-dimensional GIWAXS measurements were 

performed at the Stanford Synchrotron Radiation Lightsource (SSRL) on beamline 11-3 using a 

wavelength of 0.09742 Å. Diffraction patterns were collected on a two-dimensional image plate 

with a sample to detector distance of 400 mm and a spot size of roughly 150 μm. A helium 

chamber was utilized to increase the signal-to-noise ratio. For the analysis of the GIWAXS data, 

the two-dimensional diffraction for each sample was integrated using WxDiff. The limits of the 

integration were changed on the basis of the orientation information desired. To obtain a full 

integration of a diffractogram, the integration limits over chi were from 0 to 180°. For in-plane, 

out-of-plane, and 45° integrations, the limits were 0-10°, 70-80°, and 40-50°, respectively. 

Each integration was background corrected for the substrate scattering. To ensure 

reproducibility in diffraction intensity and shape, all samples were made and measured in 

triplicate. NR experiments were performed at Oak Ridge National Laboratory using the 

Magnetism Reflectometer at the Spallation Neutron Source using a neutron wavelength of 4.41 

Å and an effective q-range of 0.008-0.153 Å-1 (q = 4π/λsinϴ, where λ is the neutron wavelength 
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and ϴ is the scattering angle). Motofit Software was used to determine the vertical distribution 

of the thin films by fitting the raw reflectivity data. 

3.5. Supporting Information 

 Supporting Information is available in Appendix B. 
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Chapter 4. Overcoming Film Quality Issues for Conjugated Polymers Doped with F4TCNQ 

by Solution Sequential Processing: Hall Effect, Structural, and Optical Measurements 

 

Organic electronics utilize low-cost, solution-processable, and readily tunable 

semiconducting organic materials in a variety of applications such as LEDs,1 photovoltaics,2 

thermoelectrics,3 and transistors.4 One common way to tune the important electronic 

properties of this class of materials is through molecular doping, that is, oxidizing or reducing 

the organic semiconductor to create an appreciable quantity of equilibrium charge carriers.5−13 

Recently, much interest has been focused on the dopant 2,3,5,6-tetrafluoro-7,7,8,8-

tetracyanoquinodimethane (F4TCNQ; see Figure 4.1a, below, for chemical structure), which has 

a LUMO level that is deep enough (approximately −5.2 eV relative to vacuum) to oxidize the 

HOMO of many organic semiconductors.14 Although there is ample work concerning F4TCNQ 

doping of small molecules,15−20 much of the recent research has focused on the interaction of 

this dopant with semiconducting polymers.21−34 

 Traditionally, in order to dope conjugated polymers with F4TCNQ, the two components 

are combined in solution in the desired dopant/polymer ratio. Due to the favorable energetic 

offset between the polymer HOMO and the F4TCNQ LUMO, an electron is readily transferred 

from the polymer to F4TCNQ when the two molecules come into contact, leading to charged 

species that remain closely bound in solution. The high polarity of these species causes them 

to easily precipitate out of the organic solvents that are used to process the individual 

materials.28,35,36 As a result, large highly doped agglomerates form that are not fully solvated, 

making it difficult to fabricate thin films of sufficient quality to perform meaningful electrical 

and optical measurements. Raising the temperature of the blended solution can allow for small 

increases in the solubility of doped polymers in organic solvents;21,25,28,29 however, high 
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temperatures also have a detrimental effect on doping both in solution22 and in thin films (see 

Supporting Information (SI)). The degree of doping also can be raised slightly without hindering 

film quality by diluting the doped polymer solution in excess solvent, but this hinders the ability 

to make films of appreciable thickness by traditional spin-coating methods. Moreover, the 

neutral F4TCNQ itself has a limited solubility in most of the organic solvents used to process 

polymer thin films. This limitation can be partially overcome by synthesizing new, related 

dopant molecules with increased solubility that can improve polymer/dopant interactions and 

lead to increased doping density, even with less favorable energetic offsets.37,38 

 Clearly, for molecular doping of semiconducting polymers to be practical, it is important 

to have a method that affords tunable (and large) doping concentrations as well as the ability 

to reproducibly fabricate high-quality films. Here, we show that solution-sequential processing 

(SqP)39−43 readily yields films that meet both of these criteria. In SqP, the pure polymer is 

deposited first from any solvent that produces high-quality films. The molecular dopant is then 

deposited in a second step from a solvent in which the dopant is soluble and which also swells 

the polymer film without dissolving it. With the appropriate amount of swelling, molecular 

dopants can easily infiltrate throughout the polymer film without significantly changing the 

film’s morphology, as our group and others have recently demonstrated for the construction of 

bulk heterojunction polymer photovoltaics.43−45 It is important to note that what we call “SqP-

based doping” has effectively been applied in the past to doping films of carbon nanotubes,46−49 

doping of polymer films with NOPF6,
12,13 and for patterning conjugated polymer films by taking 

advantage of the large differential solubility of the doped and undoped regions of the polymer.50 

 In this Letter, we apply the SqP technique to the problem of creating high-quality, 

heavily doped, highly conductive (>1 S/ cm) films of poly(3-hexylthiophene) (P3HT; see Figure 

4.4b, below, for chemical structure) with the molecular dopant F4TCNQ. We show using optical 
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microscopy, profilometry, and 2-D grazing incidence wide-angle X-ray scattering (GIWAXS) that 

the SqP technique produces doped P3HT films with a morphology that is nearly identical to that 

of the original undoped film, save for the incorporation of F4TCNQ. We perform a side-by-side 

comparison of doped films produced via the traditional blend-casting method and SqP and show 

that by changing the concentration of F4TCNQ and the choice of solvent from which it is cast, 

we are able to tune the conductivity of P3HT films to virtually any desired level up to 5.5 S/cm. 

The excellent quality of these doped films allows for this relatively high conductivity to be 

measured over large distances (>1 cm) and also permits Hall effect measurements to determine 

the carrier concentration and mobility. Using ultrasensitive AC B-field Hall effect 

measurements, we find that, for example, a 1.57 S/cm F4TCNQ SqP doped P3HT film is p-type 

and has a carrier concentration of 4.3 ± 0.8 × 1020 cm−3 with a mobility of 0.024 ± 0.006 cm2 V−1 

s−1. With the free-carrier concentration determined, we are also afforded better insight into 

the UV−visible absorption spectrum of the doped films, and we see the nascent production of 

equilibrium bipolarons at high dopant concentrations. 

 We begin our report by first studying the film quality of F4TCNQ-doped P3HT films 

produced by the traditional blend-casting method. For the purpose of this study, we maintained 

the concentration of P3HT in the solvent o-dichlorobenzene (ODCB) at 10 mg/mL and added 

varying amounts of F4TCNQ to obtain the desired doping ratios, namely, 5, 10, 17, and 30 wt % 

F4TCNQ relative to P3HT. We found that the spin-coating conditions that gave the best films 

were 800 rpm for 60 s, and more details of our sample preparation are given in the SI. The left 

portion of Figure 4.1 shows an optical micrograph of a doped blend-cast P3HT thin film. The 

film is highly non-uniform and made up of large regions of highly doped polymer agglomerates 

as well as some barren regions that are indicative of poor surface coverage of the blend-doped 

P3HT by spin-coating. The color difference between the pure, undoped film (right portion of 



58 
 

Figure 4.1) and the doped films results from the doping, which significantly changes the 

absorption of P3HT, as discussed further below. 

 Figure 4.2a shows profilometry measurements of the surface roughness of blend-doped 

P3HT films as a function of the concentration of the F4TCNQ dopant. The upper portion of Table 

4.1 summarizes the average thickness (d) and root-mean-square (rms) surface roughness (Rrms) 

for these blend-cast films; the roughness continually increases from around 15 nm at 5 wt % 

F4TCNQ to >400 nm at 30 wt %. Clearly, traditional blend-casting in the high-doping regime 

produces films of such poor uniformity that they are unsuitable for device applications or 

meaningful electrical measurements. The poor film quality of the blend-casting method can be 

seen by eye and has been noted by others.35,36,51 As a result, some groups have chosen to study 

 

Figure 4.1. Color optical micrographs at two different length scales of thin films of left) 

doped P3HT prepared by the traditional blend-cast doping method with a 30 wt % F4TCNQ to 

P3HT doping ration in ODCB; (center) doped P3HT prepared by the SqP method using 5 

mg/mL F4TCNQ in 75:25 THF/DCM as the casting solvent; and (right) pure, undoped P3HT 

spun from mg/mL solution in ODCB for reference. 
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the properties of doped P3HT nanofibers in part to avoid issues with the poor quality of doped 

blend-cast films.33,34 

 The SqP method, in contrast, allows us to easily overcome all of these issues. The right 

portion of Figure 4.1 shows an optical micrograph of a 110 nm thick pristine P3HT film cast 

from a 20 mg/mL solution in ODCB at 1000 rpm for 60 s. As the corresponding line scans show 

in Figure 4.2, such undoped films are quite flat, with a rms surface roughness of only a few nm 

(Table 4.1) and no inhomogeneities on optically relevant length scales. When we then dope the 

film via SqP by spinning a 5 mg/mL solution of F4TCNQ in a 75:25 tetrahydrofuran 

(THF)/dichloromethane (DCM) mixture on top of the pure P3HT film at 4000 rpm, the center 

part of Figure 4.1 shows that other than the change in film color due to doping, there is 

essentially no other alteration in the appearance of the film. Indeed, Figure 4.2b and Table 4.1 

show that the surface roughness of the sequentially processed doped P3HT films stays close to 

that of the pure P3HT film prior to doping and that the roughness does not increase even as the 

concentration of the F4TCNQ solution is increased to the solubility limit. 

 

Figure 4.2. Surface height line scans of doped P3HT films measured by profilometry over a 

lateral distance of 2 mm prepared by (a) the traditional blend-casting method and (b) the 

SqP method. A range of dopant concentrations was prepared and measured for both 

methods. The average thickness and rms surface roughnesses from these scans are 

summarized in Table 4.1. 
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 In addition to the very different macroscopic film structure, we also have explored the 

molecular-level structural differences between F4TCNQ-doped P3HT films created via 

traditional blend-casting and SqP using 2-D GIWAXS. By selectively integrating the 2-D 

diffraction patterns (as described in the SI), we are able to separate the out-of-plane scattering 

(corresponding to lattice planes oriented perpendicular to the substrate) and in-plane 

scattering (corresponding to lattice planes parallel to the substrate). These out-of-plane and 

in-plane scattering patterns are plotted in Figure 4.3a and b, respectively, for blend cast doped 

P3HT (1 and 17 wt %, orange and red curves, respectively), SqP doped P3HT (1 mg/mL from 

DCM, blue curves), and undoped P3HT (110 nm thick, green curves). We chose these two blend-

cast concentrations because 1 wt % F4TCNQ is the highest blend concentration that still 

produces a reasonable quality film and because 17 wt % F4TCNQ gives approximately the same 

level of doping as the SqP film, as measured by UV−visible absorption. Because the film 

thickness and film quality vary drastically across these four samples (see Table 4.1), we did not 

 

Table 4.1. Comparison of the rms Surface Roughness (Rrms), Film Thickness (d), and Sheet 

Resistance (Rs) between Different Doping Methods. 
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thickness-correct the diffraction intensity but instead normalized all of the diffraction patterns 

to the height of the (100) diffraction peak. The (100) diffraction peak, which corresponds to 

the lamellar stacking of the P3HT polymer chains, is centered at 0.39 Å−1 in undoped P3HT, 

corresponding to a lamellar spacing of 16.11 Å. The (010) diffraction peak, which is associated 

with π−π stacking, appears at 1.67 Å−1 (3.67 Å) in undoped P3HT films. 

 

Figure 4.3. (a) Out-of-plane and (b) In-plane integrated portions of 2-D GIWAXS for films of 

blend-cast doped P3HT with 1% (orange) and 17% (red) F4TCNQ by weight, sequentially 

processed doped P3HT (1 mg/mL, blue curves), and undoped P3HT (110 nm thick, green 

curves). For better comparison between films, which have large variations in thickness, the 

curves are normalized to the height of the (100) peaks. The inset in (a) shows the high-q 

region on an expanded vertical scale. 
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 Although the lamellar diffraction peaks shift to higher d-spacing with increasing doping 

concentration and new peaks appear in the π−π stacking region, indicating that P3HT 

cation/F4TCNQ anion co-crystals form for both SqP doped and blend-cast doped films (as 

discussed in more detail in the SI),21,36,51,52 the most interesting comparison between films 

produced by the two processing techniques is in the crystalline polymer domain orientation. 

The domain orientation is determined in 2-D GIWAXS by examining the ratio of the out-of-plane 

to in-plane scattering intensity. For pure P3HT, the high out-of-plane to in-plane ratio seen for 

the (100) peak and a correspondingly low ratio measured for the (010) peak indicate that the 

polymer chains are preferentially oriented edge-on to the substrate, as is well-known for 

P3HT.53 For the 1 mg/mL sequentially processed doped films, similar diffraction behavior is 

observed, with the (100) peak appearing most strongly out-of-plane and the (010) peaks 

appearing almost entirely in-plane. The new π−π stacking peaks that involve F4TCNQ in this 

region at q ≈ 1.4 and 1.8 Å−1 also show the same in-plane orientation. This indicates that despite 

doping with F4TCNQ, the sequentially processed doped film maintains P3HT’s edge-on molecular 

orientation with almost no disruption. By contrast, the 1 wt % blend-cast doped film shows 

significant (010) scattering and scattering from the q ≈ 1.8 Å−1 F4TCNQ-related peak in both the 

in-plane and out-of plane directions. This suggests that blend casting alters the P3HT domain 

orientation, changing it from predominantly edge-on to more isotropic. Presumably, this occurs 

because in blend-cast doping, solution-phase aggregation plays the dominant role in 

determining chain orientation in the resultant films. 

 We note that the scattering from the 17 wt % blend-cast doped film in the π−π region is 

more complicated than other samples as the positions of the F4TCNQ-associated peaks are 

different in the in-plane and out-of-plane directions. This might arise from substrate 

orientation, perhaps involving excess F4TCNQ,51 or might reflect the fact that edge-on and face-

on domains are differently ordered and thus have different π−π peak positions.54 Regardless, 
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the presence of significant π−π scattering intensity in both the in-plane and out-of-plane 

directions in the 17 wt % doped blend-cast film also suggests that it is much more isotropic than 

pure P3HT. 

 It is also worth noting that our 1 mg/mL sequentially processed doped films show a ∼15% 

increase in film thickness after incorporation of F4TCNQ, as seen in Table 4.1. This is in 

reasonable agreement with the 11% increase seen in the lamellar spacing upon doping, 

suggesting that although there may be a small F4TCNQ overlayer, the majority of the 

incorporated F4TCNQ is intimately integrated into the P3HT lattice. Previous work exploring the 

use of SqP for polymer-based bulk heterojunction photovoltaics has shown that the swelling of 

the polymer film by the casting solvent from the second SqP step takes place primarily in the 

amorphous regions of the film.44 This is why we believe that the majority of the F4TCNQ dopant 

resides in the amorphous regions of our P3HT films. We also believe that the dopant interacts 

mostly with the surface of the pre-existing P3HT crystallites based on the fact that we see two 

different P3HT (010) peaks in the doped films. Thus, we expect that the molecular doping is 

homogeneous from optical length scales at least down to the crystallite size (∼10 nm), but we 

remain unsure as to how much of the dopant actually penetrates into the crystallites and, if so, 

the dopant’s distribution within the crystallites. Despite this uncertainty, all of our data support 

the idea that the swelling of the P3HT film during SqP allows for efficient intercalation of the 

F4TCNQ dopant without significant changes to the P3HT domain orientation and thus the overall 

film morphology.44 
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 Now that we have shown that the SqP method yields F4TCNQ-doped P3HT films with 

excellent film quality and relatively unperturbed molecular morphology, we turn next to 

investigate the electrical properties of these layers. Fortunately, the SqP method allows the 

degree of doping to be easily tuned simply by altering the concentration of the dopant solution 

that is cast onto the polymer. We measured the electrical conductivity of a series of films that 

were doped to different levels via SqP with two different approaches over multiple length 

scales. The first method was a standard collinear four-point probe measurement with a distance 

between the probes of 2.5 mm. The second method was the Van der Pauw technique,55 which 

used silver paste to make contacts on the corners of 1.5 × 1.5 cm doped films spun onto glass 

substrates. These measurements yielded values for the conductivity that were in agreement to 

within 1% of each other despite the large difference in measurement length scales. To further 

test the scalability of the SqP doping method, we also performed Van der Pauw measurements 

 

Figure 4.4. Comparison of the conductivity of P3HT thin films doped with F4TCNQ by (a) 

traditional blend-casting method (data taken from ref 21) and (b) our SqP method. The 

sequentially processed films were prepared by spinning various concentrations of F4TCNQ 

onto P3HT films at 4000 rpm. Thicknesses of the different sequentially processed films are 

given in Table 1. The horizontal axes for the two panels are different because of the 

differences in processing method; the doping level in (a) is given in units of the mole fraction 

of F4TCNQin the blended solution, while the horizontal axis for (b) is in units of mg/mL 

F4TCNQin the solution used for SqP. 
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at the corners of 1 in. square samples. This resulted in measured conductivities that were within 

6% of those measured in the smaller samples, demonstrating exemplary scalability. 

Figure 4.4 compares the conductivities of blend-cast doped P3HT films, taken from ref 

21, (panel a) with those for the SqP doped films as a function of the concentration of F4TCNQ 

in pure DCM (panel b). Although the horizontal axes for the two plots are different, meaning 

that direct comparison of conductivity at a particular doping level is not possible, the two plots 

do illustrate the overall trends in conductivity for the two different doping methods with 

increasing dopant concentration. Figure 4.4a shows that the amount of F4TCNQ that can be 

used to dope P3HT via the blend-casting method is limited as the conductivity (measured over 

mm distances) peaks near 10 mol % doping and then declines rapidly due to film quality issues.21 

In contrast, Figure 4.4b shows that the conductivity of the sequentially processed doped films 

continues to increase monotonically with increasing dopant concentration to a maximum of 2.7 

± 0.6 S/cm when pure DCM is used as the casting solvent. The conductivity for SqP doped films 

appears to saturate at the highest dopant solution concentrations, and no decrease is ever 

observed. The average sheet resistance values that we measured for all of the doped P3HT 

films are reported in Table 4.1. 

 To further increase the amount of F4TCNQ that intercalates into precast P3HT films, we 

used a solvent blend that was designed to simultaneously optimize swelling of the P3HT and 

F4TCNQ solubility.44 In this case, we used a 75:25 v/v THF/ DCM mixture. We chose THF as the 

co-solvent because it has much higher F4TCNQ solubility than DCM, but we were limited to a 

maximum THF fraction of 75% v/v because any higher fraction of THF led to dissolution of the 

underlying P3HT films. With this particular solvent blend and a 5 mg/mL F4TCNQ concentration, 

we were able to reproducibly fabricate doped P3HT films via SqP with a conductivity averaging 

4.5 ± 0.6 S/cm and as high as 5.5 S/cm, which is the highest value reported that we are aware 
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of for a P3HT thin film doped by F4TCNQ. We also performed experiments where we left the 

P3HT film to soak in various F4TCNQ solutions for extended periods of time,50 but this led to a 

slight degradation of film quality without achieving either higher doping levels or 

conductivities. We note that although P3HT has reached higher conductivities when doped with 

other species such as iodine56 or FeCl3,57 we hypothesize that our SqP method is already close 

to the site maximum for doping with F4TCNQ as the interaction has been shown to saturate at 

approximately a 1:4 dopant-to-monomer ratio.24 

 The film quality with our SqP doping method is so exceptional that it is possible to 

detangle the carrier concentration and mobility underlying the conductivity via Hall effect 

measurements, despite the fact that the authors of ref 30 recently claimed that such 

measurements would likely never be possible on the F4TCNQ-doped P3HT system. Due to the 

low intrinsic carrier mobility of P3HT, we found that an AC magnetic field Hall effect 

measurement was required to obtain accurate and reliable results (see SI).58,59 The results of 

these sensitive room-temperature measurements are presented in Table 4.2. Table 4.2 shows 

that all of our samples had the expected p-type conductivity with carrier concentrations ranging 

from 4.3 × 1016 to 4.3 × 1020 cm−3 and mobilities ranging from 3.3 × 10−3 to 2.4 × 10−2 cm2 V−1 s−1 

 

Table 4.2. Summary of Results of the Mean Values of the Hall Voltage (VH), Hall Coefficient 

(RH), Carrier Concentration (p), Resistivity (ρ), and Mobility (μ) from AC B-Field Hall Effect 

Measurements on SqP Doped P3HT Thin Films with Various Concentrations of F4TCNQ Casting 

Solvent 
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for the doping levels examined. These mobility values are similar to previous findings for 

electrochemically gate-doped p-type P3HT,60 which leads us to believe that conduction physics 

similar to those found in ref 60 also govern our samples. The highest charge carrier 

concentration of 4.3 × 1020 cm−3 that we observe corresponds to a doping density of roughly 1 

carrier per 10 P3HT monomer units assuming a P3HT density of 1.1 g/cm3. The fact that all of 

our samples registered as p-type suggests that there is no significant anomalous Hall effect due 

to certain types of hopping conduction or inhomogeneous distribution of doping.5,61−63 

 With these considerations in mind and the free-carrier concentration determined 

experimentally via the Hall effect, we now examine the UV−vis−NIR absorption in order to gain 

new understanding of the optical properties of F4TCNQ/ P3HT films. We note that the 

absorption spectrum of blend-doped F4TCNQ/P3HT films has been explored by several 

groups,23,26,30 but a detailed assignment of the various bands and their cross sections has been 

obscured by the overlap of the anion and polaron spectra and the lack of an independent 

measurement of the carrier concentration. Using our experimentally determined carrier 

concentration, we attempted to decompose the absorption spectrum of one of our 1 mg/mL 

SqP doped films (Figure 4.5) using the F4TCNQ solution cross section and previous assignments 

for the P3HT polaron peaks30,64
 (see the SI for detailed fitting and reference spectrum data). By 

assuming that the total carrier concentration must be at minimum the value of the free-carrier 

concentration measured by the Hall effect, then we also must assume this to be the minimum 

possible anion concentration (because there must be one anion per carrier, and the Hall effect 

measurement measures only free and not trapped carriers). When using our measured Hall 

carrier concentration to try to fit the absorption spectrum, however, it quickly became 

apparent that multiplying the carrier concentration by the solution cross section for the F4TCNQ 

anion led to an absorbance more than twice as large as what we actually measured. Clearly, 

the actual cross section of the F4TCNQ anion in the doped film must be quite a bit lower (and 
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have a different spectral shape) than that in solution, so that analyses of doped films using the 

solution spectrum and cross section are likely subject to significant error. 

 Since we are unable to completely detangle all of the various overlapping absorption 

bands in our measured spectrum because we do not know the spectrum and cross section for 

the anion in the film, we can instead analyze the P1 polaron transition, which peaks near 0.5 

eV, as seen in Figure 4.5, because this spectral region is free from any overlap with the F4TCNQ 

anion (see SI). By tracking the response of this peak with respect to the free-carrier 

concentration determined by our Hall effect measurement, we are able to obtain a rough idea 

of the onset of bipolaron production at the highest doping concentrations. The inset of Figure 

4.5 shows that the absorbance of the P1 polaron transition does not continue to increase as the 

 

Figure 4.5. Thickness-normalized absorbance as a function of increasing F4TCNQ casting 

concentration for P3HT films doped by the SqP method. The upper right inset shows an 

energy level diagram of the various polaron transitions, while the upper left inset shows a 

plot of how the peak absorbance of the P1 transition at 0.5 eV and mobility change with 

free-carrier concentration as measured by the AC B-field Hall Effect (Table 4.2). 



69 
 

carrier concentration increases when going from the 0.1 mg/mL casting concentration to the 1 

mg/mL casting concentration; this is strongly suggestive of bipolaron formation. Indeed, we 

observe that at around 0.75 eV, there is a noticeable broadening of the P1 band, which is most 

likely caused by the growth of the bipolaron transition that is located at a slightly higher energy 

than the P1 polaron transition, in agreement with other recent work.57 The increased absorption 

that we see near 3.2 eV corresponds to neutral F4TCNQ (see SI). We believe that this can be 

attributed to a slight overlayer of neutral F4TCNQ, mentioned previously, that is present at high 

dopant concentrations as well as any F4TCNQ incorporated into the film that did not undergo 

charge transfer, as has been seen previously for P3HT films doped with F4TCNQ by blend-

casting.21,30 

 The fact that our samples are sufficiently doped to show the beginnings of bipolaron 

formation also suggests that these samples have enough carriers to have filled all of the 

available traps. Decomposing the P1 absorption band into free and trapped carrier components 

is difficult. However, it has been shown previously through both theory and experiment that at 

low doping levels, a large portion of the generated polarons are trapped due to Coulomb 

interactions with the dopant anion, and at high doping levels, it becomes easier to generate 

free carriers due to screening and state-filling effects.23,65,66 Because of the rapid increase in 

mobility that we observe between our 0.1 and 1 mg/mL SqP doped samples, we believe that 

we have exceeded the necessary amount of doping to lower the activation energy of the 

Coulomb traps, allowing for more efficient free-carrier generation and higher mobility.66 The 

fact that the P1 absorptions of these two samples are hardly different while the Hall effect 

data show a large increase in the number of free carriers is also highly suggestive of liberating 

formerly trapped carriers in the more highly doped sample, so that at doping concentrations 

higher than 1 mg/mL, the vast majority of the carriers are free. We also note that the 

absorption of the neutral, undoped P3HT in the 2.0−2.8 eV range decreases between the 0.1 
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and 1 mg/mL SqP doped samples, indicating that the total amount of charge transfer is indeed 

somewhat higher with the higher concentration of dopant. Given that the P1 absorption does 

not change concomitantly, we can conclude from the data in Table 4.2 and Figure 4.5 that in 

our most highly doped samples, the majority of the carriers are free and there is a reasonably 

significant number of bipolarons, both of which we believe are directly attributable to the 

higher film quality of the SqP doping method. 

 In summary, we have shown that by utilizing the SqP method, we can overcome the 

issues of solubility and agglomeration at high dopant concentrations associated with blend-

casting to easily prepare F4TCNQ-doped films of P3HT with superior film quality, scalability, 

and electrical properties. Profilometry measurements show that our SqP doped films have a 

similar surface roughness to pristine films, and 2-D GIWAXS experiments show that sequentially 

processed F4TCNQ incorporates neatly into the P3HT film structure, maintaining the crystalline 

domain orientation and much of the overall crystallinity. By varying the concentration of 

F4TCNQ and choosing the appropriate casting solvent, the conductivity of doped films can be 

precisely tuned, achieving values for the P3HT/F4TCNQ system as high as 5.5 S/cm. The film 

quality and doping levels are high enough to enable Hall effect measurements to detangle the 

carrier concentration and mobility, which can exceed 4 × 1020 cm−3 and 0.02 cm2 V−1 s−1. In 

future work, we will take advantage of being able to fabricate highly doped films of sufficient 

electrical, optical, and morphological quality to decouple the effects of polymer crystallinity 

and the polymer/dopant energy level offset on the efficiency, stability, and electrical 

properties of doped semiconducting polymers. Overall, the application of SqP to the molecular 

doping of organic semiconductors provides another step toward the use of conjugated polymers 

for a wide variety of real-world device applications. 

4.1. Experimental Methods 
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Materials & Sample Preparation. P3HT (Rieke Metals, Inc. Sepiolid P100) and F4TCNQ (TCI 

Chemicals) were used as purchased. Glass substrates were cleaned by sequentially sonicating 

in water, acetone, and isopropanol. For SqP, P3HT films were spin coated at a rate of 1000 

rpm for 60 s from a 20 mg/ml solution in ODCB, producing films that were ∼110-nm thick. 

This was followed by a second spin-coating step where the P3HT film was infiltrated by a 

F4TCNQ solution spin-coated on top of the dried P3HT film at 4000 rpm for 10 s. The solution 

for this second step was prepared by dissolving F4TCNQ in DCM at 1 mg/ml and using the 

solution as-is or after serial dilution to produce the range of concentrations used. For higher-

concentration 5 mg/ml F4TCNQ solutions, we used a blend of 75:25 THF:DCM by volume as the 

solvent to increase the solubility of the dopant without dissolving the underlying P3HT film. 

For doped films prepared by the traditional blend-casting method, appropriate amounts of 

F4TCNQ were added to the polymer solution to achieve the desired doping ratios while 

maintaining the P3HT concentration at 10 mg/ml in ODCB. 

Film Characterization. Film thicknesses were measured using a Veeco Dektak 150 

Profilometer. Surface roughness scans were measured using the profilometer over a lateral 

distance of 2 mm. Optical microscopy images were taken using a VHX-1000 microscope. 

2-D grazing incidence wide-angle X-ray scattering (GIWAXS) experiments were performed at 

the Stanford Synchrotron Radiation Lightsource on beamline 11-3 using a wavelength of 

0.9742 Å with an incidence angle of 0.12°.The full 2-D diffractograms were radially integrated 

to obtain the diffraction patterns (0-10° for in-plane, 70-80° for near out-of-plane, and 0-

180° for full integrations) shown in the main text. The 2-D images were collected on a plate 

with the detector 250 mm away from the center of the measured sample. The beam spot had 

a width of ∼150 µm and a helium chamber was used to reduce the noise. The software 
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package WxDiff was used to reduce the GIWAXS data and subsequent analysis was performed 

in IgorPro. 

Conductivity Measurements. Collinear four-point probe measurements were performed using 

a custom-made apparatus in ambient atmosphere using a Keithley 2400 Sourcemeter sourcing 

a DC current of 1-100 µA with a probe spacing of 2.5 mm. Conductivity measurements in the 

Van der Pauw geometry were also performed using a custom made apparatus in ambient 

atmosphere using a Keithley 2400 Sourcemeter where the max current sourced was held to 1 

mW total power. The current was swept from negative to positive, rotated 90°, and 

repeated. The slope of the I–V curves were then fit to the Van der Pauw equation. Samples in 

the Van der Pauw geometry were prepared as described in main text, with silver paste 

applied at the corners of the film to act as contacts. All reported data was averaged over 10 

simultaneous measurements for multiple samples. An AC field Hall method was used to 

accurately measure carrier concentration and mobility for these low-mobility doped P3HT 

samples. The AC-field technique provides effectual measurements because the method can 

distinguish the Hall voltage signal from unwanted background signals, as standard DC-field 

Hall effect measurements proved ineffective. The samples were measured using the AC-field 

Hall method with a Lake Shore model 8407 system with an AC field amplitude of 1.2T RMS. 

The 0.01 mg/ml doped SqP sample used a current of 10 nanoamps, the 0.1 mg/ml sample 

used 10 µA, and both the 1 mg/ml and 5 mg/ml samples used 100 µA of current. Current 

reversal was used to remove the thermal electric and the inductive pickup voltages. The 0.01 

mg/ml sample was measured 167 times over 24 hours, the 0.1 mg/ml samples were measured 

287 times over 36 hours, and the 1 mg/ml and 5 mg/ml samples were measured 81 times each 

over 10 hours. 

4.2. Supporting Information 
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 Supporting Information is available in Appendix C.  
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Chapter 5. The Effects of Crystallinity on Charge Transport and the Structure of 

Sequentially Processed F4TCNQ-Doped Conjugated Polymer Films 

 

5.1. Introduction 

 One of the greatest advantages of organic electronics based on semiconducting polymers 

is the ease of device manufacturing through solution processing: techniques such as spin-

coating, drop-casting, and blade-coating can be used to create reproducible active layers for 

organic electronic devices.1-7 As with traditional inorganic semiconductors, the electronic 

properties of semiconducting polymers can be effectively tuned through doping,8-13 by either 

removing (p-type doping) or adding (n-type doping) an electron to the polymer backbone. One 

of the most common ways to dope a semiconducting polymer is via the use of a molecular 

dopant, such as a small molecule, that can reduce or (much more commonly) oxidize the 

polymer backbone.8,14-19 Indeed, the addition of small amounts of molecular dopants can 

improve the performance of polymer-based bulk heterojunction solar cells as the doped carriers 

fill intrinsic traps,20-24 and more extensive molecular doping can vastly improve conductivity 

and carrier mobility for transistor13,25 or thermoelectric26,27 applications. Common p-type 

molecular dopants for semiconducting polymers include iodine (I2),
28-30 iron chloride (FeCl3),

17,31 

and 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4TCNQ).11,32,33 

 Because of the large advantages offered by molecular doping, there has been a great 

deal of work done to characterize the structural, optical, and electronic properties of doped 

semiconducting polymers as a function of the degree of molecular doping.8,11,17,29,34-44 There has 

been much less work, however, aimed at studying how systematically varying the structure or 

degree of crystallinity of a conjugated polymer affects the properties of the chemically doped 
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material.40,45-48 One reason for this is that in many cases, molecular doping is performed in 

solution. The dopant and polymer are co-dissolved in what is typically a good solvent for the 

polymer, but as the dopant oxidizes the polymer, it becomes electrically charged and thus 

much less soluble in the nonpolar solvents typically used for semiconducting polymers. Thus, 

the structures of doped polymer films cast from such solutions are determined primarily by 

aggregation of the doped polymer and the choice of solvent, and the film quality is generally 

quite poor.43,46,47,49-51 Post-doping processing methods to improve crystallinity, such as thermal 

annealing, also can be problematic, as exposure to increased temperatures can de-dope 

conjugated polymer films.31,47,52,53 

To avoid issues with poor film quality at high doping levels, there has been a recent 

thrust in the literature to utilize methods where the dopant is applied to a precast film of the 

undoped semiconducting polymer. Techniques include relying on exposing a conjugated 

polymer film to a dopant in the vapor phase,12,17,27,36 employing solid-state diffusion to infiltrate 

a molecular dopant into a conjugated polymer film,54 soaking a conjugated polymer film in a 

dopant solution for extended time,17,29,55 or using solution sequential processing (SqP), where a 

solution of the dopant is spin-cast directly onto an undoped conjugated polymer film.47 Our 

group has performed a great deal of work characterizing the SqP method, which we originally 

developed for inserting fullerenes into precast conjugated polymer films to produce bulk 

heterojunction (BHJ) solar cells.56-59 The SqP technique, however, is applicable to infiltration 

of any small molecule into a polymer film, including molecular dopants.47 The key requirement 

is that the molecule to be infiltrated must be soluble at sufficient concentration in a solvent 

that optimally swells but does not dissolve the polymer film. Although this requirement may 

appear challenging, we have shown that solvent blends can be used to tune the Flory–Huggins 

χ parameter to optimally swell any conjugated polymer film.57 Moreover, because it relies on 

swelling, which minimally affects the more crystalline regions of conjugated polymer films, the 
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SqP method preserves the relative degree of crystallinity, crystalline domain orientation, and 

quality of an originally-cast polymer film even after infiltration of a molecule or a molecular 

dopant.58-61s 

In this work, we take advantage of the fact that SqP preserves the crystallinity and 

crystalline domain orientation in conjugated polymer films to study the electrical properties of 

a single semiconducting polymer doped with F4TCNQ as the crystallinity and chain morphology 

are systematically varied. We have chosen to focus our studies on the workhorse material 

poly(3-hexylthiophene-2,5-diyl) (P3HT), both because it allows us to compare directly to a large 

amount of previous work in the literature11,12,17,19,25,26,29,33,36-38,40,42-47,49,50,62,63 and because the 

nature of this polymer allows the film crystallinity to be tuned relatively easily. We tune the 

crystallinity of P3HT in two different ways. First, we simply cast the original P3HT film from 

either a slowly or a rapidly evaporating solvent,57,64 allowing direct control over the crystallinity 

of the originally cast film and thus also over the doped film after SqP. Second, we take 

advantage of P3HT produced by a synthetic method that yields essentially 100% regioregular 

material,65 providing additional enhancement of the crystallinity of both the original and doped 

films created by SqP.58,66 We characterize the film morphology in each case by 2D grazing-

incidence wide-angle X-ray scattering (GIWAXS), and in conjunction with theoretical modeling 

of the observed polaron spectrum, argue that the dopant does not π-stack within the polymer 

crystallites, but instead resides mainly in the films' amorphous regions and in the lamellae of 

the P3HT crystallites. Moreover, all of our SqP-produced films are of high enough quality that 

we can make conductivity and AC Hall effect measurements using electrodes spaced more than 

1 cm apart. We find that the conductivity of the doped films is directly correlated to the 

crystallinity and crystallite domain orientation in the doped films. Despite having similar doping 

levels, the films with the most anisotropic edge-on orientation and overall highest degree of 

crystallinity show large improvements in mobility over more isotropic, amorphous films. The 
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increased mobility comes directly from the doped carriers being able to delocalize more along 

the polymer chain in the more ordered systems, as reflected in AC Hall effect, temperature-

dependent conductivity and optical absorption measurements, as well as theoretical modeling. 

5.2. Results and Discussion 

5.2.1. Controlling the Crystallinity of Molecularly Doped Conjugated Polymer Films 

5.2.1.1. Tuning the Morphology of Initially-Cast and SqP-Doped P3HT Films 

 As mentioned above, the goal of this study is to systematically control the crystallinity 

of a single conjugated polymer, in this case P3HT, to understand the relationship between 

morphology, conductivity, and carrier mobility when the films are molecularly doped with 

F4TCNQ. To modify the crystallinity of our doped P3HT films, we start by simply spin-casting 

films of commercially purchased P3HT (Rieke metals, Mn = 55 kg mol−1, polydispersity Đ= 2.4, 

regioregularity (RR) 93%) from two different solvents. It is well known that changing the solvent 

evaporation kinetics provides an effective way to manipulate the kinetics of conjugated 

polymer thin film formation, resulting in some control over the final morphology of the 

films.64,67,68 Thus, to produce highly amorphous P3HT films with relatively little degree of 

crystallinity, we spin-coated the films at 1000 rpm for 60 s from a 1% w/v solution in chloroform 

(CF), which is a relatively fast-drying solvent. To generate films with higher degrees of 

crystalline content, we spin-coated P3HT at 1160 rpm for 20 s from a 2% solution in the 

relatively slow-drying solvent, o-dichlorobenzene (ODCB), allowing us to place the still-wet 

films in a closed Petri dish until dry, which effectively “solvent anneals” them.68 Because we 

use the same batch of polymer for both film casting conditions, any chemical defects (e.g., 

fraction of oxidized segments along the polymer backbone, unexpected chemical species 

associated with the chain ends or catalyst/other materials leftover from the polymer synthesis, 



84 
 

differences in molecular weight, or regioregularity) that might affect the physics of the doped 

carriers are the same for both sets of films. Thus, because the SqP process allows us to dope 

these films and preserve their relative degree of crystallinity, any differences we observe in 

the doped films' conduction behavior must arise from differences in morphology and not from 

differences in chemistry. 

Because commercial P3HT has only a relatively modest regioregularity, we are limited 

in the degree of crystallinity we can produce in spin-cast films of the commercial material.60 

Thus, to explore what happens when P3HT is made highly crystalline, we also worked with an 

in-house synthesized batch of P3HT that is essentially perfectly regioregular (100% RR P3HT; Mn 

= 17.5 kg mol−1, Đ = 1.09).65 The increased regioregularity produces significantly less disorder 

in spin-cast films, increasing the overall degree of crystallinity,66 even after the films have been 

infiltrated by small molecules using SqP.58 Because the polymer was produced via a different 

synthesis route, it is possible that compared to the commercial P3HT, the 100% RR material has 

different types and/or amounts of intrinsic chemical defects. At high doping levels, however, 

the properties of the doped material are dominated by the explicitly introduced doped 

polarons, so we believe that it is still legitimate to use this material as a means to understand 

the relationship between film morphology and the electrical behavior of the charge carriers. 

We used the same procedure to cast 100% RR P3HT films as we did for films of the commercial 

material cast from ODCB, with the exception of heating the 100% RR P3HT solution to 60 °C 

and casting it while hot in order to fully dissolve the material. The difference in film structure 

between the commercial material and the 100% RR material is apparent on the macroscale, 

where optical microscopy shows clear aggregates of crystallites with aggregate sizes on the 

order of tens of micrometers for the 100% RR P3HT films (see the Supporting Information for 

optical micrographs and additional details). 
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Once the initial P3HT films were prepared, we then doped the films using the SqP 

method by spin-coating solutions of 1 mg mL−1 F4TCNQ in dichloromethane (DCM) on top of the 

P3HT films at 4000 rpm for 10 s. For all of our pristine and F4TCNQ-doped P3HT samples, as 

discussed further below, we characterized the nanoscale structure of the films by GIWAXS, UV–

vis absorption and Fourier-transform infrared (FTIR) spectroscopy, and ellipsometric 

porosimetry to directly measure swelling of the polymer films by the solvent. 

5.2.1.2. Characterizing Crystallinity and Crystalline Orientation Pristine and SqP-

Doped P3HT Films 

 In order to determine the relative crystallinity, average crystallite size, and domain 

orientation in our pristine and doped P3HT films, we performed a series of 2D GIWAXS 

measurements. P3HT crystallites are well known to prefer an edge-on orientation of the chains. 

In this geometry, the π–π stacking or (010) diffraction peak is observed predominantly in the 

in-plane direction and the lamellar or (100) diffraction peak, which corresponds to interchain 

stacking along the direction of the side chains, is observed predominantly in the out-of-plane 

direction.69,70 Charge carriers in conjugated polymer films move most freely along the 

conjugated polymer backbone, but for 2D and 3D transport, the carriers eventually need to hop 

between chains. The barrier for hopping between chains in the π-stacking direction is much 

lower than between chain backbones along the lamellar direction, which involves carrier motion 

through the side chains, so that charge transport in-plane is more facile than out-of-plane in 

the case of P3HT. In addition, crystalline regions of the film are expected to be more conductive 

than amorphous regions because of increased π-stacking in the crystalline regions. This is why 

it is important to understand and control the degree of crystallinity and the crystalline 

orientation within a doped polymer film. Since SqP largely preserves both the degree of 
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crystallinity and the domain orientation,58-60 it provides an excellent route to preparing 

molecularly doped P3HT films with controlled crystallinity.47 

The 2D GIWAXS diffraction data in Figure 5.1 provide information on the trends in 

relative crystallinity, polymer orientation, and typical crystallite size (or more formally, 

 

Figure 5.1. Integrated (a) out-of-plane and (b) in-plane x-ray diffraction patterns for 

chloroform (CF)-cast (blue dashed curves), o-dichlorobenzene (ODCB)-cast (green dashed 

curves), and 100% RR P3HT ODCB-cast polymer films (red dashed curves), as well as the 

same films after doping by SqP with 1 mg/mL of F4TCNQ in dichloromethane (DCM; solid 

curves of the same colors, respectively). The inset in (a) shows the region around the P3HT 

out-of-plane (010) peak on an expanded scale. The combination of in-plane and out-of-plane 

data for both the (100) and (010) diffraction can be used to conclude that for the pristine 

films, both the relative crystallinity and degree of edge-on crystallite orientation increases 

in the order CF-cast, ODCB-cast, 100% RR. Moreover, the data make clear that this order is 

maintained following doping with F4TCNQ by SqP. We also used GIWAXS to follow the doping 

process by examining films with progressively higher doping levels, as seen in integrated 

and normalized (c) out-of-plane and (d) in-plane x-ray diffraction peaks for P3HT films cast 

from ODCB at 1000 rpm for 60 s (red curves), followed by doping via SqP with different 

concentrations of F4TCNQ in DCM (various colored curves). Increasing doping levels causes 

a shift of the (100) diffraction peak to lower q, the appearance of a new (010) diffraction 

peak at higher q, and a complete loss of the (001) diffraction peak, indicative of the dopant 

residing in the lamellar regions of the sample but not the P3HT crystalline π-stacks, as 

suggested in Fig. 5.2. 
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scattering coherence length) in the various pristine and doped P3HT films, as summarized in 

Table 5.1. For the pristine P3HT films, based on the integrated (100) peak area, there is a clear 

trend in relative crystallinity with the CF-cast film being the least crystalline, the ODCB-cast 

film being more crystalline, and the 100% RR P3HT film having the highest degree of 

crystallinity. Figure 5.1a also shows that there is relatively little out-of-plane scattering for the 

(010) peak near 1.6 Å−1 in all three films, consistent with a predominantly edge-on orientation 

of the P3HT crystallites. The inset shows that the 100% RR material, which has the highest 

degree of crystallinity, also has the lowest out-of-plane (010) scattering, indicative of an even 

greater preference for edge-on orientation for the crystallites in this film. The general trend is 

clearly that the more crystalline the film, the more edge-on oriented are the crystallites. These 

trends are consistent with those seen in previous work using these same materials in BHJ solar 

cells.58 

 After doping via SqP using a 1 mg mL−1 solution of F4TCNQ in DCM, the GIWAXS data 

(solid curves) in Figure 5.1 show that the (100) peaks shift to lower q (larger d-spacing) and 

that the trend in both overall crystallinity and domain orientation seen in the pristine P3HT 

films is maintained through the SqP doping process, as expected.47,48 Indeed, the doped 100% 

RR P3HT shows little in-plane (100) and out-of-plane (010) scattering, indicating that the high 

anisotropy of the edge-on oriented crystallites is maintained throughout the SqP doping 

process. Crystalline domain size, or more properly crystallite coherence length, calculated 

using the standard Scherrer equation, is also well-preserved in both the (100) and (010) 

directions upon doping (Table 5.1). Indeed, coherence length actually appears to increase 

slightly in the (100) direction upon doping, indicating that inclusion of F4TCNQ into the lattice 

does not disrupt the ability of the polymer chains to pack in a regular manner. 
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Perhaps the most striking change observed upon doping in all three processing 

conditions, however, is a splitting of the (010) peak; like the (100) peak, the original (010) 

shifts slightly to lower q, but a second π–π stacking peak appears at higher q, around 1.8 Å−1. 

This new peak has also been seen in previous studies of P3HT doped with F4TCNQ,38,46,71 and has 

been attributed in the literature as evidence of π-stacking of P3HT:F4TCNQ co-crystallites and 

used to argue that F4TCNQ anions intercalate within the P3HT crystallite π-stacks.38,50,71,72 

The argument that the new (010) peak at higher q in the doped films could be 

representative of the distance between the P3HT cation and F4TCNQ anion is based on the idea 

that the Coulomb attraction between the opposite charges pulls the two π-systems close 

together, decreasing their d-spacing; this reasoning is loosely based on the idea that the anion 

stacks with the polymer π-system in much the same way as in charge transfer crystals, such as 

tetrathiafulvalene:TCNQ. This type of close contact, however, would lead to significant 

localization of the polarons on the P3HT chains which is not reflected in either our optical or 

electrical measurements, as discussed further below. Moreover, if π-stacked P3HT+:F4TCNQ−co-

crystals did form in the doped films, this would lead to a doubling of the unit cell size in the 

(010) direction. Figure 5.1b, however, clearly shows that there is no new peak near in the 0.8–

0.9 Å−1 range that would be reflective of a doubled unit cell. 

Given these observations, combined with the fact that P3HT crystallites are known not 

to swell during SqP,57 and the fact that there is little change in the integrated in-plane (010) 

scattering intensity upon doping, we find no reasonable mechanism for or evidence of F4TCNQ 

insertion into the P3HT π-stacks.57 Indeed, the idea of π-stacked P3HT+:F4TCNQ−co-crystals 

being the dominant structure is not supported by the data presented here. Since the X-ray data 

presented here for P3HT doped with F4TCNQ by SqP are quite similar to that associated with 

doping by the traditional blend-casting method,38,47 we believe that F4TCNQ anions do not 
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intercalate into the P3HT crystalline π-stacks when doped by any method. Further support for 

this idea was recently offered by Hamidi-Sakr et al., who prepared films of sequentially 

processed F4TCNQ-doped P3HT where the polymer chains were aligned by rubbing, and found 

that the anion's absorption transition dipole was not parallel to that of the polaron, again 

suggesting that the anion does not π-stack in the P3HT crystallites.48 Instead, when the P3HT 

crystallites are doped, the delocalization of the polaron among multiple adjacent chains slightly 

pulls the chains together, leading to the presence of the new peak at higher q. The fact that 

we see two peaks suggests that not every crystallite in the film is doped or fully doped, so that 

there are both neutral and charged crystalline regions in the doped films with different π-

stacking distances. 

In addition, the data in Figure 5.1a and Table 5.1 show that there is a fairly significant 

loss in the out-of-plane (100) peak scattering intensity upon doping. When the polymer films 

swell during SqP, it is primarily the amorphous regions of the film that swell,57 but apparently 

the films can also swell slightly in the lamellar direction. This swelling provides a route for 

F4TCNQ to infiltrate between the P3HT side chains in the crystallites, increasing the lamellar 

spacing and causing both the observed shift of the (100) peak to lower q and the decrease in 

scattering intensity due to intercalation-induced disorder. 

To better understand the process of F4TCNQ intercalation into P3HT films, we measured 

2D GIWAXS on P3HT films SqP doped using a wide range of F4TCNQ concentrations in DCM. Figure 

5.1c shows the region of the out-of-plane (100) peak on an enlarged scale. This panel reveals 

that the (100) peak shifts to lower q even at our lowest measured dopant concentration of 0.01 

mg mL−1 F4TCNQ, and further shifts to even lower q when the dopant concentration was 

increased to 0.05 mg mL−1.48 Higher dopant concentrations than this do not further shift the 

(100) peak position, even though they continue to change the optical and electrical properties 
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of the films. Similarly, the π-stacking (010) peak shows concentration-dependent changes at 

the same low dopant concentrations but remains relatively fixed past 0.05 mg mL−1 doping 

concentration. Figure 5.1d shows that relative to pure P3HT, the 0.01 mg mL−1 doped in-plane 

(010) peak appears broadened and shifted to higher q. By 0.05 mg mL−1, the (010) peak becomes 

clearly distinguishable as two different peaks, one at roughly the same q as the undoped P3HT 

(010) and one at higher q. The fact that the peak shifts happen only at low doping 

concentrations suggests that only a modest amount of F4TCNQ can penetrate into the crystalline 

lamellae. Once the crystalline lamellar regions are as “filled” as possible, the rest of the dopant 

presumably resides in the amorphous regions of the sample. Since the amorphous regions are 

not visible by X-ray scattering, we see no further changes in the films' crystalline structure via 

GIWAXS. 

In addition to the changes in the (100) and (010) peaks, the data in Figure 5.1b,d also 

show that the (001) peak near 1.2 Å−1, which is reflective of monomer-to-monomer registry 

along the P3HT backbone, exists in the pristine films but completely disappears upon molecular 

doping at concentrations ≳0.05 mg mL−1 F4TCNQ. This indicates that doping by F4TCNQ causes 

a lateral shift of the polymer chains relative to each other in the P3HT crystallites, leading to 

 

Table 5.1. Comparison of crystallinity (as determined by integrated out-of-plane peak 

area), orientation (out-of-plane (100)/(010) area ratio), crystallite coherence length (Å), 

volume fraction of pristine film swollen by saturated DCM vapor (%), exciton bandwidth 

(eV), and fraction aggregates (%) for pristine and doped CF-cast, ODCB-cast, and 100% RR 

P3HT films. 
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a loss of registry in the along-the-chain direction. One possible cause for this shift could be 

reorganization of the optimal polymer backbone conformation upon doping. 

When we combine this observation with the fact that the (100) peak shifts to lower q 

upon doping, we can construct a picture of how F4TCNQ infiltrates the different P3HT films, 

which is consistent with the data. Swelling during SqP allows some dopant molecules to enter 

the lamellar regions of the P3HT crystallites at low doping concentrations.48 This increases the 

lamellar d-spacing and potentially also changes the angle of the side chains relative to the 

polymer backbone. Changing the side-chain angle would cause a concomitant registry shift 

along the backbone, as illustrated in Figure 5.2, which could also explain the observed loss of 

the (001) peak. The polarons created by doping prefer to delocalize in the aromatic regions of 

the polymer, leading to an attraction between the polymer chains in the π-stacking direction 

and thus the observed new (010) peak. There is no structural evidence that F4TCNQ anions can 

 

Figure 5.2. Cartoon consistent with the GIWAXS data illustrating how F4TCNQ anions could 

incorporate into the lamellar regions of the crystallites as well as the amorphous regions of 

the film. The presence of the anion causes the side chains to shift in order to incorporate 

the new F4TCNQ volume, which in turn causes the increase in spacing in the lamellar 

direction and the loss of along-the-chain registry. Polarons can also delocalize between 

chains in the π-stacking direction, leading to a decrease in the π–π stacking distance (not 

shown). 
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π-stack with the crystalline polymer, so any anions that cannot fit into the side-chain regions 

of the polymer crystallites must sit in the amorphous regions of the films. In Section 5.2.2.1, 

we also will argue on the basis of theoretical modeling of the observed optical spectra that on 

average, the anions must sit at a distance of at least 0.6–0.8 nm from the polarons, which is 

also consistent with anions sitting in the lamellae or in the amorphous regions outside of the 

crystallites where the polarons reside. 

5.1.2.3. The Swellability of Pristine P3HT Films with Different Degrees of Crystallinity 

 The SqP method relies heavily on the ability of the solvent in the second casting step to 

swell (but not dissolve) the underlying polymer. Perhaps not surprisingly, the differences in 

crystallinity between the different P3HT films that we observed via GIWAXS also affect the 

films' swellability; since amorphous polymer domains are the easiest to swell, the more 

crystalline a film is, the less ability it has to absorb solvent and increase its volume.57 In order 

to measure swellability, we used spectroscopic ellipsometry to measure the optical properties 

(n and k) of the different crystallinity polymer films both as-cast and after being exposed to 

the saturated vapor of the secondary casting solvent, DCM. Using the ellipsometric data in 

conjunction with the effective medium approximation, we were able to quantify the volume 

fraction of polymer and solvent in the swollen film;57 a more detailed explanation of this 

procedure is included in the Supporting Information, and the experimental results are 

summarized in Table 5.1. Not surprisingly, the CF-cast film shows the greatest ability to swell, 

taking up 11% by volume DCM, followed by 9% DCM for the ODCB-cast film, and only 7% DCM for 

the 100% RR P3HT. This follows the expected trend of less swelling with higher-crystalline films, 

in good agreement with the GIWAXS data, discussed above. 

Although the swelling trend is as expected, the swelling data are important in their own 

right because the ability to dope the films depends directly on their swellability; infiltration of 
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F4TCNQ via SqP depends directly on the degree of swelling. We note that it has been argued in 

the literature that it easier to dope more crystalline P3HT because the more crystalline the 

polymer is, the more delocalized and thus the more stable the polarons become.45,73 Thus, when 

doping P3HT by SqP, we anticipate a trade-off with polymer crystallinity; it becomes harder to 

infiltrate molecules by SqP into more crystalline polymer films,58 but the molecules that do 

infiltrate should be able to dope the polymer more effectively, as discussed further below. 

5.2.2. The Optical and Electrical properties of Sequentially Processed Controlled-

Crystallinity F4TCNQ-Doped P3HT Films 

5.2.2.1. The Spectroscopy of Controlled-Crystallinity SqP-Doped P3HT Films 

 We now shift our focus to the optical properties of our sequentially processed F4TCNQ-

doped P3HT films. Figure 5.3a shows the absorption spectra of the three different pristine P3HT 

films prior to doping via SqP. The redshift of the main exciton absorption band and increase in 

vibronic structure seen in the 100% RR film relative to the ODCB- and CF-cast films are a direct 

reflection of increased crystalline order. The absorption of the films with different degrees of 

crystallinity can be quantitatively analyzed using a theoretical model that has been described 

previously,74,75 and the results are summarized in Table 5.1. The general trend shows decreasing 

exciton bandwidth and an increasing percentage of crystalline aggregates, in the order CF-cast 

< ODCB-cast < 100%-RR. These results directly support the conclusions we reached via GIWAXS, 

which show that the CF-cast film is the most amorphous, followed by the ODCB-cast film, with 

the 100% RR P3HT having the largest amount of crystalline order. 

 In addition to changes in the spectrum of P3HT excitons with polymer structure, it is 

also known that polarons become increasingly delocalized as the effective conjugation length 

is increased.76 Our ability to tune the degree of order/crystallinity of our SqP-doped films 
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provides a new route to cleanly examine this relationship. Figure 5.3b shows the absorption 

 

Figure 5.3. (a) UV-vis absorption data for pristine CF-cast P3HT (blue curve), ODCB-cast 

P3HT (green curve), and 100% RR P3HT (red curve) films. (b) Combined FTIR (0.05 to 0.5 eV) 

and UV-Vis (0.5-3.0 eV) absorption spectra for the same P3HT films after doping via SqP with 

1 mg/mL F4TCNQ in DCM. The data are normalized to the peak intensity of the P1 absorption 

band in the 0.3-0.5 eV region. Clearly the polaron P1 band redshifts, the relative absorption 

intensity below 0.18 eV increases, and the overall P1 absorption cross-section increases with 

increasing polymer crystallinity. The inset in panel (a) shows a representative energy level 

diagram for the P1 and P2 transitions of the polaron. 
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spectra of the same P3HT films in panel (a) after doping by SqP with 1 mg mL−1 F4TCNQ in DCM; 

the doped spectra are normalized to the intensity of the mid-IR peak near 0.5 eV for ease of 

comparison. The data show clearly that upon doping, the neutral P3HT exciton absorption 

between 2.0 and 2.75 eV is decreased in all three films, and that a new feature appears near 

3.0 eV, corresponding to absorption by both the neutral and anionic forms of F4TCNQ. There is 

also new absorption in the 1.3–1.8 eV region, corresponding to the P2 absorption band of the 

P3HT polaron,17,37,42,77 which unfortunately also overlaps an additional absorption band of the 

F4TCNQ anion (which is responsible for the observed vibronic peaks in this region).37,47,78 

Since the data in Figure 5.3b are normalized to the peaks of the P1 bands, it is clear 

that for the same intensity of P1 polaron absorption, the intensities of the P2/F4TCNQ− and 

depleted neutral P3HT absorptions are not the same for the three films with different 

crystallinities, even though the three films were doped by SqP with the same 1 mg mL−1 F4TCNQ 

solution. Instead, relative to the P1 band absorption intensity, the more crystalline films have 

a greater depletion of the neutral P3HT exciton absorption, as well as a lower P2/F4TCNQ− 

absorption. The fact that the P1, P2, and depleted exciton peaks do not have the same ratio 

strongly suggests that either the cross section of the P1 absorption is sensitive to the film 

crystallinity, or that the films have different numbers of trapped and free polarons, which may 

have similar absorption spectra but different absorption cross sections. It is also possible that 

the absorption cross section of the F4TCNQ anion may be different in different crystalline 

environments. Indeed, despite great effort, it has proven difficult to pin down the cross section 

of the anion in a solid film environment, where it is at least an order of magnitude different 

from that in solution.47 Unfortunately, the uncertainties of the cross sections of the anion, 

trapped P3HT polarons, and free P3HT polarons with different degrees of delocalization mean 

that it is not possible to rely solely on optical means to quantify carrier densities in P3HT that 
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is highly doped with F4TCNQ. This is why we rely on AC Hall effect measurements to determine 

the free carrier concentration, as discussed further below. 

Figure 5.4a shows the P1 polaron absorption band for all three films on an expanded 

scale. Clearly, the P1 peak redshifts with increasing crystallinity of the doped P3HT film, from 

0.55 eV for the CF-cast to 0.35 eV for the 100% RR P3HT, indicating greater delocalization of 

the polaron in the more crystalline material.76 The structure seen in the region below 0.18 eV 

is due to P3HT vibrations (so-called infrared IR-active vibrations, or IRAVs); overtones of the 

IRAVs as well as absorption from atmospheric water and CO2 are responsible for the small peaks 

superimposed on the main band at higher energies. This figure also makes clear that the IRAV 

portion of the absorption spectrum below 0.18 eV increases in intensity relative to the main 

band as the crystallinity of the polymer increases. The absorption spectrum of doped P3HT has 

been simulated in recent theoretical work,79,80 with the lower energy IRAV-structured band 

arising mainly from interchain transitions in more ordered polymers but becoming dominated 

by intrachain transitions in more disordered material. The simulations accurately predicted the 

spectrum of P3HT doped by charge modulation,79  when no anions were present (cf., red dashed 

curve in Figure 5.4b). 

 By comparison to the previous simulations of doping by charge modulation,79 the P1 

absorptions of our F4TCNQ-doped P3HT samples show considerable Gaussian broadening, which 

must be due to the presence of the anions. Figure 5.4b shows simulated IR spectra for P3HT 

using the same theoretical model from Ghosh et al.,79  but with the addition of a negative point 

charge to account for the presence of the anion. The point charge was located in several 

different regions inside and at the edge of the simulated P3HT crystallites, but the results 

depended more on the distance of the point charge from the polaron than the direction; see 

the Supporting Information for details. As discussed in the Supporting Information, the choice 
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of dielectric constant used in the calculation to account for screening of the polaron–anion 

Coulomb interaction is important to simulating our experimental P1 absorption spectra. We 

chose a distance-dependent dielectric constant81 that we believe makes the most physical sense 

for our system, details of which are in the Supporting Information. The results of the 

calculations are shown in Figure 5.4b, which indicate that proximity of the anion dramatically 

 

Figure 5.4. (a) Experimental absorption spectra of the P1 polaron transition for CF-cast 

(blue curve), ODCB-cast (green curve), and 100% RR (red curve) P3HT doped via SqP with 1 

mg/mL F4TCNQ in DCM. (b) Simulated P1 absorption band with a negative point charge 

representing the anion placed 0.36 nm (blue curve), 0.5 nm (light blue curve), 0.6 nm (green 

curve), 0.7 nm (yellow curve), 0.8 nm (orange curve), and infinitely far away (red dashed 

curve) from a 10×2 P3HT chain array. Spectra were obtained by averaging over 1000 

configurations of random site disorder; see the Supporting Information. (c) Simulated P1 

absorption band obtained by further averaging over different anion distances ranging from 

0.6-0.8 nm, giving good general agreement with the spectral shape and peak position seen 

experimentally in (a). The inset in panel (c) is a cartoon representation of the simulation. 

The fact that the experimental spectra are not strongly blue-shifted or narrowed suggests 

that anions do not lie within 5 Å of the polymer, reinforcing the conclusion that the F4TCNQ 

anion does not π-stack with crystalline P3HT. 
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changes the location, shape, and cross section of the P1 absorption peak. Close proximity (≲4 

Å) severely localizes the polaron to the region of the anion, leading to a large blueshift and 

narrowing of the main P1 peak and lowering of the IRAV portion of the peak at low energy (blue 

curve) relative to the simulated band with the anion at infinite distance (red dashed curve). As 

the anion is moved farther from the polaron, the polaron delocalizes, leading to a redshift and 

broadening of the intrachain peak, and a relative increase in the intensity of the low-energy 

intramolecular IRAV peak (light blue, green, yellow, and orange curves). These calculations also 

show that as the polaron localizes, the total absorption cross section of the P1 band decreases, 

further emphasizing the difficulty in using absorption spectra to extract accurate carrier 

concentrations. 

The broadened and redshifted experimental intrachain absorption that we see for the 

polarons in Figure 5.4a, along with the fact that the intensity of the IRAV portion of the band 

is at least half that of the intrachain band, strongly suggests that the polarons in our samples 

are not localized immediately next to anions. This is consistent with our conclusions from the 

GIWAXS data that suggested that the F4TCNQ anions lie in either the P3HT lamellae or in the 

amorphous regions near the P3HT crystallites, and do not form π-stacked co-crystals with the 

polymer (distance ≈ 3.5 Å).48 We conclude that while there may be some small contributions to 

the spectrum from anions at the π-stacking distance from the polaron in the amorphous regions, 

which serve to increase the broadening of the P1 absorption spectral envelope, π-stacking does 

not appear to be the dominant structural motif to accommodate the F4TCNQ in our SqP-doped 

samples. 

Figure 5.4c shows a simulated polaron spectrum constructed by averaging over 1000 

different configurations of random site disorder (see the Supporting Information) and anion 

distances in the range 0.6–0.8 nm from the polymer backbone, which gives good general 
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agreement with both the spectral shape and the peak position of our measured spectra in Figure 

5.4a. Interestingly, in order to reproduce the peak position in the measured IR absorption 

spectrum near 0.35 eV for 100% RR P3HT, the anion must be at least 0.5 nm from the stack, 

with the exact value depending on the dielectric constant chosen for the simulations (see the 

Supporting Information). This again points to the idea that in such well-ordered crystals with 

minimal amorphous regions, π-stacking of the anion with the polymer is not permitted. In less-

ordered samples, some π-stacking may occur in the amorphous regions. The more disordered 

π-stacks in the amorphous regions may contribute to the width of the polaron absorption band, 

but they are not visible by GIWAXS. The idea that the polarons in our samples are delocalized 

is also consistent with the mobilities we extract from our electrical measurements, described 

below, which are comparable to those seen in doped samples without anions present.82-87 

Given the results of the modeling in Figure 5.4b,c, the redshift we see of the intrachain 

polaron band with increasing P3HT crystallinity has two possible origins: the band could redshift 

because the polarons are more intrinsically delocalized in more crystalline films76 or the band 

could redshift because the polarons are farther, on average, from the anions, so there is less 

anion-induced localization in more crystalline films. Table 5.1 shows that although the average 

size of the P3HT crystallites increases from the CF-cast to 100% RR P3HT films, our simulations 

suggest that the size change alone is not enough to account for the shift of the intrachain P1 

peaks: the average crystallite size simply does not change enough to cause a significant change 

in danion (presuming that the anions are located outside the crystallites). Films with an increased 

fraction of amorphous regions, however, could possibly have F4TCNQ anions located in 

disordered π-stacks, placing them closer to the location of the polaron than in the crystallites. 

Thus, we believe that it is a combination of both increased intrinsic delocalization and 

decreased localization from the anion that leads to the more redshifted polaron absorption in 

the more crystalline films. 
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5.2.2.2. AC Hall Effect Measurements on Controlled-Crystallinity SqP-Doped P3HT 

Films 

 With the optical and structural properties of the doped films characterized, we turn in 

this section to correlating the controlled crystallinity of the SqP-doped films with their 

electrical properties. We examined the conductivities of all three of our P3HT films SqP doped 

with 1 mg mL−1 F4TCNQ in DCM using both collinear four-point probe (2.5 mm spacing between 

electrodes) and van der Pauw measurements (electrodes at the corners of a 1.5 × 1.5 cm 

square),88 and found that as in our previous work,47 the two methods always gave conductivities 

that agreed to within a few percent. At room temperature, we find that the conductivity of the 

doped CF-cast P3HT film is only 2.1 S cm−1, but that increasing the crystallinity by casting the 

film from ODCB yields a conductivity of 5.7 S cm−1, with a further increase to ⩾10 S cm−1 for 

the 100% RR P3HT (see the Supporting Information); our highest measured conductivity for the 

100% RR material reached 12 S cm−1, effectively an order of magnitude higher than what is 

typically reported for P3HT films doped with F4TCNQ by traditional blend-casting 

methods.11,37,38 

The improvement in conductivity that we observe with the SqP method leads to an 

important question: since the conductivity σ varies as the product of carrier concentration n 

and mobility μ according to σ =nqμ, where q is the fundamental unit of charge, does the 

improved conductivity result from an increased number of carriers, increased polaron mobility, 

or some combination of the two? To answer this question, we employed AC magnetic field Hall 

effect measurements. This relatively new technique has been shown previously to give reliable 

results for low-mobility materials, which typically have Hall voltages too small to accurately 

distinguish from the noise present in DC Hall measurement techniques.89-91 
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It is important to note that although the AC Field Hall technique is reliable, the 

interpretation of the data for low-mobility materials with hopping-dominated carrier transport 

is not entirely straightforward. In traditional measurements, the Hall voltage, VH, provides a 

measure of the potential created by the Lorentz force acting to bend charges with band-like 

transport around a magnetic field: VH = IB/nq, where I is the magnitude of the sourced current 

and B is the value of the applied magnetic field.89 Carriers that move by hopping, however, are 

not influenced by the magnetic field in the same way as band-like carriers, effectively screening 

the applied magnetic field. This can lead to smaller measured VH values, which in turn can 

affect estimates of the carrier concentration (and via the measured conductivity, also affect 

estimates of the carrier mobility), as has been discussed in detail in recent work by Podzorov 

and co-workers.92 Even if the largest AC Hall mobilities we measure for the doped 100% RR P3HT 

underestimate the actual mobility, it is worth noting that all of our values are in the general 

range of those determined previously by field-effect transistor (FET) and DC Hall effect 

measurements for doped P3HT.93 

Given these issues with the interpretation of Hall data in low-mobility molecularly doped 

conjugated polymers, for this study we focus on qualitative trends presented by the data, rather 

than the exact quantitative values, to gain insights into the effects of controlling crystallinity 

on the charge transport properties of our doped samples. Table 5.2 summarizes the results of 

AC magnetic field Hall effect measurements on our various SqP-doped P3HT films; in the values 

 

Table 5.2. Comparison of carrier density (n), mobility (µ), and conductivity (σ) measured 

by the AC magnetic field Hall effect technique for F4TCNQ-doped P3HT samples by SqP. 
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we report, we calculate the carrier concentration using the traditional Hall coefficient 

equations, which assume band-like transport. We note that the trends we report are valid as 

long as the three samples have roughly equivalent amounts of screening of the applied B field, 

and we expect that this screening leads to a slight overestimate of the reported carrier 

densities. The data show a clear trend of increasing Hall-based carrier mobility, μ, with 

increasing crystallinity. In contrast, the carrier concentration n remains roughly constant as the 

crystallinity increases, so we can assign the large increase in conductivity as resulting from 

increasing carrier mobility with increasing film crystallinity. The slight decrease in carrier 

concentration for the 100% RR film could be the result of poorer intercalation of F4TCNQ due 

to decreased swelling, as discussed above. Moreover, the lower concentration in the 100% RR 

sample, along with the higher absorption intensity, emphasizes the idea that the polarons in 

more crystalline samples have a higher absorption cross section than those in less crystalline 

samples. 

The measured increase in carrier mobility with increasing P3HT crystallinity likely 

results from a combination of the improvement in “intrinsic” mobility of the undoped polymer, 

which persists upon SqP doping, with less anion-induced localization of the polarons as the 

anions are, on average, slightly farther away in the more crystalline material. This idea that 

much of the mobility improvement comes from intrinsic polaron delocalization is in accord with 

measurements on gate-doped P3HT films in field-effect transistors that also observed that in-

plane mobility increases with increased polymer crystallinity.2,94 We note that increasing Mw of 

the polymer is also known to increase carrier mobility by allowing for better formation of tie 

chains between crystalline domains,86,95 but this effect clearly plays no role in our data. This is 

because our highest observed mobility is in the 100% RR P3HT sample, which has a much lower 

degree of polymerization than the commercially available P3HT used for the CF- and ODCB-cast 



103 
 

films. Clearly, the increase in the quantity and size of the crystalline regions reported in Table 

5.1 is what is responsible for the observed mobility increase. 

5.2.2.3. Temperature-Dependent Conductivity of Controlled-Crystallinity SqP-Doped 

P3HT Films 

 To better understand the nature of the carrier transport in our SqP-doped P3HT films 

with three different degrees of crystallinity, we measured the temperature dependence of the 

conductivity from 50 to 300 K (see the Supporting Information for details). The data 

demonstrate that all of our doped films exhibit classic disordered organic semiconductor 

behavior with a conductivity that increases with increasing temperature.84 We investigated the 

specific charge transport mechanism for each film condition by fitting the data to several 

different theoretical models, which are discussed in more detail in the Supporting Information. 

In order to best fit the experimental data to known models over the full temperature 

range measured, we followed the method in refs. 28 and 93 by performing logarithmic 

differentiation to linearize the temperature-dependent conductivity, σ ∝ exp[(−1/T)x], the 

results of which are shown in Figure 5.5. In general, the observed temperature dependence of 

our samples is in good agreement with other works that observed that the Mott variable-range-

hopping (VRH) model described the temperature-dependent conductivity of doped conjugated 

polymers.28,29,93,96 More specifically, the ODCB-cast and 100% RR P3HT films show a T-dependent 

conductivity that is well described by the Efros–Shklovskii (ES) VRH model97 at low temperatures 

and by the more traditional Mott VRH model98 at higher temperatures. ES VRH accounts for the 

Coulomb interaction, predicting conductivity with a characteristic temperature dependence of 

T−1/2.97 The Coulomb interaction can be neglected above a critical T, leading to the more 

traditional Mott VRH model, which predicts a temperature dependence of the conductivity that 

goes as T−1/4. In contrast to those of the more crystalline films, the T-dependent conductivity 



104 
 

of the doped CF-cast films fits best to an ≈T−1/3 dependence over the entire temperature range, 

 

Figure 5.5. Logarithmic derivative plot of the conductivity of different P3HT films doped 

via SqP with 1 mg/mL F4TCNQ in DCM versus temperature: (a) 100% RR P3HT (red circles), 

(b) ODCB cast (green circles), and (c) CF-cast (blue circles). The dashed and dotted lines 

are linear fits with the corresponding slopes listed in the legend. The arrows mark the 

temperature at which the behavior deviates from traditional variable-range-hopping 

transport. 
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indicating that the increased disorder in the CF-cast samples results in a different (hopping) 

conduction mechanism. For all of our samples, as we approach room temperature there is a 

drastic decrease in the T-dependence of the conductivity (marked by the arrows in Figure 5.5), 

indicating a regime that deviates from hopping-dominated transport and is approaching a more 

diffusive transport mechanism. These observations for our SqP-doped samples are consistent 

with previous results for electrochemically doped P3HT films with high carrier densities.93 

Since all three of our doped samples with different crystallinities are roughly in this 

same transport regime at room temperature, it means that whatever the balance of band-like 

and hopping-based transport, all of our samples have approximately the same degree of 

screening of the applied magnetic field. This means that even if the absolute values of the 

mobilities we extract from the AC Hall measurements are underestimated, the degree of 

underestimation is likely similar for all three of our samples, allowing us to make meaningful 

relative mobility comparisons between the samples. Since the transition from hopping to 

diffusive transport starts at slightly lower temperatures with increasing polymer crystallinity, 

it is possible that further improvements in the crystallinity might actually bring about a 

complete transition to band-like transport at similar carrier concentrations at room 

temperature. 

5.3. Conclusions 

 We have shown that modifying the crystallinity of a conjugated polymer film prior to 

doping can lead to improved electrical properties after molecular doping, and we demonstrated 

this for the P3HT:F4TCNQ system by preserving the crystalline properties of pristine films by 

introducing the dopant via SqP. By changing the solvent used to cast P3HT films and by 

synthetically improving the polymer regioregularity, we were able to prepare pristine P3HT 

films with three distinct degrees of crystallinity, as confirmed by GIWAXS, swelling 
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measurements, and UV–vis spectroscopy. In addition to overall crystallinity, we also saw that 

the edge-on preferred crystalline domain orientation was enhanced in the more crystalline 

P3HT samples, and that both the degree of crystallinity and orientation could be maintained 

after doping with F4TCNQ via SqP. Our GIWAXS measurements showed that no matter what the 

overall degree of crystallinity is, doping led to an increase of the lamellar crystalline spacing, 

a decrease in the π-stack spacing, and a loss of registry in the along-the-chain direction. 

Together, these observations suggest that the F4TCNQ anions go first into the crystalline 

lamellar regions and then begin to incorporate into the polymer amorphous regions, but they 

do not π-stack in the polymer crystallites. 

When we performed optical measurements of the doped P3HT films, we found redshifted 

absorption bands with higher cross sections that indicated greater delocalization of the polarons 

in the more crystalline films. Simulations of the polaron absorption spectra suggest that close 

contact between the anion and polaron (such as that would occur if the anions π-stacked in the 

polymer crystallites) would lead to localized polarons characterized by blueshifted and 

narrowed absorption bands with a lower cross section, which is not what we observed. Instead, 

the simulations are consistent with F4TCNQ anions residing, on average, between 6 and 8 Å from 

the polaron location, consistent with the GIWAXS assignment of the anions residing in the 

lamellar regions of the crystallites as well as the amorphous regions of the film. 

The increased polaron delocalization upon increased P3HT crystallinity also leads to improved 

in-plane conductivity, reaching over 10 S cm−1, as verified by four-point probe measurements. 

AC field Hall effect measurements strongly suggest that the improved conductivity results 

directly from improved carrier mobility; the mobility increased by a factor of 5 from the most 

amorphous to the most crystalline sample. The improvement in mobility comes mostly in the 

form of increased charge carrier delocalization in the crystalline regions of the film, as well as 
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decreased polaron localization caused by the proximity of F4TCNQ anions. Temperature-

dependent conductivity measurements confirmed that the carrier transport at low 

temperatures takes place by variable-range hopping, with the beginning of a transition to a 

more diffusive transport mechanism taking place around room temperature. This transition was 

most apparent for the 100% RR P3HT film, alluding to the possibility that further structural 

engineering or material design could potentially allow reaching pure band-like conduction in 

molecularly doped semiconducting polymers at room temperature. Overall, the ability to 

independently modify the structure of a polymer film and then preserve that structure upon 

doping by SqP offers significant advantages for fabricating high-quality semiconducting polymer 

thin films for organic electronic devices. 

5.4. Experimental Methods 

Material & Film Preparation. The poly(3-hexylthiophene-2,5-diyl) (P3HT) material used in 

preparation of the thin films denoted "CF-cast" and "ODCB-cast" was purchased from Rieke 

Metals, and was used without further alterations. The P3HT material denoted "100% RR P3HT" 

in the main text was synthesized under inert atmosphere per a literature procedure. All 

substrates were cleaned by sequentially sonicating in soapy water, DI water, acetone, and 

isopropanol for 5-10 minutes each, then placed under rough vacuum to remove all traces of 

residual solvent, and finally transferred into a nitrogen glove box for use. The films cast from 

chloroform were dissolved in chloroform at a concentration of 10 mg/mL and spin cast at 

1000 rpm for 60 seconds. These films were dry upon removal from the spin coater. The films 

cast from ODCB (both the Rieke and the in-house synthesized 100% RR) were dissolved in 

ODCB at a concentration of 20 mg/mL and spin cast at 1160 rpm for 20 seconds, then 3000 

rpm for 1 second. This allowed for even distribution of the polymer on the substrate and 

removal of excess solution while leaving the film still wet. These films were then removed 
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and placed immediately in a small glass petri dish with a lid placed over the top. This allowed 

for a solvent saturated environment and slower drying time of the P3HT films. 

Materials Characterization. 2-D grazing incidence wide angle X-ray scattering (GIWAXS) 

experiments were performed at the Stanford Synchrotron Radiation Lightsource on beamline 

11-3 using a wavelength of 0.9742 Å with an incidence angle of 0.12°.The full 2-D 

diffractograms were radially integrated to obtain the diffraction patterns (0-10° for in-plane, 

70-80° for out-of-plane, and 0-180° for full) shown in the main text. The 2-D images were 

collected on a plate with the detector 250 mm away from the center of the measured 

sample. The beam spot had a width of ∼150 µm and a helium chamber was used to reduce the 

noise. The software package WxDiff was used to reduce the GIWAXS data and subsequent 

analysis was performed in IgorPro. 

To study polymer swelling, spectroscopic ellipsometry was performed on a PS-1000 instrument 

from Semilab at room temperature. A UV-visible CCD detector adapted to a grating 

spectrograph analyzes the signal reflected by the sample. The light source is a 75 W 

Hamamatsu Xenon lamp. For these measurements only, the various P3HT films were spun 

onto Si substrates with a thin (∼2 nm) native oxide layer, and the samples were then placed 

in a glass container custom-designed to contain the vapor of a solvent (i.e., dichloromethane, 

DCM) around the sample while still allowing unencumbered access and egress of the optical 

beams. The film thickness is monitored until it reaches steady state while being exposed to 

DCM vapor in the container. With a series of calibration measurements, we found that the 

partial pressure of DCM solvent in the container reached 90% of the known room-temperature 

vapor pressure of DCM. Data analysis was performed using the associated SEA software. The 

thickness was obtained by fitting only the 600-1000 nm spectral region (to avoid the excitonic 

P3HT absorption of the films) using the Cauchy model. For quantitative analysis, the 
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Bruggemann effective medium approximation (EMA) was applied to experimentally determine 

the refractive index of the binary polymer/solvent mixture using the known refractive indices 

of the pure film and solvent. We measured the refractive index as a function of wavelength 

for each P3HT film of different crystallinity prior to DCM exposure. When used for the EMA 

along with the refractive index of DCM, the volume fraction of P3HT and DCM become 

quantifiable in the swelled P3HT film. 

The UV-vis absorption data were acquired from 3.5-0.5 eV using a Shimadzu UV3101PC UV-

VIS-NIR Scanning Spectrophotometer for films prepared independently on both glass 

substrates and a KBr plate. FTIR data was acquired for films prepared on KBr plates using a 

Jasco FT/IR-420 spectrometer from 220-7000 cm−1 in transmittance mode, which was 

subsequently converted to absorbance. 

Conductivity Measurements. In-plane conductivity was measured for all doped samples using 

both collinear 4-point probe and the Van der Pauw method. The room-temperature values in 

in-house at UCLA by the Van der Pauw method, and were also measured independently in the 

Van der Pauw geometry at Lake Shore Cryotronics. The temperature-dependent conductivity 

was measured using a Lake Shore model 8404 series AC/DC Hall Measurement System at Lake 

Shore. AC magnetic field Hall measurements were taken with a Lake Shore model 8400 series 

AC Hall probe system. In this technique, the magnetic field is oscillated at a particular 

frequency to make the voltage that is a result of the Lorentz force become time dependent, 

allowing it to be distinguished from the static misalignment offset voltage. 

5.5. Supporting Information 

 Supporting Information is available in Appendix D.  
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Chapter 6. Designing Conjugated Polymers for Molecular Doping: The Roles of 

Crystallinity, Swelling, and Conductivity in Sequentially-Doped Selenophene-Based 

Copolymers 

 

6.1. Introduction 

 Molecular doping has been shown to be a promising way to tune the electrical properties 

of semiconducting polymers for a variety of applications; for example, doped conjugated 

polymers show promise as the active material in organic thermoelectrics.1 This is because when 

conjugated polymers are chemically doped with strong oxidizing agents such as 2,3,5,6-

tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4TCNQ; see Figure 6.1(f) for chemical 

structure)2−4 or FeCl3,5 their intrinsically low electrical conductivities can be improved by orders 

of magnitude.3 To achieve the highest possible conductivities, extremely high doping 

concentrations are usually required. Depending on the processing conditions, however, high 

doping levels can be difficult to achieve without disrupting the polymer film morphology.6,7 This 

is because most conjugated polymers are soluble in weakly polar aromatic solvents, but when 

such polymers are heavily doped in solution and thus become electrically charged, they are 

generally no longer soluble, making it difficult to form good films by solution processing. 

 There have been several recent approaches in the literature to overcome the difficulties 

with producing high-quality films of heavily doped conjugated polymers. One method has been 

to synthetically improve the solubility of the materials,8,9 allowing for higher doping 

concentrations to be used without ultimately disturbing the doped film morphology.7,10−12 

Another method is based on doping by sequential processing (SqP), which has recently been 

shown to produce highly doped semiconducting polymer films without compromising film 
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quality.7,11 Doping by SqP works by first pre-casting a neutral polymer film and then infiltrating 

the dopant in a second casting step using a solvent that swells but does not dissolve the 

underlying film. 

Although it requires two processing steps, doping by SqP provides the advantage that 

the original neutral film morphology is largely preserved through the doping process. Thus, 

doping by SqP not only allows the fabrication of heavily doped films with outstanding 

morphology but also allows the crystallinity of the doped film to be controlled by choosing the 

conditions under which the original neutral film is cast.13 For example, in previous work, we 

were able to use SqP to study how the optical and electrical properties of F4TCNQ-doped films 

of poly(3-hexylthiophene2,5-diyl) (P3HT) changed as the crystallinity of the P3HT was 

controllably varied.13 Although P3HT has been the workhorse conjugated polymer when it comes 

to studies of molecular doping, it is generally straightforward to rationally modify the chemical 

structure of conjugated polymers via synthesis to yield desired electrical or structural 

properties. One way to do this is to start with the traditional P3HT backbone, but to statistically 

replace some of the 3-hexylthiophene units with 3-heptylselenophene (37S), resulting in P37S-

stat-P3HT copolymers with the structure indicated in Figure 6.1(a).14,15 (We choose the heptyl 

side chain for the selenophene units instead of hexyl because the heptyl side chains both 

improve solubility and give a film morphology closer to that of P3HT.15 see the Supporting 

Information for synthetic details.) The incorporation of the larger Se atom is known to increase 

the polymer crystallinity,14,16,17 which is expected to be related to carrier mobility.13 The 

addition of precise amounts of selenophene to the P3HT backbone also controllably shrinks the 

bandgap (Figures 6.1(b−d)) due to both lowering the conduction band and slightly raising the 

valence band relative to unmodified P3HT16 (Figure 6.1(c)), both of which have significant 

implications for doping. 
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The purpose of this paper is to use a series of doped P37S-stat-P3HT copolymers to study 

the interplay of energy level offset and polymer crystallinity in determining the ease of doping 

and the resultant carrier mobility as both the energy level offset and crystallinity are 

incrementally tuned with polymer composition. We characterize the structure and crystallinity 

of the neutral and doped copolymer films using 2-D grazing incidence wide-angle X-ray 

scattering (GIWAXS) and differential scanning calorimetry (DSC) measurements. We then 

examine the swellability of the different statistical copolymer films using spectroscopic 

ellipsometry/porosimetry and find that both the density of mobile carriers produced by doping 

 

Figure 6.1. (a) Chemical structure of P37S-stat-P3HT copolymers; (b) optical image of P37S-

stat-P3HT films ranging in composition from 0 to 100% P37S in 25% increments, showing 

three films of each composition; (c) cartoon schematic of the estimated change in valence 

and conduction band levels (consistent with the measured optical bandgap) of the 

copolymers as a function of P37S composition; (d) UV-Visible absorbance of P37S-stat-P3HT 

copolymer films, normalized to the absorption maximum. The inset shows an energy level 

diagram indicating the allowed polaron transitions upon chemical doping; (e) UV-Visible-NIR 

absorbance of P37S-stat-P3HT copolymer films that were doped by SqP with 1 mg/mL 

F4TCNQ in DCM, normalized to the intensity of the P1 polaron absorption near 0.5 eV; (f) 

chemical structure of F4TCNQ. The arrows in panel (e) show the trends in doped-film 

absorption with increasing selenophene content. 
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and the crystallinity of the polymer film after doping are directly influenced by the ability of 

the pre-doped film to swell during SqP. 

We find that the doped film crystallinity has a pronounced effect on the conductivity 

and other optoelectrical properties. We use optical/NIR spectroscopy to show that the degree 

of polaron delocalization depends more on the film crystallinity than the band gap. We also use 

AC magnetic field Hall effect measurements to show that the carrier mobility, and thus the 

conductivity, is more influenced by the local structural environment than the energy level 

offset. Overall, the use of a tunable series of copolymers allows us to optimize carrier 

conductivity by balancing the trade-off between doped carrier concentration and carrier 

mobility. 

6.2 Characterizing neutral and doped-P37S-stat-P3HT Copolymers 

 As described in more detail in the Supporting Information, we synthesized a series P37S-

stat-P3HT copolymers with selenophene content ranging from 0 to 100% in 25% increments. 

Films of each of the copolymers, photos of which are shown in Figure 6.1(b), were prepared by 

dissolving the polymer powders in o-dichlorobenzene (ODCB) at a concentration of 1.5 mg/mL, 

while films of the P3HT and P37S homopolymers were prepared from solutions at a 

concentration of 2 mg/mL. Because heating was required to achieve full dissolution of the 

higher-Se-ratio copolymers, for consistency, we heated all of the polymer solutions to 100 °C 

prior to spin-coating at a rate of 1000 rpm for 60 s. Doped copolymer films were prepared via 

SqP by dissolving F4TCNQ at a concentration of 1 mg/mL in dichloromethane (DCM) and spin-

coating this solution on top of the pre-cast polymer films at 4000 rpm for 10 s. Successful 

employment of the SqP doping method requires a detailed understanding of both how the 

solvent and the dopant interact with each copolymer, which we describe in detail below. 
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6.2.1. The optical absorption of SqP-doped P37S-stat-P3HT copolymers 

 After incorporation of the dopant into the polymer film has occurred, the molecular 

interaction of the dopant and the polymer is largely dependent on the energy level offset 

between the HOMO/valence band of the polymer and the LUMO of F4TCNQ. As the selenophene 

ratio increases across the copolymer series, the optical bandgap changes from 1.9 eV for pure 

P3HT to 1.6 eV for pure P37S (see Figure 6.1(c)),16 with the gap reduction mostly coming from 

a decrease of the copolymer LUMO/conduction band level. This shrinking of the bandgap is 

manifest as a redshift in the UV−visible absorption of the films, as seen in Figure 6.1(d), 

resulting in a noticeable color change across the copolymer series (as also shown in the photo 

of three films of each composition in Figure 6.1(b)). 

 We note that others have observed that the open circuit voltage (VOC) of polymer-based 

photovoltaics containing a selenophene homopolymer is ∼0.1 eV lower than similar devices 

based on the thiophene analogues.16 Because the VOC of a bulk heterojunction photovoltaic can 

be used as a rough approximation of the energy level offset between the polymer donor HOMO 

level and the acceptor molecule LUMO level, and because the acceptor molecule used for both 

selenophene and thiophene analogues was the same, it is reasonable to assume that the 

difference in VOC was purely due to a change in the polymer HOMO level. This indicates that 

the narrowing of the bandgap for the copolymer series from 100% P3HT to 100% P37S is a result 

of both the HOMO slightly raising18 by ∼0.1 eV and the LUMO lowering15,16,19 by ∼0.2 eV to 

account for the rest of the difference in bandgap. This implies that the HOMO levels of the 

copolymers are compositionally dependent, with more Se-heavy copolymer compositions having 

shallower HOMO levels. To verify this, we performed cyclic voltammetry (CV) measurements 

on the copolymer series; the details of which can be found in the Supporting Information. Within 

error, the CV measurements confirm that the HOMO levels of the copolymers slightly increase 
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in energy with increasing selenophene content. This composition dependence of the HOMO level 

could affect the driving force for charge transfer from the polymer to the dopant.3 

 Figure 6.1(e) shows what happens to the optical properties when we take these same 

copolymer films and dope them by SqP with 1 mg/mL F4TCNQ in DCM. The figure shows that 

the magnitude of the neutral exciton absorption peak decreases the most for the 100% P37S 

film relative to the rest of the series, which is summarized by the downward-pointing black 

arrow in Figure 6.1(e) and more quantitatively by the black crosses in Figure6. 2(b). This 

suggests that there is a higher level of integer charge transfer with increasing selenophene 

content, consistent with the idea that increased selenophene content results in a larger energy 

level offset between the valence band of the copolymer and F4TCNQ. 

 Quantifying the extent of doping from the loss of the neutral exciton peak is not 

straightforward, however, because the F4TCNQ anion absorbs strongly with peaks at ∼1.45 and 

∼1.65 eV, overlapping with the neutral absorption of the higher-selenophene content 

copolymers. Subtracting the anion absorption to uncover the loss of neutral copolymer 

absorption is also not readily achievable because the so-called P2 polaron peak, centered 

between ∼1.2 and ∼1.5 eV, also absorbs in this region. Moreover, the P2 absorption shifts with 

copolymer composition, as indicated by the horizontal arrow in Figure 6.1(e). In addition, we 

recently showed that for pure P3HT, the absorption cross-section of the polaron varies with the 

local polymer structural environment, and more importantly, that the number of mobile (as 

opposed to trapped) carriers created by doping is not a constant fraction of the total number 

of charged carriers created.13 Thus, it is not possible with the information at hand to utilize 

absorption spectroscopy to quantify the number of mobile carriers produced upon doping of our 

copolymer series. A more detailed discussion on why absorption spectroscopy is not a reliable 
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method for estimating the electrical properties of doped films is included in the Supporting 

Information. 

 Even though the absorption amplitudes are not useful for extracting quantitative 

information about mobile carriers, the position and shape of the spectra can tell us a lot about 

the local polaron environment.13,20,21 Figure 6.2(a) shows a zoomed-in region of the “P1” polaron 

absorption constructed by stitching together UV−visible−NIR and FTIR spectra. The P1 polaron 

peak is split between an intrachain component in the 0.2−1.0 eV region and an interchain 

component in the region below 0.17 eV;20,21 the spectra shown have been smoothed to allow 

for better comparison of the relative amplitudes of the two components. It is known that as 

the polaron becomes more delocalized and thus more mobile, the main intrachain peak 

redshifts and the relative amplitude of the lower-energy interchain absorption component 

increases.13,20 Thus, the ratios of the intrachain and interchain components, which are 

 

Figure 6.2. Absorbance of the P1 polaron peak in P37S-stat-P3HT copolymer films doped by 
SqP with 1 mg/mL F4TCNQ in DCM; the spectra are normalized by the height of the peak 
near ∼0.45 eV for ease of comparison. All the spectra, including the IR active vibration 
peaks, have been smoothed to allow for better visualization of relative peak locations and 
heights; the raw unsmoothed data are available in the Supporting Information. (b) Plots 
quantifying the depletion of the neutral absorbance intensity (black crosses) and the 

interchain to intrachain polaron peak ratio (green plus signs, from the data in panel (a)). 
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presented as the green plus signs in Figure 6.2(b), are a reasonable measure of polaron 

delocalization and mobility. 

 The data in Figure 6.2(a) show that instead of the main polaron peak redshifting with 

increasing selenophene content, as expected based on the redshift of the bandgap,22 the 

position of the main peak is non-monotonic with composition, with a particularly large blue-

shifted deviation for the 75:25 selenophene:thiophene material. This blue-shifted peak for the 

75:25 composition is also accompanied by a lower inter/intrachain peak ratio (panel b)), 

suggesting that the polarons in this particular copolymer are less delocalized than would 

otherwise be expected given this material’s position in the series. Moreover, the fact that the 

P2 transition (Figure 6.1(e)) shifts monotonically with the copolymer bandgap but the P1 

transition does not reinforces the idea that the shape of the P1 polaron transition is extremely 

sensitive to its local structural environment. All of this indicates that when designing new 

materials for chemical doping, the energy levels are not the only important parameters to 

consider as other structural factors, considered in the next sections, can more drastically affect 

the functional properties of the doped material. 

6.2.2. The crystallinity of undoped P37S-stat-P3HT copolymer films 

 The advantage of studying a tunable series of thiophene-selenophene copolymers is that 

we can begin to decouple the effects of energy levels and crystallinity on the electrical 

properties of doped conjugated polymer films. We began our structural characterization by 

performing 2-D GIWAXS measurements on the undoped copolymers to quantify the relative 

crystallinity across the series. Figure 6.3(a) shows the radially integrated results for the 

undoped copolymers, with Table 1 reporting the integrated area and the d-spacing of the 

lamellar (100) peak, which represents the distance between polymer backbones in the direction 
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along the polymer side chains. In- and out-of-plane integrations, which provide information on 

the crystalline domain orientation in each material, are given in the Supporting Information. 

 The GIWAXS data in Figure 6.3(a) show a clear trend of the (100) peak position shifting 

to smaller q (larger d-spacing), and the peak intensity increasing as the selenophene content is 

increased. The general trend of increasing d-spacing with increasing selenophene content 

makes sense given the fact that the selenophene units have heptyl side chains, while the 

thiophene monomers have slightly shorter hexyl side chains. We also examined the π-stacking 

(010) peak across the copolymer series and found similar trends as seen for the (100) peak. 

Details are given in the Supporting Information. 

 The exception to this trend is the (100) peak of the 100% P37S film, which shows a 

smaller lamellar spacing as well as significantly decreased intensity and broadening compared 

to the rest of the series. The fact that the 100% P37S film does not follow the trend is because 

pure P37S does not have the same crystal structure as the rest of the samples in the series. 

Instead of the more common Type-I polymorph, the pure P37S material exists as a Type-II 

polymorph, where the heptyl side chains are more interdigitated, explaining the smaller 

lamellar d-spacing in this sample.17,23 

 The increased d-spacing along the lamellar direction with greater selenophene content 

has important implications for the properties of the copolymer materials after doping. This is 

because when dopants such as F4TCNQ reside in the crystalline regions of the film, they do so 

in the lamellar regions between the side chains.12,13,24 The fact that the higher-selenophene 

content materials have more space along the side-chain direction potentially allows for the 

dopant anions to reside farther from the polymer backbones where the polarons are located, 

which would reduce the Coulomb interaction between them. Thus, the increased lamellar 

spacing could potentially help allow for reduced polaron localization.13  
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Figure 6.3. Radially integrated GIWAXS data for (a) the undoped copolymers and (b) the 

same polymer films after SqP doping with 1 mg/mL F4TCNQ in DCM. The (100) peak of the 

undoped films shifts monotonically to larger d-spacing as the selenophene content is 

increased, as expected for the larger Se atom and longer side chains of the P37S monomer 

compared to P3HT, except for 100% P37S, as discussed in the text. The (100) peak of the 

doped films shifts to even larger d-spacing after F4TCNQ has been incorporated. The peak 

positions and areas are summarized in Table 1; see the text for details. (c) DSC melting 

enthalpy (normalized per monomer unit) and integrated (100) peak area from GIWAXS and 

DSC as a function of increasing selenophene content. The good correlation indicates that 

GIWAXS does provide a good measure of relative crystallinity in each sample. 
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 The trend in the radially integrated (100) peak intensities seen in Figure 6.3(a) reflect, 

in part, the relative crystallinities of the different copolymers. Unfortunately, conclusions 

about relative crystallinity are complicated by the fact that the different copolymers have 

different fractions of heavy selenophene atoms, which can affect both the structure factor and 

overall X-ray scattering power of each sample in the series. Taken at face value, the peak 

intensity increase with increasing selenophene content indicates increasing crystallinity, but 

some or all of this increased peak intensity could be due to increasing scattering contrast or a 

change in structure factor. 

 To better understand how the integrated (100) peak areas are related to relative 

copolymer crystallinity, we performed a series of DSC measurements on the as-synthesized 

copolymer powders to measure the enthalpies of melting (details in the Supporting 

Information); we could not perform the measurements directly on our spin-cast films due to 

the small amount of material present. Although the crystallinity of the powders may be 

different than that of spin-cast films, we do expect the enthalpy of melting for crystalline 

materials to be relatively constant across this series of copolymers, so any change in melting 

enthalpy can be associated with changes in the relative crystalline fraction of the materials. 

 The DSC-determined melting enthalpies, normalized per mole of monomer unit, are 

plotted as a function of selenophene content alongside the integrated (100) peak areas of the 

undoped samples in Figure 6.3(c). We chose the first melt enthalpy for this plot as we felt that 

this provided the best comparison to the properties of our solution-cast films, but we observed 

almost identical trends across the copolymer series for the melting and freezing enthalpies in 

both the first and second cycles. The general agreement between the DSC- and GIWAXS-derived 

data seen in Figure 6.3(c) suggests that although variations in structure factors and scattering 

power may influence the absolute X-ray scattering between different samples, the general 
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trend of increasing crystallinity with increasing selenophene content observed by GIWAXS is 

correct. 

 Table 6.1 summarizes the results of Figure 6.3(a), of which the most important message 

is that the relative copolymer crystallinity does not scale monotonically with selenophene 

content. Instead, the undoped 75:25 selenophene:thiophene material is the most crystalline of 

the series, a fact that will become important when we consider how the SqP doping process 

alters the film crystallinity, as discussed in the next section. 

6.2.3. The crystallinity of P37S-stat-P3HT copolymer films after doping with F4TCNQ by 

SqP 

 With the relative crystallinities of the undoped copolymer series characterized, we turn 

next to understanding the film structure after doping via SqP with 1 mg/mL F4TCNQ in DCM. 

Figure 6.3(b) and Table 6.1 summarize the radially integrated GIWAXS data for the doped 

copolymers. The data show that the d-spacing of the (100) peak shifts to larger distances after 

 

Table 6.1. Relative Crystallinities, Based on the Radially- Integrated (100) Peak Area, and 
d-Spacings in Å, for both Pure and Doped Selenophene:Thiophene Copolymer Films, Along 
with the Shift in d-Spacing after Doping. The values for undoped 100% P37S are not included 

because the material has a different crystal structure (Type-II polymorph). 
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F4TCNQ has been introduced, as has been seen previously for other conjugated polymers.2,7,13 

Of particular note is that the (100) peak for doped 100% P37S shows the largest d-spacing, 

whereas this material had one of the smaller d-spacings of the undoped materials. We saw 

above that the undoped 100% P37S has a crystal structure (Type-II polymorph) different than 

that of the other copolymers, one with an inherently smaller lamellar d-spacing due to chain 

interdigitation. We also know that F4TCNQ prefers to reside in the lamellar regions of P3HT 

crystallites,12,13 leading us to believe that the incorporation of F4TCNQ into the lamellar regions 

of the P37S crystallites is incompatible with this side-chain interdigitation. Thus, the doping 

process effectively converts the Type-II polymorph of 100% P37S to the more commonly 

observed Type-I polymorph, bringing the doped P37S material in line with the rest of the 

copolymers in the series. 

 Figure 6.3(b) also shows that the relative scattering intensities of the doped copolymers 

behave rather differently than those of the undoped films. Because of the scattering differences 

for polymers with different Se content, it is not straightforward to map these intensity 

differences onto changes in crystallinity. Thus, to best quantify changes in crystallinity after 

doping with F4TCNQ, we calculated the ratios of the radially integrated (100) peak area before 

and after SqP doping (Figure 6.5 and Table 6.1). Because the Se/S ratio does not change before 

and after SqP doping, the before-to-after doping (100) peak area ratio should provide a good 

measure of the changes in crystallinity caused by doping. For P3HT, we note that recent work 

has argued that doping with F4TCNQ causes changes in film morphology, including an increase 

in the average conjugation length of the amorphous chains outside the polymer crystallites.25 

 For our copolymers, we see that the change in overall crystallinity of the films as a 

result of the solution sequential doping process varies depending on the composition. The total 

crystallinity decreases significantly for the doped 100% P3HT film relative to the undoped film. 
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This decrease in overall crystallinity is partly reversed for the 25:75 Se:S sample but then 

decreases slightly in the 50:50 material and significantly for the 75:25 Se:S sample. Note that 

the change in the 100% P37S upon doping cannot properly be compared to the other polymers 

in the series due to the fact that it undergoes a change in crystal structure upon doping, as 

mentioned above. The GIWAXS data for the π−π stacking peak for the doped copolymer films 

show similar trends as for the lamellar stacking peak (see Supporting Information). 

 The changes in crystallinity we see upon doping can be explained by the idea that the 

dopant either disrupts or enhances some of the coherence in polymer chain packing as it sits in 

the lamellar regions of the crystallites. The solvent used during the sequential doping step 

swells the film, allowing some reorganization of the film morphology. Normally, as the solvent 

dries, the film would return to its pre-swollen state. However, by introduction of dopant 

molecules into the swollen polymer matrix, a new morphology can be created after the solvent 

evaporates. This is what allows the dopant to either disrupt some of the crystallinity within the 

crystalline domains or induce ordering in previously amorphous or poorly crystalline regions, 

depending on the interaction between the dopant and the polymer. 

 We note that the ability of the dopant to interact with and rearrange the film 

morphology is also dependent on the ability of the solvent to swell the polymer film, and that 

swelling ability generally decreases with increasing polymer crystallinity. This emphasizes the 

importance of the role the solvent plays for doping via SqP, as discussed in the next Section 

6.2.4. 

6.2.4. Quantifying the solvent:polymer interaction for P37S-stat-P3HT copolymers 

 Because the interaction between the solvent and the polymer is critical to being able 

to manipulate the morphology through the addition of dopant molecules, in this section we 
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quantify the copolymer:solvent interaction to better understand the structural changes that 

take place as a result of the SqP doping process. In general, the swellability of a polymer film 

depends inversely on its crystallinity,13,26 which varies across our copolymer series. We thus 

performed a series of swelling measurements by exposing the copolymer films to saturated DCM 

vapor, which mimics the exposure of the films to the DCM solvent we use in the SqP doping 

process. We then quantify the extent to which the films swell as they interact with the DCM 

vapor using spectroscopy ellipsometry (see the Supporting Information for experimental details 

and fits). 

 Figure 6.4 shows the swellability of the undoped copolymer films (bars). The data show 

that the swellability does not depend linearly or even monotonically on the copolymer 

composition. The undoped 75:25 selenophene:thiophene copolymer shows the least 

 

Figure 6.4. % change in film thickness due to swelling caused by exposure to DCM vapors as 
measured by ellipsometry (black bars) for the P37S-stat-P3HT copolymer series. Also plotted 
is the change in relative crystallinity as quantified by the ratio of the SqP doped film (100) 
peak area over the undoped film (100) peak area for the P37S-stat-P3HT copolymer series 

(orange stars). 
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swellability, which is perhaps not surprising as this material is the most crystalline of the 

series.13,26 The higher swellability of the other copolymers relative to 100% P3HT can be 

explained by the fact that the larger, more polarizable Se atoms provide for increased 

interactions with DCM relative to the smaller, less polarizable S atoms. 

 Figure 6.4 also compares the copolymer swellability with the change in crystallinity of 

the films upon doping, as quantified by the ratio of the doped-to-undoped integrated (100) 

peak areas (orange stars); the trends of these two measures are in good general agreement. 

This correlation between swellability and change in crystallinity suggests that SqP for fullerene 

infiltration and SqP for doping can affect film structure in different ways. When SqP is used for 

fullerene infiltration, fullerene is deposited only into the amorphous regions of the film and the 

crystalline structure of the pre-cast polymer film is preserved. The SqP doping process, in 

contrast, requires dopant infiltration into crystalline domains, so materials where the 

crystalline domains are not effectively swollen are also not effectively doped. This direct 

correlation between swelling and crystallinity after doping has not been previously observed or 

investigated, although dopant-induced increases in crystallinity have been reported.24,25 

 Clearly, optimization of the solvent:polymer interaction is not only possible but critical 

to the success of SqP doping, as different solvents produce different degrees of swelling, which 

in turn alters the ability of dopants to induce changes in the film morphology. We will 

investigate such optimization in future work. 

6.2.5. Electrical characterization of SqP-doped P37S-stat-P3HT 

 Given the non-monotonic trend of swellability and crystallinity change upon doping 

across the copolymer series, the next logical question to address is how these structural trends 

correlate with the functional electrical properties of the doped copolymers. We performed 
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electrical conductivity measurements using four-point-probe measurements in both collinear 

and Van der Pauw geometries; details are given in the Supporting Information. The results, 

summarized in Figure 6.5(a), show that the conductivity increases for the 25:75 and 50:50 

selenophene:thiophene copolymers but then drops significantly for the 75:25 

selenophene:thiophene copolymer. Notably, the conductivity follows a similar trend to the 

change in crystallinity upon doping, as quantified by doped:undoped (100) peak area ratio 

(Figure 6.5(b)). Moreover, for 100% P37S, the conductivity can exceed 20 S/cm, providing an 

order of magnitude increase over the conductivity of 100% P3HT simply by substituting 

selenophene for thiophene. 

 To determine whether the improvement in conductivity results from the higher valence 

band of P37S, the larger swellability of the selenophene polymer in DCM, the increased relative 

crystallinity of the selenophene polymer after doping, or some combination of all of these, we 

employed AC magnetic field Hall effect measurements7,13,27−30 to determine how the 

conductivity of each copolymer results from the product of carrier mobility and carrier 

concentration. AC Hall measurements are different from traditional DC Hall effect 

measurements in that the magnetic field is alternated in a time dependent manner such that 

the Hall voltage becomes similarly time dependent. This allows one to lock in on the Hall 

voltage and disregard the intrinsic offset voltage which is not time dependent and is often large 

enough to obscure the Hall voltage in low mobility materials such as semiconducting polymers. 

 The results of the AC Hall measurements yield Hall charge carrier densities (nH, shown 

for the copolymer series in Figure 6.5(c)), which are connected to the carrier mobility (μH, 

Figure 6.5(d)) and conductivity (σ, Figure 6.5(a)) by σ = nHqμH, where q is the fundamental 

charge. We note that in low-mobility materials such as doped conjugated polymers, the carrier 

density extracted from AC Hall effect measurements can be subject to error because carriers 
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that move by hopping can screen the magnetic field of neighboring carriers.30,31 Based on our 

previous work studying P3HT13 and the results discussed below, however, we believe that the 

copolymers studied here all share a similar hopping-dominated transport mechanism, and thus 

even if the absolute carrier densities are subject to some error, the relative comparison across 

the copolymer series should be fairly accurate. 

 Figure 6.5(c) shows the mobile carrier density extracted from the AC Hall effect 

measurements made on the SqP-doped P37S-stat-P3HT series; details of how measurements 

were made are given in the Supporting Information. The data make clear that the mobile carrier 

density remains nearly constant (or perhaps slightly increases) with increasing selenophene 

 

Figure 6.5. Semilogarithmic plots of (a) electrical conductivity, (b) doped:undoped (100) 
peak area ratio, (c) carrier density, extracted from AC Hall effect measurements, and (d) 
carrier mobility, calculated from the ratio of the conductivity and carrier density, all as a 
function of selenophene content across the copolymer series. All of the electrical 
measurements were for films doped by SqP with 1 mg/mL F4TCNQ in DCM. 
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content, with the exception of the 75:25 selenophene:thiophene copolymer, which has a 

significantly lower mobile carrier density (note that Figure 6.5(c) has the carrier density plotted 

on a logarithmic scale). The slight increase across the series would fit well with the idea that 

there is increased driving force for doping as the energy level offset increases with increasing 

selenophene content (and also fits with the increase in quenching of the neutral polymer 

absorbance seen in Figure 6.2(b)), although this is a relatively minor effect. 

 The drop in mobile carrier density for the 75:25 selenophene:thiophene copolymer 

correlates with the significant decrease in crystallinity upon doping in this material, as seen in 

Figure 6.5(b). The high crystallinity likely prevents the F4TCNQ dopant from effectively 

incorporating into crystalline parts of this copolymer during the SqP doping process. Instead, 

reaction with F4TCNQ drives a transition to an amorphous geometry where the F4TCNQ anion 

can find space in the polymer network. The mobility data can then be explained by the 

hypothesis that the majority of mobile carriers are formed by doping the crystalline regions of 

the film, where the dopant anions are forced to lie farther away from the polarons on the 

polymer backbone, thus reducing Coulomb trapping and increasing polaron mobility. Dopant 

anions in the amorphous regions of the film, in contrast, can sit in closer Coulomb contact to 

their corresponding polarons. These Coulombically bound carriers would appear optically but 

would not contribute to the Hall voltage because they are effectively trapped. This idea is 

consistent with the fact that the 72:25 selenophene:thiophene sample shows a P1 absorption 

that is blue-shifted and has a low interchain to intrachain absorption ratio, both of which are 

signatures of a higher fraction of less mobile or trapped carriers. 

 We also might expect the depletion of the neutral absorption peak across the series 

after doping to track with the carrier concentration, but a comparison of Figure 6.5(c) to Figure 

6.2(b) shows that this is not the case, verifying our argument above that UV−visible absorption 
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is not a good method for determining the mobile carrier concentration in doped conjugated 

polymer films: the facts that both trapped and mobile carriers contribute to the absorption and 

that the degree of mobility/trapping changes the absorption position, shape and cross-section 

make it effectively impossible to correlate optical properties with electrical properties that 

depend only on mobile carriers. 

 Figure 6.5(d) shows the carrier mobility extracted from the Hall effect measurements. 

The mobility shows a very different trend from the carrier concentration, with no dramatic dip 

for the 75:25 composition and instead a gradual increase in mobility with increasing 

selenophene content. This general increase in carrier mobility with selenophene content is 

largely responsible for the increased conductivity across the series, as the carrier density 

remains relatively constant from 100% P3HT to 100% P37S, with the exception of the highly 

crystalline 75:25 material. 

 Overall, by far the strongest correlation of the conductivity to film structure is the 

fractional change in crystallinity of the doped material. This suggests that if the dopant cannot 

fit well into the polymer lattice in an ordered manner, there will be an energetic penalty for 

incorporation. In this situation, less dopant will incorporate in positions that produce mobile 

carriers. Although trapped carriers can be produced (and observed by optical absorption), these 

trapped carriers do not contribute to the overall conductivity, as discussed above. 

 We reached a similar conclusion concerning polymer structure and carrier mobility in 

our previous work studying doped P3HT films with different controlled amounts of 

crystallinity.13 This work, however, highlights the fact that the crystallinity of the undoped film 

is not the key parameter in determining carrier mobility, but rather the crystallinity of the film 

after doping. The crystallinity of films doped by SqP, in turn, depends on both their original 

crystallinity, their swellability, and the ability of the polymer lattice to accommodate dopant 
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molecules within the crystal structure. Thus, when designing new conjugated polymers for 

applications with chemical doping, it is important to consider not only the crystallinity of the 

neutral polymer but the ability of the polymer to swell during SqP and then crystallize when 

doped. The 100% P37S polymer does both of these well, allowing us to readily achieve electrical 

conductivities exceeding 20 S/cm by SqP doping with only 1 mg/mL F4TCNQ. 

6.3. Summary and Conclusions 

 We showed that the bandgap, valence band position, crystallinity, and swellability of 

undoped P3HT, as well as the change in crystallinity after doping by SqP with F4TCNQ, can be 

controllably tuned by synthetic statistical substitution with selenophene units, although not all 

the changes are monotonic with fractional selenophene composition. The bandgap decreases 

monotonically, and the valence band slightly increases monotonically as the copolymer 

composition is tuned from 100% P3HT to 100% P37S. The change in valence band position 

provides for an increase in carrier concentration upon doping as the fraction of selenophene 

increases, but not all the carriers created are mobile. Instead, it is the way increasing 

selenophene content changes polymer structure and crystallinity that provides the best 

correlation with the optical and electrical properties of the materials after doping. The key 

relation is that electrical conductivity depends on the ability of the dopant to restructure the 

polymer, which in turn depends on the polymer’s ability to swell and its ability to accommodate 

the dopant within its lattice. 

 The 75:25 selenophene:thiophene copolymer is the most crystalline in its undoped form, 

making it the least swellable material in our copolymer series. This lack of swellability also 

gives this material the lowest mobile carrier concentration when doped, despite having a 

relatively high valence band and good energy level offset from F4TCNQ and a strong depletion 

of the neutral exciton absorption. Correlated with the fact that this copolymer has a lower 
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mobile carrier concentration is that it shows the largest decrease in crystallinity upon doping, 

suggesting that this material simply cannot effectively accommodate F4TCNQ molecules within 

its lattice. The free carrier concentration measured by the AC Hall effect does not match with 

the depletion of the neutral absorption peak, indicating that there are either large changes in 

absorption cross-section and/or significant fractions of trapped carriers. The hypothesis that 

many carriers are trapped is supported by the relatively blue-shifted polaron absorption of this 

member of the series. 

 Across the copolymer series, we see that it is the crystallinity of the doped state that 

ultimately determines the mobile carrier concentration. This suggests that the majority of 

dopants in amorphous regions of the polymer produced trapped carriers, and that mobile 

carriers are only produced when they are spatially separated from their counterions because of 

the limited number of places that the F4TCNQ anions can reside within the crystalline lattice. 

This idea is corroborated by optical spectroscopy, which shows excellent correlation between 

the position and shape of the polaron P1 transition, the crystallinity of the doped film, and the 

mobile carrier mobility. The polaron P2 transition, however, does not appear to be strongly 

affected by the local environment and instead scales simply with the bandgap of the polymer. 

The P1 and P2 absorption amplitudes do not correlate with the number of mobile carriers in 

the films, preventing optical spectroscopy from being used to quantify the mobile carrier 

concentration. 

 In the end, achieving the highest mobilities requires not only a good degree of intrinsic 

crystallinity but also swellability, which determines how well the dopant can infiltrate the 

material, and the general ability of the polymer lattice to accommodate dopants within their 

crystalline domains. For our copolymer series, these requirements were best met by the 100% 

P37S material, giving it the highest carrier concentration and highest carrier mobility, leading 
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to electrical conductivities that exceed 20 S/cm at higher doping levels. Overall, the electrical, 

structural, and optical measurements across the P3HT-stat-P37S copolymer series all 

corroborate the crystallinity of the doped state being the dominant factor that influences the 

properties of highly doped semiconducting polymer films. 

6.4. Experimental Methods 

Materials Characterization. The UV-vis-NIR region from 3.5−0.5 eV was measured using a 

Shimadzu UV-3101PC UV-VIS-NIR Scanning Spectrophotometer for films prepared on KBr 

plates. The IR region from 220-7000 cm−1 was measured using a Jasco FT/IR-420 

Spectrometer in transmittance mode on the same films prepared on KBr plates. The FTIR data 

was converted to absorbance and then combined with the UV-VIS-NIR data. 

2-D grazing incidence wide angle X-ray scattering (GIWAXS) experiments were performed at 

the Stanford Synchrotron Radiation Lightsource on beamline 11-3 using a wavelength of 

0.9742Å with an incident angle of 0.12°. The full 2-D diffractograms of our different polymer 

systems were radially integrated to obtain the diffraction patterns (0-10° for in-plane, 70−80° 

for out-of-plane, and 0-180° for full). The 2-D images were collected with a Rayonix model 

MX225 X-ray CCD 250 mm away from the center of the measured sample. The beam spot had 

a width of ∼150 µm and a helium chamber was used to reduce the noise. The software 

package WxDiff was used to reduce the GIWAXS data and subsequent analysis was performed 

in IgorPro. 

Differential scanning calorimetry (DSC) was performed on as-synthesized copolymer powders. 

The DSC change in enthalpy of melting and crystallization were obtained using a Perkin Elmer 

R DSC 8000, a dual furnace instrument equipped with an IntraCooler. The samples were 

measured in vented Al pans in an inert N2 atmosphere. The heat flow from 30 °C to 300 °C at 
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a rate of 10 °C/min was recorded then the area under the peaks was used to determine the 

change in enthalpy 

Electrochemical measurements were recorded on films drop-cast on a Pt working electrode in 

MeCN/NBu4PF6 (0.1 M) versus Ag/AgCl (scan rate 100 mV·s −1 ) with Fc/Fc+ as an internal 

standard, using a BASi Epsilon potentiostat. The HOMO levels have been calculated from the 

oxidation onset values. 

To study polymer swelling, spectroscopic ellipsometry was performed on a PS-1000 instrument 

from Semilab at room temperature. A UV-visible CCD detector adapted to a grating 

spectrograph analyzed the signal reflected by the sample. The light source was a 75-W 

Hamamatsu Xenon lamp. For these measurements, the various polymer films were spun onto 

Si substrates with a thin (∼2 nm) native oxide layer, and the samples were placed in a glass 

container custom-designed to contain the vapor of a solvent (i.e., dichloromethane, DCM) 

around the sample while still allowing unencumbered access and egress of the optical beams. 

The film thickness was monitored until it reached steady state while being exposed to DCM 

vapor in the container. With a series of calibration measurements, we found that the partial 

pressure of DCM solvent in the container reached 90% of the known room-temperature vapor 

pressure of DCM. Data analysis was performed using the associated SEA software. The 

thickness was obtained by fitting only the 860−1000 nm spectral region (to avoid the excitonic 

absorption of the various copolymer films) using the Cauchy model. By fitting the thickness 

prior to swelling and during swelling we can extract the percent change in film thickness 

caused by swelling. 

Electrical Measurements. In-house conductivity measurements were performed on samples 

prepared as described in the main text on glass substrates with dimensions of 1.5×1.5 cm. We 



142 
 

performed both collinear 4-point probe measurements with a probes spacing of 1.5 mm and 

Van der Pauw measurements with silver paste electrodes on the corners of the substrates. 

AC magnetic field Hall measurements were performed with a LakeShore model 8400 series 

AC/DC Hall Measurement System. The samples were measured with N2 gas flowing through the 

sample chamber to reduce degradation. This limited the change in conductivity over time to < 

5% of the total during the 15-hour time span of data collection. The slightly lower 

conductivity values for our AC-Hall samples compared to what we measured in-house was due 

to the several-day time delay between fabrication and completion of the AC Hall 

measurements (whereas the in-house measurements were also performed on the same day 

the samples were fabricated). 

6.5. Supporting Information 

 Supporting Information is available in Appendix E.  
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Chapter 7. Dopant-Induced Ordering of Amorphous Regions in Regiorandom P3HT 

 

 Semiconducting polymers have the potential for use in a variety of optoelectronic 

applications due to their affordability, ease of device manufacturing, and tunable 

characteristics.1–3 The electronic properties of semiconducting polymers can be tuned via 

chemical doping with small molecule dopants like iron (III) chloride (FeCl3)
4,5 and 2,3,5,6-

tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4TCNQ),6–12 which add mobile carriers to the 

system.  Adding small amounts of dopant has been shown to improve the performance of 

polymer-based organic photovoltaics by filling traps,13 and more extensive doping can increase 

the conductivity for transistor14,15 or thermoelectric16,17 applications. Although a lot of work has 

been done, the ways that dopants affect the optical, electronic, and structural properties of 

semiconducting polymers are still not well understood.18–27 

 One way to control the structural changes inherent in the chemical doping process is to 

use solution sequential processing (SqP), which starts with the deposition of a pure polymer 

film followed by addition of the dopant using a solvent that swells but does not dissolve the 

polymer. We have previously shown that with SqP, the polymer crystallinity and domain 

orientation are largely preserved throughout the doping process, in sharp contrast to doping 

performed using the traditional co-dissolution method.6 Doping via SqP also allowed us to study 

how the optical and electrical properties of F4TCNQ-doped poly-(3-hexylthiophene-2,5-diyl) 

(P3HT) films change as the polymer crystallinity was controllably tuned.20 Using optical 

spectroscopy, 2-D grazing-incidence wide-angle X-ray scattering (GIWAXS), and theoretical 

modeling, we argued that the F4TCNQ anion must lie within the lamellae of the polymer 

crystallites (i.e., between the side chains and not the π-stacks) or in amorphous regions of the 

film.20 Hamidi-Sakr et al. also reached the same conclusion by studying sequentially-doped 



147 
 

aligned P3HT films, in which the F4TCNQ anion absorption transition dipole was orthogonal to 

that of the polaron on the polymer backbone.19 

Most research on doped semiconducting polymers has focused on semicrystalline 

materials such as P3HT or poly(2,5-bis(3-tetradecylthiohen-2-yl)thieno[3,2-b]thiophene) 

(PBTTT).28–30 But a few recent studies have focused on more amorphous polymer materials, 

which appear to behave differently from the more crystalline polymers. For example, 

regiorandom P3HT (RRa-P3HT) has a disordered array of side chains and thus does not readily 

crystalize in films, even though its backbone to the more heavily investigated regioregular (RR) 

P3HT. Chew et al. have argued that amorphous conjugated polymers like RRa-P3HT become 

more ordered after doping.18 Lim et al. have studied the electrical properties of blends of 

regioregular (RR) and regiorandom (RRa) P3HT vapor doped with F4TCNQ, and found using 

grazing-incidence wide-angle x-ray scattering (GIWAXS) and resonant soft X-ray scattering 

(RSoXS)31 that doping indeed increases order and long-range connectivity in originally 

disordered regions of the blend. 

 In this work, we extend our knowledge of the effects of doping on amorphous conjugated 

polymers by examining the structural effects of two different dopants (F4TCNQ and FeCl3) as 

well as a related non-dopant small molecule, tetracyanoquinodimethane (TCNQ), on RRa-P3HT. 

We choose TCNQ as a non-dopant due to its structural similarity with F4TCNQ, allowing us to 

isolate the structural role of space-filling of the added molecule compared to changes induced 

by charge transfer reactions with oxidizing dopants like F4TCNQ. We also investigate FeCl3 as 

an alternate dopant that sits in a different place relative to the polymer to provide information 

about whether the morphological changes induced upon doping are controlled predominantly 

by interactions with the dopant or simply by the creation of hole polarons on the polymer 

backbone. 
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 We show by studying the optical, electrical and structural properties of our 

doped/infiltrated RRa-P3HT films that the incorporation of either F4TCNQ or FeCl3 induces an 

increase in both crystallinity and molecular ordering of the original RRa-P3HT structure. This 

increased ordering produces a structure that is very similar to that of RR-P3HT upon doping, 

with the dopant anions sitting in the lamellar regions between the P3HT side chains and the 

backbone π-stacks reorienting with respect to the unit cell.22,24,32 However, the incorporation 

of the non-dopant TCNQ has no effect on the RRa-P3HT crystallinity or molecular ordering, 

suggesting that the observed structural reorganization is not simply due to a space filling 

phenomenon. Moreover, the fact that RRa-P3HT doped with either F4TCNQ or FeCl3 returns to 

its original, non-ordered structure upon thermal dedoping indicates that the increased order 

and crystallinity upon doping is due to the presence of polarons on the polymer backbone. 

 We begin our study by examining the optical spectroscopy of RRa-P3HT films with and 

without various small molecule additives infiltrated by SqP, shown in Figure 7.1. The details of 

how we prepared these films are given in the Supporting Information (SI). The pure spin-coated 

RRa-P3HT film has a broad absorption peak centered at 447 nm or 2.76 eV (dark blue curve) 

that results from the band gap or exciton transition of the polymer. This absorption spectrum 

is significantly blue-shifted compared to that of RR-P3HT and similar to what is seen for RRa-

P3HT in solution,33 confirming that RRa-P3HT maintains an amorphous morphology in the solid 

state due to the steric hindrance of its randomly-oriented side chains.34 

 Upon infiltration of TCNQ into films of RRa-P3HT film, the absorption spectrum (green 

curve) does not show an obvious changes, but we can confirm the successful incorporation of 

TCNQ into our by seeing its presence in the solution absorbance after re-dissolving the 

infiltrated film in dichloromethane (see Fig. S1 in the SI). Upon the SqP addition of either 

F4TCNQ (red curve) or FeCl3 (purple curve), we see a decrease in the neutral exciton absorption 
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of RRa-P3HT at 2.76 eV and the appearance of two new broad absorptions centered near 1.55 

eV and 0.65 eV that have been assigned to the presence of hole polarons on the P3HT 

backbone.5,35–37 In addition to this polaronic absorption, we also see optical signatures of the 

dopant anions for both F4TCNQ (1.42 eV, 1.61 eV, 1.79 eV, and 2.97 eV)6,38,39 and FeCl3 (3.47 

eV),5 verifying that charge transfer and thus doping has taken place. 

 In order to take a closer look at the structural effects upon doping with F4TCNQ or FeCl3
 

or infiltrating TCNQ via SqP, we performed a series of 2D-GIWAXS measurements. GIWAXS 

largely investigates the structural properties of the crystalline portions of the sample, providing 

information on relative crystallinity, molecular packing distances, and polymer orientation. By 

 

Figure 7.1: (a) Molecular structures of P3HT, F4TCNQ, and TCNQ and (b) UV-Vis 

absorbance of a thin film of RRa-P3HT (blue), and similar films infiltrated by SqP with 

F4TCNQ (red), FeCl3 (pink), and TCNQ (green), showing successful incorporation of each of 

the small molecules. The new bands centered near 1.55 eV and 0.65 eV result from the 

production of polarons, indicating doping has occurred with F4TCNQ and FeCl3. The 

thermally dedoped film (black) confirms successful removal of dopant in the films. The 

inset shows the normalized low-energy P1 absorption for the F4TCNQ- and FeCl3-doped 

films; the relative blueshift of the FeCl3-doped P1 absorption is indicative of more trapped 

charge carriers.  
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selectively integrating over specific portions of the 2-D diffractogram (details given in the SI), 

we are able to separate the out-of-plane from the in-plane scattering to glean more information 

on the effect of polymer domain orientation. Although RRa-P3HT is a much more disordered 

and amorphous than semicrystalline RR-P3HT, undoped RRa-P3HT films still have enough order 

to see characteristic lamellar stacking and π-stacking peaks, as can be seen in the raw 2-D 

GIWAXS diffractograms (Figure S2). 

 The radially-integrated diffractograms of pure RRa-P3HT (blue curve), RRa-P3HT with 

TCNQ (green curve), and RRa-P3HT doped with 0.003M F4TCNQ (red curve) are shown in Figure 

7.2a. Pure RRa-P3HT has a lamellar side-chain stacking peak (100) at q = 0.41 Å–1 and a broad, 

disordered π-stacking peak (010) at q = 1.49 Å–1. When F4TCNQ is added to the polymer, the 

lamellar stacking peak shifts to smaller q (0.36 Å–1) and a new π-stacking peak appears at larger 

q (1.83 Å–1), denoted as (010)*. These changes are similar to those previously seen for F4TCNQ-

doped RR-P3HT (see also Fig. S3).6,20 In addition to these peak shifts, there is a clear change in 

lamellar crystallinity for the doped RRa-P3HT, as indicated by the increase in height of the 

(100) peak as well as the appearance of new lamellar overtones in the (200) and (300) peaks 

seen at q = 0.76 Å–1 and q = 1.14 Å–1, respectively. 

 In addition to the appearance of higher-order lamellar peaks upon doping with F4TCNQ, 

Figure 7.2b shows that the polymer domain orientation changes and becomes much more highly 

edge-on oriented. This is evidenced by the dramatic increase of the (100) intensity and decrease 

in the (010) intensity for the F4TCNQ-doped sample in the out-of-plane diffraction shown in 

Figure 7.2b. These changes are non-monotonic with doping concentration, as shown in Fig. S4 

and discussed in the SI. As mentioned in the introduction, this F4TCNQ-induced ordering of the 

amorphous regions of RRa-P3HT films has recently been demonstrated by Lim et al.,31 who have 
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argued that the stiffening of the P3HT backbone in the amorphous regions leads to longer 

correlation lengths and thus improvements in charge transport. 

 Figure 7.2 also shows that upon the addition of TCNQ to the RRa-P3HT films (green 

curve), there is virtually no structural change in the RRa-P3HT, except perhaps for a small 

decrease in overall crystallinity. The absence of any orientation change in Figure 7.2b further 

confirms that the incorporation of TCNQ is not altering the RRa-P3HT structure. If TCNQ were 

to intercalate into the polymer structure in a manner similar to F4TNCQ, we would expect some 

change/shift in the polymer morphology. Instead, the observed lack of any structural change 

 

Figure 7.2. (a) Radially-integrated diffraction of undoped RRa-P3HT (blue), 0.003M F
4
TCNQ-

Doped RRa-P3HT (red), RRa-P3HT with TCNQ (green), and dedoped RRa-P3HT and (b) in-

plane (solid) and out-of-plane integrations (dashed) with the inset zoomed in on the lamellar 

overtones and π-stacking region. Doping with F4TCNQ shows a clear increase in molecular 

order/overall crystallinity as well as the introduction of a strong preference for edge-on 

orientation.  In contrast, infiltration with the structurally similar TCNQ has little effect on 

the RRa-P3HT structure, indicating that simple space filling is not responsible for the 

increased ordering upon doping.  
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with TCNQ suggests the F4TCNQ-doping induced changes is not a neutral π-stacking or space-

filling phenomenon, but instead is clearly connected with the doping process. 

 In order to determine how the doping process drives the induced order seen in doped 

RRa-P3HT films, we examine the structure of FeCl3-doped RRa-P3HT in Figure 7.3. The radially-

integrated diffraction in Figure 7.3a shows that the addition of FeCl3 leads to similar increased 

(100) as seen with F4TCNQ (detailed peak locations are given in Table S1), while the in- and 

out-of-plane scattering shown in Figure 7.3b shows that FeCl3 doping induces a similar increase 

in edge-on domain orientation as with F4TNCQ. These results show that the structural changes 

 

Figure 7.3. (a) Radially-integrated diffraction of undoped RRa-P3HT (blue), 0.01M FeCl3-

doped RRa-P3HT (pink), 0.003M-doped RRa-P3HT (purple), and dedoped RRa-P3HT (black) 

and (b) in-plane (solid) and out-of-plane integrations (dashed) with the inset zoomed in on 

the lamellar overtones and π-stacking regions. The similar dopant-induced ordering 

(increase of (100) intensity, appearance of lamellar overtones and increased edge-on 

orientation) to what is seen with F4TCNQ indicates that the structural changes are due to 

primarily to the polarons created by the doping process. 
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are more related to polaron formation rather than the way the dopants fill space in the 

crystallites. 

 We find that by thermal annealing of both the F4TCNQ-doped and FeCl3-doped RRa-P3HT 

samples (black curves in Figs. 7.2a and 7.3a, respectively), the structure goes right back to that 

of undoped RRa-P3HT. This dedoping is also confirmed by the disappearance of the polaronic 

and anionic absorptions as well as the recovery of the excitonic absorption seen in Figure 7.1 

(black curve). This further suggests that the induced ordering and reorganization of the polymer 

chains upon doping is not induced simply by adding a molecule and space-filling because the 

altered crystallinity and ordering would largely be maintained. Instead, this structural 

reorganization upon doping can be attributed to the polymer chains being pulled closer together 

in order to delocalize the polaron. 

 Although the structural changes upon doping RRa-P3HT are significant, comparison of 

the total scattering intensity measure for doped versions of both RR-P3HT and RRa-P3HT (see 

SI Figure S3) indicate that the overall crystallinity of the doped RRa-P3HT is still significantly 

lower than doped RR-P3HT. GIWAXS probes only the crystalline domains in films that contains 

both amorphous and crystalline regions. While this data suggests that we can dramatically 

increase the crystalline fraction of the film using doping, a much larger fraction of the doped 

RRa-P3HT films are amorphous, compared to similar doped RR-P3HT. We also find that the 

F4TCNQ-doped regiorandom sample is more crystalline than the FeCl3-doped sample (Figure S3). 

This suggests that packing constraints may play some role in the induced crystallization, as the 

longer, flat F4TCNQ molecule is likely to fit better into the lamellar regions than FeCl3. The fact 

that FeCl3 is still able to increase crystallinity upon doping, however, implies that 

fundamentally, this structural reorganization can be attributed to packing changes to allow for 

delocalizing the polaron. 
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Having examined the structural effects upon incorporating small molecule dopants into 

RRa films, we now take a more detailed look at the changes in the UV-Vis upon doping. 

Interestingly, the F4TCNQ-doped RRa-P3HT sample shows a significant redshift (~150 meV) of 

the undoped main exciton absorption band, suggesting an increase in crystalline order of the 

remaining neutral polymer regions upon doping. Indeed, the position of the shifted peak is very 

similar to that in RR-P3HT. This increase in crystalline order in the undoped component of the 

doped of RRa-P3HT film suggests that when domain level crystallization occurs, both doped and 

undoped regions get swept up in the doping-induced structural changes. This increased order 

of RRa-P3HT upon doping has previously been correlated with the planarization and 

straightening of the polymer backbone, as observed using Raman spectroscopy.18,31,40–42 As noted 

above, TCNQ does not result in any polaron formation, as expected. The fact that the neutral 

exciton absorption for TCNQ treated films is also unaffected, again rules out simple space filling 

as the primary source of the increased order. 

 It is worth noting that the low-energy polaron absorption band (often referred to as the 

P1 band)43 we see in our RRa-P3HT samples in Figure 7.1 are quite a bit blue-shifted from that 

seen in RR-P3HT. If the polaron is at a similar absolute energy in both RR-P3HT and RRa-P3HT, 

this blue-shit could be attributed to the wider band gap and deeper valence band of RRa-P3HT. 

Alternatively, modeling the spectra of doped P3HT has shown that as the distance between the 

dopant anion and polymer backbone directly affects the location of this P1 absorption peak; in 

particular the closer the anion to the polymer backbone, the more tightly bound and blueshifted 

the absoption.18,20,44,45 Using this model, the most blue-shifted species contributing to the P1 

absorption would consist of dopant anion and polymer polaron sites that are almost in molecular 

contact. Such tight polaron/anion pairs would presumably sit in the amorphous regions of the 

polymer film where there are no packing constraints keeping the anion away from the polymer. 

The peak is broad and extends significantly to the red, suggesting there are also much larger 
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dopant anion-polaron distances, presumably in the crystalline domains. Looking at the inset in 

Figure 7.1, which shows normalized versions of the F4TCNQ and FeCl3 derived P1 absorption 

peaks, we see that indeed, the blue edge of the P1 absorption is unaltered when comparing 

F4TCNQ- (red) and FeCl3-doped (pink) RRa-P3HT samples, as there is a significant amorphous 

fraction in both films. There is more intensity at the red edge for the F4TCNQ-doped sample 

compared to the FeCl3 doped material, consistent with the observation of a higher crystalline 

fraction in the F4TCNQ doped material (Figure S3), as previously discussed. 

The conductivities of the F4TCNQ-doped and FeCl3-doped RRa-P3HT films were measured 

to be 0.02 S/cm and 0.01 S/cm, respectively, using the van der Pauw method. Even with the 

improved ordering and similar structural rearrangement observed in the GIWAXS data, we find 

that the conductivity is still an order of magnitude lower compared to its more crystalline 

regioregular counterpart. This is in agreement with the idea that a significant fraction of the 

film is still amorphous, and in those regions, carriers are less mobile due to the close presence 

of the counterions, as indicated by the P1 peak absorption (inset Figure 7.1). The difference in 

conductivity can likely be attributed to the difference in crystallinity between materials 

produced with the different dopants, as characterized by GIWAXS. 

The idea that polaron formation during doping drives a structural reorganization helps 

add to our growing understanding of how anion distance relates to carrier mobility. For our 

doped RRa-P3HT films, the dopant anions are close to the polaron in the amorphous parts of 

the film, resulting in low conductivities. The increased crystallinity and order of the F4TCNQ-

doped film relative to the FeCl3-doped film helps further separate the F4TCNQ anion and 

polaron, helping increase the conductivity. On this continuum, highly crystalline polymers like 

100% RR-P3HT and PBTTT hold dopant counter ions further from the polarons, resulting in yet 

higher mobilities.5,16,20,46,47 Liu et al. showed that with large dopants like Mo(tfd)3 that cannot 
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infiltrate RR-P3HT crystallites, there was still a structural reorganization that they attributed 

to the polaron formation process.48 We have recently shown that with a similarly large 

functionalized dodecaborane cluster, the crystallinity of doped RR-P3HT eventually gets 

destroyed, despite producing record-setting solution-processed P3HT conductivities.49 This 

suggests that when small molecule dopants can intercalate into the polymer structure, polymer 

crystallinity can help to separate the dopant anions from polarons, while for large dopants, 

polymer crystallinity is less important. 

In summary, we have incorporated RRa-P3HT films with a range of small molecules and 

used thermal dedoping to explore the structural changes induced upon doping. Optical and 

electrical measurements confirm successful doping with both F4TCNQ and FeCl3, resulting in 

low, but measurable conductivities due to the creation of trapped carriers. Upon doping, 

regardless of dopant we induce a structural reorganization of the doped RRa-P3HT to a more 

crystalline and more ordered structure, which reverts back to the initial state upon dedoping. 

The fact that no structural changes occur upon incorporation of TCNQ, which is similar to 

F4TCNQ but is not able to dope the films, strongly suggest the increases in crystallinity are due 

to polaron formation, rather than molecular packing constraints that occur upon the 

incorporation of the small molecules into the films. 

7.1. Experimental Methods 

Materials & Film Preparation. RRa P3HT (Sigma Aldrich), F4TCNQ (TCI Chemicals), FeCl3 (EM 

Science), and TCNQ (Alfa Aesar) were used as purchased. Glass and silicon substrates were 

cleaned sequentially by sonicating in soapy water, DI water, acetone, and isopropanol for 10 

minutes each, then placed under rough vacuum to remove all traces of residual solvent, and 

finally transferred into a nitrogen glove box for use. 
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RRa P3HT films were spin coated at 1000 rpm for 60 seconds and then 3000 rpm for 10 seconds, 

out of 20 mg/mL solution in o-DCB, producing films that were ∼80 nm thick. This was followed 

by a second spin-coating step where the RRa P3HT films were infiltrated by small molecule 

solutions spin-coated on top of the dried RRa P3HT film at 4000 rpm for 10 seconds. The 

solutions for this second step were prepared by dissolving each small molecule (F4TCNQ, FeCl3, 

and TCNQ) in a blend of 50:50 DCM:Ethanol by volume. 

Conductivity Measurements. Conductivity measurements in the Van der Pauw geometry were 

performed using a custom made apparatus in ambient atmosphere using a Keithley 2400 

Sourcemeter where the max current sourced was held to 1 mW total power. The current was 

swept negative to positive, rotated 90°, and repeated. The slope of the I-V curves were then 

fit to the Van der Pauw equation. Samples were prepared on glass, with silver paste applied at 

the corners of the film to act as contacts. All reported data was averaged over 10 simultaneous 

measurements for multiple samples. 

Film Characterization. 2-D grazing incidence wide-angle X-ray scattering (GIWAXS) 

experiments were performed at the Stanford Synchrotron Radiation Lightsource on beamline 

11-3 using a wavelength of 0.9742 Å with an incidence angle of 0.12°. Figure S2 shows the full 

2-D diffractograms of our RRa P3HT thin film samples. These diffractograms were radially 

integrated to obtain the diffraction patterns (0-10° for in-plane, 70-80° for near out-of-plane, 

and 0-180° for full integrations) shown in the main text. The 2-D images were collected on a 

plate with the detector 250 mm away from the center of the measured sample. The beam spot 

had a width of ∼150 µm and a helium chamber was used to reduce the noise. The software 

package WxDiff was used to reduce the GIWAXS data and subsequent analysis was performed in 

IgorPro. 
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The UV-vis absorption data were acquired from 300-2500 nm using a Shimadzu UV-4191PC UV-

VIS-NIR Scanning Spectrophotometer for films prepared on glass substrates. 

7.2. Supporting Information 

 Supporting Information is available in Appendix F.  
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Chapter 8. Conclusion 

 

 The first part of this thesis focused on utilizing self-assembly as a method to controllably 

improve semiconducting polymer charge transport properties. The electronic tunability and the 

ability to control the self-assembly provide logical routes to improve device performance in 

various organic electronics. The inherent disorder of semiconducting polymers, however, 

results in kinks and bends along the polymer backbone that disrupt the π-conjugation and 

decrease the overall conductivity. One way to prevent disordered self-assembly and maintain 

good charge transport properties is to take advantage of self-assembly dynamics to straighten 

the polymer chains. We predict that using an amphiphilic alternating copolymer, or conjugated 

polyelectrolyte (CPE), with a rigid hydrophobic backbone and charged hydrophilic side chains 

all on the same side of the polymer will create a driving force to form a wedge-type structure. 

Upon self-assembly in water, these wedge structures should self-assemble into rod-like micelles 

with the hydrophobic backbone on the inside and the charged hydrophilic side chains outside 

interacting with the water. 

 Using this design rule, we synthesized poly(cyclopentadithiophene-alt-thiophene) (PCT), 

an alternating copolymer with cyclopentadithiophene and thiophene monomer units, whose 

similar bond angles should straighten the polymer backbone relative to previously synthesized 

CPEs. CryoEM images confirm micelle formation with average an average diameter of 2 nm. 

Using small-angle X-ray scattering (SAXS) on various concentrations of high- and low-MW 

fractions of PCT, we provide further confirmation of cylindrical micelle formation. Solution 

SAXS profiles and the resulting P(r) Fourier transformations provide further proof of this 

cylindrical micelle formation: featureless raw scattering decays and a sharp peak at low 

distances representative of the cylinder diameter followed by a decay for correlations along 

the length of the cylinder, respectively. The radially averaged SAXS profiles are fit to the 
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Guinier/power law to determine the straightness of the cylinders, indicating perfectly straight 

rod-like structures for low-MW fractions. Final confirmation of the straightened cylindrical 

micelle structure using this amphiphilic self-assembly design rule is produced with Dammin 

bead models of the SAXS data. By confirming the expansion this design rule for straightening 

polymer chain, we open up the possibilities for the incorporation of appropriate acceptors to 

study charge transfer properties both in solution and solid-state, as well as the synthesis of 

similarly rigid CPEs. 

 The second part of this thesis focused on controlling the self-assembly of 

polymer:fullerene bulk heterojunctions (BHJs) for organic photovoltaic (OPV) devices. The 

nanoscale morphology of these BHJs is extremely important in determining the OPV device 

performance and efficiencies, with the polymer and fullerene requiring mixing on length scales 

of ~20 nm to prevent charge recombination, but also maintain separate conductive domains for 

efficient charge collection at the electrodes. Using sequential processing (SqP), a technique 

where the , the polymer is first deposited and out of a semi-orthogonal solvent or solvent blend, 

as to not dissolve the underlying polymer layer, the fullerene is intercalated into the pre-

existing polymer film. The fullerene casting solvent can be further tuned using co-solvent 

blends such that there are varying ratios of swelling solvent (one that interacts with the polymer 

film) and non-solvent (one that does not preferentially dissolve the polymer film). We predict 

that by tuning this fullerene casting solvent up to the point of polymer dissolution, we are able 

to control the amount of vertical phase mixing between polymer and fullerene, thus improving 

the device performance. 

 We show that using SqP and tunable co-solvent blends we can controllably form 

favorable BHJ nanoscale morphologies with two systems of varying crystallinity in conjunction 

with PC61BM as the electron acceptor: semi-crystalline poly[(4,8-bis[(ethylhexyl)oxy]benzo[1,2-
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b:4,5-b’]dithiophene-2,6-diyl)(3-fluoro-2-[(2-ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl)] 

(PTB7) and amorphous poly[(4,8-di(2-butyloctyl)oxybenzo[1,2-b:4,5-b’]dithiophene-2,6-diyl)-

alt-(2,5-bis(4,4’-bis(2-octyl)dithieno[3,2-b:2’3’-d]silole-2,6-diyl)thiazolo[5,4-d]thiazole)] 

(PSDTTT). To probe the morphologies on both the local and global scales, we employ grazing-

incidence wide-angle X-ray scattering (GIWAXS) and neutron reflectometry (NR), respectively. 

The GIWAXS data shows that for both polymers, the polymer orientation is not drastically 

altered, while the polymer crystallinity decreases and the fullerene crystallinity increases with 

increasing amount of swelling solvent, suggesting more fullerene intercalation for BHJ 

formation. The NR and resulting vertical phase profiles confirm our ability to tune ideal BHJ 

formation as a function of increasing swelling solvent: with more swelling solvent for each 

polymer system, we find that we are able to increase the amount of mixed polymer:fullerene 

region to improve the efficiency of charge transfer and thus, overall device efficiency. 

Interesting to note, for PSDTT (the more amorphous polymer), the fullerene resides near the 

silicon interface, suggesting that despite the nature of fullerene intercalation with SqP, 

swelling the polymer layer allows for the thermodynamically favorable state as predicted by 

each materials’ respective surface energies. 

 In the last part of this thesis, we look to understand and control the morphological 

effects of molecular doping to improve the polymer conductivity via the introduction of 

additional charge carriers. For p-type doping, small molecule dopants that have a sufficiently 

low-lying LUMO to accept an electron from the polymer LUMO introduce positive charge 

carriers, or holes/polarons, along the polymer backbone. In particular, we will focus on the 

small molecule F4TCNQ, which has been widely studied for its ease of solution processing and 

relative stability compared to halide or acid dopants, and poly(3-hexylthiophene-2,5-diyl) 

(P3HT). We show that sequential doping (the BHJ equivalent of SqP) preserves the polymer film 

quality as well as the nanoscale morphology. This allows for more dopant to be incorporated, 
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and therefore further increase the conductivity relative to the traditional blend-casting 

methods. In fact, we show that with appropriate swelling solvents, we are able to achieve 

conductivities as high as 5.5. S/cm. 

 Next we investigate the effects of crystallinity on the structure-function relationship of 

doping P3HT with F4TCNQ. By tuning the processing solvent from fast drying to slow drying, and 

by incorporating 100% regioregular P3HT, we are able to tune the polymer crystallinity prior to 

F4TCNQ doping with sequential doping. Using GIWAXS, we find that F4TCNQ resides in either the 

disordered amorphous regions of the polymer or between the P3HT side chains in the crystalline 

lamellar regions. The optical spectroscopy shows that with increasing crystallinity, the polaron 

absorption redshifts, suggesting increased polaron delocalization across the polymer backbone. 

This idea is corroborated with theoretical modeling the of the polaron absorption, confirming 

that the F4TCNQ anion is not π-stacking with P3HT to form a cation-anion co-crystal. Instead, 

this data suggests that the increased crystallinity is attributing to keeping the F4TCNQ anion 

further away from the polaron, allowing for more mobile carriers and measured conductivities 

up to 12 S/cm. 

 We follow this up by studying the interplay between polymer crystallinity, swellability, 

and HOMO level using a statistical copolymer of P37S-statP3HT. We show that while the ability 

for each polymer to be doped is dominated by the HOMO-LUMO offset between polymer and 

dopant, respectively, the final doped polymer crystallinity best correlated with increased 

conductivity. Using GIWAXS and differential scanning calorimetry (DSC) in conjunction with 

ellipsometry porosimetry, we find that the doped-state crystallinity is dependent on the pure 

copolymer crystallinity and its swellability. This shows that the ability of the copolymer film to 

restructure morphologically and allow for dopant intercalation is key to producing mobile 
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charge carriers as opposed to trapped carriers, resulting in 20 S/cm for pure P37S polymer 

films. 

 We end our study of the structure-function relationship in doped semiconducting 

polymer thin films by investigating the effect of doping on the amorphous regions in P3HT. By 

using regiorandom (RRa) P3HT, we are able to study the amorphous region morphology with 

GIWAXS. Specifically, we use a variety of small molecules to glean more information about the 

effect of small molecule intercalation: the non-dopant, π-stackable tetracyanoquinodimethane 

(TCNQ); the doping, π-stackable F4TCNQ; and the doping, non-π-stacking FeCl3. Whereas the 

non-doping TCNQ has no structural effects on the RRa P3HT (via GIWAXS), both F4TCNQ and 

FeCl3 have peak shifts characteristic of a reorientation of the P3HT crystal lattice. In fact, both 

dopants show the appearance of the lamellar overtones and drastic increase in edge-on 

orientation(from isotropic), signifying that the act of doping is inducing long-range order and 

crystallization of the amorphous regions in P3HT. Furthermore, upon thermal dedoping of our 

films, we see the structural changes are reversed, providing confirmation that the structural 

effects are due to the electrostatic doping process rather than being small molecule specific. 

 Overall, this thesis focused on understanding and controlling the self-assembly 

properties of semiconducting polymers. Fundamentally, it took an aim to control polymer chain 

straightness in an effort to improve charge transport properties by designing and characterizing 

a new self-assembling amphiphilic CPE that forms straight cylindrical micelles in water via PCT. 

In an effort to control a more applicable system, we were able to show that by tuning the 

fullerene casting solvent and fabricating SqP OPV devices, we improved the device performance 

of our solar cells by improving the global polymer:fullerene mixing. With the investigation of 

the structural effects of doping on semiconducting polymers, we further the field of polymer 
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doping by providing insight on how to create highly mobile carriers by distancing the polaron 

and dopant anion using polymer crystallinity. 
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APPENDIX A. Supporting Information for Chapter 2 

Additional Bead Models 

 

Figure A.2: Additional bead models for High- and Low-MW PCT. 
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Solution SAXS Analysis 

The indirect transform program GNOM was used for the solution SAXS data processing. The 1-D 

SAXS curves are fit and smoothed and the particle-distance distribution function, P(r), are 

evaluated. In order to use for DAMMIN bead modeling, GNOM files must be saved as a “.out” 

file type. 

GNOM INPUT PARAMETERS 

Angular Scale (1/2/3/4)         1 

Kernel already calculated (Y/N)        No 

Type of system (0/1/2/3/4/5/6)        0 

Zero condition at r=rmin (Y/N)        Yes 

Zero condition at r=rmax (Y/N)        No 

Rmax for evaluating p(r)         Varied 

Experimental setup (0/1/2)        0 

The best fit is determined from the quality estimate number after each run in addition to a 

physically correct P(r) function. 

The corresponding “.out” files that contain the raw SAXS data and the GNOM fits to the data 

are then input into DAMMIN for bead models representative of our PCT system. All fits were 

performed using “Expert Mode.” Bold values indicate parameters that were input in to the 

program, whereas the non-bold values were calculated by the program based on the given 

inputs and data. 

DAMMIN INPUT PARAMETERS 
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Computation mode:     Expert 

Maximum diameter of the particle :   350.0 

Solution at Alpha = 0.221E+01 Rg : 0.105E+03 I(0): 0.175E+05 

Radius of gyration read:     105.0 

Number of GNOM data points:    343 

Maximum s value [1/angstrom]:    0.3235 

Number of Shannon channels:    30.89 

Number of knots in the curve to fit:   55 

A constant was subtracted:    9.234 

Maximum order of harmonics:    20 

Point symmetry of the particle:    P1 

Sphere diameter [Angstrom]:    140.0 

Packing radius of dummy atoms:    5.000 

Radius of the sphere generated:    70.00 

Number of dummy atoms:    1985 

Number of equivalent positions:    1 

Expected particle anisometry:    Unknown 

Excluded volume per atom:    707.6 

Radius of 1st coordination sphere:   14.10 

Minimum number of contacts:    5 

Maximum number of contacts:    12 

Looseness penalty weight:    6.000e-3 

No of non-solvent atoms:     1985 

Initial DAM looseness:     7.571e-3 
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Disconnectivity penalty weight:    6.000e-3 

Initial DAM # of graphs:     1742 

Discontiguity value:     0.0 

Center of the initial DAM: 0.0000 0.0000 0.0000 

Peripheral penalty weight:    0.3000 

Peripheral penalty value:     0.6029 

Looseness fixing threshold:    0.0 

R-factor fixing threshold:     0.0 

*** The structure was randomized *** 

No of non-solvent atoms:     1023 

Randomized DAM looseness:    0.1022 

Randomized DAM # of graphs:    911 

Discontiguity value:     2.258 

Randomized peripheral penalty value:   0.6033 

Weight: 0=s^2, 1=Emphasis->0, 2=Log:   1 

*** Porod weight with emphasis at low s *** 

Initial scale factor:     9.153e-11 

Scale factor fixed (Y=Yes, N=No):   N 

Initial R^2 factor:      0.8020 

Initial R factor:      0.8955 

Initial penalty:      0.1952 

Initial fVal:      0.9971 

Variation of the target function:    1.574e-4 

CPU per function call, seconds:    1.297e-4 
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Initial annealing temperature:    1.000e-3 

Annealing schedule factor:    0.9500 

# of independent atoms to modify:   1 

Max # of iterations at each T:    138950 

Max # of successes at each T:    13895 

Min # of successes to continue:    46 

Max # of annealing steps:     200 
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APPENDIX B. Supporting Information for Chapter 3 

Photovoltaic Device and Active Layer Fabrication Procedures. We fabricated 

polymer:fullerene BHJ solar cells by starting with cleaning pre-patterned tin-doped indium 

oxide (ITO; TFD Inc.) coated substrates with four successive sonication steps: detergent 

solution, deionized water, acetone and isopropanol for approximately 10 min each. The ITO 

substrates were treated with an air plasma (200 mTorr, 15 min) after drying in vacuum for at 

least 30 min. We then deposited a thin layer of PEDOT:PSS by spin-coating the solution in air 

at 5000 rpm for 20 s. The PEDOT:PSS-covered substrates were then baked at 150 ºC for 20 min 

in air. The J-V measurements were performed in an argon atmosphere using a Keithley 2400 

source meter. We used a xenon arc lamp and an AM-1.5 filter as the excitation source, with 

the intensity calibrated to match 1 sun. 

GIWAXS. 2-D GIWAXS experiments were performed at the Stanford Synchrotron Radiation 

Lightsource on beamline 11-3 using a wavelength of 0.9742 Å.  Figure S1 corresponds to the 

radially integrated pattern of the data from the full 2-D diffractogram.  Each data curve in 

Figure S1 is the average of at least three different samples prepared under the same 

conditions.  The 2-D images were collected on a plate with the detector 400 mm away from 

the center of the measured sample.  The beam spot had a width of ~150 μm.  A helium 

chamber was used to reduce the noise.  The software package WxDiff was used to analyze the 

GIWAXS data. 

NR Fits. The neutron reflectivity fits, as seen in Figure S4 were modeled using the Motofit 

software package in IGOR Pro. This package utilizes a slab-model approach with extensions 

for surface roughness, thickness, and SLD to perform a non-linear least-squares regression on 

the experimental reflectivity curves, resulting in vertical phase profiles. The overall 

thicknesses for each fit were matched with the actual film thicknesses as measured by 
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profilometry. SLD values for pure domains were taken from the literature or from previous 

experimental results. In addition to these values, the roughness of each slab was factored in 

and all three variables were iteratively refined until a quality fit was obtained.  

  

 

Figure B.2: Raw NR of PTB7 film and fit, along with corresponding SLD profile. 
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Figure B.3: Raw NR of PSDTTT film and fit, along with corresponding SLD profile. 
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Figure B.4: Raw NR and corresponding fit for PSDTTT:PC61BM system. 
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Contact Angle Measurements. To evaluate the surface energies of the polymers and 

fullerene derivatives used in this study, we performed contact angle measurements on thin 

films of each pure organic material. We used two different liquids, water and ethylene glycol 

(EG), to obtain pairs of contact angles for each material, and then calculated the surface 

energy of each pure material using the Wu model: 

𝛾water(1 + cos𝜃water) =
4𝛾water

d 𝛾d

𝛾water
d + 𝛾d

+
4𝛾water

p
𝛾p

𝛾water
p

+ 𝛾p
                                         (1) 

                                     𝛾EG(1 + cos𝜃EG) =
4𝛾EG

d 𝛾d

𝛾EG
d + 𝛾d

+
4𝛾EG

p
𝛾p

𝛾EG
p

+ 𝛾p
                                                   (2) 

 

Figure B.5: Raw NR and corresponding fit for PTB7:PC61BM system. 
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                                                        𝛾total = 𝛾d + 𝛾𝑝                                                                            (3) 

where 𝜃 is the droplet contact angle on the organic thin film; 𝛾total is the surface energy of 

the organic material, which is equal to the sum of dispersion (𝛾d) and polarity (𝛾p) 

components; 𝛾i is surface energy of the liquid droplet (water or EG); and 𝛾i
d and 𝛾i

p
 are the 

dispersion and polarity components of 𝛾i. The images used to measure the contact angles for 

both liquids on thin films of PTB7, PSDTTT, and PCBM are shown in Fig. B.7 The surface 

energies we determined from these angles using Eqs. (2)-(4) and literature values for 𝛾water 

and 𝛾EG (including their dispersion and polarity components)[61] are summarized in Table B.1.  

  

 

Figure B.6: Contact angle images for organic thin films with water and ethylene glycol. 
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Organic Layer 
Contact Angle 
Water (degree) 

Contact Angle 
EG (degree) 

Surface Energy  
(mJ/m2) 

 

PTB7 92.7 66 26.1  

PCBM 85.2 56.5 30.4  

PSDTTT 102.9 75.6 22.4  

Table B.1: Summary of measured contact angles and the calculated surface energies. 
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APPENDIX C. Supporting Information for Chapter 4 

Materials & Sample Preparation 

P3HT (Rieke Metals, Inc. Sepiolid P100) and F4TCNQ (TCI Chemicals) were used as purchased. 

Glass substrates were cleaned by sequentially sonicating in water, acetone, and isopropanol. 

For SqP, P3HT films were spin coated at a rate of 1000 rpm for 60 s from a 20 mg/ml solution 

in ODCB, producing films that were ∼110 nm thick. This was followed by a second spin-coating 

step where the P3HT film was infiltrated by a F4TCNQ solution spin-coated on top of the dried 

P3HT film at 4000 rpm for 10 s. The solution for this second step was prepared by dissolving 

F4TCNQ in DCM at 1 mg/ml and using the solution as-is or after serial dilution to produce the 

range of concentrations used. For higher-concentration 5 mg/ml F4TCNQ solutions, we used a 

blend of 75:25 THF:DCM by volume as the solvent to increase the solubility of the dopant 

without dissolving the underlying P3HT film. For doped films prepared by the traditional blend-

casting method, appropriate amounts of F4TCNQ were added to the polymer solution to achieve 

the desired doping ratios while maintaining the P3HT concentration at 10 mg/ml in ODCB. 

Blend-cast solutions were also made using chloroform, but the quality of the resultant cast 

films was inferior to those prepared using ODCB, so details of the properties of these films were 

not included in the main text. We also attempted to improve the film quality of doped films 

prepared by the blend-cast method by diluting the doped solutions in excess amounts of solvent 

to help solubilize the material. However, this resulted in very thin films even at reduced spin 

speeds that hindered accurate electrical measurements (data not included). 

Film thicknesses were measured using a Veeco Dektak 150 Profilometer. Not surprisingly, the 

measured thicknesses were dependent on the amount of dopant and the method used to dope 

the films. Surface roughness scans were measured using the profilometer over a lateral distance 

of 2 mm, leading to the average thickness and RMS roughness values quoted in the text. 
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Optical microscopy images were taken using a VHX-1000 microscope, and as seen in Fig. C.1, 

the appearance of disorder in the blend-cast doped samples is obvious even on length scales 

visible by the naked eye. The faint appearance of the ring in these images is due to the spin 

coater chuck leaving a residue on the back side of the glass, and the scratches are labels etched 

into the back side of the glass substrate in order to identify the samples. The images presented 

in the main text are zoomed in over the central portion of those shown in Fig. C.1. 

GIWAXS 

 

Figure C.1. Optical micrographs of highly-doped blend-cast (top left, scale bar 2 mm), low-

doped blend-cast (top right, scale bar 1 mm), 5 mg/ml sequentially-processed doped 

(bottom left, scale bar 2 mm), and 1 mg/ml sequentially-processed doped (bottom right, 

scale bar 1 mm) F4TCNQ:P3HT films. 



184 
 

The grazing incidence geometry has been taken into account to reveal the true, near-out-of-

plane scattering as seen in Fig. C.2. The near-out-of-plane scattering is essentially identical to 

the out-of-plane scattering shown in the main text. Fully radially-integrated versions of the 

diffractograms for a variety of SqP and blend-cast F4TCNQ P3HT films are shown in Figs. C.3 to 

C.5. 

As seen in Fig. C.4, with increasing concentration of F4TCNQ, the (100) peak shifts to 

progressively lower q, starting at 0.39 Å−1 for pure P3HT (red curve) to 0.32 Å−1 for both 17 wt% 

and 30 wt% blend-cast films (blue and pink curves, respectively). This is indicative of increased 

incorporation of F4TCNQ between the P3HT side chains. As the F4TCNQ concentration increases, 

new peaks also begin to grow in at 1.38 Å−1 and 1.77 Å−1, which are in the region of the (010) 

π-π stacking scattering. At higher concentrations (17 wt% and 30 wt%) a new peak in the π-π 

stacking region appears around 1.52 Å−1, as discussed in the main text. 

Fig. C.5 shows that with increasing concentration of F4TCNQ used in the SqP method 

(concentrations given in mg/mL), the (100) peak also progressively shifts to lower q from 0.39 

Å−1 for pure P3HT (red curve) to 0.35 Å−1 for the 1 mg/mL (pink curve) sequentially-processed 

doped film, again indicative of increased incorporation of F4TCNQ between P3HT side chains. 

The appearance of the peak at 1.77 Å−1 also occurs in the sequentially-processed doped films, 

 

Figure C.2. GIWAXS Diffractograms of the 17 wt% BC doped (a) and 1 mg/ml SqP doped (b) 

P3HT films used in the main text. The removed wedges are to take into account the grazing 

incidence geometry. Slices of the true near-out-of-plane scattering and the approximate 

out-of-plane scattering shown in the main text are essentially identical. 
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with the ratio of the 1.77 Å−1 peak to the 1.67 Å−1 peak being greater than seen in the blend-

cast doped films. 

  

 

Figure C.3. Full radially-integrated 2-D grazing-incidence wide-angle X-ray scattering 

(GIWAXS) for films of F4TCNQ-doped P3HT via the blend-casting method (1 wt% and 17 wt%, 

orange and red, respectively) and the SqP method (1 mg/mL, blue curves), as well as that 

for undoped P3HT (110-nm thick, green curves). 

 

Figure C.4. Full radially integrated 2-D GIWAXS for blend-cast F4TCNQ-doped P3HT films at 

varying concentrations of the dopant. 
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Conductivity Measurements 

Collinear four-point probe measurements were performed using a custom made apparatus in 

ambient atmosphere using a Keithley 2400 Sourcemeter sourcing a DC current of 1-100 µA with 

a probe spacing of 2.5 mm. Conductivity measurements in the Van der Pauw geometry were 

also performed using a custom made apparatus in ambient atmosphere using a Keithley 2400 

Sourcemeter where the max current sourced was held to 1 mW total power. The current was 

swept from negative to positive, rotated 90°, and repeated. The slope of the I–V curves were 

then fit to the Van der Pauw equation. Samples in the Van der Pauw geometry were prepared 

as described in main text, with silver paste applied at the corners of the film to act as contacts. 

All reported data was averaged over 10 simultaneous measurements for multiple samples. Due 

to the roughness and variability of the film thickness for the blend-cast films, we presented the 

measured sheet resistance values in Table 4.1 of the main text instead of conductivity values. 

Analysis of the UV-Vis-NIR Absorption Spectrum 

 

Figure C.5. Full radially integrated 2-D GIWAXS for F4TCNQ-doped P3HT films prepared via 

SqP at varying dopant concentrations. 
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To decompose the 0.01 mg/ml and 1 mg/ml doped spectra in Fig. C.6, we begin by first 

measuring the references spectrum for both the F4TCNQ neutral and anion forms at known 

concentration in ODCB as a solvent as seen in Fig C.7. We were able to isolate the anion by 

adding in an excess of tetrabutylammonium iodide, molar ratio > 10:1, to reduce the F4TCNQ. 

We then normalized the spectra to our film thickness and the concentration measured via the 

Hall effect, knowing that this is the minimum amount of anions necessary as the Hall effect 

only measures free carriers and there is a non-insignificant amount of trapped carriers and 

possibly bipolaronic species that would increase the number of anions present. Then we used 

previous assignments of the polaron peaks, in the area of interest between 0.5 and 2.25 eV to 

represent the P1 (blue dashed curve), P2 (pink dashed curve), and P3 (navy dashed curve) 

polaron absorption bands (see Fig. C.6 inset for origin of these peaks) and scaled accordingly 

to our higher doping amount. Finally, we used a reasonable sum of Gaussian bands representing 

the red-edge (aggregate portion) of the neutral, undoped P3HT absorption (dotted maroon 

curve). The exact peak positions and FWHM we used for the polaron peaks are as follows: 0.4 

eV and 0.5 eV for P1, 1.33 eV and 0.22 eV for P2, and 1.72 eV and 0.4 eV for P3 for the 1 mg/ml 

sample, and 0.42 eV and 0.27 eV for P1, 1.33 eV and 0.18 eV for P2, and 1.69 eV and 0.29 eV 

 

Figure C.6. Absorption fits for P3HT films doped by SqP method with 0.01 mg/ml F4TCNQ 

(left) and 1 mg/ml F4TCNQ (right). 
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for P3 for the 0.01 mg/ml sample. The resulting combination of the polaron, anion, and neutral 

P3HT curves gives the fit (green solid curve) that is overlayed on top of the 0.01 mg/ml (left 

panel) and 1 mg/ml (right panel) SqP doped film absorptions (black open circles). 

For the high dopant concentration, there is an obvious disagreement in the region of peak 

absorbance for the F4TCNQ anion, with the spectral shape being fairly close, but the intensity 

being much too large to match the experimental spectrum of the doped film. As mentioned 

previously, since the carrier concentration measured by the Hall effect only takes into account 

the mobile carriers, the anion concentration would realistically need to be scaled even higher 

to account for any carriers that absorb but are trapped, or that formed bipolarons. We attribute 

this mismatch to the fact that the cross-section of the F4TCNQ anion must be lower in this 

particular environment, and the solution phase cross-section is not applicable at these high 

dopant concentrations. To get the fit to reasonable agreement, the extinction coefficient or 

carrier concentration must be lowered at least by a factor of 2. Without a reasonable cross-

section to use, the fit becomes largely invalid for the purposes of extracting extinction 

 

Figure C.7. Reference spectrum of F4TCNQ neutral (black curve) and anion (red curve) taken 

in solution state dissolved in ODCB. 
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coefficients and comparing the amount of free carriers relative to trapped carriers due to the 

large error. For the low dopant concentrations, when we scale the anion cross-section by just 

the free carrier amount the absorption is unidentifiable. For the fit in the left panel of Fig. C.6, 

the anion concentration used was 3 orders of magnitude higher than the free-carrier 

concentration, in good agreement with previous work claiming a the majority of carriers are 

trapped at low doping ratios. While this result is in much better agreement with previous work, 

the discrepancy in the cross-section between low and high doping amounts discourages any 

attempt to extract meaningful carrier concentrations from fitting absorption spectra. Based on 

these findings, we chose not to include any analysis of the total carrier concentrations or 

absorption cross-sections of the carriers at low or high dopant amounts in the main text. All 

absorption measurements were performed using a Shimadzu UV-3101PC UV-VIS-NIR Scanning 

Spectrophotometer and a Perkin Elmer Lambda 25 Spectrometer. 

Temperature Dependence of F4TCNQ doping of P3HT 

As shown in Fig. C.8, after heating F4TCNQ-doped P3HT films to ∼90°C, the absorption peaks 

corresponding to the F4TCNQ anion and P3HT polaron begin to decrease and eventually 

disappear. The inset in Fig. C.8 is expanded around the anion absorption region for clarity. The 

return of the neutral P3HT absorption near 500 nm (and shoulder near 600 nm) upon heating is 

also readily visible upon heating. There was no return of the anion or polaron peaks even after 

several hours had passed, suggesting an irreversible de-doping of the films upon heating. As 

mentioned in the main text, similar de-doping of blend solutions of these materials also has 

been observed with increased temperature. 
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Hall Effect Measurements 

An AC field hall method was used to accurately measure carrier concentration and mobility for 

these low mobility doped P3HT samples. The AC field technique provides effectual 

measurements because the method can distinguish the hall voltage signal form unwanted 

background signal, as the DC field hall effect measurements proved ineffective. The samples 

were measured using AC field Hall method using the Lake Shore model 8407 system with an AC 

field amplitude of 1.2T RMS. The 0.01 mg/ml sample used a current of 10 nanoamps, 0.1 mg/ml 

used 10 µA, and both 1 mg/ml and 5 mg/ml used 100 µA of current. Current reversal was used 

to remove the thermal electric voltages and the inductive pickup voltages. The 0.01 mg/ml 

sample was measured 167 times over 24 hours, the 0.1 mg/ml samples was measured 287 times 

over 36 hours, and the 1 mg/ml and 5 mg/ml samples were measured 81 times each over 10 

 

Figure C.8. Temperature dependence of the absorption spectrum of modestly-doped P3HT 

films after mild heating for 10 min. The samples were packaged in an argon atmosphere and 

then raised to the appropriate temperature for 10 min, removed, and allowed to cool prior 

to the measurements. 
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hours. The data from the AC field hall measurement can be found below in Table C.1. The 

associated errors for the mean values are ∼80% for 0.01 mg/ml, ∼20% for 0.1 mg/ml, ∼20% for 

1 mg/ml, and ∼7% for the 5 mg/ml sample. The mean conductivity of the 5 mg/ml sample is 

significantly lower than what we measured, and we attribute this to a slight sample degradation 

of the doped films before and during measurement, so the data for this particular concentration 

is not included in the main text.  

  

 

Table C.1. Summary of results of the mean values of the hall voltage (VH), hall coefficient 

(RH), carrier concentration (n), resistivity (ρ), mobility (µ), and carrier type (P for holes, N 

for electrons) from AC field Hall effect measurements on SqP doped P3HT thin films with 

various concentrations of F4TCNQ casting solvent. 
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APPENDIX D. Supporting Information for Chapter 5 

Materials, Synthesis, and Characterization 

The poly(3-hexylthiophene-2,5-diyl) (P3HT) material used in preparation of the thin films 

denoted "CF-cast" and "ODCB-cast" in the main text was purchased from Rieke Metals, and was 

used without further alterations. 

The P3HT material denoted "100% RR P3HT" in the main text was synthesized under inert 

atmosphere per a literature procedure as follows. To a Schlenk flask, 1,3- 

bis(diphenylphosphino)propane (6.2 mg, 0.015 mmol) and Chloro(tolyl)(PPh3)2Nickel(II) (7.5 mg, 

0.01 mmol) were added, then dried under high-vacuum for 1 h. Following drying, anhydrous 

THF (3 mL) was added, allowing for ligand exchange and the formation of the catalyst. Another 

Schlenk flask was charged with 2-bromo-3-hexyl-5-iodothiophene (0.216 mL, 1 mmol). The 

starting material was dried under high-vacuum, then anhydrous THF (9.5 mL) was added. The 

monomer was synthesized by the addition of i-PrMgCl (0.45 mL, 0.95 mmol, 2 M in THF) under 

nitrogen at 0 °C, then stirring at room temperature (RT) for 1 h. The monomer solution was 

added to the catalyst solution, and allowed to stir for 1 h at RT. The reaction mixture was then 

quenched with HCl (1 mL, 5 M in H2O), resulting in a toluene/H-capped P3HT. The resultant 

polymer was precipitated by the addition of MeOH (50 mL), and the precipitate was collected 

by vacuum filtration. Soxhlet extractions was performed on the polymer, using MeOH and 

acetone to remove impurities and P3HT oligomers. A final Soxhlet using CHCl3 was performed 

to collect the polymer and remove any residual catalyst. The CHCl3 was removed, then the 

P3HT was dissolved in THF and again precipitated into MeOH, and collected via filtration. 

NMR (see Fig. D.1) was used to determine polymer number average molecular weight via end-

group analysis, yielding a final degree of polymerization of 105 (Mn = 17.4 kg/mol). Polymer 
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regioregularity was determined by analysis of the ratio of integrations comparing head-tail 

couplings with head-head and tail-tail couplings, showing a 100% RR polymer. 1H NMR Shifts: δ 

7.43 (m, 2H), 7.24 (m, 2H), 6.98 (s, 1H), 2.80 (t, 2H (2H between the peaks at 2.8 and 2.61), J 

= 7.7 Hz), 2.61 (t, 2H (2H between the peaks at 2.8 and 2.61), J = 7.6), 2.49 (s, 3H) 1.71 (quint, 

2H, J = 7.6 Hz), 1.48-1.38 (m, 2H), 1.37-1.30 (m, 4H), 0.91 (t, 3H, J = 7.2 Hz). 

1H NMR spectra were obtained on a Bruker AV-500 spectrometer using CDCl3 as a solvent. 

Bis(triphenylphosphine)nickel(II) dichloride, 1,3-bis(diphenylphosphino)propane, and isopropyl 

magnesium chloride (i-PrMgCl) (2 M in tetrahydrofuran (THF)) were purchased from Sigma 

Aldrich and used without further purification. 2-Bromo-3-hexyl-5-iodothiophene was purchased 

from Fisher and passed through a short silica column to remove the copper stabilizer before 

use. THF was dried with a solvent drying system by Innovative Technologies. 

Film Preparation 

All substrates were cleaned by sequentially sonicating in soapy water, DI water, acetone, and 

isopropanol for 5-10 minutes each, then placed under rough vacuum to remove all traces of 

residual solvent, and finally transferred into a nitrogen glove box for use. 

 

Figure D.1. 1H NMR spectrum of synthesized 100% RR P3HT batch. 



194 
 

The films cast from chloroform were dissolved in chloroform at a concentration of 10 mg/mL 

and spin cast at 1000 rpm for 60 seconds. These films were dry upon removal from the spin 

coater. The films cast from ODCB (both the Rieke and the in-house synthesized 100% RR) were 

dissolved in ODCB at a concentration of 20 mg/mL and spin cast at 1160 rpm for 20 seconds, 

then 3000 rpm for 1 second. This allowed for even distribution of the polymer on the substrate 

and removal of excess solution while leaving the film still wet. These films were then removed 

and placed immediately in a small glass petri dish with a lid placed over the top. This allowed 

for a solvent saturated environment and slower drying time of the P3HT films. Films prepared 

in this way were imaged using an optical microscope and the results are shown in Fig. D.2. The 

films were visibly different by eye, and upon closer inspection we saw what appeared to be 

crystallites or aggregates in the more crystalline films. The CF-cast film (Fig. D.2 a,d) appeared 

wavy due to the rapid drying time but devoid of any crystallite-type features. The ODCB-cast 

film (Fig. D.2 b,e) had crystallite features, but these were smaller and less numerous than those 

seen in the 100%-RR P3HT films (Fig. D.2c,f). 

GIWAXS 

 

Figure D.2. Optical microscope images of P3HT films prepared as follows: a,d) cast from 

CF, b,e) cast from ODCB, c,f) 100%-RR P3HT cast from ODCB. Magnifications are 5x for the 

images in the top row and 50x for those in the bottom row. 
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2-D grazing incidence wide angle X-ray scattering (GIWAXS) experiments were performed at the 

Stanford Synchrotron Radiation Lightsource on beamline 11-3 using a wavelength of 0.9742 Å 

with an incidence angle of 0.12°. Fig. D.3 shows the full 2-D diffractograms of our different 

polymer systems. These diffractograms were radially integrated to obtain the diffraction 

patterns (0-10° for in-plane, 70-80° for out-of-plane, and 0-180° for full) shown in the main 

text. The 2-D images were collected on a plate with the detector 250 mm away from the center 

of the measured sample. The beam spot had a width of ∼150 µm and a helium chamber was 

used to reduce the noise. The software package WxDiff was used to reduce the GIWAXS data 

and subsequent analysis was performed in IgorPro. 

Ellipsometry 

To study polymer swelling, spectroscopic ellipsometry was performed on a PS-1000 instrument 

from Semilab at room temperature. A UV-visible CCD detector adapted to a grating 

spectrograph analyzes the signal reflected by the sample. The light source is a 75 W Hamamatsu 

Xenon lamp. For these measurements only, the various P3HT films were spun onto Si substrates 

 

Figure D.3. Intensity color mapped GIWAXS diffractograms for CF-cast P3HT washed with 

DCM a), ODCB-cast P3HT washed with DCM b), 100%-RR P3HT washed with DCM c), CF-cast 

P3HT SqP doped with 1 mg/mL F4TCNQ in DCM d), ODCB-cast P3HT SqP doped with 1 mg/mL 

F4TCNQ in DCM e), and 100%-RR P3HT SqP doped with 1 mg/mL F4TCNQ in DCM f). 



196 
 

with a thin (∼2 nm) native oxide layer, and the samples were then placed in a glass container 

custom-designed to contain the vapor of a solvent (i.e., dichloromethane, DCM) around the 

sample while still allowing unencumbered access and egress of the optical beams. The film 

thickness is monitored until it reaches steady state while being exposed to DCM vapor in the 

container. With a series of calibration measurements, we found that the partial pressure of 

DCM solvent in the container reached 90% of the known room-temperature vapor pressure of 

DCM. Data analysis was performed using the associated SEA software. The thickness was 

obtained by fitting only the 600-1000 nm spectral region (to avoid the excitonic P3HT absorption 

of the films) using the Cauchy model. For quantitative analysis, the Bruggemann effective 

medium approximation (EMA) was applied to experimentally determine the refractive index of 

the binary polymer/solvent mixture using the known refractive indices of the pure film and 

solvent. We measured the refractive index as a function of wavelength for each P3HT film of 

different crystallinity prior to DCM exposure. When used for the EMA along with the refractive 

index of DCM, the volume fraction of P3HT and DCM become quantifiable in the swelled P3HT 

film, yielding the values reported in the main text. 

Spectroscopy 

The UV-vis absorption data were acquired from 3.5-0.5 eV using a Shimadzu UV3101PC UV-VIS-

NIR Scanning Spectrophotometer for films prepared independently on both glass substrates and 

a KBr plate. FTIR data was acquired for films prepared on KBr plates using a Jasco FT/IR-420 

spectrometer from 220-7000 cm−1 in transmittance mode, which was subsequently converted 

to absorbance. Figure D.4 shows the raw FTIR data, including the general lack of absorption for 

all of the undoped samples. In order to smooth some of the sharp neutral polymer vibrational 

peaks, we used the difference spectrum of the doped and pure samples for the IR data. Both 

the UV-Vis-NIR data and the IR data were first normalized to each other at ∼0.5 eV to account 
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for a slightly decreased intensity of the signal of the IR measurement at the high energy edge 

 

Figure D.4. FTIR absorbance data for P3HT films prepared as follows: undoped films of CF-

cast (blue dots), ODCB-cast (green dots), 100%-RR P3HT (red dots), as well as F4TCNQ-doped 

films of CF-cast (blue curve), ODCB-cast (red curve), and 100%-RR P3HT (red curve). 

 

Figure D.5. Combined FTIR and UV-vis-NIR data, normalized at 0.5 eV, for the 100%-RR P3HT 

SqP-doped with 1 mg/mL F4TCNQ in DCM. The solid line is the FTIR portion of the data and 

the dashed line shows the UV-Vis-NIR portion of the data. 

 

Figure D.6. Normalized absorbance of neutral P3HT cast from chloroform (red) and ODCB 

(black), and 100% regioregular P3HT cast from ODCB (blue). 
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of the detector, as seen in Fig. D.5 for the 100% RR P3HT sample. The resulting curves were 

then renormalized to the P1 polaron peak intensity to allow for easier comparison of spectral 

shifts, resulting in the figure in the main text. 

Aggregation Model Fits for Neutral P3HT Films with Different Crystallinity 

It is well known that the optical absorption of P3HT films is highly sensitive to the degree of 

crystallinity. Figure D.6 shows that the absorption spectrum of the pristine ODCB-cast 

commercial P3HT film (black curve) is red-shifted relative to the CF-cast film (red curve) and 

also shows an increase in the amplitude of the vibronic feature located near 2.0 eV; these 

features are associated with a higher degree of molecular ordering in the ODCB-cast film. These 

features are even further enhanced in the pristine 100%-RR P3HT film (blue curve), indicating 

an even higher degree of order. We can quantify the degree of order in our pristine P3HT films 

using the ratio of the amplitudes of low-energy 0-0 to higher-energy 0-1 vibronic features using 

the model developed by Spano. With this ratio, Spano’s model gives the bandwidth W of the 

P3HT exciton by: 

         (D.1) 

where ω0 = 1400 cm−1 = 0.174 eV is the frequency of the P3HT C=C stretch that is displaced 

upon excitation. In this model, an increase in the 0-0 to 0-1 ratio corresponds to an increase in 

J-aggregate-like character with a more planarized backbone and increased conjugation length, 

resulting in a decreased exciton bandwidth. For our three pristine P3HT films, W changes from 

0.135 eV for the CF-cast and 0.11 eV for the ODCB-cast commercial material to 0.044 eV for 

the 100% RR P3HT film. 
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With the fitted values of W in hand, we can then model the ordered portion of the full 

absorption spectrum, A, by: 

     (D.2) 

where λ is the Huang-Rhys factor, which as is conventional with P3HT we set equal to 1.0, ω0 

is the same intramolecular vibration energy used in Eq. (D.1), E0-0 is the 0–0 transition energy, 

σ is the width of the vibronic transition, and n and m are the vibrational level quantum numbers. 

Eq. (D.2) was used to fit the aggregate portion of the experimental absorption spectrum. The 

amorphous contribution was simply the difference between the total film absorption and the 

aggregate contribution. The total absorbance of the films as well as the fits are included in Fig. 

D.7 a-c). In order to account for differences in oscillator strength, we then weighted the 

aggregate and amorphous contributions to absorbance by multiplying the intensity at each 

energy by the corresponding photon energy used to excite and the results are in Fig. D.7 d-f). 

Once properly weighted, the aggregate and amorphous contributions were independently 

integrated from 1.75 eV to 3.5 eV. The ratio of these two numbers relative to the total 

contribution gives the % aggregates and % amorphous content reported in the main text in good 

agreement with previous results on similar films. 

Model Fits for Doped P3HT with Anions 

In our analysis of the mid-IR polaron absorption spectrum of doped P3HT π-stacks in the 

presence of F4TCNQ dopants, we utilize the Holstein molecular crystal Hamiltonian. Here, each 

thiophene HOMO is coupled to neighboring thiophene HOMO’s within a given polymer chain 

through the hole transfer integral tintra. Interchain coupling between nearest neighbors across 

adjacent chains is dictated by tinter. The Hamiltonian includes spatially uncorrelated ("short-
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range") site-energy deviations due to structural/torsional disorder, chemical defects, 

inhomogenous electric fields, and the presence of dopants. The F4TCNQ− anion is considered to 

be a point change (−e) displaced at a distance danion from the center of the first 10mer 

polythiophene chain within a π-stack. (see Fig. 4.4(c) in the main text). The point charge 

interacts Coulombically with the hole, partially localizing it over several nearby thiophene 

units. The Hamiltonian for a disordered π-stack containing M N-mer chains is given by, 

          (D.3) 

where H0 is given by, 

    (D.4) 

 

Figure D.7. Normalized experimental absorption data (black curves) and aggregate (red 

dashed curves) and amorphous (blue dashed curves) contributions for 100%-RR P3HT a), 

ODCB-cast P3HT b), and CF-cast P3HT c). The fits were then weighted by the photon energy 

to account for differences in oscillator strength, as replotted in panels d-f). 
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Here, h.c. refers to Hermitian conjugate. The operators d†
m,n(dm,n) create (annihilate) a hole on 

the mth thiophene unit of the nth chain. The first two terms represent electronic energy with 

tintra and tinter taken to be −0.40 eV and −0.15 eV, respectively, consistent with DFT calculations. 

The last term accounts for the local vibronic coupling involving the symmetric 

aromatic/quinoidal vibrational stretching mode with energy (ħωvib) equal to 0.17 eV. The 

Huang-Rhys factor, which is a measure of the vibronic coupling, is set to λ2= 1. The operators 

b†
m,n (bm,n) create (annihilate) a vibrational quanta on the mth thiophene unit of the nth chain. 

The disorder (Hdis) and dopant (Hdopant) terms in Eq. (D.3) are respectively given by: 

         (D.5) 

and 

       (D.6) 

∆Em,n in Eq. (D.5) refers to random fluctuations in the energy of a hole located at (m,n). ∆Em,n 

is selected randomly from a Gaussian distribution with a standard deviation σ: 

        (D.7) 

with no spatial correlation. In previous simulations for undoped P3HT aggregates, a value of σ 

= 0.3 eV reproduced the measured line width of the mid-IR spectrum. In Eq. (D.6), the distance 

of the dopant anion from the mth thiophene unit of the nth chain is given by |rm,n−ranion|. Here, 

rm,n is the position vector for the mth thiophene ring on the nth chain, assuming a nearest 

neighbor separation of 0.40 nm between thiophene rings along a chain, and a separation 
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between adjacent chains within a π-stack of 0.40 nm. ranion is the position vector of the dopant 

anion. In Eq. (D.6), ε0 is the vacuum permittivity and ε is (unit-less) relative permittivity. In all 

calculations to follow we use a relative permittivity of ε = 1, 2, or 3 as well as a distance-

dependent dielectric constant given by, 

       (D.8) 

where rij is the distance between the positive and negative charges in Å and the bulk dielectric 

constant εr and the parameter s are set to 3.0 and 0.3 Å−1 respectively. The distance dependence 

accounts for the reduced dielectric screening for cation/anion separations less than 

approximately 1 nm (i.e., distances where the molecular nature of the medium is important 

and the continuum approximation breaks down). 

Analogous to neutral excitons, the single hole basis set used to represent the Hamiltonian in 

Eq. (D.3) is truncated to include all one- and two-particle excitations. Such a basis set has been 

very successful in reproducing the mid-IR line shapes measured by Chang et al. The polarized 

absorption spectrum is evaluated using the following expression: 

        (D.9) 

where, the index j (= x,y) indicates the polarization, with x lying along a polymer chain and y 

lying along the aggregate (interchain) axis. The sum in Eq. (D.9) is over all the polaron excited 

states and <…>c represents an average over many site-energy disorder configurations (typically 

several thousand). WLS is the homogenous line shape function taken to be a narrow Gaussian 

with a standard deviation of 0.045 eV (much less than σ = 0.3 eV). The oscillator strength, fj
ex 

in Eq. (D.9), which involves the j-polarized transition from the polaron ground state, ψG to the 

higher excited state, ψex, is given by: 
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        (D.10) 

where 

          (D.11) 

is the dipole moment vector. 

The calculated mid-IR absorption spectrum as a function of anion distance in the π-stacking 

direction from an oxidized P3HT dimer containing two 10-mer chains is shown in Fig. 5.4 of the 

main text. The stack was parameterized as follows: tintra = −0.4 eV, tinter = −0.15 eV, ε = ε(rij), 

ħωvib = 0.17 eV, and λ2 = 1. Disorder along and across chains is uncorrelated – the SS model– and 

distributed according to a Gaussian of width 0.3 eV. We have determined (not shown) that the 

presence of a third chain leads to only small changes in the absorption spectra. 

 

Figure D.8. The calculated absorption spectrum of a P3HT hole within a chain containing 

10 thiophene rings with an anion placed next to a π-stack at various distances, danion, from 

the chain center. The Hamiltonian in Eq. (D.3) was parameterized in a manner similar to 

the figure in the main text, with the only difference being ε = 1.(tintra = −0.4 eV, tinter = −0.15 

eV, ε = ε(rij), ħωvib = 0.17 eV, and λ2 = 1) 
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Similarly parameterized simulations were performed with different values of ε, shown here in 

Figs. D.8-D.10. As ε approaches 3, the continuum value for bulk P3HT, the distance at which 

the polaron localizes (represented by a blue shift and narrowing of the peak in the mid-IR) 

 

Figure D.9. The calculated absorption spectrum of a P3HT hole within a chain containing 

10 thiophene rings with an anion placed next to a π-stack at various distances, danion, from 

the chain center. The Hamiltonian in Eq. (D.3) was parameterized in a manner similar to 

the figure in the main text, with the only difference being ε = 2.(tintra = −0.4 eV, tinter = −0.15 

eV, ε = ε(rij), ħωvib = 0.17 eV, and λ2 = 1) 

 

Figure D.10. The calculated absorption spectrum of a P3HT hole within a chain containing 

10 thiophene rings with an anion placed next to a π-stack at various distances, danion, from 

the chain center. The Hamiltonian in Eq. (D.3) was parameterized in a manner similar to 

the figure in the main text, with the only difference being ε = 2.(tintra = −0.4 eV, tinter = −0.15 

eV, ε = ε(rij), ħωvib = 0.17 eV, and λ2 = 1) 
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becomes smaller. If one could extend the bulk dielectric constant down to molecular distances, 

this could be indicative of greater amounts of anions in the crystallite π-stacks. However, we 

believe that use of the bulk value of ε is not physical at such short distances and therefore we 

chose to use the distance-dependent ε, described above, instead. 

Similar to the calculated mid-IR spectrum discussed above, we also calculated the mid-IR 

absorption spectrum as a function of anion distance above a π-stack in the lamellar direction 

from an oxidized P3HT dimer containing two 10-mer chains (see Fig. D.11(c)). The conclusions 

for these calculated spectra also depend on the value of ε chosen, and we argue that the 

distance-dependent ε(rij) makes the most physical sense for the same reasons discussed above. 

 

Figure D.11. The calculated absorption spectra of a P3HT hole within a chain containing 10 

thiophene rings with an anion placed above a π-stack at various distances, danion, from the 

chain center (cartoon picture inset in figure). The Hamiltonian in Eq. (D.3) was 

parameterized similar to the figure in the main text, with the values for ε being (a) ε = 1, 

(b) ε = 2, (c) ε = 3, and (d) ε = ε(rij). (tintra = −0.4 eV, tinter = −0.15 eV, ε = ε(rij), ħωvib = 0.17 

eV, and λ2 = 1) 
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To understand the implications of this assumptions, we again repeated the calculation with 

multiple values of ε, all of which are plotted in Fig. D.11. 

Conductivity 

In-plane conductivity was measured for all doped samples using both collinear 4-point probe 

and the Van der Pauw method. As we previously reported, these measurement methods gave 

good agreement with each other. The room-temperature values in Fig. D.12 were measured in-

house at UCLA by the Van der Pauw method, and the values reported in Table 5.2 of the main 

text were also measured independently in the Van der Pauw geometry at Lake Shore 

Cryotronics. The temperature-dependent conductivity values reported in the main text, whose 

raw values are shown in Fig. D.13, were measured using a Lake Shore model 8404 series AC/DC 

Hall Measurement System at Lake Shore. Figure D.14 plots the conductivity versus the 

temperature raised to various fractional powers, allowing us to easily visualize power laws as 

straight lines to investigate the agreement with various hopping charge transport models. The 

SqP-doped CF-cast P3HT film’s conductivity was linear over the entire T−1/3 range, but the more 

crystalline samples saw conductivity with two different regions of linearity at low and high 

temperatures. At low T’s, the ODCB-cast and 100%-RR P3HT samples conductivities both fit well 

to a T−1/2 temperature dependence, corresponding to the Efros-Shklovskii VRH model. At higher 

T’s, the 100%-RR P3HT film’s conductivity fits better to a T−1/4 temperature dependence, 

 

Figure D.12. Conductivity of P3HT films SqP doped with 1 mg/mL F4TCNQ in DCM measured 

by the Van der Pauw method. 
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corresponding to traditional Mott VRH. Since the highest temperature we measure is room 

temperature, we neglect any dedoping, which is known to occur when doped P3HT is exposed 

to higher temperatures. 

AC Magnetic Field Hall Effect 

 

Figure D.13. Temperature-dependent conductivity for P3HT films SqP-doped with 1 mg/mL 

F4TCNQ prepared with 100%-RR P3HT (red spheres), ODCB-cast P3HT (green spheres), and 

CF-cast P3HT (blue spheres). 

 

Figure D.14. Temperature dependent conductivity of 100% RR P3HT (red spheres), ODCB 

cast P3HT (green spheres), and CF cast P3HT (blue spheres) SqP doped with 1 mg/mL F4TCNQ 

in DCM plotted as a function of inverse temperature raised to various powers corresponding 

to different transport models a-d). 
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As mentioned in the main text, we used the Hall effect to quantify the number of carriers as 

well as the carrier mobility within our doped polymer samples. Our previous efforts to utilize 

traditional DC Hall effect techniques gave unreliable experimental data, where the noise was 

larger than the signal of the measurement. This was a result of both poor electrode alignment, 

which in the Van der Pauw configuration gives offset voltages larger than the signals, and the 

fact that the mobility is intrinsically low for our materials. Thus, we turned to a more sensitive 

technique using AC magnetic field Hall measurements with a Lake Shore model 8400 series AC 

Hall probe system. In this technique, the magnetic field is oscillated at a particular frequency 

to make the voltage that is a result of the Lorentz force become time dependent, allowing it 

to be distinguished from the static misalignment offset voltage. More information concerning 

this technique is given in the references included in the main text. Even using this technique, 

there was still a slight error due to degradation of the doped films during the long measuring 

times. This error could be largely eliminated simply by flowing nitrogen continuously over the 

samples while the measurements were being performed, leading to very reproducible results 

with low systematic errors. Even though our AC Hall data is quantitatively robust, the 

interpretation of that data is much more complicated because the Hall effect relies on the 

interaction between the charge carriers and the magnetic field, and it is not completely 

understood how trapped charges in disordered systems respond to magnetic fields, as discussed 

in the main text. 

  



209 
 

APPENDIX E. Supporting Information for Chapter 6 

Synthesis and Characterization of P37S-stat-P3HT Copolymers 

Synthesis of statistical copolymers is carried out according to the procedure referenced in the 

main text. 

NMR spectra were recorded on a Varian Mercury 400 spectrometer (400 MHz). Polymer 

molecular weights were determined using a Viscotek HT-SEC module 350A (1,2,4-

 

Figure E.1. 1H NMR spectrum of the 25:75 Se:S copolymer. 

 

Figure E.2. 1H NMR spectrum of the 50:50 Se:S copolymer. 
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trichlorobenzene stabilized with butylated hydroxytoluene, 140 °C, 1 mL/min) with narrow 

weight distribution polystyrene standards.  

Spectroscopy 

In order to better understand the relationship between bandgap and crystallinity in the 

copolymer series, we utilized UV-vis and FTIR spectroscopy. The UV-vis-NIR region from 3.5−0.5 

eV was measured using a Shimadzu UV-3101PC UV-VIS-NIR Scanning Spectrophotometer for films 

 

Figure E.3. 1H NMR spectrum of the 75:25 Se:S copolymer. 

 

Figure E.4. GPC curves for different statistical copolymers. 
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prepared on KBr plates. The IR region from 220-7000 cm−1 was measured using a Jasco FT/IR-

420 Spectrometer in transmittance mode on the same films prepared on KBr plates. The FTIR 

data was converted to absorbance and then combined with the UV-VIS-NIR data and normalized 

 

Figure E.5. Average molecular weight of the different statistical copolymers. The trend in 

MW data across the copolymer series presented in this figure does not match any observed 

trend in the main text, and is not believed to be a contributing factor in the study presented. 

 

Figure E.6. Combined normalized UV-VIS-NIR and FTIR absorption data for the copolymer 

series sequentially doped with 1 mg/mL F4TCNQ in DCM from 0.05−0.75eV. 



212 
 

to peak height as seen in Fig. E.6. The peaks include many vibrational features overlayed onto 

the broad Gaussian peak representing the low energy polaron. Although these individual 

vibrational modes have been used to extract information related to the extent of doping, we 

were only interested in looking at the polaron peak location and intensity in this study in order 

to compare relative trends in polaron delocalization and environment within the series. 

The peak below ∼0.17 eV is related to the interchain polaron transition and contains many IR-

active vibrational modes that account for the fine structure that is superimposed. The ratio of 

this low-energy interchain absorption compared to the higher-energy intrachain absorption 

between 0.35−0.5 eV has been shown to be a good indication of the relative level of 

delocalization of the polaron, both within the crystallite and spatially separated from the anion. 

In order to better distinguish the general peak locations and intensities within the fine 

structure, we used separate Loess smoothing functions for the ranges 0.05−0.17 and 0.17−0.75 

eV in order to maintain the ‘dip’ at 0.17 eV. The results of this smoothing procedure (black 

 

Figure E.7. Combined and normalized UV-VIS-NIR and FTIR absorption data for 100% P3HT 

sequentially doped with 1 mg/mL F4TCNQ in DCM (red squares) with a Loess smoothing 

procedure (black dashes) overlayed to show agreement. 
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dashes) for the doped 100% P3HT film is overlayed on the original data (red curve), showing 

excellent agreement. The compilation of all of smoothed curves resulted in Fig. 6.2(a) in the 

main text. It is worth mentioning that the smoothing procedure averages the intensity of the 

interchain component of the absorption below 0.17 eV, likely underestimating the actual value. 

However, we used the same smoothing process for all samples in our series, ensuring that 

relative trends are accurate. 

The percent of neutral absorption intensity quenched shown in Fig. 6.2b of the main text was 

generated by taking the ratio of the intensity of the neutral absorption peak in the doped state 

to that of the undoped state to get the remaining fraction of undoped absorbance. Subtracting 

this quantity from unity gave the fraction of neutral absorption that was quenched by doping. 

If the data are instead pre-normalized to the low-energy polaron peak, as was done in main 

text Fig. 6.2a, one can obtain a rough estimate of the polaron absorption relative to the amount 

of remaining neutral absorption. Figure E.8 shows this comparison, which is linear with 

copolymer composition as expected given how the HOMO level of the polymers vary across the 

 

Figure E.8. Plot showing the relative intensity of the P1 polaron peak compared to the 

amount of remaining neutral absorbance for the entire doped copolymer series. 
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series. When normalized this way, this data also indicated that either the carriers generated 

from the higher-Se content materials have lower cross-sections, resulting in more quenching of 

the neutral to produce the same effective polaron peak absorbance, and/or that a significant 

fraction of the carriers generated are trapped, giving rise to a different polaron absorption with 

a different spectrum and cross-section. Since the polaron absorption intensities do not agree 

with the free carrier concentrations determined by our AC Hall effect measurements (reported 

in Fig. 6.5 of the main text), we can conclude that, regardless of the cause, optical 

measurements are not a reliable method for determining mobile carrier concentrations that 

are important for the electrical properties of this class of materials. 

GIWAXS 

2-D grazing incidence wide angle X-ray scattering (GIWAXS) experiments were performed at the 

Stanford Synchrotron Radiation Lightsource on beamline 11-3 using a wavelength of 0.9742Å 

with an incident angle of 0.12°. Figure E.9 shows the full 2-D diffractograms of our different 

polymer systems. These diffractograms were radially integrated to obtain the diffraction 

patterns (0-10° for in-plane, 70−80° for out-of-plane, and 0-180° for full). The 2-D images were 

collected with a Rayonix model MX225 X-ray CCD 250 mm away from the center of the measured 

sample. The beam spot had a width of ∼150 µm and a helium chamber was used to reduce the 

noise. The software package WxDiff was used to reduce the GIWAXS data and subsequent 

analysis was performed in IgorPro. 

As seen in Fig. E.10(a), with increasing selenophene content, the (010) peak shifts to 

progressively lower q, starting at 1.64 Å−1 for pure P3HT (red curve) to 1.59 Å−1 for pure P37S 

(blue curve). This is indicative of the larger selenium atom relative to sulfur, increasing the π-

stacking distance. The low relative ratios of the (100) peak intensity to the (010) peak intensity 



215 
 

for each polymer curve is indicative of an edge-on orientation, regardless of selenophene 

content. 

Upon doping, as seen in Figure E.10(b), a new peak begins to grow in at 1.76 Å−1 for P3HT (red 

curve). This smaller π-stacking peak appears for each polymer sample, with a similar trend to 

lower q with more selenophene content as the undoped samples. Also similar to the undoped 

 

Figure E.9. 2-D diffractogram images of (a) P3HT, (b) P3HT doped, (c) P3HT:P37S 25:75, (d) 

P3HT:P37S 25:75 doped, (e) P3HT:P37S 50:50, (f) P3HT:P37S 50:50 doped, (g) P3HT:P37S 

75:25, (h) P3HT:P37S 75:25 doped, (i) P37S, and (j) P37S doped.  
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samples, the doped polymers are edge-on oriented, with low relative ratios of (100) to (010) 

peak intensities. 

Taking a closer look at the π-stacking trends, we see that for the pure films, there is a trend 

towards lower q with increasing selenophene content. After doping, this π-stacking region 

results in two different peaks, denoted as undoped (010) and doped (010)*. The general trend 

for both the undoped (010) and doped (010)* shows a shift to lower q with selenophene content, 

similar to the pure polymer films. The 75:25 material with the least-shifted doped π-stacking 

peak matches perfectly with the Hall measurements that show it is the least doped, which also 

 

Figure E.10. Radially integrated diffraction of π-stacking region for (a) pure polymer films 

and (b) F4TCNQ doped polymer films. 
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follows the trend of having the least swellability as discussed in the main text. Therefore, the 

excess F4TCNQ that does not participate in the doping process and corresponding decrease in 

π-stack spacing, could be frustrating the polymer stacking and decreasing the crystallinity for 

the doped 75:25 sample. 

Differential Scanning Calorimetry 

To corroborate the GIWAXS crystallinity trends, differential scanning calorimetry (DSC) was 

performed on as-synthesized copolymer powders. The DSC curves are shown in Figure E.11(a) 

for the first and (b) for the second cycles. The DSC change in enthalpy of melting and 

crystallization were obtained using a Perkin Elmer® DSC 8000, a dual furnace instrument 

equipped with an IntraCooler. The samples were measured in vented Al pans in an inert N2 

atmosphere. The heat flow from 30 °C to 300 °C at a rate of 10 °C/min was recorded then the 

area under the peaks was used to determine the change in enthalpy. The variation in 

shape/background slope we observed between samples is attributed to differences in heat flow 

between the reference and baseline pans. The calculated change in enthalpy energies are 

plotted in Figure E.12, confirming minimal variation between the 1st and 2nd cycle melt and 

freezing energies. 

  

 

Table E.1. π-stacking (010) peak locations in q (Å−1) for radial integrations of both pure and 

doped films. 
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Figure E.11. DSC curves for statistical copolymers with increasing amount of Se for (a) the 

1st cycle and (b) the second cycle measurements. 

 

Figure E.12. Calculated change in enthalpy energies for statistical copolymers with 

increasing amount of Se. 
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Cyclic Voltammetry 

Cyclic voltammetry scans for our copolymer series are shown in Figure E.13. Electrochemical 

measurements were recorded on films drop-cast on a Pt working electrode in MeCN/NBu4PF6 

(0.1 M) versus Ag/AgCl (scan rate 100 mV·s−1) with Fc/Fc+ as an internal standard, using a BASi 

Epsilon potentiostat. The HOMO levels have been calculated from the oxidation onset values, 

which are listed in Table E.2. We note that within the ∼50 mV error of cyclic voltammetry 

 

Figure E.13. Cyclic voltammetry curves for statistical copolymers with increasing amount 

of Se. 

 

Table E.2. Cyclic voltammetry values (in V relative to Fc/Fc+) for the oxidation onset and 

calculated HOMO energy levels (in V relative to vacuum) for the statistical copolymer series. 
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measurements, the reported HOMO levels are in general agreement with our conclusions in the 

main text. 

Ellipsometry/Porosimetry 

To study polymer swelling, spectroscopic ellipsometry was performed on a PS-1000 instrument 

from Semilab at room temperature. A UV-visible CCD detector adapted to a grating 

spectrograph analyzed the signal reflected by the sample. The light source was a 75-W 

Hamamatsu Xenon lamp. For these measurements, the various polymer films were spun onto Si 

substrates with a thin (∼2 nm) native oxide layer, and the samples were placed in a glass 

container custom-designed to contain the vapor of a solvent (i.e., dichloromethane, DCM) 

around the sample while still allowing unencumbered access and egress of the optical beams. 

The film thickness was monitored until it reached steady state while being exposed to DCM 

vapor in the container. With a series of calibration measurements, we found that the partial 

pressure of DCM solvent in the container reached 90% of the known room-temperature vapor 

pressure of DCM. Data analysis was performed using the associated SEA software. The thickness 

was obtained by fitting only the 860−1000 nm spectral region (to avoid the excitonic absorption 

of the various copolymer films) using the Cauchy model. By fitting the thickness prior to swelling 

and during swelling we can extract the percent change in film thickness caused by swelling, 

which are the values reported in the main text. 

  

 

Table E.3. Fitting data for ellipsometry measurements performed on films before and after 

swelling with DCM in order to calculate the change in thickness. 
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Electrical Measurements 

In-house conductivity measurements were performed on samples prepared as described in the 

main text on glass substrates with dimensions of 1.5×1.5 cm. We performed both collinear 4-

point probe measurements with a probes spacing of 1.5 mm and Van der Pauw measurements 

with silver paste electrodes on the corners of the substrates. The results of our conductivity 

measurements are shown in Fig. E.14. Because of the large deviation from the linearity in 

conductivity at the 75:25 Se:S copolymer ratio, we also measured the conductivity of a similar 

ratio material (80:20) to verify that the lower value was real; the results of this measurement 

are also shown in Fig. E.14. That fact that two different materials in this composition range 

show values that fall below the trend of the rest of the series verifies that there is a 

morphological reason (higher crystallinity) why samples with this particular monomer ratio have 

decreased conductivities. 

AC magnetic field Hall measurements were performed with a LakeShore model 8400 series 

AC/DC Hall Measurement System. This technique is described in the references in the main 

text, and the procedure was similar to our previously published work. The samples were 

 

Figure E.14. Conductivity measurements for statistical copolymers with increasing amounts 

of P37S. 
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measured with N2 gas flowing through the sample chamber to reduce degradation. This limited 

the change in conductivity over time to < 5% of the total during the 15-hour time span of data 

collection. The slightly lower conductivity values for our AC-Hall samples compared to what we 

measured in-house was due to the several-day time delay between fabrication and completion 

of the AC Hall measurements (whereas the in-house measurements were also performed on the 

same day the samples were fabricated). The average data from the AC Hall measurements as 

well as the error is included for all samples is presented in the following tables:

 

Table E.4. AC Hall data for 100% P3HT. 

 

Table E.5. AC Hall data for 25:75 Se:S. 

 

Table E.6. AC Hall data for 50:50 Se:S. 

 

Table E.7. AC Hall data for 75:25 Se:S. 

 

Table E.8. AC Hall data for 100% P37S. 
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APPENDIX F. Supporting Information for Chapter 7 

Materials and Film Preparation 

RRa P3HT (Sigma Aldrich), F4TCNQ (TCI Chemicals), FeCl3 (EM Science), and TCNQ (Alfa Aesar) 

were used as purchased. Glass and silicon substrates were cleaned sequentially by sonicating 

in soapy water, DI water, acetone, and isopropanol for 10 minutes each, then placed under 

rough vacuum to remove all traces of residual solvent, and finally transferred into a nitrogen 

glove box for use. 

RRa P3HT films were spin coated at 1000 rpm for 60 seconds and then 3000 rpm for 10 seconds, 

out of 20 mg/mL solution in o-DCB, producing films that were ∼80 nm thick. This was followed 

by a second spin-coating step where the RRa P3HT films were infiltrated by small molecule 

solutions spin-coated on top of the dried RRa P3HT film at 4000 rpm for 10 seconds. The 

solutions for this second step were prepared by dissolving each small molecule (F4TCNQ, FeCl3, 

and TCNQ) in a blend of 50:50 DCM:Ethanol by volume. 

Conductivity Measurements 

Conductivity measurements in the Van der Pauw geometry were performed using a custom 

made apparatus in ambient atmosphere using a Keithley 2400 Sourcemeter where the max 

current sourced was held to 1 mW total power. The current was swept negative to positive, 

rotated 90°, and repeated. The slope of the I-V curves were then fit to the Van der Pauw 

equation. Samples were prepared on glass, with silver paste applied at the corners of the film 

to act as contacts. All reported data was averaged over 10 simultaneous measurements for 

multiple samples. 

UV-Vis Absorption 
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The UV-vis absorption data were acquired from 300-2500 nm using a Shimadzu UV-4191PC UV-

VIS-NIR Scanning Spectrophotometer for films prepared on glass substrates.  

Figure F1 shows the UV-vis absorbance of TCNQ dissolved in DCM (black), pure RRa-P3HT film 

(blue), and a RRa-P3HT incorporated with TCNQ film that was redissolved in DCM (green). The 

redissolved film shows the spectral signature of TCNQ as seen in the pure TCNQ dissolved in 

DCM (black) in addition to the spectral signature of a RRa-P3HT film (blue). 

GIWAXS 

2-D grazing incidence wide-angle X-ray scattering (GIWAXS) experiments were performed at the 

Stanford Synchrotron Radiation Lightsource on beamline 11-3 using a wavelength of 0.9742 Å 

with an incidence angle of 0.12°. Figure F2 shows the full 2-D diffractograms of our RRa P3HT 

thin film samples. These diffractograms were radially integrated to obtain the diffraction 

patterns (0-10° for in-plane, 70-80° for near out-of-plane, and 0-180° for full integrations) 

 

Figure F1: UV-vis absorbance of TCNQ dissolved in DCM (black), RRa P3HT film (blue), and 

a RRa P3HT + TCNQ film redissolved in DCM (green), confirming the presence of TCNQ in the 

film. 
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shown in the main text. The 2-D images were collected on a plate with the detector 250 mm 

away from the center of the measured sample. The beam spot had a width of ∼150 µm and a 

helium chamber was used to reduce the noise. The software package WxDiff was used to reduce 

the GIWAXS data and subsequent analysis was performed in IgorPro. 

Figure S2 shows the raw diffractograms after having been corrected for the grazing-incidence 

geometry. The broad amorphous quality for both the lamellar and π-stack spacing is indicative 

of the amorphous RRa-P3HT scattering. This amorphous signature is not disrupted upon the 

addition of TCNQ. However upon the addition of dopants (both F4TCNQ and FeCl3) results in 

more defined lamellar and π-stacking peaks as discussed in the main text. 

Figure F3 shows full radial integrations for pure RRa-P3HT (blue), RRa-P3HT doped with F4TCNQ 

(green), and RR-P3HT doped with F4TCNQ (black). The diffraction data shows that upon doping 

the RRa-P3HT film shows a structural change similar to that of doped RR-P3HT films, with a 

shift in lamellar overtones to lower q (suggestive of dopant intercalating into the lamellar 

regions) and an appearance of π-stacking peak at higher q that has been reported to be due to 

 

Figure F2: Raw diffractograms of (a) Pure RRa-P3HT, (b) RRa-P3HT + TCNQ, (c) RRa-P3HT 

F4TCNQ Doped, and (d) RRa-P3HT FeCl3-Doped 
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the π-stacks reorienting with respect to the unit cell. The increased crystallinity and 

appearance of lamellar overtones are discussed heavily in the main text. 

 

The orientation change and ordering is also apparent in samples doped with less F4TCNQ, 

although to a lesser extent, as seen in Figure F4.The 0.05 mg/mL doped F4TCNQ sample actually 

has a decrease in lamellar crystallinity, but still there is a structural rearrangement and 

ordering occurring with the appearance of the lamellar overtones and new π-stacking peak. As 

 

Figure F3: Full radial integrations of pure RRa P3HT (blue), F4TCNQ doped RRa P3HT (green), 

FeCl3 doped RRa P3HT (pink), RR P3HT (red) and F4TCNQ doped RR P3HT (black), confirming 

a change in morphology of the RRa P3HT to a similar crystal structure of RR P3HT. 
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the doping concentration increases, we see a further increase in lamellar crystallinity and long 

range order, as well as more edge-on orientation character. This suggests that the dopant is 

doping the crystalline regions first, followed by the amorphous regions, as mentioned in the 

main text. 

 

Figure F4: (a) Full radial integrations of pure RRa P3HT (black), 1 mg/mL F4TCNQ doped 

RRa P3HT (green), 0.5 mg/mL F4TCNQ doped RRa P3HT (red), and 0.05 mg/mL F4TCNQ 

doped RRa P3HT (blue) and (b) In-plane (solid line) vs. out-of-plane (dashed line) 

integrations showing the morphological effects of F4TCNQ doping occur even at lower 

F4TCNQ doping levels. 
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Thermal Annealing/Dedoping 

In addition to using FeCl3 as our non-π-stacking dopant and TCNQ as our non-dopant control, 

we can use thermal annealing to dedope the doped RRa P3HT films and look at the structural 

effect upon removing the polaron from the system. Thermal dedoping provides another 

opportunity to further understand the polymer-dopant interaction and its reversibility. Each 

sample was annealed at 110°C in air for 20 minutes in order to dedope our samples. The UV-

Vis of dedoped samples (via thermal annealing) can be seen in Figure F5, showing loss of the 

dopant anion peaks and P2 peak as well as a full recovery of the main absorption band. 

Additionally, we see neutral F4TCNQ and FeCl3 absorption peaks at 359 nm and 357 nm, 

respectively, further confirming the removal of polarons from the previously doped films. 

The structural effect of dopants on the amorphous RRa-P3HT is further investigated by looking 

at the polymer structure of our dedoped (via thermal annealing) samples. For simplicity, we 

 

Figure F5: Absorbance of thermally dedoped RRa-P3HT films of pure RRa-P3HT (blue), 

F4TCNQ-doped RRa P3HT (red), and FeCl3-doped RRa-P3HT (purple) showing the successful 

dedoping of RRa-P3HT with the disappearance and P2 and dopant anion peaks as well as the 

reappearance of the neutral exciton absorption. 

0.30

0.25

0.20

0.15

0.10

0.05A
b

s
o

rb
a

n
c
e

 (
O

.D
.)

1000900800700600500400

Wavelength (nm)

 RRa P3HT Annealed
 RRa P3HT + F4TCNQ Annealed

 RRa P3HT + FeCl3 Annealed



229 
 

only show the 0.003M F4TCNQ doped (black) and dedoped (green) RRa P3HT samples. The 

radially integrated diffraction of the annealed samples can be seen in Figure F6a. In stark 

contrast to increased order of the doped structures, the annealed samples show no new 

structural features and have broad lamellar and π-stacking peaks just like the undoped 

amorphous RRa P3HT, with slight decreases in crystallinity across all samples. These shifts back 

from the larger, more ordered lamellar spacing and tighter packed π-spacing in the doped state 

 

Figure F6. (a) Radially integrated diffraction for pure RRa P3HT (blue), doped RRa P3HT 

(black), and thermally dedoped RRa P3HT (green) and (b) in-plane (solid) and out-of-plane 

integrations (dashed) of the same samples. 
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confirm that the dopants (or at least the charges introduced by them) are no longer in the 

polymer matrix. Furthermore, the in-plane vs. out-of-plane data in Figure F6b show that upon 

thermal annealing, the polymer orientation also reverts to the undoped isotropic state. Again, 

TCNQ has no structural effect on the RRa P3HT film upon thermal annealing and we see a similar 

trend when thermally annealing the FeCl3-doped RRa films (refer to Figure F7). These structural 

 
Figure F7: (a) Full radial integrations of pure RRa P3HT (blue) compared to annealed RRa 

P3HT (dashed blue), annealed RRa P3HT +TCNQ (dashed green), annealed 0.01M FeCl3 

doped RRa P3HT (dashed purple), and annealed 0.003M F4TCNQ doped RRa P3HT (dashed 

red) and (b) in-plane vs. out-of-plane data, showing the reversion of the RRa P3HT 

morphology upon annealing/dedoping. 
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changes back to the initial amorphous state, as well as the loss of anion and polaron absorbance 

peaks in the UV-Vis data, confirm the importance of the polaron formation during the doping 

process.  

 

Table F1: Peak locations of for the lamellar and pi-stacking peaks for RRa-P3HT Films and 

lamellar overtones and new pi-stacking peak locations for small molecule incorporated 

films. 

(100) Peak Location (Å–1) (010) Peak Location  (Å–1)

RRa-P3HT 0.41 1.49

RRa-P3HT + TCNQ 0.41 1.49

RRa-P3HT + F4TCNQ 0.36 1.51

RRa-P3HT + FeCl3 0.38 1.48

(200) Peak Location (Å–1) (300) Peak Location  (Å–1) (010)* Peak Location  (Å–1)

RRa-P3HT N/A N/A N/A

RRa-P3HT + TCNQ N/A N/A N/A

RRa-P3HT + F4TCNQ 0.72 1.06 1.83

RRa-P3HT + FeCl3 0.76 1.05 1.72




