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ABSTRACT

Correlating Processing to Structure-Function Relationships of Organic Semiconductors

Organic semiconductors (OSCs), including semiconducting small molecules (SSMs), polymers

(SPs) and carbon nanotubes (s-CNTs), are a versatile class of materials. Their compatibility

with low-cost solution processing techniques and potential for producing lightweight, flexi-

ble, electronic devices has already begun to revolutionize several technologies. Typical or-

ganic devices, including thermoelectrics (OTEs), photovoltaics (OPVs), field-effect transistors

(OFETs), and light-emitting diodes (OLEDs) can be fabricated with flexible OSCs, and has

spawned several novel applications including wearable electronics, foldable low-temperature

thermoelectrics, and flexible displays. While the future of OSC technology is promising, several

structure-property relationships remain poorly understood, likewise the link between molecu-

lar doping level and OSC carrier density is underdeveloped. In my dissertation, I demonstrate

new solution processing techniques, connect processing methods to structure formation using

X-ray and neutron scattering probes, and correlate processing and structure formation to vital

optoelectronic properties. I begin by demonstrating an additive solution process for depositing

multiple layers of mutually soluble SP films without disrupting layer continuity. I use neu-

tron reflectometry to quantify film thickness changes during processing steps and demonstrate

the fabrication of a 4-layered device. Next, I perform a hierarchal structural analysis of bulk

heterojunction SSM OPVs using grazing incidence X-ray diffraction and small angle neutron

scattering, and correlate peak OPV performance to an inflection in film crystallinity and phase

purity. Third, I refined a doping process, termed anion exchange doping, and show its effective-

ness for doping high ionization energy polymers. During which I developed the framework for

quantifying and predicting doping levels and carrier densities in SPs.
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1.1 Preamble
My dissertation contains three of my publications. Each publication focuses on developing new

processing techniques and connects structural properties to optoelectronic functions in organic

semiconductors. Each chapter is seemingly unrelated beyond this central theme. The purpose

of this section is to provide a broad introduction to organic semiconductors, while each chapter

contains more focused introductory background information.

1.2 Introduction
Over the past few decades, organic semiconductors (OSCs) have received enormous attention

due to their compatibility with low-cost, large-area, solution processing techniques and their

unique combination of optoelectronic and mechanical properties that enable flexible electron-

ics. OSCs have shown promise as a key component in several electronic applications including

organic light emitting diodes (OLEDs), organic field-effect transistors (OFETs)[1, 2, 3, 4], or-

ganic photovoltaics (OPVs))[5, 6, 7], microfluidic devices[8], and biosensors[9, 10, 6]. As of

2019, the global organic electronics market size reached $46.12 billion and is expected to grow

to $145.3 billion by 2026.[11]

At a fundamental level, OSCs are a collection of conjugated, carbon-based molecules and

polymers that derive their semiconducting properties from alternating single and double bonds.[12]

This alternating structure causes a delocalization of π-orbitals and lowers the energy differ-

ence between the electronic ground and excited states. This small energy difference (< 3eV),

typically referred to as a ’band gap’, defines a material as a semiconductor and gives rise to

its unique optical and electronic properties.[13] For context, materials with no band gap are

considered electronic conductors and materials with large band gaps (> 3eV) are considered

electronic insulators. Unlike typical rigid inorganic semiconductors, where all elements are

connected through strong covalent bonds, OSCs are dominated by weak intermolecular van

der Waals (London Dispersion) interactions. This enables the formation of mechanically flex-

ible, semi-crystalline and amorphous networks in solid state. The rich chemical flexibility of

OSCs allows myriad possible chemical modifications for tuning optoelectronic band gap and

hierarchical structure formation (Å-µm), while also making it incredibly challenging to predict
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specific solid-state morphologies.[14, 15]

Solid-state morphology, in general, refers to any observable structural motif in a material

in solid-state (ie. not liquid, gas, or dissolved into solution). OSCs form very complex solid-

state morphologies and require a combination of state-of-the-art structural characterization tech-

niques to obtain a comprehensive analysis. These techniques typically involve various forms

of X-ray, electron, and neutron scattering probes.[16, 17, 18, 19] Specific measurable structural

properties include crystal structure, percent crystallinity (amorphous vs crystalline content),

paracrystallinity (the amount of disorder within a crystalline domain), crystalline orientation,

domain size distribution, and domain composition (in bulk and near film interfaces).[20, 21, 22]

To further complicate structural characterization, OSC morphologies are highly sensitive to de-

position and post deposition processing. Common solution deposition techniques, including

spin coating and blade coating, often create metastable solid-state morphologies.[23] While,

exposure to external stimuli, typically thermal or solvent annealing, causes changes to all the

above listed structural properties. Therefore, it is vital to control and correlate the exact pro-

cessing conditions of a given OSC film to its measured morphological properties.

The optoelectronic properties of a given OSC can also be tuned through chemical doping.

Unlike doped inorganic semiconductors, where individual atoms are substituted with either an

electron withdrawing (p-type) or donating (n-type) atom, chemical doping of OSCs occurs by

introducing molecular impurities. These impurities undergo spontaneous charge transfer, either

stealing (p-type) or donating (n-type) an electron from/to an OSC. For p-type charge transfer to

be spontaneous, the molecular dopant must have a larger electron affinity (EA) than the OSC’s

ionization energy (IE). Likewise, for spontaneous n-type charge transfer, the molecular dopant

must have a lower IE than the OSC’s EA. Molecular doping causes multiple observable changes

to OSC material properties.[24] (1) It increases charge carrier densities which, in turn, can

increase OSC film conductivities by > 7 orders of magnitude. (2) As carriers are introduced to

the OSC the intrinsic optical absorption and photoluminescence quench while broad red shifted

carrier (polaron) absorptions grow in. Finally, (3) the charges introduced by molecular doping

form dipoles between the charged OSCs and oppositely charged dopants. This introduces polar

intermolecular interactions into the material and significantly changes the miscibility/solubility
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of the OSC with a given solvent system.

This provides a good transition into my dissertation. Chapter 2 introduces a novel solution

based deposition process that enables the multilayer deposition of mutually soluble semicon-

ducting polymers (SPs).[25] This process takes advantage of dopant induced solubility changes

in SPs to prevent mixing between sequentially deposited polymer layers. Multi-layered films

are inherent in all modern day electronic devices. Hole transporting layers are most relevant

to this new process. Many OLEDs and OPVs use the polar polymer PEDOT:PSS as their hole

transporting layer. PEDOT:PSS is non-miscible with the majority of SPs, making it insoluble

in the conventional nonpolar/polarizable solvents used to deposit the SPs. This makes it pos-

sible to sequentially deposit active layers on it without inducing mixing. This new multilayer

deposition process expands the list of SPs available for vertically layered organic devices by

providing a method for tuning SP solubility. In the publication, I use neutron reflectometry to

quantify film thickness changes during processing steps and demonstrate the fabrication of a

four layered device.

Chapter 3 provides a hierarchal structural analysis of a series of bulk heterojunction films

and correlates domain size and purity to OPV efficiency.[26] Bulk heterojunction OPVs are

composed of a mixture of two OSCs, an electron donor and an electron acceptor. When a

photon enters the film and is absorbed, it creates an exciton. The exciton must diffuse to a

donor/acceptor interface before dissociating into a free hole and electron. The electron (hole)

then travels through the acceptor (donor) phase until it can be collected at an electrode. The

solid state morphology of these donor/acceptor mixtures has an enormous impact on film op-

toelectronic properties. Domain size and purity are particularly critical for optimizing exciton

dissociation and charge carrier transport. In this publication, I study a series of novel chem-

ically modified electron donor molecules called merocyanines, coupled with the conventional

acceptor molecule, PCBM. Merocyanines are a class of small molecules composed of an elec-

tron donating group connected to an electron withdrawing group through a conjugated carbon-

carbon double bond. These kind of molecules are typically referred to as donor-acceptor (D-A)

molecules. D-A molecules tend to form strong dipoles and often couple to neighboring D-A

molecules. This causes the formation of large crystalline domains, inhibits mixing with accep-
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tor molecules in a BHJ, and limits OPV performance. This chapter demonstrates that domain

size and purity, and in turn OPV performance, can be optimized by chemically modifying the

merocyanine aliphatic side chain length. I use grazing incidence X-ray diffraction and small

angle neutron scattering to correlate an inflection in crystallinity, phase purity, and domain size

to a peak in OPV performance.

In chapter 4, I refine an anion exchange doping process and demonstrate its effectiveness for

doping high IE polymers.[27] This process works by immersing a SP film in a solution with a

molecular dopant and more abundant electrolyte. The solvent system used must be orthogonal

to the SP to prevent the film from dissolving, while remaining miscible with both the dopant

and the electrolyte. After the film is immersed, the dopant enters the film, charge transfers

with the SP, then gets exchanged with the more abundant electrolyte anion. I demonstrate that

anion exchange can increase an SP film doping level by up to 70% at a given dopant/electrolyte

concentration. In this publication I developed a simple thermodynamic isotherm for quantifying

and predicting equilibrium doping levels and carrier densities in SPs. This chapter is particularly

impactful in the field of OSCs, as it demonstrates maximum conductivity records (as of 2020)

for two semiconducting polymer systems and enables p-type doping of polymers that have

previously been undopable due to their high IE.

During my PhD, I also collected a large ensemble of unpublished data for several collab-

orative projects. Most of which are presented in Appendix D. I am currently preparing three

manuscripts for publication. The first is a follow-up on my anion exchange research. It focuses

on addressing how anion exchange influences solid state morphology and doping stability in

donor-acceptor copolymers. In the second, I develop a new scalable patterning process called

’Projection Photothermal Lithography’. This process enables rapid high resolution patterning

of SP films with sub-micron resolution. Finally, the third focuses on thermal and electronic

transport of molecularly doped semiconducting single walled carbon nanotubes. I collected the

data for this publication during a six month National Science Foundation internship at the Na-

tional Renewable Energy Laboratory in 2020. I expect all three of these manuscripts to publish

by the end of 2021.

5



REFERENCES

[1] G. Orecchini, R. Zhang, J. Agar, D. Staiculescu, M. M. Tentzeris, L. Roselli, and C. P.

Wong, “Inkjet printed organic transistors for sustainable electronics,” in 2010 Proceed-

ings 60th Electronic Components and Technology Conference (ECTC), pp. 985–989, June

2010.

[2] J. S. Chang, A. F. Facchetti, and R. Reuss, “A circuits and systems perspective of or-

ganic/printed electronics: Review, challenges, and contemporary and emerging design ap-

proaches,” IEEE Journal on Emerging and Selected Topics in Circuits and Systems, vol. 7,

pp. 7–26, March 2017.

[3] G. Mattana, A. Loi, M. Woytasik, M. Barbaro, V. Nol, and B. Piro, “Inkjet-printing: A new

fabrication technology for organic transistors,” Advanced Materials Technologies, vol. 2,

no. 10, p. 1700063, 2017.

[4] H. Sirringhaus, “25th anniversary article: Organic field-effect transistors: The path beyond

amorphous silicon,” Advanced Materials, vol. 26, no. 9, pp. 1319–1335, 2014.

[5] S.-I. Na, S.-S. Kim, J. Jo, S.-H. Oh, J. Kim, and D.-Y. Kim, “Efficient polymer solar cells

with surface relief gratings fabricated by simple soft lithography,” Advanced Functional

Materials, vol. 18, no. 24, pp. 3956–3963, 2008.

[6] S. Park, S. W. Heo, W. Lee, D. Inoue, Z. Jiang, K. Yu, H. Jinno, D. Hashizume, M. Sekino,

T. Yokota, K. Fukuda, K. Tajima, and T. Someya, “Self-powered ultra-flexible electronics

via nano-grating-patterned organic photovoltaics,” Nature, vol. 561, no. 7724, pp. 516–

521, 2018.

[7] K. S. Nalwa, J.-M. Park, K.-M. Ho, and S. Chaudhary, “On realizing higher efficiency

polymer solar cells using a textured substrate platform,” Advanced Materials, vol. 23,

no. 1, pp. 112–116, 2011.

[8] G. Jenkins, Y. Wang, Y. L. Xie, Q. Wu, W. Huang, L. Wang, and X. Yang, “Printed elec-

6



tronics integrated with paper-based microfluidics: new methodologies for next-generation

health care,” Microfluidics and Nanofluidics, vol. 19, no. 2, pp. 251–261, 2015.

[9] S. R. A. Ruth, V. R. Feig, H. Tran, and Z. Bao, “Microengineering pressure sensor ac-

tive layers for improved performance,” Advanced Functional Materials, vol. 30, no. 39,

p. 2003491, 2020.

[10] S. Park, Y. J. Kang, and S. Majd, “A review of patterned organic bioelectronic materials

and their biomedical applications,” Advanced Materials, vol. 27, no. 46, pp. 7583–7619,

2015.

[11] M. Malaga, “Global organic electronics market by material, application, and region: In-

dustry analysis and forcast 2020-2026,” tech. rep., Marqual IT Solutions Pvt. Ltd, 2020.

[12] M. Jaiswal and R. Menon, “Polymer electronic materials: a review of charge transport,”

Polymer International, vol. 55, no. 12, pp. 1371–1384, 2006.

[13] R. E. Hummel, Electronic Properties of Materials. Springer, 4 ed., 2011.

[14] S. R. Forrest, Organic Electronics Foundations to Applications. Oxford University Press,

Oct. 2020.

[15] X. Guo, M. Baumgarten, and K. Mllen, “Designing -conjugated polymers for organic

electronics,” Progress in Polymer Science, vol. 38, no. 12, pp. 1832–1908, 2013. Topical

issue on Conductive Polymers.

[16] D. I. S. L. A. Feigin, Structure Analysis by Small-Angle X-Ray and Neutron Scattering.

Springer, 1987.

[17] I. Toyoko, K. Toshiji, F. Michihiro, and T. Naoya, Neutrons in Soft Matter. Wiley, 2011.

[18] J. Penfold and R. K. Thomas, “The application of the specular reflection of neutrons to

the study of surfaces and interfaces,” Journal of Physics: Condensed Matter, vol. 2, no. 6,

p. 1369, 1990.

7



[19] W. H. Bragg and W. L. Bragg, “The reflection of x-rays by crystals,” Proc. Roy. Soc.

London, vol. 88, no. 605, pp. 428–438, 1913.

[20] J. Rivnay, R. Noriega, R. J. Kline, A. Salleo, and M. F. Toney, “Quantitative analysis

of lattice disorder and crystallite size in organic semiconductor thin films,” Phys. Rev. B,

vol. 84, p. 045203, Jul 2011.

[21] A. L. Patterson, “The scherrer formula for x-ray particle size determination,” Phys. Rev.,

vol. 56, pp. 978–982, Nov 1939.

[22] C. Poelking and D. Andrienko, “Effect of polymorphism, regioregularity and paracrys-

tallinity on charge transport in poly(3-hexylthiophene) [p3ht] nanofibers,” Macro-

molecules, vol. 46, pp. 8941–8956, Nov. 2013.

[23] Y. Diao, L. Shaw, Z. Bao, and S. C. B. Mannsfeld, “Morphology control strategies

for solution-processed organic semiconductor thin films,” Energy Environ. Sci., vol. 7,

pp. 2145–2159, 2014.
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Chapter 2

Additive Solution Deposition of
Multi-Layered Semiconducting Polymer
Films for Design of Sophisticated Device
Architectures
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2.1 Preface
In this chapter, I am reprinting an article I wrote on how to fabricate multilayered semicon-

ducting polymer films; DOI: 10.1039/C8TC05652H. Many organic electronic devices require

vertically layered structures to operate. This manuscript demonstrates an additive solution pro-

cess for depositing multiple layers of semiconducting polymer (SP) films by controlling film

solubility with molecular dopants. During multi-layer deposition the bottom layers are exposed

to a series of solvent environments that swell the SP films. We use neutron reflectometry (NR)

to quantify the film thickness change and solvent content during solvent exposure in a single

poly-3-hexylthiophene (P3HT) layer. The film thickness increases by 40-80% with exposure to

good solvents. Four layer thin-films composed of alternating protonated and deuterated P3HT

layers were additively coated from solution. NR measurements reveal high individual layer

purity and that extensive solvent soaking induces no mixing between layers. Finally, two-point

conductivity measurements demonstrate that P3HT:P3HT layer interfaces have no effect on ver-

tical conductivity. This facile process enables additive layering of mutually soluble SP films and

can be used to design novel electronic device architectures.

2.2 Introduction
Semiconducting polymers (SPs) have received enormous attention due to low-cost scalable

solution-processing, and the potential for creating light-weight flexible electronic devices.[1]

Most working organic devices consist of several layers of material, each having a specific op-

tical and/or electronic function. One universal design constraint for complicated device archi-

tectures, like organic field effect transistors (OFETs), organic photovoltaics (OPVs) and red-

green-blue organic light emitting diode (OLED) displays is that they require multiple compo-

nents patterned laterally and vertically to operate.[2, 3, 4] Currently, many of these components

are comprised of non-flexible inorganic materials. Typical OFETs have an organic channel and

inorganic source, drain, and gate electrodes.[3, 4] In order to move towards flexible all organic

electronic devices, there is a need to develop high precision vertical and lateral patterning meth-

ods that are compatible with solution processing. Until now, solution processing multiple layers

of SP’s has been difficult because most SP’s are soluble in similar solvents; coating a second
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layer dissolves the first layer. Thus, there is a need to develop a multilayer solution processing

method that is compatible with a variety of SP’s.

Unlike small molecules, polymers cannot be evaporated into multilayers.[5] One previously

demonstrated method for creating multiple SP layers is by lamination. This process involves

coating an SP layer onto a sacrificial substrate like poly(3,4ethylenedioxythiophene):polystyrene

sulfonate (PEDOT:PSS) or poly(sodium 4−styrenesulfonate) (PSSNa)) then dissolving the sub-

strate in water.[6, 7] Water is a poor solvent for most SPs so the film is left floating on the water’s

surface, available to be placed onto another SP film. This method is useful for laboratory ex-

periments but is not compatible with high-throughput scalable solution processing techniques

because it forms inconsistent contact area between the two films, leading to small bi-layer areas.

A more robust method for vertical patterning utilizes a stamping technique. A polydimethyl-

siloxane (PDMS) stamp can mechanically bind to a film, lift it off a poorly wetted substrate, and

deposit the film onto a different SP film. This process enables both vertical and lateral patterning

of polymer films and has been used to fabricate OFETs, OPVs, and OLED displays.[8, 9, 10]

Drawbacks to stamping techniques include mechanical damage, structural imperfections, and

incompatibility with high throughput coating.[11]

The Moulé group recently demonstrated a patterning technique that enables lateral pattern-

ing of SPs and dopants in thin films, called dopant induced solubility control (DISC).[12, 13]

For DISC patterning, molecular p-type dopants like 2,3,5,6-Tetrafluoro-7,7,8,8- tetracyanoquin-

odimethane (F4TCNQ) are sequentially introduced into a SP film using an orthogonal solvent.

For example, a poly(3-hexylthiophene-2,5-diyl) (P3HT) film can be deposited from chloroben-

zene (CB) then sequentially doped from a poor solvent for the polymer, such as acetonitrile

(AN).[14, 15] The choice of orthogonal solvent can be optimized by the degree in which it

swells the polymer film. The solvent must swell the polymer to allow the dopant to dif-

fuse through the entire film. Under specific processing conditions P3HT/F4TCNQ systems

form charge transfer (CT) states.[16] However, in the P3HT/F4TCNQ system explored in this

manuscript the dopants undergo integer charge transfer with the polymer leaving a dopant anion

and a cationic hole state on the polymer.[17, 15] The doped polymer is rendered insoluble by the

charged states[12] and can be patterned laterally by exciting a photoinduced reaction between
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the F4TCNQ and tetrahydrofuran (THF).[18] While submersed in THF the dedoped polymer

dissolves into the solvent leaving a negative pattern in the film with smallest feature size on the

order of the patterning wavelength.[13, 19] Since the doped polymer is insoluble and stable in

solution over days, DISC patterning can easily be adapted to other coating methods, like blade

or roll coating. Here we demonstrate that DISC processing steps can also be used to create a

multi-layer SP film with facile solution deposition from common solvents. In order to validate

this technique for creating sophisticated layered device architectures, it is critical to quantify

whether sequential solvent processing steps introduce mixing between layers.

Figure 2.1 shows a schematic of the additive solution processing method demonstrated here.

In step (1) a multi-layer stack of N p-doped P3HT layers has already been deposited. Next, a

layer of P3HT is coated on top from a good solvent for P3HT. For this study we exclusively

spin coated the P3HT from CB. In step (2) the addition of P3HT solution causes the preexisting

doped layers to swell with solvent. Next in step (3), the solvent evaporates leaving a new

undoped P3HT layer on top of the doped P3HT layer stack. In order to render the new layer

insoluble, (4) a dopant, like F4TCNQ, is introduced to the film in an orthogonal solution, like

AN. Presumably, the AN swells all of the polymer layers by some amount since we know that

the solvent can carry a dopant several hundreds of nm into the film. Any anhydrous orthogonal

solvent for P3HT will work as a carrier solvent for the dopant. Anhydrous solvents are necessary

because H2O and/or base will react with F4TCNQ and other strong electron acceptors. In

previous experiments methylene chloride, cyclohexanone, and alcohols were used to introduce

F4TCNQ to polymer films. (5) The orthogonal solvent evaporates leaving a multi-layer stack of

N +1 doped P3HT films. At this point another film layer could be deposited by repeating steps

1 through 5. Alternatively, (6) all of the dopants could be deactivated by reacting F4TCNQ

with a primary amine.[19] A typical dedoping solution is 10 vol% 1-butylamine and 90 vol%

cyclohexanone, acetone, or AN. Again these orthogonal solvents are expected to swell all of the

P3HT layers. Most of the deactivated dopant molecules are removed into the dedoping solution

since the reaction product of F4TCNQ with 1-butylamine is more soluble than F4TCNQ (full

dedoping takes 15 minutes).[19] (7) The final sample is a stack of N +1 intrinsic P3HT layers.

Creating a four layer stack of doped films using the DISC processing steps requires that

12



Deposit polymer
from good

solvent

Remove good
solvent

Deposit 
dopants

from poor 
solvent

Remove poor
solvent

Destroy
dopants

using
amines
in poor 
solvent

Remove poor
solvent, amines

and dopants

(1)

(2)

(3)

(4)

(5)

(6) (7)

Figure 2.1. Multilayer DISC patterning: This schematic displays the additive solution de-
position of multiple SP layers. (1) shows an initial stack of three alternating layers of doped
polymer on a substrate. In (2) a fourth undoped polymer layer is deposited from solution and
(3) the solvent is removed. In (4) the top polymer layer is sequentially doped from solution and
(5) the solvent is removed. Step (6) demonstrates the chemical process to dedope the polymer
film and (7) depicts the final stack of neutral polymer layers.

the bottom film be solvent swollen three times by a good solvent and four times by an or-

thogonal solvent. De-doping requires an additional solvent swelling step. It is necessary to

question whether these sequential solvent processing steps result in mixing between the P3HT

layers. Reptation between amorphous polymer films has been well studied, where thermal acti-

vation causes mixing between polymer layers.[20, 21, 22] However, the reptation model is only
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quantitative when applied to amorphous polymers with molecular weights larger than the en-

tanglement molecular weight; regioregular P3HT is a semi-crystalline polymer. During DISC

processing, the deposition solvent swells the film leaving a larger free volume for polymer re-

organization and should promote polymer diffusion. At a fundamental level we investigate the

degree of swelling in P3HT and doped P3HT films when exposed to good and poor solvents

in order to quantify a change in free volume. At a practical level, we investigate if the dopants

prevent polymer layers from mixing during multiple solution processing steps.

2.3 Experimental
2.3.1 Materials

For neutron reflectometry (NR) and grazing incidence wide-angle x-ray scattering (GIWAXS)

measurements, P3HT (Mn=54-75 kDa, 99.995% trace metals basis, >98% Regioregularity)

was purchased from Sigma Aldrich. F4TCNQ was purchased from TCI America. Fully deuter-

ated P3HT (dP3HT) (Mn = 14.2 kDa, PDI=1.17) was synthesized by Kunlun Hong at Center

for Nanophase Materials Sciences (CNMS) (Batch: hy080414). Deuterated chlorobenzene (d-

CB) and deuterated acetonitrile (d-AN) were purchased from Sigma Aldrich. For conductivity

measurements P3HT (MW=85-100 kDa, 99.995% trace metals basis, >90% Regioregularity)

was purchased from Sigma Aldrich.

2.3.2 Thin Film Fabrication, Profilometer, and UV-Vis Measurements

For NR measurements a single P3HT film and a multi-layered P3HT film were fabricated on 4

inch Si wafers. The substrates were cleaned in a series of 45 minute ultrasonic baths in acetone,

10 % mucasol:DI water, and DI water before being blown dry with nitrogen and UV-ozone

treated for 20 min. All spin coating occurred in a nitrogen glove box (<5 ppm H2O, O2). The

single P3HT film was spun coat from a 20 mg/ml solution in CB at 1000 RPM for 60 seconds.

The film was sequentially swollen with d-AN vapor and d-CB vapor during NR collection.

The film was then doped with F4TCNQ by dipping in a 0.1 mg/ml F4TCNQ/AN solution for

10 seconds. The film was again sequentially swollen with d-AN and d-CB vapor during NR

collection. Between each vapor swelling step the film was put under vacuum for 5 min. to

remove excess solvent.
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The four layer film was prepared with alternating deuterated P3HT (d-P3HT) and protonated

P3HT layers. All four layers were spun coat at 1000 RPM for 3 seconds then 100 RPM for 60

sec. The layers were deposited from the following CB solutions listed in the order of deposition

14 mg/mL d-P3HT, 7.25 mg/mL P3HT, 12 mg/ml d-P3HT, 6.5 mg/mL P3HT. Between each

P3HT layer deposition the top layer was doped by covering the film stack with a 0.1 mg/mL

solution of F4TCNQ in AN for 10 seconds before spinning off the excess solution at 3000 RPM

for 30 seconds. The excess F4TCNQ deposits on the polymer/air interface were removed by

spin coating pure AN solvent at 3000 RPM for 30 sec. After the first NR was collected the

four layer film was soaked in a CB bath at room temperature for 4 hours before vacuuming

off excess solvent for 5 min. Preliminary thickness measurements of films deposited from

these sample conditions were made using a Veeco Dektak 150 Profilometer (Table S1). UV-Vis

measurements were taken of P3HT and doped P3HT films during exposure to solvent vapor

(Figure: S1) on a Perkin Elmer Lambda 750 Spectrometer.

For GIWAXS measurements, two 300 nm P3HT films were spin coated at 1000 RPM for

3 seconds then 100 RPM for 60 seconds onto one inch native oxide silicon substrates from 25

mg/ml solution in CB. One film was sequentially doped by covering the film with a 0.1 mg/mL

solution of F4TCNQ in AN for 10 seconds before spinning off the excess solution at 3000 RPM

for 30 seconds then chemically dedoped by soaking in butylamine:acetone (1:10 vol%) solution

for 15 min.

2.3.3 Neutron Reflectometry

The NR measurements were carried out using the REFSANS beamline at the reactor Heinz

Maier-Leibnitz (FRM II)[23]. This instrument makes use of a double chopper system which

allows for time of flight (TOF) measurements. A collimation length of 8680 mm and sample-

detector distance of 5827 mm and two incident angles were chosen 0.6◦ and 1.8◦. Reflectivity is

measured as a function of momentum change perpendicular to the surface, Qz =
4π

λ
sinθ where

λ is the neutron wavelength. Instrument resolution was dQ
Q = 0.0335 Reflectivity was fit with

a genetic algorithm using Igor based MOTOFIT, in which the reflectivity profile is calculated

with the Abeles matrix method. The scattering length densities of the bulk materials are shown

in Table S2.
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2.3.4 Grazing Incidence Wide-Angle X-ray Scattering

GIWAXS measurements were carried out at the Stanford Synchrotron Radiation Lightsource

(SSRL) on beam line 11-3 using an area detector (Rayonix MAR-225) and incident energy

of 12.73 keV. The incidence angle (0.1◦) was larger than the critical angle, ensuring that we

sampled the full depth of the film. A sample-detector distance of 314.99 mm was chosen and

calibrated using a LaB6 polycrystalline standard. All measurements were performed under a

Helium environment to minimize air scattering and beam damage to samples. Raw data was

normalized by monitor counts and thickness. Data was reduced and analyzed using a combina-

tion of Nika 1D SAXS[24] and WAXStools software packages in Igor Pro[25]. Scattering data

are presented in terms of scattering vector Q = 4π

λ
sinθ , where θ is half the scattering angle

and λ is the wavelength of incident x-rays. The terms Qxy and Qz denote the component of

scattering vector in-plane and out-of-plane with the substrate, respectively.

2.3.5 Conductivity Measurements

Two-point vertical conductivity measurements were performed in the dark under nitrogen (<5

ppm H2O, O2), using a Keithley 2420 source-meter, film device geometry is shown in Figure

S4. Electrode area was 19.635 mm2.

2.4 Results and Discussion
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Figure 2.2. (a) Processing steps for the single P3HT film sequentially swollen with saturated
d-AN vapor and d-CB vapor, then doped with F4TCNQ and sequentially swollen with d-AN
vapor and d-CB vapor. (b) Neutron reflectivity data and best fit (c) vertical scattering length
density profiles from NR fits.

To elucidate the changes that may occur during subsequent solvent exposure steps we used

NR[23] to study a single P3HT thin film exposed to a series of saturated d-CB and d-AN va-

por environments, before and after sequentially doping the film to 7 mol% with 0.1 mg/ml

F4TCNQ/AN. Deuterated solvents were used to increase the scattering length density (SLD)

contrast between the polymer and solvent. Analysis of NR data allows determination of the film

thickness and SLD.[26] A volume balance (Equations A.1-A.4) can be applied to the measured

SLD to determine the volume fraction of solvent in the film (Table 2.1). Figure 2.2 (a) illus-

trates the series of processing steps performed on the same P3HT film. Figure 2.2 (b) reveals

the q-dependence of the scattering intensity from the film for each of the processing condition

(offset vertically). Figure 2.2 (c) shows the corresponding vertical SLD profiles obtained from

fits to the NR data.
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Step (1) begins with a neutral P3HT film spin coated onto an Si:SiO2 substrate from a CB

solution. In (2), the neutral P3HT film was exposed to a saturated vapor of d-AN. As mentioned

above d-AN is an orthogonal solvent for P3HT; the film thickness only increases 1.1 ± 1.0

% when exposed to d-AN vapor. The small increase in SLD corresponds to 2 ± 1 vol% of

d-AN penetrating the free space in the amorphous regions of the polymer film. This exhibits a

necessary requirement for sequential doping, the carrier solvent for the dopant must swell the

polymer enough to promote diffusion of the dopant through the entirety of the film, however if

mixing between this solvent and the polymer is too thermodynamically favorable it will result in

unwanted changes to film morphology or dissolution. In (3), the neutral P3HT film was exposed

to a saturated vapor of d-CB causing the film to swell significantly, with d-CB occupying 49± 2

vol% of the film and causing an 81.4 ± 6.4 % thickness increase. Since d-CB is a good solvent

for P3HT, the film swells as much as entanglement allows. The volume percent of d-CB in the

film decreases near the substrate due to attractive substrate-polymer interactions.[27] Between

each solvent swelling step the film was placed under vacuum to remove residual solvent.

After the first three NR measurements, the same P3HT film was sequentially doped with

F4TCNQ by dipping in a 0.1 mg/ml solution of F4TCNQ/AN (4). Due to technical challenges

during collection, the NR of the doped film was collected after the swelling experiments with

the doped film. However, since there was no heating or removal of solvent other than by evap-

oration, we are confident that the dopant concentration is identical in all three experiments.

The doped film has higher SLD due to the scattering from the nitrogen and fluorine atoms on

the F4TCNQ. The doped film swelled 43.4 ± 4.6 % during d-CB vapor exposure and did not

collapse back to its initial thickness after exposure, remaining 9.9 ± 2.2 % thicker than the

undoped film. This increased layer thickness after solvent exposure only occurs in the presence

of the dopant. The original neutral P3HT film was deposited from CB. Further exposure of an

undoped P3HT film to CB does not permanently affect film thickness. Our group previously

showed that sequential addition of F4TCNQ to a P3HT film results in addition of dopants to

amorphous domains. Only with secondary exposure to CB do the dopants intercalate to crys-

talline domains causing the π−π stacking dimension to shrink from 0.39 nm to 0.38 nm.[14]

More recently, Chew et.al. showed that adding F4TCNQ to P3HT via sequential doping results
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Table 2.1. Solvent volume fraction and percent film thickness increase obtained from NR fits.

Film Solvent φsolvent ∆T

P3HT
d-AN 0.02 ± 0.01 1.1 ± 1 %

d-CB 0.49 ± 0.02 81.4 ± 6.4 %

Doped

P3HT

d-AN 0.06 ± 0.01 14.3 ± 2.5 %

d-CB 0.39 ± 0.01 43.4 ± 4.6 %

in significant stiffening of tie-chains between crystalline domains.[28] These results together

suggest that when the doped film is solvent swollen, F4TCNQ redistributes in the film and stiff-

ens sections of the P3HT chains. When the solvent evaporates, the film is less dense due to

inefficient packing of these stiffer chain sections. The sharp increase in SLD near the silicon

interface corresponds to the formation of a F4TCNQ mono-layer. Several studies have shown

that F4TCNQ p-type dopes silicon.[29, 30] In (5), the doped P3HT film was exposed to a sat-

urated vapor of d-AN. When exposed to d-AN vapor the doped film swells 14.3 ± 2.5 % and

contains 6 ± 1 vol% d-AN. In (6), the doped P3HT film was exposed to a saturated vapor of

d-CB. When exposed to d-CB vapor the doped film swelled 43.4 ± 4.6 % containing 39 ± 1

vol% d-CB. This is 21 % thinner than the neutral d-CB swollen P3HT film.

The Hansen Solubility parameters for CB and AN representing dispersion, polar, and hy-

drogen bonding forces are (δd = 9.28, δp = 2.1, δh = 1.0) and (δd = 7.5, δp = 8.8, δh =

3.0) respectively.[31] AN has higher polar bonding forces than CB. Since F4TCNQ forms

cation/anion pairs with P3HT increasing the polarity of select regions of the film, it is reason-

able to consider that the doped film would swell more in AN. Likewise, increasing the polarity

of the film should reduce miscibility with CB.
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scattering length density profiles from NR fits.
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To demonstrate our multilayer deposition process, we created a doped four-layer P3HT film

stack with alternating deuterated (d-P3HT) and protonated (p-P3HT) layers. The layer thick-

nesses were characterized using NR. Figure 2.3 (a) presents the q-dependence of the scattering

intensity and Figure 2.3 (b) displays the vertical SLD profiles obtained from the fits. The SLD

profile reveals four distinct layers that are purely d-P3HT or p-P3HT. The average layer interface

width is 7.58± 0.65 nm. Although the bottom d-P3HT:p-P3HT interface was solvent swollen

more times than subsequent interfaces (see Figure 2.1) there is no additional mixing. The over-

all interface roughness is elevated compared to previous bi-layer experiments using polystyrene

because P3HT is semi-crystalline.[32] Also, the roughness is measured over a 8-10 cm strip in

the film; any thickness change over several cm increases the apparent interface roughness over

the measured length scale. We were not able to optimize the deposition conditions to minimize

the interface roughness due to a limited supply of d-P3HT. Nevertheless, the data clearly shows

pure layered films with sharp interfaces and constant roughness with respect to the number of

solution processing steps.

After the first NR measurement, the four-layer film was soaked in a bath of liquid CB at

room temperature for 4 hours. The sample was then removed from the bath, dried under vac-

uum, and a second NR measurement was performed. The top doped P3HT layer thickness

increased after soaking because, unlike the bottom three layers, it had not been exposed to CB

since it was deposited. The presence of F4TCNQ in the layer prevents the film from collapsing

back to its original thickness, as was shown in the solvent swelling experiment in Figure 2.2 (c).

The data also shows that solvent soaking did not induce mixing between the layers; the layer

thicknesses, purity of the layers, and interface widths remain constant after soaking in CB. As

shown above, a doped P3HT film swollen with d-CB has a volume increase of 43.4 ± 4.6%.

Assuming the entirety of this increase adds to the free volume around the polymer chains, we

expected to observe a sharp increase in diffusion at the layer interfaces, even without a tem-

perature increase. Without considering the effects of dopants, polymer diffusion and solubility

are known to decrease with increasing molecular weight. [20, 21, 33] Since our d-P3HT has a

lower molecular weight of 14.4 kDa, we expected layer mixing to result from diffusion of the

d-P3HT into the higher molecular weight p-P3HT (∼ 65 kDa). However, there is no observable
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Table 2.2. P3HT and dedoped P3HT π-π stacking distance and lamellar spacing from grazing
incidence wide-angle x-ray scattering.

Sample π-π Stacking Distance (Å) Coherence Length (nm) Lamellar Spacing (Å)

P3HT 3.86 ± 0.01 8.0 ± 0.1 16.29 ± 0.01

Dedoped P3HT 3.85 ± 0.01 7.3 ± 0.1 16.26 ± 0.01

mixing between layers during the explored timescale. All things considered, the presence of the

dopant:

1. Prevents the film from swelling as much as the undoped polymer film.

2. Prevents mixing at d-P3HT:p-P3HT interfaces during solution deposition.

3. Prevents the film from collapsing back to its original thickness after swelling with a good

solvent.

Since the ultimate goal of this multilayer deposition process is to demonstrate its viability

for creating sophisticated layered device architectures, we explore whether the presence of poly-

mer:polymer interfaces significantly changes the electronic properties of the film. We prepared

a series of single, double, and quadruple layer p-P3HT films with a 200 nm total thickness.

We then performed two-point conductivity measurements vertically through the film to explore

whether the polymer:polymer interfaces have any effect on the vertical conductivity of a multi-

layer film. Device architecture is located in Figure A.4 and I-V curves are located in Figures

A.5-A.10. We compare samples that are doped to samples in which the F4TCNQ was removed

using a reaction with butylamine.[19] We further characterized the morphology of P3HT and

chemically dedoped P3HT films using GIWAXS. (Table: 2.2, Figures: A.2A.3). The lattice

spacings extracted from fitting the diffraction peak positions of the lamellar (200) and π-π

stacking (010) spacings show that the film microstructure is not affected by chemical dedoping.

For the π-π direction, the coherence length can be calculated using peak widths and the Scher-

rer equation. Chemical dedoping produces a small decrease in the coherence length. Figure

2.4 shows the conductivity as a function of the number of p-P3HT layers. The error bars were

generated by multiple measurements of several samples with small thickness variations. For

both doped and dedoped samples, there is no statistically significant change in the out-of plane
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conductivity as a function of the number of layer interfaces. The overall conductivity of the

dedoped P3HT samples is consistent with literature values for neutral P3HT.[34] However our

doped film conductivity is a few orders of magnitude lower than previous observations.[14, 15]

Zuo et al. obtained high in-plane conductivities on the order of 102 S/m from sequentially

deposited P3HT:F4TCNQ films. [35] This discrepancy is likely the result of using different

measurement techniques. Two-point conductivity measurements are susceptible to high con-

tact resistance.[36] Our NR data shows F4TCNQ forms a monolayer on an Si:SiO2 substrate.

F4TCNQ is known to form a surface layer on gold that increases the work function and thus

the extraction barrier for holes from doped P3HT.[37] A further complication is that F4TCNQ

undergoes significant drift in P3HT resulting in a non-linear current voltage characteristic.[38]

Here we used low voltages (-0.01 to 0.01 V) to minimize any contribution to resistivity from

dopant drift. Regardless, the data shows identical conductivity for all three doped and all three

de-doped samples. We can safely conclude that the presence of polymer:polymer interfaces in

a vertical multi-layer stack makes no significant contribution to vertical conductivity.
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Figure 2.4. Two-point vertical conductivity measurements of doped and dedoped single, dou-
ble, and quadruple P3HT layer devices.
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2.5 Conclusion
This manuscript demonstrates a novel solution deposition process for multi-layered SP films.

Each sequential solution processing step swells the polymer film and is quantified with NR.

Doped P3HT swells to >40% in a good solvent but does not dissolve. We fabricated a four

layer stack of alternating deuterated and protonated P3HT layers using the DISC method. NR

shows all four layers are pure with negligible mixing between sequential layers. Solvent soak-

ing in CB for 4 hours swells the layer stack but does not result in any additional mixing be-

tween layers. This shows that sequential solvent processing does not induce layer mixing and

that DISC patterning is a viable technique for roll-to-roll compatible coating processes includ-

ing dip coating, blade coating, spin coating, and/or ink jet printing. Finally, we measured the

vertical conductivity as a function of the number of P3HT:P3HT layer interfaces and found

that interfaces did not affect the vertical conductivity. We want to emphasize that this simple

additive deposition technique facilitates the design of novel layered architectures by allowing

the sequential deposition of mutually soluble SP films. With chemical dedoping one may cre-

ate doped or dedoped layered architectures for various electronic applications. We expect this

technique to be compatible with other SP/dopant systems and may one day be used to design

multi-layered all-organic electronic devices.
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the Jülich Centre for Neutron Science at Heinz Maier-Leibnitz Zentrum in Garching, Germany

for Neutron Reflectometry measurement time and salary for J.F.M. Thanks to the Center for

Nanophase Materials Science at Oak Ridge National Lab for synthesis of d-P3HT and salary

for K.H. X-ray diffraction measurement were carried out at the Stanford Synchrotron Radiation

Lightsource, a national user facility operated by Stanford University on behalf of the U.S. De-

24



partment of Energy, Office of Basic Energy Sciences. The x-ray measurements, performed by

C.C. and A.S. were supported by the National Science Foundation award No. 1636385. Z.I.B.V

thanks SENER-CONACyT project No. 291145 for postdoctoral support. Thanks to the China

Scholarship Council for support for K.G. and to the Wasson Family thesis program for support

for J.M.

25



REFERENCES

[1] C. Wang, H. Dong, W. Hu, Y. Liu, and D. Zhu, “Semiconducting π-conjugated systems

in field-effect transistors: A material odyssey of organic electronics,” Chemical Reviews,

vol. 112, no. 4, pp. 2208–2267, 2012.

[2] F. Guo, A. Karl, Q.-F. Xue, K. C. Tam, K. Forberich, and C. J. Brabec, “The fabrica-

tion of color-tunable organic light-emitting diode displays via solution processing,” Light:

Science &Amp; Applications, vol. 6, p. e17094, 2017.
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Chapter 3

Investigation of Hierarchical Structure
Formation in Merocyanine Photovoltaics
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3.1 Preface
In this chapter, I am reprinting an article I wrote on correlating hierarchical structure formation

to photovoltaic performance in merocyanine/fullerene blends; DOI: 10.1021/acs.jpcc.0c04988.

Merocyanines (MC) are a versatile class of small molecule dyes. Their optoelectronic proper-

ties are easily tunable by chemically controlling their donor-acceptor strength, and their struc-

tural properties can be tuned by simple side chain substitution. This manuscript demonstrates

a novel series of MC featuring an indoline donor with varying hydrocarbon side chain length

(from 6 to 12 carbons) and a tert-butyl-thiazole acceptor, labeled InTBT. Bulk heterojunction

organic photovoltaics are fabricated with a PCBM acceptor and characterized. Films composed

of I8TBT:PCBM and I9TBT:PCBM produced the the highest power conversion efficiency of

4.5%, which suggests that the morphology is optimized by controlling the side chain length.

Hierarchical structure formation in InTBT:PCBM films are studied using grazing incidence x-

ray diffraction (GIXRD), small angle neutron scattering (SANS), and atomic force microscopy

(AFM). When mixed with PCBM, InTBTs with ≤ 8 side chain carbons form pure crystalline

domains, while InTBTs with≥ 9 side chain carbons mix well with PCBM. SANS demonstrates

that increasing side chain length increases InTBT rich domain size. In addition, a branched

hexyl-dodecyl side chain IHDTBT:PCBM film was studied and found to exhibit the worst per-

formance OPV device. The large branched side chain inhibited mixing between IHDTBT and

PCBM resulting in large segregated phases.

3.2 Introduction
An increasing number of donor candidate molecules for organic photovoltaics (OPV) with al-

ternating electron donor (D) and acceptor (A) subunits have been reported in recent years.[1,

2, 3, 4] Among simple dyes, dipolar merocyanines (MCs) are an interesting and versatile class

of functional materials.[5, 6] MC donor-acceptor (D-A) groups can be easily changed to tune

their absorption from the blue to IR spectral region, with ground state dipole moments ranging

from 3 to 15 D. MCs have been applied as active component in bulk heterojunction (BHJ) OPV

devices.[7, 8, 9, 10] A previous study by Kronenberg et al. showed that BHJ OPVs composed

of indoline based MCs donors and [6,6]-phenyl-C61-butyric acid methyl ester (PCBM) or C60
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acceptors manifest large open circuit voltages (VOC) and short circuit currents (JSC) of 0.9, 0.76

V and 5.3 , 6.3 mA
cm2 respectively. However poor charge transport gave rise to low fill factors (FF)

(∼30%) resulting in power conversion efficiencies (PCE) of 1.5 and 1.7%.[11] Subsequently,

Steinmann et al. created a tandem OPV using the same materials resulting in an very high VOC

of 2.1 V and PCE of 4.8%, but retained a low FF.[12] So far the highest PCE reported from an

indoline based D-A device with a simple BHJ architecture is 6.1% (FF 47%) from a vacuum

deposited MC:PCBM device, while the record for solution processed device is 4.5%.[13, 14]

Both of those devices benefited from improved FFs of 47% and 44% respectively.

Morphology control is currently a major limitation for D-A OPVs. A variety of structural

motifs have been obtained for several D-A subunits with varying dipole strength, including but

not limited to, simple isolated anti-parallel dimers, stacked dimers (1D), and slipped/staircase

like structures.[15, 14] Due to the complexity of interactions between neighboring molecules

(i.e.: competing sterical interactions, intermolecular van der Waals/dipolar forces, and substrate

interactions) there is currently no set of guidelines capable of predicting the solid-state packing

from molecular structure. Recently, many new small molecule architectures have been devel-

oped to prevent D-A dipole alignment and improve π-π stacking including donor-acceptor-

donor (D-A-D), and acceptor-donor-acceptor (A-D-A).[16] The current BHJ OPV record for

a small molecule device is held by an A-D-A donor molecule with π-conjugated bridges be-

tween the groups denoted as A-π-D-π-A, with a PCE of 14.3%.[17] The cost of synthesizing

A-π-D-π-A molecules is considerably larger than for simple D-A compounds. Research into

improving BHJ morphology with simple D-A donors is necessary.

Optimizing the structural properties of D-A BHJ OPVs is challenging. To enable efficient

charge separation and collection, p-type MC donors must be mixed with an n-type acceptor (i.e.

PCBM). The mixture of MC:PCBM in solid state can create a multiphase system with pure MC,

pure PCBM, and mixed domains. Domain size, crystal structure, and domain purity must be

optimized to promote efficient exciton dissociation, charge transport, and extraction.[18]

In this article, we report a comprehensive investigation of a series of structurally related D-A

MC dyes, with varying hydrocarbon side chain length (Figure 3.1). The choice of MC is based

on previous studies which obtained best results, in terms of PV performance, with indoline
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based donor groups.[2, 3] The thiazol-di-cyanovinylene acceptor group was chosen because

its high acceptor strength enables H/J type coupling,[19] shows high mobility in crystalline

OFETs, and yields a high VOC with PCBM due to favorable ionization energy.[3] By tuning

side chain length we are able to control solubility, molecular packing, and phase segregation

in MC:PCBM BHJ OPV devices. The BHJ films are characterized in OPV devices to ob-

tain J-V curves and structural information is obtained using grazing incidence x-ray diffraction

(GIXRD), small-angle neutron scattering (SANS), and atomic force microscopy (AFM). Sim-

ilar to previous studies[20, 21, 22] we show that by tuning hydrocarbon side chain length we

can control hierarchical structure formation to improve charge extraction in MC based OPVs.

3.3 Methods
3.3.1 Sample Processing:

All OPVs were fabricated on indium-tin oxide (ITO, 125 nm) coated glass. The substrates

were exposed to ozone for 3 min and transferred to the evaporation chamber to evaporate 10

nm MoO3. Substrates were transfered into a glove box to spin coat 70 nm thick active layers

from chloroform solutions of 13 to 15 mg/mL mixed in a ratio of 2:3 (InTBT to PC61BM). The

device fabrication was completed by thermal evaporation of 5 nm Ca then 100 nm Ag.

3.3.2 UV-Vis:

Absorption measurements were performed using a Lambda 1050 (Perkin Elmer) UV/vis spec-

trometer. A molar concentration of 10−4-10−6 mol/L were used for performing optical absorp-

tion measurements in solution.

3.3.3 Single Crystal XRD:

Measurement of single crystals was done using a Bruker D8 Venture (with software APEX3) in

kappa geometry equipped with a copper microfocus source and a Photon100 detector. SADABS[23]

was used for analysis, scaling and absorption correction. SHELXT and SHELXL[24] were used

for InTBT structure refinement.
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3.3.4 GIXRD:

GIXRD was collected using a Panalytical Empyrean system with a Cu Kα anode λ=1.54056

Å−1. Glass was used as amorphous substrate. The incidence angle was optimized for every

measurement to reduce scattering from substrate and air interfaces. Initially a survey was con-

ducted from θ ∼5 to 15◦ with ω = 0.2◦. The most intense θ ∼ peak was used to find the optimal

ω for signal and background measurement.[25]

3.3.5 SANS:

The SANS experiments were completed on KWS-2 SANS instrument at the Heinz Maier-

Leibnitz Zentrum (MLZ), Garching, Germany. Three instrument conditions were used to pro-

vide Q-values ranging from 0.16 to 0.003 Å−1, where Q = 4π

λ
sin(θ

2 ); λ is the neutron wave-

length and θ is the scattering angle. The first two conditions were collected with a collimation

length of 4 m with neutron wavelength 4.66 Å and a sample-detector distances of 1.61m and

3.61 m. For the third condition, the collimation length was 20 m with neutron wavelength 5 Å

and sample-detector distance at 19.51 m.

3.3.6 AFM:

The AFM measurements were performed on a MFP-3d Infinity from Asylum Research. All

measurements were conducted in amplitude-modulated alternating contact mode utilizing micro

cantilevers of the type OMCL-AC200TS from Olympus Micro Cantilevers. All measurements

were conducted under ambient conditions in air.

3.4 Results
The procedures to synthesize the MC donors can be found in the Supporting Information. We

synthesized a series of MCs with varied side chain length on the indolene from hexyl to dodecyl

and a derivative with a branched hexyl-dodecyl chain. For the ease of labeling we number the

MCs according to the side chain length, i.e. InTBT, with I6TBT for the hexyl side chain and so

on to I12TBT and IHDTBT for the branched derivative See Figure 3.1. The InTBTs with n >

6 have a much higher FF (FF > 0.6) compared to typical MC cells processed from solution/or

vacuum of comparable thickness (Figure 3.3 a)).[26]
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Figure 3.1. Chemical structures of compounds used in this study: a) a series of MC featuring
an indoline donor with varying hydrocarbon side chain length (R) and a tert-butyl-thiazole
acceptor, labeled InTBT. b) PC61BM.

The side chain affects both the solubility and crystal packing but does not change the opti-

cal or electronic properties of the dye itself. All InTBT samples have nearly identical UV-vis

absorbance at the same molar concentration and solvent quality in solution. The absorption

spectra of I8TBT in solutions with varying polarity are shown in Figure B.5. The data shows

a clear progression from a blue-shifted spectrum in hexane to red-shifted J-aggregates in more

polar solvents. Since the InTBT’s are less soluble in nonpolar solvents, this progression also

shows that a red-shifted UV-vis spectrum with increased 0-0 to 0-1 peak ratio indicates the

presence of ordered crystalline aggregates in the film.[19, 10] Figure 3.2 shows UV-vis absorp-

tion spectra of all 2:3 wt.% InTBT:PCBM films normalized to the central peak at 590 nm. In

these aggregates the coupling between nearest neighbors is strongly influenced by the side chain

length.

A clear side chain length trend can be observed in the UV-vis data. The OPV films all share

three MC vibronic peaks at ∼650 nm (0-0), ∼600 nm (0-1), and ∼550 nm (0-2) as well as a

PCBM peak at ∼350 nm. The linear side chain samples also share an amorphous absorption at

∼500 nm. The spectra are normalized to the central peak of the MC, which allows us to probe

the symmetry of the D-A aggregations to be more H-like or J-like and provides information on

delocalization. The ratio of the 0-0 to 0-1 transitions (0−0
0−1 ) is fairly constant for all the InTBTs

with linear side chains, meaning the aggregations are similar in orientation. As the linear side

chain increases in length the 0-2 peak and amorphous absorption increase, indicating that the

InTBTs with longer side chains experience additional geometries. The 0-0 and 0-1 transition
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Figure 3.2. UV-vis absorption spectra of InTBT:PCBM films normalized to the common peak
at 594 nm.

ratio in the IHDTBT:PCBM film depicts a J-like configuration indicating minimal mixing with

PCBM.

We fabricated BHJ OPV devices from solution with InTBT:PCBM in a composition ratio

of 2:3 by weight, which means the molar ratio changes as a function of side chain length.[27]

The active layer thickness was kept at a constant 70 nm for all the devices due to the limited

solubility of the short and very long side-chain derivatives. The hole collection layer is 10 nm

MoO3 evaporated onto ITO[3] and the anode is composed of 5 nm Ca/100 nm Ag. All of the

device fabrication details are in the experimental section. Typical AM1.5 solar simulator JV

curves are shown in Figure 3.3 (a) for all MCs. The JV characteristics are listed in Table 3.1

and PCE as a function of side chain length is shown in Figure 3.3 b).

As InTBT side chain length is increased from 6 to 12 carbons, the VOC increases to a

maximum at 0.90 ± 0.01 V for I9TBT, I10TBT, and I11TBT before decreasing again. The

I6TBT device has the highest short circuit current density (Jsc) at 8.29 ± 0.38 mA
cm2 because it

has the highest absorbance integral (shortest side chain) seen in the unnormalized UV-vis Figure

B.6. I11TBT has the highest FF at 0.67 ± 0.01, indicating the most favorable balance of hole
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and electron transport.[28, 29] The highest PCE of 4.5± 0.1% was extracted from devices with

I8TBT and I9TBT. These films exhibited the best combination of Jsc and FF, balancing increased

optical absorbance for short side chains and favorable morphology for longer chains. Higher

PCE devices could be obtained by optimizing layer thickness and the mixing ratio for I8TBT-

I12TBT, however this is not the goal of this study. Rather we focus on explaining how the side

chain length affects the morphology in this material class. The MC with the branched side chain

IHDTBT exhibited the worst device performance in spite of the most favorable absorbance.
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Figure 3.3. (a) JV curves and (b) extracted power conversion efficiencies from 3:2 by wt.
InTBT:PCBM devices.
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Table 3.1. Best performance data of InTBT:PCBM OPVs in the standard device setup (com-
position 2:3).

Merocyanine VOC (V) Jsc (mA/cm2) FF PCE (%)

I6TBT 0.76 ± 0.01 8.29 ± 0.38 0.52 ± 0.02 3.3 ± 0.1

I7TBT 0.89 ± 0.01 6.95 ± 0.15 0.63 ± 0.01 3.9 ± 0.1

I8TBT 0.89 ± 0.01 7.90 ± 0.24 0.64 ± 0.02 4.5 ± 0.1

I9TBT 0.90 ± 0.01 7.83 ±0.22 0.64 ± 0.02 4.5 ± 0.1

I10TBT 0.90 ± 0.01 7.28 ± 0.13 0.65 ± 0.01 4.3 ± 0.1

I11TBT 0.90 ± 0.01 6.69 ± 0.28 0.67 ± 0.01 4.0 ± 0.1

I12TBT 0.86 ± 0.01 6.20 ± 0.3 0.63 ± 0.02 3.4 ± 0.3

IHDTBT 0.79 ± 0.01 2.03 ± 0.06 0.37 ± 0.02 0.6 ± 0.1

To probe the smallest length scale structures (Å) in pure InTBT and 2:3 InTBT:PCBM

films we use grazing incidence x-ray diffraction (GIXRD) (Figures: B.7 − B.23). Diffraction

peaks were fit with a Pseudo-Voigt model to extract peak positions and widths.[30, 31] Bragg’s

Law was used to calculate crystal d-spacing and the Scherrer equation was used to calculate

coherence length (LC) for the most prominent InTBT and PCBM peaks (Tables: 3.2, B.19).[32,

33, 34] GIXRD of the pure PCBM film shows two peaks at 2θ ∼19.5◦ and∼9.7◦, in accordance

with literature.[35]

In the pure InTBT films, the samples with side chains n ≤ 8 form larger crystals with LC

(> 14 nm) (Table: 3.2). In InTBT samples with side chain n ≥ 9 (and IHDTBT) the side

chain is long enough to impede crystal growth, thereby reducing the LC (< 8.2 nm). In the

InTBT:PCBM films, the InTBT LC decreases significantly in all of the studied samples sug-

gesting that InTBTs form smaller more disordered crystals when mixed with PCBM (Table:

3.2). The LC of the PCBM peak at 2θ ∼19.5◦ remains consistent (∼ 1.6 nm) in all of the

InTBT:PCBM films (Table: B.19), which shows that pure PCBM crystalline domains form in

all films. The ratio of the prominent InTBT to PCBM peak intensity in the mixed films are

shown in Figure 3.4. InTBTs with n ≤ 8 and n =HD form pure InTBT crystalline domains

in the presence of PCBM. Their prominent diffraction peak intensity around ∼7.5◦ are 2 to 6

times greater then their corresponding PCBM peak intensity. As the linear side chain is in-
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creased to n ≥ 9, the InTBT peaks broaden significantly and the prominent peak height ratio

( InTBT Peak Height
PCBM Peak Height ) decreases below unity (Figures: 3.4 and B.14-B.21). A similar drop in the

prominent peak integration ratio ( InTBT Peak Integration
PCBM Peak Integration ) is observed, although the change is less

discernible due to the broadening of the InTBT diffraction peaks and the large FWHM of the

PCBM peak. This suggests that InTBTs with linear side chains n≥ 9 undergo significant mixing

with PCBM and form amorphous structures that do not have long range order.

InTBT diffraction peaks for n ≤ 8 broaden and shift when mixed with PCBM resulting in

minor shifts in the prominent InTBT d-spacing (Table 3.2). I6TBT d-spacing decreases from

12.0 to 11.5 Å while both I7TBT and I8TBT d-spacings increase from 11.1 and 12.6 to 12.5

and 12.8 Å respectively. More significant changes upon mixing are observed for InTBTs with

n ≥ 9. The I9TBT peaks at 2θ= 4.64◦, 5.31◦, 7.06◦, and 9.11◦ merge into a single broad peak

at 7.63◦ when mixed with PCBM resulting in the apparent InTBT:PCBM d-spacing of 11.6 Å.

The I10TBT peaks at 7.16◦ and 8.66◦ merge into the broad peak at 7.95◦ when mixed with

PCBM resulting in the apparent InTBT:PCBM d-spacing of 11.1 Å. Upon mixing with PCBM,

I11TBT peaks broaden and merge but are still distinguishable; the peaks at 4.25◦ and 5.05◦

shift to 4.02◦ and 4.95◦, increasing the d-spacing to 22 and 17.8 Å respectively. The peaks

at 7.19◦ and 8.49◦ shift to 7.27◦ and 8.24◦ changing the d-spacing to 12.2 and 10.7 Å. The

I12TBT peaks at 4.04◦ and 4.93◦ merge into the broad peak at 4.26◦ when mixed with PCBM

resulting in the apparent I12TBT:PCBM d-spacing of 20.7 Å. Finally, upon mixing with PCBM

the IHDTBT peak shifts from 4.25◦ to 4.18◦ resulting in a d-spacing 21.2 Å. In summary, when

mixed with PCBM the InTBTs with n≤ 8 remain phase segregated and show minor broadening

and shifting of their prominent diffraction peaks. While InTBTs with n ≥ 9 allow intercalation

of PCBM into the InTBT crystals causing significant broadening of their diffraction peaks due

to reduced long range order.
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Table 3.2. Bragg’s d-spacing and Scherrer’s coherence length LC extracted from most promi-
nent InTBT peak (in the range of 2θ ∼4-10◦) from pure and mixed InTBT:PCBM films.

InTBT
InTBT

d-Spacing (Å)
InTBT
LC (Å)

InTBT:PCBM
d-Spacing (Å)

InTBT:PCBM
LC (Å)

I6TBT 12.0 ± 0.1 147 ± 2 11.5 ±0.1 41 ± 1

I7TBT 11.1 ± 0.1 220 ± 6 12.5 ± 0.1 75 ± 8

I8TBT 12.6 ± 0.1 181 ± 8 12.8±0.1 87 ± 6

I9TBT 9.7 ± 0.1 56 ± 37 11.6±0.1 11 ± 8

I10TBT 10.2 ± 0.1 39 ± 8 11.1±0.1 17 ± 15

I11TBT 17.5 ± 0.1 82 ± 4 17.8±0.1 42 ± 4

I12TBT 17.9 ± 0.1 40 ± 6 20.7±0.1 39 ± 25

IHDTBT 20.8 ± 0.1 82 ± 3 21.1±0.1 48 ± 27
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Figure 3.4. GIXRD: Ratio of prominent InTBT peak over prominent PCBM peak (peak
heights and peak integrations) in mixed 3:2 by wt. InTBT:PCBM films.

We use SANS to probe the size, shape, and composition of nanoscale (3-200 nm) domains

in InTBT:PCBM films (7 ≤ n ≥ 11).[36] Differences in the 1H density between InTBT and

PCBM lead to a neutron scattering contrast. Figure 3.5 (a) shows SANS data (I(Q) vs Q),
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where I is intensity and Q is momentum transfer in units of Å−1. This scattering data is fit

to a model that determines statistical length scale correlations and relative density differences

between domains. SANS is not sensitive to crystallinity, which allows us to probe structural

and compositional density distributions of the full bulk sample, not just the crystalline regions

as for x-ray diffraction analysis.

The InTBTs with linear side chains form elongated domains that are best fit with an ellip-

soidal form factor.[37] We therefore use a model that assumes elongated InTBT rich domains

surrounded by PCBM rich material. Figure 3.5 (b) depicts the parameters extracted from the fit,

where RS is the mean radius along the short axis of the ellipsoid, RL is the mean radius along

the long axis of the ellipsoid, and the scattering length density (SLD) contrast is a parameter

describing the compositional difference between the ellipsoids and surrounding matrix. The

lognormal domain size-dispersity (SD) of RS and RL is displayed in Figures B.24 and B.25.

From the previously discussed GIXRD, I7TBT and I8TBT MCs form pure crystalline phases

when mixed with PCBM. Since the SLD for neutrons depends on the atomic density and com-

position of each phase, the ellipsoid SLDs (Table B.20) are estimated from unit cell information

obtained from single crystal simulations (Table B.2). The SLD of a pure crystalline PCBM do-

main is also shown in Table B.20.[38] The expected SLD contrast for pure InTBT and PCBM

domains is 3.3-3.4 ×10−6 Å−2. Since the measured SLD contrast between the ellipsoidal

InTBT domains and the surrounding matrix is much smaller than expected for pure domains

(∼1.2 ×10−6 Å−2) and since PCBM forms pure clusters that are too small to be detected with

SANS (Table B.19), the matrix is assumed to be a mixed InTBT:PCBM domain. For I7TBT

and I8TBT, the total volume fraction of the ellipsoidal domains (φEllipsoid) are determined with

Equations B.3 and B.7 (Table 3.3), where the partial volume fractions of PCBM and InTBT are

known from solution concentrations. As the linear InTBT side chain is increased from 7 to 8

carbons RS decreases from 5.3 ± 0.1 to 3.0 ± 0.5 nm and RL remains consistent at 13.5 ±0.4

and 13.4 ± 0.6 nm respectively. So the needle length is maintained but the diameter narrowed.

I8TBT also has more InTBT dispersed in the mixed phase as seen in the decreased SLD con-

trast from 1.26 to 1.18 ×10−6Å−2. This means that I8TBT has a reduced volume percent of

ellipsoidal InTBT domains of 26% compared to 28% for I7TBT.

43



As shown by GIXRD, InTBTs with linear side chains n≥ 9 allow PCBM to intercalate into

the InTBT crystalline domains resulting in a further reduction in the SLD contrast. Thus the

model now corresponds to mixed InTBT-rich InTBT:PCBM ellipsoids in a matrix of amorphous

PCBM-rich mixed domain. As the linear InTBT side chain is increased from 9 to 10 carbons,

RL increases from 15.6 ± 1.5 to 21.8 ± 0.5 nm and RS remains consistent at 4.3 ± 0.2 and 4.2

± 0.2 nm respectively. So the mixed crystalline InTBT:PCBM needles become longer while

maintaining roughly the same diameter as I8TBT and I7TBT. Interestingly, the I11TBT sample

contained the largest ellipsoids in both dimensions with a RS of 7.1 ± 0.1 nm and an RL of

23.1 ± 0.5 nm. All of the InTBT films show an increasing scattering intensity through the

low Q detector limit. The slope of the intensity increase at low Q follows Porod’s Law [39]

which suggests the presence of larger structures (> 200 nm) in the films that are outside our

instruments measurement range.

SANS data was also collected for IHDTBT:PCBM. The intensity profile was best fit to two

models (Figure B.26). A spherical form factor was fit to the bend in the spectrum at Q=.05 Å−1

and a fuzzy sphere (FS) form factor was fit to the low Q intensity, the combined fit is shown

in Figure 3.5.[37] The spherical radius is 4.8 ± 0.2 nm, plotted as RS, and the mean FS radius

is 52.2 ± 0.2 nm, plotted as RL. The surface of the FS is smeared with a Gaussian to obtain a

gradual drop off in SLD, the width of the smeared surface interface is 3.7 ± 0.3 nm. Similar

to the InTBTs with linear side chains, IHDTBT forms a distribution of domain sizes ranging

from 20 - 80 nm (Figure B.27). IHDTBT:PCBM films are more phase segregated resulting in

the increased SLD contrast between the FS and the surrounding matrix of 1.89×10−6 Å−2.
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Figure 3.5. a) Small Angle Neutron Scattering data (offset for clarity) of InTBT:PCBM
films. InTBTs with linear side chain were fit to an ellipsoidal form factor. IHDTBT was fit
with a fuzzy sphere form factor at low Q and a spherical form factor at high Q, the combined
fit is plotted. b)(Left axis) Scattering length density (SLD) contrast (black squares) between
the form factor and surrounding matrix. (Right axis) Mean short (RS)(blue squares) and long
(RL)(red dots) ellipsoidal radii from linear InTBT fits. For IHDTBT, the mean fuzzy sphere
radii is plotted as (RL), and the spherical radii is plotted as (RS).

Table 3.3. Volume fraction of I7TBT and I8TBT in ellipsoidal and mixed domains obtained
from SANS fits, and volume fraction of PCBM in mixed domains from sample preparation.

Merocyanine ΦInT BT
Ellipsoid ΦInT BT

Mixed ΦPCBM
Mixed

I7TBT 0.28 0.21 0.52

I8TBT 0.26 0.24 0.50
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Figure 3.6. Atomic Force Microscope (a) height images with mean square roughness (RMS)
and (b) phase images of InTBT:PCBM films.
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We use AFM to study the mesoscale (25 nm− 5 µm) surface structures on InTBT:PCBM

films (7≤ n≤ 11, and n = HD). Figure 3.6 (a) depicts the height profile and root mean square

roughness (RMS) of the films. I7TBT:PCBM and IHDTBT:PCBM have the largest RMS of 10.1

±0.5 nm and 7.3 ±0.5 nm respectively. These films exhibit depressions in the surface that dig

> 50% down into the 70 nm films. This is in agreement with SANS and GIXRD; I7TBT and

IHDTBT phase segregate when mixed with PCBM resulting in increased surface roughness.

The I7TBT:PCBM surface shows a connected network of elongated domains with lateral size

variations 200 ± 110 nm, while the IHDTBT surface shows round unconnected domains on

the order of 240 ± 80 nm. I8TBT:PCBM film surface forms elongated domains (on the size

of 210 ± 100 nm) that are less pronounced than the I7TBT:PCBM film and has an RMS of 5.2

±0.5 nm. The similar domain size but reduced fraction of InTBT domains is consistent with

the SANS analysis of I7TBT:PCBM and I8TBT:PCBM. Pure InTBT crystals are still present as

the side chain is increased to n = 8 but the longer side chain begins to reduce mesoscopic phase

segregation. In accordance with GIXRD and SANS, the I9TBT:PCBM, I110TBT:PCBM and

I11TBT:PCBM films form large mixed domains that result in a low RMS of 2.6 ±0.5, 3.9 ±0.5,

and 3.6 ±0.5 nm respectively.
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Figure 3.7. (Left) Mean grain size from AFM phase images of InTBT:PCBM films. Grains
are defined by a cutoff phase shift; red (InTBT-rich) grains have greater than 4◦ phase shift and
blue (PCBM-rich) grains have less than -4◦ phase shift. (Right) Root mean square roughness
(RMS) from corresponding AFM height images.

The phase images provide finer detail of the surface composition. Figure 3.6 (b) shows

the corresponding AFM phase images. It is clear that the phase domains for I7TBT:PCBM,
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I11TBT:PCBM, and IHDTBT:PCBM directly correlate to features observed in the height im-

ages. Since I7TBT:PCBM and IHDTBT:PCBM films have the roughest surface topography

and the phase shift has a pattern of increasing and decreasing( ±10◦ for I7TBT and ±7.5◦

for IHDTBT) on the edges of raised surface domains, the observed phase shift is likely an in-

strument artifact; the tapping AFM tip phase shifts as the tip travels up over a raised surface

domain and shifts in the opposite direction as the tip travels down into a depression in the film

surface. For this reason we choose to exclude those films from the following phase analy-

sis. This is not observed in the I11TBT:PCBM film due to its lower surface roughness. For

I11TBT:PCBM the raised domains in the height image are compositionally different from the

surrounding film. Figure 3.7 compares the mean grain sizes extracted from the phase images

and RMS from height images. The grains are defined by a cutoff phase shift. Red grains have

> 4◦ phase shift, corresponding to InTBT-rich domains, and blue grains have < −4◦ phase

shift, corresponding to PCBM-rich domains. Figure 3.7 depicts mean blue (PCBM-rich) and

red (InTBT-rich) grain size; grain size distributions are shown in Figures B.28 and B.29. Start-

ing with the shortest side chain film the I8TBT phase image shows networks of interconnected

domains resulting in the relatively large mean PCBM-rich grain size of 630 nm2, and a mean

InTBT-rich grain size of 500 nm2. As the side chain is increased, I9TBT forms domains with

reduced connectivity resulting in mean PCBM-rich and InTBT-rich grain sizes of 160 and 650

nm2 respectively. I10TBT forms a well mixed film surface resulting the smoothest phase im-

ages with mean PCBM-rich and InTBT-rich grain sizes of 80 and 230 nm2. As the side chain

is increased further, the I11TBT films begin to form large disconnected domains with mean

PCBM-rich and InTBT-rich grain sizes of 560 and 1540 nm2.
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Figure 3.8. Illustration representing the bulk morphological differences observed between
I8TBT:PCBM, I9TBT:PCBM, and I11TBT:PCBM films. LC is coherence length from
GIXRD, RS and RL are the short and long ellipsoidal radii from SANS.

3.5 Discussion
This series of InTBTs with varying linear side chain length demonstrate the morphologically

controlled balance between exciton dissociation, charge carrier transport, and recombination. A

generated exciton can diffuse up to 10 nm before geminate recombination (GR) occurs.[40, 41]

Charge separation is maximized when InTBT domain size is minimized to increase the proba-

bility of an exciton being generated within 5-10 nm of a InTBT/PCBM interface.[40, 41] How-

ever there is a necessary balance between exciton dissociation and free charge carrier transport.

Small disconnected InTBT domains reduce hole transport through the film and increase trap

sites for free charge carriers increasing nongeminate recombination (NGR) rates.[42]

Figure 3.8 illustrates the bulk morphologies reported by GIXRD and SANS for I8TBT:PCBM,

I9TBT:PCBM, and I11TBT:PCBM. The PCBM coherence length remains constant at 1.6 nm.

I8TBT:PCBM films form pure MC ellipsoids (RS = 3 nm, RL = 14 nm) composed of crys-

talline MC domains with a large MC coherence length (8.7 nm), that are surrounded by a mixed

MC:PCBM domain. I9TBT:PCBM films form larger mixed ellipsoids (RS = 4 nm, RL = 16 nm)

with a shorter MC coherence length (1.1 nm), also surrounded by a mixed MC:PCBM domain.

Finally, I11TBT:PCBM films form even larger, more mixed ellipsoids (RS = 7 nm, RL = 23 nm),

composed of MC crystalline regions with increased coherence length (4.2 nm).
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GIXRD shows that I6TBT through I8TBT form pure crystalline phases in InTBT:PCBM

films. When the side chain length is increased to n ≥ 9, PCBM mixes with InTBT signif-

icantly broadening the observed diffraction peaks. Of the InTBTs with linear side chains,

I6TBT:PCBM films have the lowest FF and VOC. GIXRD demonstrates the presence of small

unmixed I6TBT domains (LC = 4.1 nm) which results in high geminate recombination rates.

Since our BHJs were fabricated with a 2:3 InTBT:PCBM weight fraction and I6TBT has the

lowest molecular weight out of the studied materials, BHJs with I6TBT have the highest molar

ratio of InTBT to PCBM. This resulted in a stronger absorbance and the highest JSC of 8.29 mA
cm2 .

Likewise, I12TBT:PCBM films have the lowest molar ratio of InTBT to PCBM resulting in the

lowest JSC of 6.20 mA
cm2 . GIXRD shows that the 12 carbon linear side chain on I12TBT allows

strong mixing between I12TBT and PCBM, which resulted in lower VOC and FF. Since BHJs

with I6TBT and I12TBT show reduced PCE due to little and too much mixing respectively, we

chose to exclude I6TBT and I12TBT from further morphological analysis.

I7TBT and I8TBT BHJs have the same VOC= 0.89 V. They both form pure crystalline do-

mains when mixed with PCBM with a LC of 7.5 and 8.7 nm respectively. The SANS data shows

RL of∼5 nm for all films, which should mean that all excitons can reach a donor/acceptor inter-

face, minimizing GR. The topography of the I7TBT:PCBM film shows a larger surface rough-

ness than I8TBT:PCBM due to decreased miscibility. The I8TBT:PCBM film has fewer pure

InTBT domains and more InTBT in the mixed phase leading to increases in JSC and FF. Finally

the I8TBT:PCBM film has the highest PCE of 4.5%, due to a combination of high JSC and FF.

OPV devices with I9TBT, I10TBT, and I11TBT have the same VOC = 0.90 V. They do

not form pure crystalline domains when mixed with PCBM and have a much lower coherence

length than I7TBT or I8TBT BHJs for both InTBT and PCBM rich domains. Curiously, in

spite of the increased domain size and the onset of InTBT:PCBM mixing with increased side

chain length, the JV characteristics show a remarkably consistent and smooth trend in device

characteristics with VOC peaking for n = 9− 11, JSC peaking for n = 8, and FF peaking for

n = 11. Thus I9TBT:PCBM films also produce the highest PCE of 4.5%, even though GIXRD

and AFM show they form an entirely different structural motif compared to I8TBT:PCBM

films. SANS demonstrates InTBTs with n ≥ 9 form ellipsoidal InTBT domains with reduced
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SLD contrast due to the presence of PCBM in both the ellipsoid and the surrounding matrix.

The JSC decreases with n > 8 because the increased side chain length effectively means lower

absorption coefficient for the 2:3 InTBT:PCBM film. The increase of FF with increased n may

be due to a relative v% increase in acceptor.[43]

In spite of the most favorable absorbance, the branched side IHDTBT:PCBM device ex-

hibited the worst OPV performance due to unfavorable morphology across several orders of

magnitude. GIXRD shows the long branched side chains inhibit intercalation of the PCBM into

IHDTBT domains. This is confirmed by the increased SLD contrast from SANS. It should be

noted that an increased SLD contrast is also caused by increased 1H density on the longer side

chains. SANS demonstrates the presence of small ∼10 nm IHDTBT domains however both

SANS and AFM show IHDTBT forms large pure domains on the order of 100-240 nm signifi-

cantly increasing the geminate recombination rates which results in the low JSC of 2.03 mA
cm2 and

PCE of 0.6%.

It is useful to speculate what the device optimization and morphology assessment performed

here indicates about the device efficiency limits for InTBT:PCBM OPVs. VOC is quite high at

0.9 V and essentially the same for all linear InTBTs, therefore it does not need to be optimized.

Our analysis fixed the OPV layer thickness at 70 nm and wt. ratio of InTBT:PCBM at 2:3

because these parameters came from a prior optimization of MC:PCBM solubility.[27] The

trend in FF indicates that the hole and electron currents are well balanced with little bimolecular

recombination in films up to 70 nm device thickness. With such high FF and no optimization of

the mixing ratio, it is likely that layer thicknesses of up to ∼ 200 nm would still have FF above

0.6. Given the absorbance up to ∼ 725 nm (which is ∼ 1.7 eV) one could expect JSC of up to

15 mA
cm2 under AM1.5 illumination and an optimized PCE of 6.5-8%.[44]

Another intriguing series of future experiments should focus on mixing multiple different

InTBTs with fullerenes. Since the InTBTs form mixed structures for n≥ 9 and n≤ 8 form pure

domains, one could exert far more control over the morphology using a combination of InTBTs

with mixed side chain lengths to obtain even greater improvements to the FF.

Although PCEs reported in this manuscript could be considered relatively low compared

to recent record small molecule devices, we point out that D-A MC dyes are extremely inex-
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pensive. Previous small molecule OPV studies claim that D-A-D like structures are needed to

prevent dipole alignment between neighboring molecules in order to obtain high PCEs. How-

ever, we demonstrate that decent PCEs can be obtained through morphological optimization of

D-A systems and that the miscibility with a PCBM acceptor can be tuned through a range of

domain sizes and mixing ratios.

3.6 Conclusions
This manuscript demonstrates a novel series of MC dyes with varying hydrocarbon side chain

length. BHJ OPV devices were fabricated with 2:3 wt. ratio InTBT:PCBM and character-

ized as a function of side chain length. A maximum PCE of 4.5 ± 0.1% was extracted from

I8TBT:PCBM and I9TBT:PCBM devices. As expected, tuning the side chain length allows

careful adjustment of the miscibility between the donor and acceptor, thereby enabling op-

timization of film morphology and OPV performance characteristics. Hierarchical structure

formation was studied using GIXRD (Å), SANS (3-200 nm), and AFM (25 nm− 5 µm). When

mixed with PCBM, InTBTs with ≤ 8 side chain carbons form pure crystalline domains, while

InTBTs with≥ 9 side chain carbons form mixed domains with PCBM. SANS demonstrates that

increasing side chain length increases InTBT-rich domain size while at the same time allowing

for mixed domains for n ≥ 9. The branched side chain IHDTBT:PCBM film was also studied

and was found to exhibit the worst performance OPV device, the large side chain inhibited mix-

ing between IHDTBT and PCBM resulting in large segregated phases. Further optimization

of the mixing ratios and layer thickness could nearly double the OPV performance. Ternary

mixtures of InTBTs with different side chain length could enable even more control over BHJ

morphology.

3.7 Supporting Information
Synthesis, ultraviolet visible spectroscopy, crystal Stacking, grazing incidence x-ray diffraction

analysis, small angle neutron scattering analysis, atomic force microscopy analysis
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Chapter 4

Anion Exchange Doping: Tuning
Equilibrium to Increase Doping Efficiency
in Semiconducting Polymers
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4.1 Preface
In this chapter, I am reprinting a Letter I wrote on a novel doping process that improves dop-

ing efficiencies in semiconducting polymers; DOI: 10.1021/acs.jpclett.0c03620. High elec-

tron affinity (EA) molecules p-type dope low ionization energy (IE) polymers resulting in an

equilibrium doping level based on the energetic driving force (IE-EA), reorganization energy,

and dopant concentration. Anion exchange doping (AED) is a process whereby the dopant

anion is exchanged with a stable ion from an electrolyte. We show that AED level can be

predicted using an isotherm equilibrium model. The exchange of the dopant anion (FeCl−3 )

for bis(trifluoromethanesulfonamide) (TFSI−) anion in the polymers poly(3-hexylthiophene-

2,5-diyl) (P3HT) and poly[3-(2,2-bithien-5-yl)-2,5-bis(2-hexyldecyl)-2,5-dihydropyrrolo[3,4-

c]pyrrole-1,4-dione-6,5-diyl] (PDPP-2T) highlights two cases in which the process is non-

spontaneous and spontaneous, respectively. For P3HT, FeCl3 provides a high doping level

but an unstable counter ion, so exchange results in an air stable counter ion with a marginal in-

crease in doping. For PDPP-2T, FeCl3 is a weak dopant, but the exchange of FeCl−3 for TFSI−

is spontaneous, so the doping level increases by >10x with AED.

4.2 Introduction
Sequential doping of semiconducting polymers (SPs) is a well studied method for tuning SP

film conductivity and solubility, while maintaining a film morphology that is ideal for efficient

charge transport.[1, 2, 3, 4] Multiple studies have demonstrated that morphology control and

sequential doping are essential for obtaining efficient electronic devices, including organic ther-

moelectrics, organic field effect transistors, and organic electrochemical transistors.[5, 6, 7, 8,

9] Recently, Yamashita et al. demonstrated an improvement to molecular doping efficiency

through a process termed Anion Exchange Doping (AED).[10] By immersing a poly(2,5-bis(3-

tetradecylthiophen-2-yl)thieno[3,2-b]thiophene) (PBTTT) film into a solution with the molec-

ular dopant 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4TCNQ) and various elec-

trolytes they sequentially doped the polymer and exchanged the F4TCNQ− anion for the elec-

trolyte anion. This process yields two advantages. First, the anion exchange enables the choice

of a stable counter ion. Common p-type dopant anions often react with H2O and O2. Thus,
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AED can be used to create air stable films. Second, AED enables increased film dopant levels

compared to conventional doping.[10, 11] Although AED yields significant advantages, there

are fundamental knowledge gaps. Currently, there is no method for predicting the equilibrium

doping level or the fraction of exchanged anions. Likewise, the link between doping level and

carrier density is poorly understood.

In this manuscript, first we study the relationship between solution concentrations of molec-

ular dopants and electrolyte ions on P3HT film doping level using the dopant FeCl3 and elec-

trolyte lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) pair, as developed by Jacobs et

al.[11] We derive a novel anion exchange isotherm to model equilibrium processes occurring

during AED and extract equilibrium constants for both doping and the subsequent anion ex-

change. This model predicts high p-type doping efficiency is possible in systems with low

chemical potential for doping. P-type doping high IE polymers has previously been limited by

inherent challenges in the synthesis of stable high EA dopants.[12, 1]. By optimizing the AED

process, we reduce the need to develop stable, high EA dopants. We demonstrate that high dop-

ing levels are achieved using AED with the high IE donor-acceptor polymer poly[3-(2,2-bithien-

5-yl)-2,5-bis(2-hexyldecyl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione- 6,5-diyl] (PDPP-2T).

4.3 Results and Discussion
Figure 4.1a-c illustrates the two equilibrium processes occurring during AED. The Langmuir

model, when applied to sequential doping, assumes a fixed and finite number of polymer sites

are available for doping and simplifies the complex morphologies present in solid state SPs by

assuming that all sites have an identical energy landscape. In reality, solid state P3HT contains

crystalline and amorphous regions with a variety of configurations. In Figure 4.1a, a 180 nm

thick P3HT film is immersed in an 8 mL solution of 5 mM FeCl3 in anhydrous n-butyl acetate

(nBA). The solvent swells the film allowing FeCl3 to penetrate and undergo charge transfer with

P3HT resulting in P3HT+FeCl−3 , with equilibrium constant KI (Equation C.3).[4] In Figures

4.1b and 4.1c, a P3HT film is immersed in 8 mL of 5 mM FeCl3 nBA solution, this time with

either 50 mM or 100 mM LiTFSI concentrations, respectively. LiTFSI dissociates into Li+ and

TFSI− in nBA. FeCl3 dopes the film with the same equilibrium constant, however, the charged
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Figure 4.1. a) Illustration of FeCl3 doping P3HT sites with equilibrium constant KI . b) and c)
illustrates FeCl3 doping P3HT sites, where FeCl−3 is subsequently exchanged by TFSI− with
equilibrium constant KII . UV-Vis-NIR absorption spectra for P3HT films doped with various
FeCl3 solution concentrations and d) 0 mM, e) 50 mM, and f) 100 mM LiTFSI solutions,
respectively.

FeCl−3 anion is now exchanged for TFSI− anion with an equilibrium constant KII (Equation

C.4). LiTFSI is inert towards P3HT so no third equilibrium is required.

P3HT(SS)+FeCl (Sol.)
3

⇀↽ P3HT+/FeCl −3
(SS) (4.1)

P3HT+/FeCl −3
(SS)+TFSI−(Sol.) +Li+(Sol.) ⇀↽ P3HT+/TFSI−(SS)+FeCl −3

(Sol.) +Li+(Sol.)

(4.2)

Figure 4.1d shows ultraviolet-visible-near-infrared spectroscopy (UV-Vis-NIR) of sequen-

tially doped P3HT films[2, 3] with various FeCl3 solutions. Neat P3HT shows three vibronic

transitions at∼2 eV (0-0),∼2.2 eV (0-1), and∼2.4 eV (0-2) in accordance with the literature.[13]

As P3HT is doped to higher doping levels the neat 0-0, 0-1, and 0-2 peaks bleach and broaden

while three broad P3HT+ absorbance peaks grow in at 0.47 (P1), 1.25 (P2), and 1.5 (P3) eV
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[14, 15, 16, 17]. As the doping level is increased, an FeCl3 peak becomes apparent at ∼3.9

eV and an FeCl−3 peak appears at ∼3.4 eV.[18] UV-Vis-NIR of P3HT films sequentially doped

with mixtures of FeCl3 and 50 mM or 100 mM LiTFSI show similar trends (Figures 4.1e and

4.1f). Key differences are observed in the extent of bleaching of the neat P3HT vibronic transi-

tions and corresponding growth of the broad P3HT+ polaron peaks (P1, P2, and P3) with anion

exchanged films yielding a 10-50% higher doping level with respect to FeCl3 solutions without

an electrolyte present.

Since the P3 absorbance at 1.5 eV (780 nm) overlaps the neutral P3HT absorbance, we

deconvoluted overlapping peaks by globally fitting the spectral signatures between 0.5 and 4.2

eV. The cumulative fits for the 0, 50, and 100 mM LiTFSI series are shown in Figure 4.1d-4.1f,

and their corresponding individual peak fits and the remaining fits for the 0.1, 1.0, 10.0, 25.0,

and 75.0 mM LiTFSI concentrations are in Figures C.2-C.9. Similar to previous studies,[16]

we constrained the peak positions to remain constant across all studied samples. Our discussion

of the UV-Vis-NIR peak fitting is in Supporting Information Section S4.

To simplify these spectral changes with respect to doping level we define Θ as the fraction of

doped P3HT sites over the total available P3HT sites. Θ is linearly approximated from optical

absorbance by θ = AP
AP+AN

, where AN is the integral of the neutral P3HT absorption peaks and

AP is the integral of P1. The calculated Θ from the UV-Vis-NIR data is shown in Figure 4.2a and

4.2b. In films sequentially doped with 5 mM FeCl3 concentration and no LiTFSI present, 63±3

% of the polymer sites are doped (Θ = 0.63±0.03). As LiTFSI concentration increases to 100

mM at constant 5 mM FeCl3 concentration, the doping level increases to 75% (Θ= 0.75±0.04).

To determine the equilibrium coefficients KI and KII , we derive a generalized Anion Ex-

change Isotherm (Equation 4.3) in terms of known quantities. This model represents the fraction

of doped sites over total sites (Θ) for a polymer undergoing charge transfer with a molecular

dopant, followed by a subsequent exchange of anions with a monovalent electrolyte. Further

description of the extracted Θ and isotherm parameters are in Supporting Information Section

S6. The isotherm derivation is in the Supporting Information Equations C.3-C.25.

Θ = S
KI([D]−w[C+A−])+ KIKII([D]−w[C+A−])([C+A−]−w[C+A−])

ΘC0
t −KI([D]−w[C+A−])(1−Θ)C0

t

1+KI([D]−w[C+A−])+ KIKII([D]−w[C+A−])([C+A−]−w[C+A−])
ΘC0

t −KI([D]−w[C+A−])(1−Θ)C0
t

(4.3)
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Figure 4.2. a) 3D and b) 2D scatter plots of Θ extracted from UV-Vis-NIR and corresponding
anion exchange isotherm fit, c) shows the Θ fit contour with respect to the prepared FeCl3 and
LiTFSI concentrations, and d) depicts the percentage of doped P3HT sites with TFSI− anions.
The gray region in d) corresponds to the range in which no P3HT sites are doped.

The anion exchange isotherm was fit to the concentration dependent data.[19, 20] The best

fit is shown in Figures 4.2a and 4.2b, with residuals displayed in Figure C.13. The extracted KI

and KII are 971 ± 85 and 0.2 ± 0.06 M−1 corresponding to ∆G◦I and ∆G◦II of −0.177±0.002

and 0.04± 0.007 eV, respectively. As expected, charge transfer between FeCl3 and P3HT is

spontaneous. At room temperature the anion exchange process is non-spontaneous, but a new

equilibrium is established between FeCl−3 and LiTFSI− counter ions. Figure 4.2c shows the

contour of the anion exchange isotherm fit. Θ reduces to zero at low FeCl3 and high LiTFSI

concentrations because the water contamination (w = 0.0038± 2.3 ∗ 10−4) exceeds the pre-
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Figure 4.3. UV-Vis-NIR absorption spectra of PDPP-2T films sequentially doped with varying
FeCl3 concentrations and either 0 mM a) or 100 mM b) of LiTFSI. All spectra are fit with
with cumulative Gaussian fits (dashed lines) to determine state populations. c) Depicts energy
transitions for p-doped alternating D/A copolymers. d) Depicts a 2D scatter plot of Θ extracted
from the absorption data and the corresponding Anion Exchange Isotherm fit. e) Shows fit
Θ for PDPP-2T as a function of the FeCl3 and LiTFSI concentrations, and f) depicts the
percentage of doped polymer sites with TFSI− anions. The gray region in f) corresponds to
the range in which no polymer sites are doped.

pared FeCl3 concentration. At the maximum combined dopant/electrolyte concentrations of

5 mM FeCl3 and 100 mM LiTFSI, the calculated Θ approaches a saturation doping level of

79%, meaning that ∼20% of the neutral P3HT sites cannot be sequentially doped, likely due

to disordered dihedral bends along the polymer backbone and/or excluded volume interactions

at the substrate or air interfaces. The percent of doped sites occupied by TFSI− is shown in

Figure 4.2d. Interestingly, in films exposed to 100 mM LiTFSI solutions, the percent of sites

with TFSI− anions remains below ∼50% for all FeCl3 concentrations above ∼1 mM. At 1 mM

FeCl3 and 100 mM LiTFSI approximately half of the doped sites are occupied by TFSI−.

Figure C.18 demonstrates that AED can be used to effectively dope SPs with a relatively

weak chemical potential for doping. We tested this prediction by attempting the doping of
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PDPP-2T with FeCl3 in the presence of LiTFSI. PDPP-2T has a higher IE (IECV = 5.4 eV)[21]

than P3HT (IECV = 5.0 eV), reducing the chemical potential for doping with FeCl3. As a result,

doping PDPP-2T with FeCl3 yields low doping efficiency. Figure 4.3a shows raw unnormalized

UV-Vis-NIR of 80± 5 nm thick PDPP-2T films sequentially doped at room temperature with

0.5, 1, and 5 mM FeCl3 solutions. As the doping level is increased, the neutral vibronic (0-

0), and (0-1) transitions at 1.3 and 1.5 eV slightly bleach and polaron transitions P1, P2, and

P3 grow in at 0.33 eV, 0.75 eV, and 0.98 eV. An unknown feature grows in with increasing

FeCl3 concentration at 1.13 eV, this is discussed in Supporting Information Section S5. The

two high energy D-D and A-A transitions at 2.8 eV and 3.3 eV mildly broaden. On the other

hand, Figure 4.3b shows UV-Vis-NIR of PDPP-2T films sequentially doped with the same 0.5,

1, and 5 mM FeCl3 with the addition of 100 mM LiTFSI. The D-A (0-0) and (0-1) transitions

bleach more significantly and only the P1, P2, and P3 polaron transitions grow in. At the highest

doping level the high energy D-D and A-A transitions quench and broaden, with an increased

red shifted absorbance. Figure 4.3c depicts the corresponding energy transitions.

Discussion of the spectral and isotherm fitting of PDPP-2T is in Supporting Information

Section S6.1.The cumulative fits are shown as the dashed line in Figures 4.3a and 4.3b. We

calculate Θ from the absorption data (Figure 4.3d). As expected, with no LiTFSI present the

higher energetic barrier for charge transfer limits the doping efficiency, reaching a 4.3% doping

level (θ=0.043) with a 5 mM FeCl3 solution. However, in the presence of 100 mM LiTFSI,

PDPP-2T reached a 70% doping level (θ=0.70) at 5mM FeCl3. We fit Θ for the PDPP-2T

samples with the Anion Exchange Isotherm model (Figures 4.3d and 4.3e). The extracted KI

and KII are 9.41± 1.62 and 2.92± 0.61 M−1 corresponding to ∆G◦I and ∆G◦II of−0.058±0.004

and −0.028± 0.005 eV, respectively. Unlike P3HT, PDPP-2T approaches a saturated doping

level of ∼100%. Figure 4.3f shows the calculated % TFSI− anions in the PDPP-2T film after

AED. Unlike the P3HT sample, >90% of doped sites have exchanged FeCl−3 with TFSI−.

We performed four-point probe collinear sheet resistance measurements on P3HT films with

respect to FeCl3 concentration at various LiTFSI concentrations (Figure 4.4a). P3HT films

doped with only FeCl3 ranged in conductivity from 0.066 ± 0.002 S/cm at 0.1 mM FeCl3 up

to 140 ± 20 S/cm at 5 mM FeCl3. Anion exchanged P3HT films doped with 0.1 mM FeCl3
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and 100 mM LiTFSI have the lowest conductivity at ∼ 10−3 S/cm, due to traces of water in

LiTFSI. The presence of LiTFSI led to the largest enhancement in conductivity at 1 mM FeCl3,

where the measured conductivity increased from 31± 6 S/cm at 0 mM LiTFSI to 80 ± 6 S/cm

at 100 mM LiTFSI. For this sample, 43% of the P3HT+ sites have TFSI− and 57% have FeCl−3 .

Discussion of conductivity enhancement is in Supporting Information Section S13.

Carrier density is proportional to the fraction of polymer sites that possess a hole (Θ). To

estimate the hole density from Θ, we estimate the minimum site size, which we define as the

minimum number of monomer units that can hold a hole state. For the PDPP-2T polymer, we

assume that each monomer T-DPP-T is a single site. This assumption is justified by recent

first-principle simulations of alternating co-polymers.[22] Using a film density of 1.1 g/cm3,
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we estimate a maximum hole density (pmax) of 8.2x1020 holes/cm3 for PDPP-2T. A 10% un-

certainty in film mass density translates to a 10% uncertainty in maximum carrier density. For

P3HT, we assume the minimum site size is a four thiophene (4T) monomer section, and yields

an estimated maximum hole density of 8.5x1020 holes/cm3, nearly identical to that of PDPP-2T.

We recognize that more accurate estimates of the minimum site size and maximum carrier den-

sity will improve our model’s predictive power. Discussion of carrier density is in Supporting

Information Section S14.

Scaling these maximum hole densities by the fraction of sites that are doped (Θ) allows us

to compare film conductivity (σ ) to hole density and estimate hole mobility (Equation 4.4),

µ =
σ

pmaxΘe
(4.4)

where e is the elemental charge (Figure 4.4b). The P3HT hole mobility is fit to the variable

range hopping model (VRHM) (Equation C.27),[23, 24, 25] where the pre-factor for conductiv-

ity (σ0 = 1.6 S/m), the effective overlap parameter between localized states (α−1 = 0.16 nm),

and the critical number for the onset of percolation (Bc = 2.8) are identical to previous P3HT

mobility studies.[23, 26] Our sample has an increased width of the exponential density of states

(T0 = 665 K) compared to previous fits to P3HT. This analysis shows that µh increases with

doping density until it saturates at 2.3 cm2V−1s−1 at a doping density of ∼5×1020 cm−3. At

higher doping levels, µh deviates from the VRHM due to increased structural disorder induced

by the presence of counter ions.[8]

We were unable to measure the conductivity of the PDPP-2T films doped with only FeCl3

because it was below the detection limit of our equipment (< 10−3 S/cm). The conductivity of

PDPP-2T films anion exchange doped at 100 mM LiTFSI ranged from 0.1 ± 0.05 S/cm with

0.5 mM FeCl3 up to 10.7± 1.8 S/cm with 5 mM FeCl3 (Figure 4.4 a)). IV curves are in Figure

C.22. The estimated hole density and mobility are in Figure 4.4b. The estimated PDPP-2T

mobility increased from 0.009 to 0.117 cm2V−1s−1 at 0.5 mM and 5 mM FeCl3, respectively.

In summary, we demonstrate sequential AED of P3HT and PDPP-2T films with the dopant

FeCl3 and electrolyte LiTFSI. In P3HT, AED is non-spontaneous and doping efficiency in-

creases by 10% to 50% in the presence of LiTFSI. We demonstrate control over the exchange
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of FeCl−3 for TFSI− on P3HT+ sites between 0 and 100%. Sheet resistance measurements

reveal record P3HT film conductivities of ∼140 S/cm can be obtained at high FeCl3 doping

levels, and remains the same in AED P3HT. In PDPP-2T, AED is spontaneous, doping effi-

ciency increases >10x in the presence of LiTFSI, and conductivity increases by >4 orders of

magnitude. Therefore, AED enables high p-type doping efficiency in systems with low chemi-

cal potential for doping. Future research is needed on AED polymers to address the affects that

anion exchange has on polaron delocalization, the stability doping density in the presence of

external stimuli, and how anion exchange affects the polymer film morphology.
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Table A.1. Preliminary Profilometer thickness measurements of thin films deposited from
same processing conditions and at the time the NR films were made.

Film Layer Thickness (nm)

Multilayer

film

1st layer 75 ± 4

2nd layer 39 ± 4

3rd layer 47 ± 2

4th layer 32 ± 4

Single Layer P3HT Film NA 187 ± 8

Material SLD (10−6Å−2)

Air 0

Silicon 2.07

Silicon Oxide 3.47

P3HT 0.55

F4TCNQ 4.88

d-CB 4.91

d-AN 4.92

Table A.2. Scattering length densities of materials in model

A.1 SLD Volume Balance
Calculated solvent volume fraction (φsolvent) from layer SLD obtained from fitting NR.

φsolvent = 1− (
ρL−ρS

ρPτ−ρS ) (A.1)

Where ρL is measured layer SLD, ρS is calculated solvent SLD based on density at room tem-

perature. ρP is measured P3HT layer SLD from the pure P3HT sample and τ is a thickness

normalization to correct the P3HT SLD to its expanded volume in the swollen state.

τ =
T P

T SP (A.2)
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Figure A.1. Normalized UV-Vis absorption profile of neat and doped P3HT films under satu-
rated AN and CB vapor environments

Where, T P is the neutral P3HT layer thicknesses before swelling, and T SP is the thickness in

the solvent swollen state.

The solvent Volume Fraction for doped film

φsolvent = 1− (
ρL−ρS

ρDPγ−ρS ) (A.3)

Where ρDP is the measured SLD of the doped polymer layer and γ is a thickness normalization
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to correct the Doped P3HT SLD to its expanded volume in the swollen state.

γ =
T DP

T SDP (A.4)

Where, T DP is the Doped P3HT layer thicknesses before swelling, and T SDP is the thickness in

the solvent swollen state.

A.2 Grazing Incidence Wide Angle X-ray Scattering

(a)

(b)

Figure A.2. (a) In-plane (Qxy) and (b) out-of-plane (Qz) GIWAXS of neat and dedoped P3HT
film.
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Figure A.3. 2D GIWAXS patterns of (a) neat P3HT and (b) chemically dedoped P3HT. (Note:
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Figure A.4. Device architecture for two-point conductivity test
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Figure A.5. IV Data of doped single layer P3HT film from several substrates, 6 electrodes
per substrate. Omitted data from electrodes where good electrical connection could not be
obtained.
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Figure A.6. IV Data of doped double layer P3HT film from several substrates, 6 electrodes
per substrate. Omitted data from electrodes where good electrical connection could not be
obtained.
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Figure A.7. IV Data of doped quadruple layer P3HT film from several substrates, 6 electrodes
per substrate. Omitted data from electrodes where good electrical connection could not be
obtained.
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Figure A.8. IV Data of dedoped single layer P3HT film from several substrates, 6 electrodes
per substrate. Omitted data from electrodes where good electrical connection could not be
obtained.
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Figure A.9. IV Data of dedoped double layer P3HT film from several substrates, 6 electrodes
per substrate. Omitted data from electrodes where good electrical connection could not be
obtained.
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Figure A.10. IV Data of dedoped quadruple layer P3HT film from several substrates, 6 elec-
trodes per substrate. Omitted data from electrodes where good electrical connection could not
be obtained.
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B.1 Synthesis
B.1.1 I7TBT

Figure B.1. I7TBT: (E)-2-(1-heptyl-3,3-dimethylindolin-2-ylidene)acetaldehyde (1)

2,3,3-trimethylindolenine (10.0 g, 62.8 mmol) and 1-iodoheptane (14.2 g, 62.8 mmol) were

heated under an argon atmosphere to 120 ◦ C for 24 hours. After cooling to room temperature

the residue was dissolved in dichloromethane and a 1 M aqueous solution of potassium hydrox-

ide (180 ml) was added. The mixture was stirred at room temperature for 1 h and the crude

product (1-heptyl-3,3-dimethyl-2-methyleneindoline) was extracted with dichloromethane. Af-

ter drying the organic phase over MgSO4 the solvent was removed under reduced pressure. The

crude product was used immediately without any further purification. Under an argon atmo-

sphere dry dimethylformamide (11.5 ml) was cooled to 0 ◦ C and phosphorous oxychloride

(10.8 g, 70.1 mmol) was slowly added. The crude 1-heptyl-3,3-dimethyl-2-methyleneindoline

was dissolved in dry dimethylformamide (14.5 ml) and added dropwise to the POCl3 / DMF

mixture. The reaction mixture was stirred at 40 ◦ C for 1 h and then added to 1 L of water con-

taining ice. After adjusting the pH to 10 with a diluted sodium hydroxide solution the mixture

was heated under reflux for 30 minutes. The crude product was extracted with dichloromethane,

the organic phase was dried over MgSO4 and the solvent was removed under reduced pressure.

Column chromatography on silica with toluene / ethyl acetate (4:1) as eluent yielded a red

oil (12.9 g, 45.2 mmol, 72 %).
1H NMR (acetone-d6, 300 MHz): δ / ppm = 10.00 (1H, d, 3J = 8.4 Hz); 7.38 (1H, m); 7.27

(1H, m); 7.08 6.99 (2H); 5.33 (1H, d, 3J = 8.4 Hz); 3.78 (2H, t, 3J = 7.5 Hz); 1.70 (2H, m);

1.65 (6H, s); 1.50 1.23 (8H); 0.87 (3H, m).

A mixture of 1 (See Figure B.2)(1.60 g, 5.62 mmol),2-(4-tert-butylthiazol-2(3H)-ylidene)

malononitrile[1] (1.05 g, 5.09 mmol) and acetic anhydride (6 ml) was heated to 90 ◦ C for 1

87



Figure B.2. I7TBT: 2-((Z)-4-tert-butyl-5-((E)-2-(1-heptyl-3,3-dimethylindolin-2-
ylidene)ethylidene)thiazol-2(5H)-ylidene)malononitrile

h. After cooling to room temperature n-hexane was added and the precipitate was collected by

filtration, washed with 2-propanol and n-hexane and dried in vacuum. Subsequent purification

by column chromatography on silica with dichloromethane as eluent yielded a blue powder

(1.62 g, 3.43 mmol, 61 %). 1H NMR (CD2Cl2, 300 MHz): δ / ppm = 8.32 (1H, d, 3J = 13.5

Hz); 7.43 7.35 (2H), 7.24 (1H, m), 7.08 (1H, m), 5.64 (1H, d, 3J = 13.5 Hz), 3.93 (2H, t, 3J

= 7.5 Hz), 1.81 (2H, m), 1.68 (6H, s), 1.55 (9H, s), 1.49 1.24 (8H), 0.88 (3H, m). 13C NMR

APT (CD2Cl2, 75 MHz): δ / ppm = 185.2 (Cq), 179.4 (Cq), 172.6 (Cq), 142.5 (Cq), 140.8 (Cq),

138.8 (CH), 129.0 (CH), 126.7 (Cq), 125.3 (CH), 122.5 (CH), 118.2 (Cq), 116.0 (Cq), 110.7

(CH), 99.3 (CH), 49.3 (Cq), 44.6 (CH2), 38.3 (Cq), 31.9 (CH2), 31.5 (CH3), 29.3 (CH2), 28.4

(CH3), 27.4 (CH2), 27.3 (CH2), 22.9 (CH2), 14.1 (CH3).

B.1.2 I9TBT

Figure B.3. I9TBT: (E)-2-(3,3-dimethyl-1-nonylindolin-2-ylidene)acetaldehyde (1)

2,3,3-trimethylindolenine (5.00 g, 31.4 mmol) and 1-iodononane (7.98 g, 31.4 mmol) were

heated under an argon atmosphere to 120 ◦ C for 24 hours(Figure B.3). After cooling to

room temperature the residue was dissolved in dichloromethane and a 1M aqueous solution

of potassium hydroxide (90 ml) was added. The mixture was stirred at room temperature

for 1 h and the crude product (1-heptyl-3,3-dimethyl-2-methyleneindoline) was extracted with
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dichloromethane. After drying the organic phase over MgSO4 the solvent was removed under

reduced pressure. The crude product was used immediately without any further purification.

Under an argon atmosphere dry dimethylformamide (5.5 ml) was cooled to 0 ◦ C and phos-

phorous oxychloride (5.37 g, 35.0 mmol) was slowly added. The crude 3,3-dimethyl-1-nonyl-

2-methyleneindoline was dissolved in dry dimethylformamide (7.5 ml) and added dropwise to

the POCl3 / DMF mixture. The reaction mixture was stirred at 40 ◦ C for 1 h and then added

to water containing ice (30 ml). After adjusting the pH to 10 with a diluted sodium hydroxide

solution the mixture was heated under reflux for 30 minutes. The crude product was extracted

with dichloromethane, the organic phase was dried over MgSO4 and the solvent was removed

under reduced pressure. Column chromatography on silica with toluene / ethyl acetate (5:1) as

eluent yielded a red oil (7.36 g, 23.5 mmol, 75 %). 1H NMR (acetone-d6, 300 MHz): δ / ppm

= 10.00 (1H, d, 3J = 8.5 Hz); 7.38 (1H, m); 7.27 (1H, m); 7.07 6.99 (2H); 5.33 (1H, d, 3J = 8.5

Hz); 3.78 (2H, t, 3J = 7.5 Hz); 1.70 (2H, m); 1.65 (6H, s); 1.50 1.23 (12H); 0.86 (3H, m).

Figure B.4. I9TBT: 2-((Z)-4-tert-butyl-5-((E)-2-(3,3-dimethyl-1-nonylindolin-2-
ylidene)ethylidene)thiazol-2(5H)-ylidene)malononitrile

A mixture of 1 (see Figure B.4) (1.76 g, 5.62 mmol), 2-(4-tert-butylthiazol-2(3H)-ylidene)malononitrile[1]

(1.05 g, 5.09 mmol) and acetic anhydride (6 ml) was heated to 90 ◦ C for 1 h. After cooling to

room temperature n-hexane was added and the precipitate was collected by filtration, washed

with 2-propanol and n-hexane and dried in vacuo. Subsequent purification by column chro-

matography on silica with dichloromethane / ethyl acetate (99 : 1) as eluent yielded a blue

powder (1.47 g, 2.94 mmol, 52 %). 1H NMR (CD2Cl2, 500 MHz): δ / ppm = 8.33 (1H, d, 3J =

13.4 Hz); 7.45 7.34 (2H), 7.25 (1H, m), 7.09 (1H, m), 5.65 (1H, d, 3J = 13.4 Hz), 3.94 (2H, t,
3J = 7.3 Hz), 1.81 (2H, m), 1.69 (6H, s), 1.55 (9H, s), 1.48 1.21 (8H), 0.87 (3H, m). 13C NMR
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(CD2Cl2, 125 MHz): δ / ppm = 185.0 (Cq), 179.4 (Cq), 172.4 (Cq), 142.4 (Cq), 140.6 (Cq),

138.3 (CH), 128.9 (CH), 126.5 (Cq), 125.2 (CH), 122.5 (CH), 118.2 (Cq), 116.1 (Cq), 110.7

(CH), 99.2 (CH), 55.5 (Cq), 49.1 (Cq), 44.5 (CH2), 38.1 (Cq), 32.1 (CH2), 31.4 (CH3), 29.5

(3xCH2), 28.4 (CH3), 27.3 (CH2), 27.2 (CH2), 22.9 (CH2), 14.1 (CH3).

B.2 Ultraviolet Photoelectron Spectroscopy
The ionization energies of InTBT films processed from two different solvents, chloroform (CF)

and dichloromethane (DCM) are probed with Ultraviolet Photoelectron Spectroscopy (UPS)

(Table B.1). We expect similar HOMO levels for all the InTBTs since the electronically rele-

vant part of the molecule is the same and the side chains have similar electron donating prop-

erties. Only a slight influence (100 meV) from the packing occurs when processed from CF or

DCM (5.5 to 5.7 eV (Table B.1)) . The ionization energies of InTBT films processed from two

different solvents, chloroform (CF) and dichloromethane (DCM) are probed with Ultraviolet

Photoelectron Spectroscopy (UPS) (Table B.1). We expect similar HOMO levels for all the

InTBTs since the electronically relevant part of the molecule is the same and the side chains

have similar electron donating properties. Only a slight influence (100 meV) from the packing

occurs when processed from CF or DCM. UV- photoelectron spectroscopy (UPS) measure-

ments were performed under ultrahigh vacuum (base pressure 1×10−10 mbar) using a helium

plasma excitation source (VG). The measurements were done with the He I α excitation line

at 21.22 eV and a sample bias of 8V. The kinetic energy of the emitted photoelectrons were

recorded using a hemispherical electron analyzer (Specs, Phoibos 100).
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Table B.1. Ionization energy of pure InTBT films obtained by UPS on films (thickness below
20 nm) on ITO/MoO3.

Merocyanine Solvent IE (eV)

I6TBT CF 5.31

I8TBT CF 5.33

DCM 5.2

I9TBT CF 5.23

DCM 5.2

I10TBT CF 5.35

I12TBT CF 5.33

IHDTBT CF 5.21

B.3 UV-Vis
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Figure B.5. UVvis absorption spectra of I8TBT solution in various solvents of varying polarity
and a neat film for comparison.
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Figure B.6. Raw unnormalized UV-vis absorption spectra of InTBT:PCBM films.
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B.4 Crystal Stacking

Table B.2. Unit cell information extracted from single crystal XRD data.

Merocyanine: I7TBT I8TBT

Chemical Formula: C29H36N4S C30H38N4S

Description: needles needles

Space group: P 21/n (14) P 1 (2)

a (Å): 19.40(4) 7.31(5)

b (Å): 6.96(9) 14.89(14)

c (Å): 22.82(4) 15.51(2)

α◦: 90 105.82(4)

β ◦: 107.40(5) 90.58(6)

γ◦: 90 91.26(5)

Volume (Å3): 2943 1626

B.5 Grazing Incidence X-ray Diffraction
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Figure B.7. GIXRD of PCBM Film. Each peak fit with Pseudo-Voigt.
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Figure B.8. GIXRD of I6TBT Film. Each peak fit with Pseudo-Voigt.
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Figure B.9. GIXRD of I6TBT:PCBM Film. Each peak fit with Pseudo-Voigt.
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Table B.3. I6TBT Peak location and d-spacing from GIXRD.

I6TBT Peak Index 2θ ◦ d-Spacing (±0.1)(Å)

1 5.51 16.03

2 6.37 13.88

3 7.37 12.00

4 11.16 7.26

5 12.19 7.26

6 13.60 6.51

7 14.71 6.02

8 19.25 4.61

9 19.66 4.52

10 20.73 4.29

11 23.87 3.72

Table B.4. I6TBT:PCBM Peak location and d-spacing from GIXRD.

I6TBT:PCBM Peak Index 2θ ◦ d-Spacing (±0.1)(Å)

1 6.33 14.0

2 7.66 11.5

3 10.06 8.8

4 12.32 7.2

5 13.78 6.4

6 (PCBM) 19.55 4.5
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Figure B.10. GIXRD of I7TBT Film. Each peak fit with Pseudo-Voigt.
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Figure B.11. GIXRD of I7TBT:PCBM Film. Each peak fit with Pseudo-Voigt.
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Table B.5. I7TBT Peak location and d-spacing from GIXRD.

I7TBT Peak Index 2θ ◦ d-Spacing (±0.1) (Å)

1 5.18 17.1

2 7.32 12.1

3 8.00 11.1

4 10.44 8.5

5 15.66 5.7

6 16.11 5.5

7 20.51 4.3

8 23.61 3.8

Table B.6. I7TBT:PCBM Peak location and d-spacing from GIXRD.

I7TBT:PCBM Peak Index 2θ ◦ d-Spacing (±0.1) (Å)

1 6.20 14.3

2 7.06 12.5

3 8.22 10.8

4 10.01 8.8

5 12.20 7.3

6 12.82 6.9

7 (PCBM) 19.36 4.6

8 23.70 3.8
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Figure B.12. GIXRD of I8TBT Film. Each peak fit with Pseudo-Voigt.

101



5 1 0 1 5 2 0 2 5 3 0
0

2 5 0 0

5 0 0 0

7 5 0 0

1 0 0 0 0

1 2 5 0 0

1 5 0 0 0

Int
en

sity
/co

un
ts (

A.U
.)

2θ°

 I 8 T B T : P C B M
 C u m u l a t i v e  F i t  P e a k
 F i t  P e a k  1
 F i t  P e a k  2
 F i t  P e a k  3
 F i t  P e a k  4
 F i t  P e a k  5
 F i t  P e a k  6
 F i t  P e a k  7

1

2

3 74 5
6

Figure B.13. GIXRD of I8TBT:PCBM Film. Each peak fit with Pseudo-Voigt.
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Table B.7. I8TBT Peak location and d-spacing from GIXRD.

I8TBT Peak Index 2θ ◦ d-Spacing (±0.1) (Å)

1 6.72 13.1

2 7.00 12.6

3 16.81 5.3

4 23.62 3.8

Table B.8. I8TBT:PCBM Peak location and d-spacing from GIXRD.

I8TBT:PCBM Peak Index 2θ ◦ d-Spacing (±0.1) (Å)

1 6.36 13.9

2 6.88 12.8

3 9.95 8.9

4 12.18 7.3

5 16.87 5.3

6 (PCBM) 19.48 4.6

7 23.64 3.8
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Figure B.14. GIXRD of I9TBT Film. Each peak fit with Pseudo-Voigt.
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Figure B.15. GIXRD of I9TBT:PCBM Film. Each peak fit with Pseudo-Voigt.
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Table B.9. I9TBT Peak location and d-spacing from GIXRD.

I9TBT Peak Index 2θ ◦ d-Spacing (±0.1) (Å)

1 4.64 19.0

2 5.31 16.6

3 7.06 12.5

4 9.11 9.7

5 12.34 7.2

6 12.99 6.8

7 14.08 6.3

8 15.43 5.7

9 18.73 4.7

10 19.95 4.5

11 20.97 4.2

12 22.34 4.0

13 24.34 3.7

14 28.07 3.2

15 28.99 3.1

Table B.10. I9TBT:PCBM Peak location and d-spacing from GIXRD.

I9TBT:PCBM Peak Index 2θ ◦ d-Spacing (±0.1) (Å)

1 7.63 11.6

2 10.46 8.5

3 15.85 5.6

4 (PCBM) 19.42 4.6
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Figure B.16. GIXRD of I10TBT Film. Each peak fit with Pseudo-Voigt.
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Figure B.17. GIXRD of I10TBT:PCBM Film. Each peak fit with Pseudo-Voigt.
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Table B.11. I10TBT Peak location and d-spacing from GIXRD.

I10TBT Peak Index 2θ ◦ d-Spacing (±0.1) (Å)

1 4.20 21.0

2 5.12 17.3

3 7.15 12.4

4 8.66 10.2

5 10.43 8.5

6 12.78 6.9

7 15.34 5.8

8 20.64 4.3

Table B.12. I10TBT:PCBM Peak location and d-spacing from GIXRD.

I10TBT:PCBM Peak Index 2θ ◦ d-Spacing (±0.1) (Å)

1 7.95 11.1

2 10.39 8.5

3 15.85 5.6

4 (PCBM) 19.51 4.5
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Figure B.18. GIXRD of I11TBT Film. Each peak fit with Pseudo-Voigt.
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Figure B.19. GIXRD of I11TBT:PCBM Film. Each peak fit with Pseudo-Voigt.
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Table B.13. I11TBT Peak location and d-spacing from GIXRD.

I11TBT Peak Index 2θ ◦ d-Spacing (±0.1) (Å)

1 4.25 20.8

2 5.05 17.5

3 7.19 12.3

4 8.49 10.4

5 12.03 7.4

6 14.75 6.0

7 17.73 5.0

8 20.34 4.4

9 21.04 4.2

10 25.18 3.5

11 28.58 3.1

Table B.14. I11TBT:PCBM Peak location and d-spacing from GIXRD.

I11TBT:PCBM Peak Index 2θ ◦ d-Spacing (±0.1) (Å)

1 4.02 22.0

2 4.95 17.8

3 7.27 12.2

4 8.24 10.7

5 10.33 8.6

6 15.52 5.7

7 (PCBM) 19.61 4.5

8 25.38 3.5

9 28.45 3.1
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Figure B.20. GIXRD of I12TBT Film. Each peak fit with Pseudo-Voigt.
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Figure B.21. GIXRD of I12TBT:PCBM Film. Each peak fit with Pseudo-Voigt.

114



Table B.15. I12TBT Peak location and d-spacing from GIXRD.

I12TBT Peak Index 2θ ◦ d-Spacing (±0.1) (Å)

1 4.04 21.8

2 4.93 17.9

3 7.12 12.4

4 9.16 9.7

5 11.32 7.8

6 12.90 6.9

7 15.48 5.7

8 19.00 4.7

9 21.68 4.1

Table B.16. I12TBT:PCBM Peak location and d-spacing from GIXRD.

I12TBT:PCBM Peak Index 2θ ◦ d-Spacing (±0.1) (Å)

1 4.26 20.74

2 7.96 11.11

3 9.74 9.08

4 15.45 5.74

5 (PCBM) 19.51 4.55

6 28.49 3.13
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Figure B.22. GIXRD of IHDTBT Film. Each peak fit with Pseudo-Voigt.
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Figure B.23. GIXRD of IHDTBT:PCBM Film. Each peak fit with Pseudo-Voigt.
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Table B.17. IHDTBT Peak location and d-spacing from GIXRD.

IHDTBT Peak Index 2θ ◦ d-Spacing (±0.1) (Å)

1 4.25 20.8

2 7.12 12.4

3 7.71 11.5

4 10.25 8.6

5 18.24 4.9

6 25.19 3.5

Table B.18. IHDTBT:PCBM Peak location and d-spacing from GIXRD.

IHDTBT:PCBM Peak Index 2θ ◦ d-Spacing (±0.1) (Å)

1 4.18 21.2

2 8.71 10.2

3 19.38 4.6
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Table B.19. Bragg’s d-spacing and coherence length extracted from the PCBM peak from pure
PCBM and mixed 2:3 InTBT:PCBM films.

Sample d-Spacing (Å) Coherence Length (nm)

PCBM 4.6±0.1 1.4±0.3

I6TBT:PCBM 4.5 ±0.1 1.9 ±0.2

I7TBT:PCBM 4.6 ± 0.1 1.8±0.6

I8TBT:PCBM 4.6±0.1 1.7±0.9

I9TBT:PCBM 4.6±0.1 1.5±0.8

I10TBT:PCBM 4.5±0.1 1.7±0.8

I11TBT:PCBM 4.5±0.1 1.6±0.8

I12TBT:PCBM 4.5±0.1 1.4±0.3

IHDTBT:PCBM 4.6±0.1 1.3±0.7

B.6 Small-Angle Neutron Scattering
B.6.1 Volume Balance

Volume fraction of InTBT in mixed and ellipsoidal domains was determined with the following

volume balance.

1 = φ
InT BT
Ellipsoid +φMixed (B.1)

φMixed = φ
InT BT
Mixed +φ

PCBM
Mixed (B.2)

1 = φ
InT BT
Ellipsoid +φ

InT BT
Mixed +φ

PCBM
Mixed (B.3)

The volume fraction of InTBT (φ InT BT ) in the film is determined by the initial weight ratio

40:60 InTBT:PCBM in the solution prior to film deposition. We assume this ratio remains

constant when the film is created. The volume fraction of InTBT is calculated by:

φ
InT BT = φ

InT BT
Ellipsoid +φ

InT BT
Mixed =

WInT BT
ρInT BT

WInT BT
ρInT BT

+ WPCBM
ρPCBM

(B.4)

Where wInT BT and ρInT BT are the weight fractions and solid state mass densities of InTBT,

and wPCBM and ρPCBM are the weight fractions and solid state mass densities of PCBM. The

estimated volume fractions are φ InT BT = 0.484 and 0.498 for I7TBT and I8TBT; and, φ PCBM
Mixed =

0.516 and 0.502 for I7TBT and I8TBT.
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The volume fraction of ellipsoids and the scattering length density contrast (∆SLD) are both

scalars in the Ellipsoidal form factor. Where,

∆SLD =| SLDEllisoids−SLDMixed | (B.5)

Since the ellipsoids are assumed to be composed of pure InTBT in the the I7TBT and I8TBT

samples, SLDEllisoids are estimated using the atomic density from single crystal XRD simulation

(Table A.2). ∆SLD is fit and SLDMixed is calculated using Equation B.5. SLDMixed can be split

into its components (InTBT and PCBM):

SLDMixed =
φ InT BT

Mixed
φMixed

SLDInT BT +
φ PCBM

φMixed
SLDPCBM (B.6)

Rearrange for φ InT BT
Mixed :

(
SLDMixed−SLDPCBM

(
φ PCBM

Mixed
φ Mixed

))
φ Mixed

SLDInT BT = φ
InT BT
Mixed (B.7)

We calculate φ InT BT
Mixed from scattering length densities and the ellipsoid volume fraction from

a given fit, plug back into Equation B.3 to check that it remains balanced.

Variables:

φ InT BT
Ellipsoid: Volume fraction of InTBT in ellipsoidal domains

φ InT BT
Mixed : Volume fraction of InTBT in mixed domains

φ PCBM
Mixed : Volume fraction of PCBM in mixed domains (for I7TBT, I8TBT, and I9TBT this is

also the total volume fraction of PCBM in the film)

φ Mixed = φ InT BT
Mixed +φ PCBM

Mixed

SLDMixed: Scattering length density of mixed domain.

SLDPCBM: Scattering length density of pure PCBM(calculated from PCBM atomic density)[2]

SLDInT BT : Scattering length density of pure InTBT domains (calculated from atomic den-

sity determined by measured unit cell dimensions)

Lognormal Distribution used in ellipsoidal models:

f (r,σ) =
1

Norm
1

r ∗σ
exp

(
−1

2

(
ln(r)− ln(rmed)

σ

)2
)

(B.8)
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Table B.20. Calculated scattering length density of pure domains. Based on crystal structure
information.

Material SLD (∗10−6Å−2)

PCBM 4.66

I7TBT 1.34

I8TBT 1.25

I9TBT Can’t assume pure ellipsoids

I10TBT Can’t assume pure ellipsoids

I11TBT Can’t assume pure ellipsoids

IHDTBT Need Crystal Structure Unit cell

With radius (r), median radius (rmed), distribution width (σ ). The mean radius (rMean) is

given by:

rMean = exp
(

ln(rmed)+
σ2

2

)
(B.9)

The peak of the distribution is located at:

rMax = exp
(
ln(rmed)−σ

2) (B.10)

The ellipsoidal scattering intensity is normalized by the distribution such that

P(q) =
scale

V

∫
f (r,σ)F2(q,r)dr+background (B.11)

Where F(q,α) is the ellipsoidal form factor.

F(q,α) = ∆SLD∗V
3(sin(q∗ y)−q∗ ycos(q∗ y))

(q∗ y)3 (B.12)

Where,

y =
(
R2

s sin2
α +R2

pcos2
α
)1/2

(B.13)

α is the angle between the axis of the ellipsoid and q. Rs is the short axis of the ellipsoid,

and RL is the long axis of the ellipsoid.
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Figure B.24. Lognormal distribution of short ellipsoid radii.
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Figure B.25. Lognormal distribution of long ellipsoid radii.
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Figure B.26. IHDTBT SANS data fit with fuzzy spherical form factor at low Q and spherical
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B.7 Atomic Force Microscopy
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Figure B.28. Lognormal distribution of the blue grain sizes.
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Figure B.29. Lognormal distribution of the red grain sizes.
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C.1 Molecular Structure of Materials
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Figure C.1. Chemical Structures of P3HT, PDPP-2T, FeCl3, and LiTFSI.

C.2 Experimental Methods
Electronic grade poly(3-hexylthiophene-2,5-diyl) (P3HT) (regioregular ≥96%, MW = 83 kDa)

was purchased from Rieke. Anhydrous lithium bis(trifluoromethanesulfonimide) (Li-TFSI) was
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purchased from TCI America. Anhydrous iron(III) chloride (FeCl3) was purchase from Alfa

Aesar. Anhydrous n-butyl acetate (nBA), anhydrous chloroform (CF), anhydrous chloroben-

zene (CB), and anhydrous dichlorobenzene (DCB) were purchased from Sigma Aldrich. All

chemicals were used without further purification. PDPP-2T was synthesized in house and syn-

thetic procedures are listed in Supporting Information section S2. Quartz substrates were pur-

chased from Quartz Scientific Inc., and silicon wafers were purchased from University Wafers.

Quartz and silicon substrates were cleaned in a series of ultrasonic baths of acetone, methanol,

isopropanol and deionized water, then dried with nitrogen and exposed to UV/ozone for 30 min.

P3HT films were prepared by spin coating 25 mg mL−1 solutions in DCB at 600 rpm for 60 s,

then 2000 rpm for 30 s. Film thicknesses of 180 nm were confirmed using a Veeco Dektak 150

surface Profilometer. P3HT films were submerged in 8 mL nBA solutions with varying com-

binations of LiTFSI (0-100 mM) and FeCl3 (0.1-5 mM) concentrations for 5 min at RT. After

removing samples from solution, they were spun at ∼5000 rpm for 30 s to remove excess sol-

vent. Spin coating and film doping were performed in a nitrogen-filled glovebox (O2 level < 10

ppm, H2O level < 5 ppm). PDPP-2T films were prepared by dynamic spin coating 5 mg mL−1

solutions in 4:1 CF:CB at 1000 RPM for 45 s, then thermally annealing in a nitrogen glovebox

at 125◦C for 1 h. Film thicknesses of 80 nm were confirmed using a Veeco Dektak 150 surface

Profilometer. PDPP-2T films were submerged in 8 mL nBA solutions with 0 mM or 100 mM

LiTFSI and 0.5 to 5 mM FeCl3 concentrations for 5 min at RT then thermally annealed at 50◦C

for 30 min to evaporate the solvent. 200µL of nBA was spun coat at 2000 RPM for 60 s on each

film to remove excess LiTFSI and FeCl3 deposits. UV-vis-NIR and conductivity measurements

were carried out on doped samples. UV-Vis-NIR spectra were measured under atmospheric

conditions using a PerkinElmer Lambda 750 spectrometer. Four-point probe collinear sheet re-

sistance measurements were performed in a nitrogen-filled glovebox. A Keithley 2420 source

meter was used for P3HT sheet resistance measurements. For the P3HT samples, electrodes (5

nm Cr/95 nm Au, 1 5 mm2, 1 mm spacing) were deposited on Si wafers via thermal evaporation

prior to spin coating the films. A Keithley 2450 source meter in combination with a Signatone

4-point probe system was used for PDPP-2T sheet resistance measurements.

X-ray photoelectron spectroscopy (XPS) was performed using a Kratos AXIS Supra spec-
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trometer equipped with a monochromatic Al Kα anode (1486.6 eV), hemispherical analyzer,

and a 128 channel delay-line detector. Samples were fastened onto the sample bar and loaded

from air into a flexi-lock. The flexi-lock was pumped down to 10−7 torr prior to automatic

transfer of samples to the analysis chamber. The pressure of the analysis chamber was kept be-

low 5x10−8 torr throughout experimentation. An electron gun with a bias of 1.2V and current

of 0.45A was used as a charge neutralizer. All binding energies were charge corrected by refer-

encing the C1s peak to 284.8 eV. The data were processed and analyzed using Kratos ESCApe

software.

C.3 PDPP-2T Synthesis
C.3.1 Materials and Methods

All chemicals were purchased from the Millipore Sigma and were used without further purifica-

tion unless noted otherwise. Catalyst components Ni(COD)2 (bis(1,5-cyclooctadiene)nickel(0))

and BBBPY (4,4-di-tert-butyl-2,2-dipyridyl) were purchased from the Millipore Sigma and

stored in a nitrogen-filled glovebox (< 0.5 ppm O2, < 0.5 ppm H2O). Anhydrous THF, the poly-

merization solvent, was purchased from Sigma-Aldrich and was degassed prior to transfer to

the glovebox. 3,6-Bis(5-bromothiophen-2-yl)-2,5-bis(2-hexyldecyl)- 2,5-dihydropyrrolo[3,4-

c]pyrrole-1,4-dione was synthesized according to reported procedures.[1]

Polymer molecular weight was determined on an Agilent 1260 Infinity II GPC/SEC system

equipped with a set of two PLgel 5 µm mixed-C columns using chloroform (stabilized with 250

ppm of ethanol) as eluent at 50◦C and calibrated with polystyrene standards. Polymer samples

were pre-dissolved at 0.50 mg/mL concentration in chloroform under stirring at 50◦C overnight.

C.3.2 PDPP-2T

A Yamamoto polymerization reaction was set up in a nitrogen-filled glovebox (<0.5 ppm O2,

<0.5 ppm H2O) following the modified protocol described in previous reports.[2, 3, 4] An oven-

dried 10 mL Wheaton V-vial equipped with a stir bar was charged with the solution of Ni(COD)2

(109 mg, 0.397 mmol), BBBPY (4,4-di-tert-butyl-2,2-dipyridyl) (106.5 mg, 0.397 mmol) and

3,6-bis(5-bromothiophen-2-yl)-2,5-bis(2-hexyldecyl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione

(300 mg, 0.33 mmol) in 10 mL of THF. The vial was sealed with a Teflon-lined Mininert pres-
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sure screw cap and transferred out of the glove box. The reaction mixture was stirred at room

temperature for 24 h. The resulting polymer was precipitated into 100 mL of methanol con-

taining 5 mL 12 N HCl with vigorously stirring. After 1 h, the polymer was filtered through a

cellulose extraction thimble and subjected to Soxhlet extraction using methanol, acetone, hex-

ane, and chloroform, in that order. After the final extraction, the chloroform solution of the

polymer was precipitated into 100 mL of methanol with vigorous stirring. The polymer product

was collected by filtration through a nylon membrane and dried overnight under high vacuum

(100 mTorr) at 60◦C to afford the PDPP-2T polymer (221.6 mg, 89.4%, Mn = 95400, Mw/Mn

= 4.5).

C.4 UV-Vis-NIR Full Gaussian Fits
Similar to previous studies,[5] we constrained the peak positions to remain constant across all of

the studied samples. Previous studies have determined that increased doping level can increase

or decrease the structural and energetic disorder of the polymer.[6, 7, 8, 9] Upon increased

doping, we measure a blue-shift in the remaining neutral P3HT sites absorbance. This blue–shift

is interpreted as first doping the band edge states at lower doping concentrations before doping

sites with increased structural disorder. The width of the P2 and P3 transitions remains constant

and the peak areas increase with increasing doping level until the doping level saturates at ∼ 1

mM FeCl3 concentration. P1 provides the best measure of polaron absorbance across all spectra

with a peak center position at 0.47 eV. The P1 width and area increase as a function of the doping

level up through the 5 mM FeCl3 concentration. Again, the increased peak width indicates that

P3HT+ sites are not identical. The increased absorbance width of the P1 peak along with

the blue-shift of the neutral P3HT absorbance both indicate that highly planar polymer sites are

preferentially doped at low doping concentrations to yield similar polaron structure/absorbance.

With increased dopant density, less favorable neutral sites are doped and yield polaron sites with

greater structural/energetic heterogeneity.[10]
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Figure C.2. Full UV-Vis-NIR spectral fits of P3HT films soaked in a solution various FeCl3
concentrations in n-butyl acetate.
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Figure C.3. Full UV-Vis-NIR spectral fits of P3HT films soaked in a solution with 0.1 mM
LiTFSI and various FeCl3 concentrations in n-butyl acetate.
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Figure C.4. Full UV-Vis-NIR spectral fits of P3HT films soaked in a solution with 1 mM
LiTFSI and various FeCl3 concentrations in n-butyl acetate.
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Figure C.5. Full UV-Vis-NIR spectral fits of P3HT films soaked in a solution with 10 mM
LiTFSI and various FeCl3 concentrations in n-butyl acetate.
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Figure C.6. Full UV-Vis-NIR spectral fits of P3HT films soaked in a solution with 25 mM
LiTFSI and various FeCl3 concentrations in n-butyl acetate.
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Figure C.7. Full UV-Vis-NIR spectral fits of P3HT films soaked in a solution with 50 mM
LiTFSI and various FeCl3 concentrations in n-butyl acetate.
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Figure C.8. Full UV-Vis-NIR spectral fits of P3HT films soaked in a solution with 75 mM
LiTFSI and various FeCl3 concentrations in n-butyl acetate.
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Figure C.9. Full UV-Vis-NIR spectral fits of P3HT films soaked in a solution with 100 mM
LiTFSI and various FeCl3 concentrations in n-butyl acetate.
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Figure C.10. Full UV-Vis-NIR spectral fits of PDPP-2T films soaked in a solution with various
FeCl3 concentrations in n-butyl acetate. The unknown state is discussed in section S4.
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Figure C.11. Full UV-Vis-NIR spectral fits of PDPP-2T films soaked in a solution with 100
mM LiTFSI and various FeCl3 concentrations in n-butyl acetate.
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C.5 PDPP-2T FeCl3 Absorption Discussion
There is a unique feature at 1.13 eV in the PDPP-2T films doped with only FeCl3. Like the

polaron peaks P1, P2, and P3, this feature grows in with increasing FeCl3 concentration. Since

it is spectroscopically different from P3 and doesn’t appear to have free charges associated with

it, it may corresponds to a new species. We cannot confirm what this transition corresponds to,

it could be a charge transfer state or might be the result of a change in morphology, but it is

clearly not associated with free holes.

C.6 Fractional Doping Level (Θ) and Isotherm Fitting
To simplify these spectral changes with respect to doping level we define Θ as the fraction of

doped P3HT sites over the total available P3HT sites. Θ can be linearly approximated from

optical absorbance by θ = AP
AP+AN

, where AN represents the neutral P3HT sites (sum of the

0-0, 0-1, and 0-2 peak integrals) and AP represents the charged P3HT+ sites (integral of P1).

Although this approximation assumes that polaron and neutral absorbances have identical oscil-

lation strength, Θ allows us to directly compare the extent of doping between multiple samples.

The calculated Θ from the UV-Vis-NIR data is shown in Figure 4.2a and 4.2b. Each data point

corresponds to an individual P3HT film, doped by soaking in a bath with either FeCl3 or mixed

FeCl3/LiTFSI solutions. In films sequentially doped with 5 mM FeCl3 concentration and no

LiTFSI present, 63 ±3 % of the polymer sites are doped (Θ = 0.63± 0.03). As LiTFSI con-

centration is increased to 100 mM at constant 5 mM FeCl3 concentration, the percentage of

doped sites increases to 75% (Θ = 0.75± 0.04). As FeCl3 concentration is decreased from 5

mM, Θ remains larger in samples with LiTFSI present until a threshold is crossed at ∼ 0.5 mM

FeCl3. This lower threshold is encountered due to water contamination in LiTFSI. FeCl3 un-

dergoes hydrolysis in the presence of water and since LiTFSI has a high affinity for water, it is a

likely source of contamination. This explains the quicker drop off in Θ as FeCl3 concentration

approaches zero for samples with large quantities of LiTFSI.

To determine the equilibrium coefficients KI and KII , we derive a generalized Anion Ex-

change Isotherm model (Equation C.1) in terms of known quantities. This model represents

the fraction of doped sites over total sites (Θ) for a polymer system undergoing charge transfer
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with a molecular dopant, followed by a subsequent exchange of anions with a monovalent ionic

liquid. The derivation is located in the Supporting Information (Equations C.3-C.25).

Θ = S
KI([D]−w[C+A−])+ KIKII([D]−w[C+A−])([C+A−]−w[C+A−])

ΘC0
t −KI([D]−w[C+A−])(1−Θ)C0

t

1+KI([D]−w[C+A−])+ KIKII([D]−w[C+A−])([C+A−]−w[C+A−])
ΘC0

t −KI([D]−w[C+A−])(1−Θ)C0
t

(C.1)

Where, S is the saturated doping level (0 to 1), [D] is the prepared dopant concentration ([FeCl3]),

[C+A−] is the prepared electrolyte concentration ([LiTFSI]), w is the fraction of water contam-

ination in the electrolyte, and C0
t is the concentration of total polymer sites extrapolated over

the volume of the dopant solution. The concentration of P3HT sites is estimated assuming

four monomers per site using the film volume (γ), film monomer density (ρ), the number of

monomers per site (n), and dopant solution volume (V) with C0
t = γρ

nV mM, assuming a film

mass density of 1.1 mg1cm−3. Discussion on how estimated site size influences this isotherm

fit is located in Supporting Information section S9. When there is no dopant present (ie: [D] = 0)

then Θ = 0+0
1+0+0 = 0, and when there is no electrolyte present (ie: [C+A−] = 0) Eq. 4.3 sim-

plifies to the Langmuir Isotherm (Equation C.2), previously used to model sequential doping in

SPs.[11]

Θ = S
KI[D]

1+KI[D]
(C.2)

The equilibrium constants can be used to calculate the standard state free energy change

(∆G◦) for doping and subsequent anion exchange.[12] For the purpose of this manuscript we

use it to determine the spontaneity of the doping and exchange processes. Discussion on the

meaning of ∆G◦ is located in Supporting Information Section S7.

C.6.1 PDPP-2T Θ and Isotherm Fitting

Each PDPP-2T spectrum was fit with a series of Gaussians using the methods discussed above.

For simplicity, the PDPP-2T P1 peak center was best fit at 0.33 eV and kept constant between

samples. The peak center position has minimal effect on the analyzed fit peak area. However

further study is needed to explore the evolution of P1 in the infrared as a function of doping

level.[13] The cumulative fits are shown as the dashed line in Figures 3a and 3b. Fits to each

individual spectrum are located in Figures C.10 and C.11. We calculate Θ from the absorption

data (Figure 3d). As expected, with no LiTFSI present the higher energetic barrier for charge
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transfer limits the doping efficiency, reaching only a 4.3% doping level (θ=0.043) with a 5

mM FeCl3 solution. However, in the presence of 100 mM LiTFSI, PDPP-2T reached a 70%

doping level (θ=0.70) at 5mM FeCl3. Exposing PDPP-2T to 100 mM LiTFSI without FeCl3

has minimal effect on the PDPP-2T absorbance. (Figure C.19)

We fit Θ for the PDPP-2T samples with the Anion Exchange Isotherm model (Figures 3d

and 3e). The concentration of the PDPP-2T D-A monomers (C0
t ) is estimated at 0.00878mM.

The extracted KI and KII are 9.41± 1.62 and 2.92± 0.61 M−1 corresponding to ∆G◦I and ∆G◦II

of −0.058±0.004 and −0.028±0.005 eV, respectively. Unlike P3HT, PDPP-2T approaches a

saturated doping level of∼100%. We hypothesize that the stiff, ribbon like configuration of the

PDPP-2T polymer likely provides easier access to all the polymer sites by reducing the excluded

volume which is caused by high-torsion dihedral angles along the polymer backbone.[3, 8] In

other words, we believe that reducing structural disorder enables higher doping levels. Future

studies are needed to address the influence of morphology on AED. Figure 3f shows the cal-

culated % TFSI− anions in the PDPP-2T film after AED. Unlike the P3HT sample, >90% of

doped sites have exchanged FeCl−3 with TFSI−. This calculation is confirmed by the absence

of FeCl3 absorbance in the AED doped PDPP-2T films and x-ray photo-electron spectroscopy

(Figures C.20 and C.23).

C.6.2 Anion Exchange Doping Isotherm Derivation

FeCl3 +P3HT
K1−⇀↽− P3HT+FeCl−3 (C.3)

P3HT+FeCl−3 +Li+TFSI−
K2−⇀↽− P3HT+TFSI−+Li+FeCl−3 (C.4)

Equation C.3 shows the charge transfer reaction between P3HT and FeCl3. Equation C.4

shows the anion exchange mechanism replacing the FeCl−3 counter ion with TFSI−.

This can be generalized to any polymer/dopant/electrolyte system:

D+P
KI−⇀↽− P+D− (C.5)

P+D−+C+A−
KII−−⇀↽−− P+A−+C+D− (C.6)
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Where P represents unoccupied polymer sites, D is the molecular dopant, and C and A represent

the electrolyte cation and anion. The equilibrium constants generated from equations C.5 and

C.6 are:

KI =
[P+D−]
[P][D]

(C.7)

KII =
[P+A−][C+D−]
[P+D−][C+A−]

(C.8)

To model the equilibrium composition, we assume that all available polymer sites are ener-

getically equivalent and the energy of adsorption is equal for all sites. Additionally, species

adsorbed to adjacent sites do not interact with each other and polymer sites can only be occu-

pied by a single adsorbate, whether it be D− or A−. We now define Θ as the fraction of occupied

(doped polymer sites) over all sites. Θ is related to species concentrations by equation C.9.

Θ = S
Doped Sites
Total Sites

= S
[P+D−]+ [P+A−]

[P]+ [P+D−]+ [P+A−]
(C.9)

Θ can be experimentally measured using UV-Vis-NIR absorption spectroscopy by

Θ =
AP

AP +AN
(C.10)

where AP and AN are integral of the P1 polaron and the sum of the integrals of the neutral

polymer absorption peaks, respectively. Now we can rewrite Eq. C.9 in terms of the equilibrium

constants. First rearrange Eq. C.8 to:

[P+A−] =
KII[P+D−][C+A−]

[C+D−]
(C.11)

Now plug Eq. C.11 into C.9 to get:

Θ =
[P+D−]+ KII [P+D−][C+A−]

[C+D−]

[P]+ [P+D−]+ KII [P+D−][C+A−]
[C+D−]

(C.12)

Next, rearrange Eq. C.7 to :

[P+D−] = KI[P][D] (C.13)

Now plug Eq. C.13 into C.12 and simplify to get:

Θ =
KI[D]+ KIKII [D][C+A−]

[C+D−]

1+KI[D]+ KIKII [D][C+A−]
[C+D−]

(C.14)
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Eq. C.14 needs to be written in terms of known concentrations. The concentrations of dopant

[D] and electrolyte [C+A−] are know from the processing conditions. The volume of the pre-

pared dopant electrolyte solution is in excess, therefore the concentrations are assumed to be

constant. The concentration of the exchanged dopant anion [C+D−] is unknown. We now define

the concentration of doped sites Cd as

Cd = ΘC0
t = [P+D−]+ [P+A−] (C.15)

where C0
t is the concentration of total polymer sites (millimoles of monomer in film per volume

of processing solution), known from processing conditions. The number of monomers in the

film is estimated from film density and thickness. Now plug Eq. C.13 into C.15 and rearrange

for [P+A−].

[P+A−] = ΘC0
t −KI[P][D] (C.16)

Now the concentration of available polymer sites [P] is related to Θ by:

[P] = (1−Θ)C0
t (C.17)

and

[P+A−] = [C+D−] (C.18)

Plug Eq. C.17 into C.16 and rearrange for to [C+D−].

[C+D−] = ΘC0
t −KI[D](1−Θ)C0

t (C.19)

Now plug Eq. C.19 into C.14.

Θ = S
KI[D]+ KIKII [D][C+A−]

ΘC0
t −KI [D](1−Θ)C0

t

1+KI[D]+ KIKII [D][C+A−]
ΘC0

t −KI [D](1−Θ)C0
t

(C.20)

FeCl3, like many other molecular dopants, is highly susceptible water contamination. Since

the electrolyte is likely the source of water contamination, we add an additional term to correct

the prepared concentrations to the actual concentration. We assume all water contamination

reacts with the dopant and correct the dopant concentration to [D]∗ = ([D]−w ∗ [C+A−]) and

in turn we correct the electrolyte concentration to [C+A−]∗ = ([C+A−]−w∗ [C+A−]), where w
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is the water contamination in the electrolyte in mol%. By plugging those two expressions into

equation C.20 we get:

Θ = S
KI([D]−w[C+A−])+ KIKII([D]−w[C+A−])([C+A−]−w[C+A−])

ΘC0
t −KI([D]−w[C+A−])(1−Θ)C0

t

1+KI([D]−w[C+A−])+ KIKII([D]−w[C+A−])([C+A−]−w[C+A−])
ΘC0

t −KI([D]−w[C+A−])(1−Θ)C0
t

(C.21)

When there is no electrolyte present (ie:[C+A−] = 0) Eq. C.21 simplifies to the Langmuir

Isotherm[]:

Θ =
KI[D]

1+KI[D]
(C.22)

Now rearrange the expression for Θ.

Θ= S

√
−[C+A−]K1K2 (D− [C+A−]w)(w−1)M+2D2C0

t K1
2 +2DC0

t K1 +2[C+A−]2C0
t K1

2w2 +N
2C0

t D2K1
2−4C0

t D[C+A−]K1
2w+4C0

t DK1 +2C0
t [C+A−]2K1

2w2−4C0
t [C+A−]K1w+2C0

t
(C.23)

with

M = (4C0
t +4[D]C0

t K1− [C+A−]2K1K2w+[C+A−]2K1K2w2 + ...

...+[D][C+A−]K1K2−4[C+A−]C0
t K1w− [D][C+A−]K1K2w)

(C.24)

and

N = ([C+A−]2K1K2w− [C+A−]2K1K2w2− [D][C+A−]K1K2−2[C+A−]C0
t K1w+ ...

...+[D][C+A−]K1K2w−4[D][C+A−]C0
t K1

2w)
(C.25)

Source code for fitting can be found at https://github.com/kul-group/Anion-Exchange-Doping-

Isotherms/.

C.6.3 % TFSI Calculation

Using the extracted equilibrium constants KI and KII , the concentration of P3HT+ sites with

FeCl−3 counter anions ([P+D−]) can be calculated using Equations C.7 and C.17. Subsequently,

the concentration of P3HT+ sites with an exchanged TFSI− anion ([P+A−]) can be calculated

using Equation C.8. The percentage of P3HT+ sites with exchanged anions (ie: the percent of

doped sites with TFSI− anion) is shown in Equation C.26.

[P+A−](%) =
[P+A−]

[P+A−]+ [P+D−]
∗100 (C.26)
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C.7 Discussion of ∆G◦

The equilibrium constants can be used to calculate the standard state free energy change.[12]

∆G◦I is a measure of the charge transfer between the solvent swollen polymer with dissolved

dopants and the dopant moving from solution to the solid state. ∆G◦II is a measure of the

exchange of one ion from solution with a different ion in solid state. Both processes are highly

influenced by solvent miscibility with the electrolyte, the dopant, the dopant counter ion, and

the polymer. We’ve previously demonstrated that the presence of dopants changes the degree to

which a P3HT film swells in a given solvent, with doped films swelling more/less than undoped

films in polar/nonpolar solvents.[14] Additionally, miscibility differences between the dopant

counter ion and the electrolyte cation also influences this equilibrium. The anion exchange

isotherm simplifies all of these processes to a simple equilibrium expression and allows us to

determine the spontaneity of the doping and subsequent exchange processes in a given system

at a particular state point.

C.8 P3HT Anion Exchange (Assuming one monomer site)

Table C.1. Θ fit statistics.

Parameter Value

Number of Points 35

Degrees of Freedom 31

Reduced Chi-sqr 0.00122

Residual Sum of Squares 0.03771

R-Square (COD) 0.98034

Root-MSE (SD) 0.0.03488
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Figure C.12. a) 3D and b) 2D scatter plots of Θ extracted from UV-vis-NIR and corresponding
anion exchange isotherm fit, c) shows the Θ fit contour with respect to the prepared FeCl3 and
LiTFSI concentrations, and d) depicts the percentage of doped P3HT sites with TFSI− anions.
The gray region in d) corresponds to the range in which no P3HT sites are doped.
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C.9 Anion Exchange Isotherm Site Size Comparison
KII and estimated polymer site concentration (C0

t ) are mutually dependent parameters in our

anion exchange isotherm. This makes the fit to KII dependent on the estimated C0
t . We designed

our experiments so that the dopants/electrolytes are more abundant than the polymer sites; since

all of our films are less than 200nm thick and they were doped by immersing in a much larger

volume of dopant/electrolyte solutions (8 mL), changes in C0
t should have a minor influence

on the extracted equilibrium constants. Assuming the site size is one or four P3HT monomers

corresponds to a C0
t of 0.096 and 0.024 mM respectively. Increasing the size of the P3HT site

from one to four monomers provides the same fit quality with our isotherm model, shown in

figures C.14 and C.15. Using the larger site size our isotherm fits to a reduced KII of 0.2± 0.06

M−1 and a ∆G◦II or 0.04 ± 0.007 eV (Table C.2) compared to one monomer site size.
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Figure C.14. Comparison of the Θ fit using one P3HT monomer site size and a four P3HT
monomer site size.
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Figure C.15. Comparison of the Θ fit using one P3HT monomer site size (colored lines) and a
four P3HT monomer site size (black dashed lines).

Table C.2. Θ fit parameters for P3HT film, defining site size as one P3HT monomer or four
P3HT monomers.

Parameter P3HT (one monomer site) P3HT (four monomer site)

KI (M−1) 971 ± 85 971 ± 85

∆G◦I (eV) -0.18 ± 0.01 -0.18 ± 0.01

KII (M−1) 0.79 ± 0.16 0.2 ± 0.06

∆G◦II (eV) 0.006 ± 0.007 0.04 ±0.01

C0
t (mM) 0.096 0.024

w (mole fraction water in LiTFSI) 0.0038 0.0038

Saturation (S) 0.79 0.79

C.10 Discussion of Θ: Is Θ ∝ P1 or ∝ ∑(P1,P2,P3)?
In the manuscript, we estimate the fractional population of hole states using Θ = AP1

AP1+AN
, where

AP1 and AN are the integrals of the P1 polaron peak and the sum of the neutral peaks. The

P1 absorbance corresponds to energy transitions into the hole state formed within the polymer

HOMO, while the P2 and P3 absorbances correspond to energy transitions of e− into polymer

LUMO states. We believe that using P2 and P3 absorption integrals in addition to P1 would

overestimate the population of holes in the HOMO. This would make our analysis show higher

hole populations than we believe to be physical. Since we only want to count the population of
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holes on the polymer, we focus our analysis on P1.

For comparison, we’ve calculated Θ = ∑(AP1,AP2,AP3)
∑(AP1,AP2,AP3,AN)

and fit with our isotherm model,

(Figures C.16 and C.17). The fit parameters are presented in Table C.3. If we assume hole

population is also related to P2 and P3 than extracted Θ from the UV-Vis-NIR increases by 5

to 50 %, with larger increases observed at lower doping concentrations. The extracted change

in free energy from initial doping decreases by 0.02 eV to -0.2 eV while the change in free

energy from exchanging anions remains constant at 0.04 eV. Since, including P2 and P3 in this

estimation increases the max Θ, the saturated doping level increases up to 0.81.
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Figure C.16. 3D scatter plot of Θ calculated from UV-Vis-NIR of doped P3HT films with
respect to prepared FeCl3 and LiTFSI concentrations, assuming 1) the population of holes is
related to the sum of the P1, P2, and P3 integrals and 2) cation site size corresponds to four
P3HT monomers.
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Table C.3. Comparison of Θ fit parameters for P3HT films, using either P1 or the sum of P1,
P2, and P3 to define Θ.

Parameter P3HT (Θ ∝ P1) P3HT (Θ ∝ ∑(P1,P2,P3))

KI (M−1) 971 ± 85 2365 ± 200

∆G◦I (eV) -0.18 ± 0.01 -0.20 ± 0.01

KII (M−1) 0.2 ± 0.06 0.23 ± 0.07

∆G◦II (eV) 0.04 ±0.007 0.04 ± 0.01

C0
t (mM) 0.024 0.024

w (mole fraction water in LiTFSI) 0.0038 0.0037

Saturation (S) 0.79 0.81
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C.11 Anion Exchange Simulations

a) b)

c) d)
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Figure C.18. a) Simulated Θ using the Anion Exchange Isotherm and c) corresponding per-
centage of doped polymer sites with exchanged anions for a P3HT film doped with a stronger
dopant than FeCl3 exchanged with an anion with a 40x larger K2. b) Simulated Θ and d) corre-
sponding percentage of doped polymer sites with exchanged anions for a polymer doped with
a weaker dopant (K1=0.5 mM−1) and exchanged with an anion with a 40x larger K2. Note: KI

and KII are given in units of mM−1

Figure C.18a shows the simulated fraction of doped sites over total sites (Θ) in a P3HT

film sequentially doped with an even stronger molecular dopant (ie: KI = 1360 M−1) and an

electrolyte with a∼40 times greater anion exchange equilibrium constant than LiTFSI (ie: KII =

390 M−1), assuming the system has no water contamination and the same number of P3HT sites
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(C0
t = 0.096 mM) are available to dope. This demonstrates ∼100% doping efficiency can be

obtained at much lower dopant and ionic liquid concentrations by tuning the anion exchange rate

(Θ = 0.99 at 2 mM FeCl3 and 2 mM ion concentration). Figure C.18c shows the corresponding

percent of exchanged anions and demonstrates 63% of counter anions can be exchanged at 2

mM FeCl3 and 2 mM ion concentrations.

Figure C.18b demonstrates the simulated Θ in a SP system sequentially doped with a weaker

molecular dopant (KI = 500 M−1, ∆G = -0.16 eV) and the same stronger anion exchange pro-

cess. This system is analogous to reducing the chemical potential for charge transfer between

the polymer and dopant. Even with a weak polymer-dopant system, the doping efficiency ap-

proaches 100% at 2 mM dopant 2 mM ion concentrations (Θ = 0.98). The corresponding per-

cent of exchanged anions is shown in Figure C.18d demonstrates even greater anion exchange

(75% at 2 mM dopant and 2 mM ion concentrations) is obtainable from a system with a weak

molecular dopant and strong anion exchange.

C.12 Extra UV-Vis-NIR Tests
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Figure C.20. High energy UV-Vis zoomed into FeCl3 spectral peaks in doped P3HT films, and
the absence of FeCl3 peaks in doped PDPP-2T film.
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C.13 Sheet Resistance IV Curves and Discussion of Conduc-
tivity Enhancements

Gosh et al. demonstrated increased hole delocalization in P3HT by increasing the distance

between the hole and the dopant counter ion.[13] Although the spectral shifts associated with

increased hole delocalization cannot be observed in our UV-Vis-NIR data due to limited spectral

range of our detector, we suggest that the distance between the positive P3HT polaron (hole) and

the anion may be increased by exchanging the FeCl−3 counter ion for the larger TFSI− anion,

thereby increasing the population of unbound holes and in turn the macroscopic conductivity.

The work of Aubry et al. describes the relationship between dopant anion size, location, and

position of the polaron peak.[15] Future research is needed to address the effects of exchanged

anion size on hole delocalization.
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Figure C.21. IV curves from P3HT films doped with various FeCl3 and LiTFSI concentrations
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C.14 Discussion of Carrier Density
Carrier density is directly proportional to the fraction of total polymer sites that possess a hole

(Θ). To calculate the carrier density from Θ, we first estimate the minimum site size, which we

define as the minimum number of monomer units that can hold a hole state. Two recent arti-

cles address this question directly by investigating the change in optical absorbance for doped

oligothiophenes with increasing chain length. Density Functional Theory (DFT) simulations

always predict a non-integer charge transfer state, which is not consistent with integer charge

transfer observed in P3HT.[16] Measurement of co-deposited films show that integer charge

transfer develops for chains with at least 10 thiophenes (10T), but for shorter oligomers only

non-integer charge transfer states are detected.[17] We believe, however, that the hole volume

along a polymer backbone is < 10T. These measurements imply that a 10T section of a P3HT

polymer is needed to host a hole state. Using a P3HT density of 1.1 g cm−3 and a site size

of 10T, we estimate a maximum cite density of 3.3x1020. Helpfully, Kang et al. measured

a 3.3x1020 hole density in F4TCNQ doped PBTTT.[18] Their UV-vis spectrum clearly shows

strong absorbance for neutral PBTTT, therefore less than ∼50% of the sites are doped. Since

P3HT and PBTTT are electronically and chemically very similar, it is reasonable to consider

the site density to be similar, thus the total site density of P3HT must be higher than 3.3x1020.

For the PDPP-2T polymer, we assume that each monomer T-DPP-T is a single site. This

assumption is justified by recent first principle simulations of alternating co-polymers.[19] Us-

ing a film density of 1.1 g/cm3 we estimate a site density of 8.2x1020 for PDPP-2T. A 10%

uncertainty in film density translates to a 10% uncertainty in cite density.

An assumption that a four thiophene (4T) section of P3HT is the minimum site size, yields

an estimated 8.5x1020 holes/cm3, nearly identical to that of PDPP-2T. For the remainder of this

paper we assume a total site density of 8.5x1020 for P3HT and recognize that more accurate

estimates of site density will improve our models predictive power.

The variable range hopping model (Equation C.27) was fit to the P3HT mobility data.[20,

21, 22]

µ =
σ0

e

(
(T0/T )4 sin(πT/T0)

(2α)3 Bc

)T0/T

pT0/T−1 (C.27)
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The estimated PDPP-2T mobility increased from 0.009 to 0.117 cm2V−1s−1 at 0.5 mM and

5 mM FeCl3, respectively. These reported mobilities for PDPP-2T are lower than expected,

since our conductivity measurements were made in the plane of the film, this may be explained

by a predominantly face-on molecular packing.[23, 24] Additionally, our PDPP-2T sample has

a relatively low molecular weight (Mw = 21.2 kDa, PDI = 4.5) and we expect higher mobilities

can be obtained by increasing the polymer chain length.[25]

C.15 X-ray Photoelectron Spectroscopy
We performed x-ray photo-electron spectroscopy (XPS) on the PDPP-2T film sequentially

doped with 5 mM FeCl3 and 100 mM LiTFSI (Supporting Information Figure C.23) in an

attempt to quantify Fe to F ratio in the film. The F 1s peak is clearly visible at 688.4 eV with

FWHM of 1.78 eV while the expected Fe 2p3/2 peak at 711.3 eV is barely visible. Due to the

low signal to noise ratio of iron, we are unable to determine the concentration ratio without con-

siderable uncertainty. However, the absence of the Fe signal confirms that a significant fraction

of FeCl−3 is exchanged with TFSI− and that our AED exchange model predicts the anion ratio

within our ability to measure.
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Figure C.23. X-ray photoelectron spectroscopy of PDPP-2T film doped with 5 mM FeCl3 and
100 mM LiTFSI in the range of iron and fluorine
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D.1 Preamble
I’ve worked on several unpublished projects over the past 6 years. This chapter contains the

ensemble of unpublished data and information obtained during my doctoral research. Some

sections of this chapter will include data for future publications, while others contain learned

information that will help future graduate students in Prof. Adam Moule’s research group. This

chapter will be ordered in chronological order with respect to my PhD timeline.

D.2 Small Angle Neutron Scattering of P3HT Nanofiber Dis-
persions

My first project in the Moulé group, was to fit a set of small angle neutron scattering (SANS)

data (Figures D.1) that had been previously obtained by an older graduate student. The goal

of this project was to study structure formation in solutions of P3HT and P3HT doped with

F4TCNQ, as temperature was slowly cooled. Contrast was varied by changing the deuterium

content in the surrounding solvent. The neutral P3HT solutions used a 3:1 deuterated toluene:

deuterated octane solvent mixture. While the doped P3HT solutions were prepared with a 3:1

deuterated toluene: protonated octane solution.

D.2.1 Conclusions

Fits to the neutral P3HT solution SANS data is shown in Figure D.2. SANS shows an inflection

in structure formation, above 40◦C the polymer remains dissolved. At high temperatures the

high Q SANS data was fit to a flexible-parallelepiped model. Fit parameters for the dissolved

P3HT including, chain width, height and contour length is shown in Figure D.3 and Table D.1.

The low Q data was fit to a power law to obtain the dimensionless fractal parameter (D f ). At

80◦C, D f of 2 corresponds to solvated gaussians chains, as the temperature cools to 60C, D f

of 3 demonstrates a coalescing of the polymer chains into a clustered network. As temperature

is brought down to 40◦C the P3HT chains aggregate into parallelepiped structures (Figure D.4),

fit parameters are shown in Figure D.2.

To supplement the SANS data, I collected temperature dependent ultraviolet-visible (UVvis)

data of P3HT solutions in both a cooling cycle (Figure D.5) and a heating cycle (Figure D.6).

The cooling cycle demonstrates onset of fiber aggregation below 40◦C, with aggregates be-
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coming more J-like as temperature continues to drop to 20◦C. The heating cycle demonstrates

increased H-like aggregation as temperature increases from 20◦C to 70◦C. The dissolution onset

at 40◦C with complete dissolution achieved by 75◦C.
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Figure D.1. Temperature dependent SANS data of neutral and doped P3HT solutions.
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Figure D.2. Fits to the Neutral P3HT SANS data.
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Figure D.3. Illustration of high temperature dissolved P3HT fit parameters.

Table D.1. Dissolved P3HT fit parameters. Showing the ensemble average chain width, height,
contour length, and kuhn length. The dimensionless fractal parameter (D f ) fits to the low Q
region of the SANS data.

T (◦C) Height (Å) Width (Å) Contour Length (Å) Kuhn Length (Å) D f

80 7.5 ± 0.2 11.9 ± 0.4 872 ± 20 76 ± 1 2.2 ± 0.5

60 6.0 ± 0.1 19.1 ± 0.3 840 ± 10 88 ± 2 3.1 ± 0.1

Figure D.4. Illustration of low temperature P3HT fiber fit parameters.
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Table D.2. P3HT Fiber fit parameters. Showing the ensemble average fiber width, height,
contour length, and kuhn length.

T (◦C) Height (Å) Width (Å) Contour Length (Å) Kuhn Length (Å)

40 37.1 ± 0.1 185.4 ± 0.5 8E7 ± 6E7 402 ± 3

20 46.8 ± 0.2 460.6 ± 0.6 1E6 ± 6E5 354 ± 2
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Figure D.5. Temperature dependence UV-vis of 2mg/mL P3HT in 3:1 tol:oct solution as the
solution is cooled down at a 20C/hr ramp rate, with 30 min soaks at 60, 40, and 20C.
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Figure D.6. Temperature dependence UV-vis of 2mg/mL P3HT in 3:1 tol:oct solution as the
solution is heated up at a 20C/hr ramp rate, with 30 min soaks at 20, 40, and 60C.

I was unable to obtain useful fits for the doped P3HT SANS data due to the sample config-

uration (Figure D.1). The use of protonated octane in the solution preparation greatly increased

incoherent scattering from the neutrons, effectively increasing the background noise floor of

the measurement. This increased background floor prevented extraction of scattering dimen-

sions below 20 nm length scales. Since the relevant characteristic length scales of the P3HT

parallelepipeds are shorter than 20 nm, I was unable to obtain a quantitative comparison.

D.3 Grazing Incidence Small Angle Neutron Scattering
In 2017, I collected grazing incidence small angle neutron scattering (GISANS) data on a neat

P3HT film and an F4TCNQ doped film, while they were exposed to a saturated deuterated

chlorobenzene (dCB) vapor environment (Figures D.7 and D.8). This data was meant to sup-

plement the neutron reflectometry data discussed in Chapter 1, by contributing in-plane solvent

swollen domain size. However technical issues that occurred during data collection reduced my
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confidence in the data quality and led me to leave it out of the publication.

The two distinct peaks in the Qx=0 line cuts correspond to the incoming neutron beam (lower

peak) and the specularly reflected beam off of the film surface. As expected the specularly

reflected peak shifts to lower Qz as wavelength is increased. I was expecting to analyze the

scattering as a function of the Qxy coordinate, however due to an unexpected beam line issue

we were unable to collect data for a long enough period of time to increase signal to noise ratio.

Additionally, the beam line was not prepared for this kind of measurement and the potential for

instrumental artifacts is high.
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Figure D.7. GISANS data from a neat P3HT film swollen with dCB as a function of wave-
length.
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D.4 Small Angle Neutron Scattering of P3HT:PEO Melts
This work was intended as a side project. The goal was to collect and analyze SANS data for

our collaborator, Natalie Stingelin. The Stingelin group had demonstrated that when the con-

jugated polymer poly(-3-hexylthiophene) (P3HT) was blended with an insulating bulk polymer

such as poly(ethylene oxide) (PEO) or poly(ethylene) (PE), it solidifies into a more planar con-

formation and undergos an order/disorder transition from microstructures dominated by H-like

aggregation to J-like (Figure D.9).

Figure D.9. Illustration of phase segregation upon cooling a mixed P3HT/PEO melt.

I collected SANS data at Oak Ridge National Lab. The sample was was a P3HT/PEO pow-

der mixture, prepared by our collaborators at Basque University. The sample was loaded into

the beamline and the temperature was slowly ramped up from 25◦C to 150◦C. The data and

subsequent ellipsoidal form factor fits are shown in Figure D.10. An illustration of the extracted

morphological parameters are shown in Figure D.12. There are no observed changes in the

SANS data as a function of temperature. The sample was composed of P3HT ellipsoids with

polar and equatorial radii RP ∼ 37 and RE ∼ 5 nm, respectively. The elliposoids were sur-

rounded by a matrix of mixed PEO/P3HT domains. Extracted volume fraction of the ellipsoid

domains and the volume fraction of P3HT in the mixed domain is shown in Figure D.13. In

order to extract volume fractions I made the assumption that there was no water present in the

sample. This is likely a poor assumption, since I visibly observed condensation in the sample

vial. I vaccumed the sample overnight before loading into the SANS instrument, however PEO

is highly miscible with water. Since there is no way to estimate the extent of the water con-
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tamination there is likely a large systematic error in the volume fraction analysis. There is an

observed shift in the P3HT lamellar stacking peak due to thermal expansion(Figure D.11). As

the temperature was increased the P3HT lamellar spacing increased from 16.4 to 17.4Å.

Since there are minimal structural changes observed in the SANS data, it is unlikely that our

collaborators are going to continue this project.
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Figure D.10. (top) Temperature dependent SANS P3HT:PEO mixtures, fit with an ellipsoidal
form factor. (bottom) Extracted ellipsoidal radii.
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Figure D.12. Illustration morphology extracted from SANS. P3HT ellipsoids surrounded by a
matrix of mixed P3HT/PEO domains.
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fraction of P3HT in the mixed P3HT:PEO matrix.
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D.5 Fabrication of Blade Coater
In 2018-2019, I managed a team of German exchange students to design and fabricate a lab

scale blade coater (Figure D.14).This involved providing guidance through the design process,

acquiring and fabricating parts, and writing LabView software to control automated compo-

nents. The purpose of building this equipment was to expand my groups solution deposition

methods to one that is capable of depositing consistent micron thick films.

In the end, this blade coater is capable of depositing smooth polymer films with thicknesses

on the order of 100s of nanometers to micrometers. Several instrument parameters can be tuned

to adjust film thickness and quality. There are three manual knobs for controlling the height and

angle of the coater blade. The substrate stage can be heated to a desired temperature to control

solvent evaporation rate. The stage is mounted on a linear actuator. The acceleration, velocity,

travel distance, and deceleration of the stage is controlled by a custom LabView program.

Figure D.14. Image of fabricated blade coater, including automatic linear stage actuator, and
custom temperature controller.

D.6 Upscaling Photothermal Lithography
From 2017 to 2020, I worked on developing a projection photothermal pattering system. The

goal was to fabricate a machine capable of photo-thermally patterning semiconducting polymer

thin films with a smallest feature size of 1 µm and overall patterned area approaching 1 cm2.

The project included two iterations of machine design, with many component upgrades over the

3 year span. The result is a ∼$75K Projection Photothermal Lithography Microscope (PPLM).
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Photothermal patterning is a process where an image is projected onto a semiconducting

polymer thin film while it is immersed in a solvent. The solvent quality must be such that

the film doesn’t dissolve at room temperature but will dissolve at a mildly elevated temperature

(40-100◦C). In the locations where the light is projected onto the film, photons are absorbed and

create excitons. The excitons that relax to ground state through non-emissive processes results

in local heating of the film. Once the local temperature surpasses the dissolution temperature

(DT), the polymer dissolves, leaving behind a negative patterned image.

There are several experimental parameters that can be tuned to influence pattern feature size

and sharpness, but it all comes down to controlling polymer dissolution rate. The miscibility

between the polymer and solvent influences the DT. The DT must be low enough to be obtained

by optical absorption, yet large enough so that mild macroscopic heating does not induce full

film dissolution. I’ve determined that DT is easiest to control by tuning the composition of a

binary solvent mixture (see subsection D.6.2). Minimizing polymer polydispersity is ideal for

narrowing the dissolution temperature range. The wavelength, power, and exposure time of the

laser influences the amount of energy absorbed into the film. If the absorption bandwidth of a

given semiconducting polymer does not overlap the input laser wavelength, than no patterning

will occur. Likewise, photon density must be high enough to create a local heating rate that

surpasses the rate that heat diffuses into i) the solvent, ii) the neighboring polymer domains,

and iii) the glass substrate.

The greatest challenge of PPLM is creating consistent patterns. It’s not that this technique

isn’t capable of creating consistent patterns. However, there remain a few optical artifacts that

need to be corrected in this system. I will discuss the details of the fabrication and suggested

modifications in the subsection D.6.1. After fabricating the microscope, my plan was to system-

atically quantify the effects of laser power, exposure time, objective lens magnification, solvent

quality, and photomask feature size on the pattern feature size/sharpness and overall patterned

area. Unfortunately, the inability to obtain consistent patterns has limited my quantitative anal-

ysis.

In addition to fabricating the PPLM machine, I initiated several patterning related projects

for a variety of organic electronic applications, including photovoltaics, optical gratings, nanowires,
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electrodes, and transistors. I designed eighteen custom photomasks that should lead to several

publications. I will discuss the photomasks and their potential projects in the subsection D.6.3.

D.6.1 Fabrication of Projection Photothermal Lithography Microscope

In order to prove the efficacy of the projection photothermal lithography concept, I constructed

the prototype shown in Figure D.15a). This prototype consisted of a cheap 2.5W 445nm diode

laser, a mirror to guide the laser, a photomask composed of a 1000 mesh TEM grid sandwiched

between two glass slides, and a 10X microscope objective lens to project the image onto a

semiconducting polymer film. All of the components were positioned manually. I guided a

particularly talented undergraduate, Justin Mulvey, to obtain a series of patterned P3HT films

using this prototype. This is the first demonstration of controlling depth and feature size of

patterns obtained through projection photothermal lithography by varying laser exposure time

and solvent quality. Figure D.17 presents AFM height images of patterned P3HT films with re-

spect to exposure time, and mixing ratio of dichlorobenzene (DCB) and methyl-tetrahydrofuran

(mTHF). Further discussion of the influence of solvent mixing ratio is located in subsection

D.6.2.

There were a few technical challenges revealed during this prototyping process. First off,

this design suffered from alignment issues. The scaffolding for positioning the optical compo-

nents frequently moved. Also, it was particularly challenging to maintain orthogonal alignment

of the optical components with respect to the laser beam. In addition to alignment issues, the

output beam of 445nm laser diode had an oblong beam shape with an inhomogeneous optical

density and resulted in large variations of pattern depth and sharpness over each individual ex-

posure area. The projection photothermal lithography microscope was developed to overcome

these technical challenges.

Figure D.15b) illustrates the individual components of the projection photothermal lithog-

raphy microscope. Several components were upgraded to improve optical alignment and laser

homogeneity. I upgraded the laser system to a 1-5W (1% stability) variable 405nm laser diode

from CNI Laser. The beam is homogenized through a square beam optical fiber and additional

equipment was added to remove optical speckle. The beam is output through a collimator to

produce a corner to corner beam size of 14 mm with a beam divergence of 5 mrad at a 100 cm
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a) Ini�al Design: Proof of Concept b) Final Design: Projec�on Photothermal Lithography Microscope
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Figure D.15. Schematics of a) the first prototype of projection photothermal lithography setup
and b) the final projection photothermal lithography microscope.

working distance. The beam passes through a NM-Laser high powered LSTXYW8 laser shutter

with CX3000B shutter control board before being directed into the back of a Leica DM2700

microscope. Three mirrors are used to carefully position the beam path to remain orthogonal to

optical components within the microscope. Three neutral density filters (OD 0.5, OD 2, OD 3)

are installed inside microscope (They can be flipped in/out of the beam path). An internal iris

was removed and replaced with a custom fabricated photomask insertion and alignment system.

Photomasks can be exchanged through the side of the microscope. The photomask alignment

system consists of mask holder mounted on a ball bearing track. The mask holder is attached to

an electronic Actuonix linear actuator. Once the photomask is installed into the microscope, the

actuator is electronically controlled to move the photomask into the image plane. Light from

the laser travels through the photomask, out the microscope objective lens, and is projected onto

the film surface. The film/solvent cell is mounted on a Marzhauser programmable stage. The
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stage can be manually controlled via joy stick for initial positioning of the sample. I guided

another undergraduate researcher, Daniel Tiffany-Appleton, to write a LabView program that

synchronizes stage movements with the pulsing of the automatic shutter. The overall patterning

area of a single exposure varies (0.1-1mm2) depending on the objective lens magnification. The

synchronization of stage and shutter movements automates multiple exposures and increases

the overall patterning area to the stage dimensions (∼10 cm2). At this point the only thing lim-

iting overall patterning area is the size/quality of the solvent cell. Although, this system greatly

improved optical alignment and beam homogeneity the system needs a few more adjustments

to improve consistency and repeatability of the pattern formation.

A new optical artifact was discovered using the PPLM, this will be refereed to as a ’ghost

pattern’. These ghost patterns are a second set of pattern features that are slightly offset (1-

3µm) from the main pattern and have a shallower pattern depth (Figure D.16). This artifact is

likely caused by multiple reflections off of glass/air and glass/solvent interfaces in the solvent

cell. This artifact should be fixed by redesigning the solvent cell so that both of the windows are

always exactly parallel to each other and orthogonal to the laser beam. This is particularly chal-

lenging given the current constraints for minimizing the distance that the light travels through

the solvent layer in the cell before reaching the semiconducting polymer film. I suggest building

the next set of cells using a stiffer metal than aluminum ie: stainless steel.
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-150

-200

-250

-300
5 µm

Figure D.16. AFM height image of ghost pattern artifact.
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There are a few more equipment upgrades that will improve pattern consistency and repeata-

bility. First, the linear actuator that moves the photomask into the image plane in the microscope

has a poor tolerance and repeatability (±0.1 mm). Also, it is controlled on an analogue scale

from 0 to 100% extension of the actuator. The current Actuonix PQ12 actuator was chosen due

to budget constraints and because it fit within the limited space in the microscope. I suggest

replacing this actuator with something that has memory of the exact position/extension of the

actuator with a precision and repeatability of ±0.01 mm. Next, it is clear that there is a vari-

ation in the image clarity across the projected photomask shadow on the polymer film. This

is due to a minor misalignment of either the photomask or the solvent cell (± < 5◦), making

either of them not perfectly orthogonal to the laser beam. This can be improved by fabricating

a new photomask holder/solvent cell with higher precision parts. For upgrading the these com-

ponents, I suggest using parts fabricated from a more rigid metal than aluminum. Finally, the

current collimator creates laser beam that is not perfectly collimated (Divergence = 5 mrad).

It is currently positioned 100cm from the image plane in the microscope (desired location of

photomask). Since the beam continues to diverge after reaching this plane a significant portion

of the light (∼50%) doesn’t reach the objective lens. This significantly reduces the photon flux

incident on the semiconducting polymer film. This can be fixed by introducing new optics to

correct the divergence.

D.6.2 Effects of Binary Solvent Quality on Photothermal Patterning

Polymer dissolution temperature (DT) can be controlled by tuning the mixing ratio of a binary

solvent mixture. One of the solvents must be a poor solvent for the polymer, with a DT>∼

100◦C, while the other solvent should have a polymer DT less than room temperature. As the

concentration of the good solvent increases the DT decreases, approaching the DT of the pure

solvent/polymer system.

Figure D.17 show AFM height images of P3HT patterns that were created using the prelimi-

nary optical set up. The exposure time was varied from 15 to 60s and a dichlorobenzene:methyl-

tetrahydrofuran (DCB:mTHF) binary solvent mixture was adjusted from 0 to 20% DCB. DCB

is a good solvent for P3HT and will fully dissolve the film at room temperature while mTHF

is a poor solvent for P3HT. Pattern depth increases with increasing DCB content and longer
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exposure times. I must mention that these AFM images were cherry picked from each patterned

film. There were large variations in pattern depth and sharpness within each of the sample

configurations due to the alignment issues discussed in the previous subsection.

Figure D.17. AFM height images of P3HT films patterned with initial prototype equipment.
Pattern depth is adjusted Solvent quality was tuned by the adjusting the mixing ratio THF and
DCB. Three different exposure times

Figure D.18 demonstrates how P3HT dissolution temperature can be tuned between 35 -

85◦C by controlling the mixing ratio of binary solvent mixture of chlorobenzene and cyclohex-

anone. Figure D.19, demonstrate AFM height images of P3HT film patterns obtained using the

projection microscope with a 445nm laser diode and 20 second exposure times. The pattern

quality is varied by changing the DCB:CHN binary mixing ratio from a) 20:80, b) 25:75, and c)

30:70. As the CB content increases the DT decreases, which increased the pattern feature size

(from a given laser power/exposure time). Figure D.19d) and e) depict height cross sections

from the 25:75 and 30:70 solvent ratios respectively. By increasing the DCB content from 25 to

30% the mean feature size increases from 1.6 to 2.7 µm, and the mean center-to-center distance

between the features decreases from 8.56 to 7.62µm.
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Figure D.18. Dissolution Temperature of P3HT film, immersed in a binary solvent mixture
of chlorobenzene (CB) and cyclohexanone(CHN).
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Figure D.19. AFM height images of patterned P3HT with DCB:CHN solvent ratios a) 20:80,
b)25:75, c) 30:70. d) and e) depict AFM cross sections from the 25:75 and 30:70 ratio images
respectively.
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D.6.3 Photomask Designs

I pro-actively planned several pattern designs for a variety of application based publications.

This section provides an overview of the designed patterns. Their prospective applications are

listed in Table D.3. All of the photomasks were designed using Layout Editor and custom

manufactured by photomask portal. Each photomask is a 1x1 inch 40 mil soda-lime substrate

with chrome patterns deposited on one side. Optical images of the photomasks are depicted in

Figures D.20 through D.37.

Table D.3. Description of designed photomasks.

Potential Applica-

tions

Description of Desired Pattern Figures

Photovoltaics,

Photodetectors

Hexagonal and square matrices of holes. D.20, D.22,

D.35 and

D.36

Photovoltaics,

Photodetectors

Hexagonal and square matrices of islands. D.21 and

D.23,

Transistors Square matrix of square transistors. D.24

Optical Gratings Series of 1D patterns with a series of fea-

ture size and separations.

D.25, D.26,

D.33, and

D.34

Trident Transistor Matrix of trident shaped transistor de-

signed to increase transitors width/length

ratio.

D.27

Doped Polymer

Trident Transistor

Electrodes

This is the negative image pattern of the

trident transistor. Its purpose is to pattern

doped semiconducting polymer electrodes.

D.28

Nanowires 1D linear patterns for polymer nanowires

with a various nanowire widths and sepa-

rations

D.29-D.32
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Figure D.20. Hexagonal Matrix of 20um holes, 5um separation.

Figure D.21. Hexagonal Matrix of 5um islands, 20um separation.

Figure D.22. Simple Cubic Matrix of 20um holes, 5um separation.
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Figure D.23. Simple Cubic Matrix of 5um islands, 20um separation.

Figure D.24. Simple Cubic matrix of 20x20um transistors, 20 um edges, 20um separation.

Figure D.25. Optical Grating 20um Slit, 12.5um spacing.
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Figure D.26. Optical Grating 20um slit, 30um spacing.

Figure D.27. Trident transistor 1000um channel width, 20um channel length.

Figure D.28. Doped Electrode Trident Transistor: 20um transistor length, 10220um transistor
width.
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Figure D.29. Grating(nanowires): 200um slit, 20um spacing.

Figure D.30. Grating (nanowires): 100um slit, 20um spacing.

Figure D.31. Grating (nanowires): 200um slit, 10um spacing.
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Figure D.32. Grating(nanowires): 100um slit, 10um spacing.

Figure D.33. Optical grating: 20um slit, 5um spacing.

Figure D.34. Optical grating: 20um slit, 1um spacing.
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Figure D.35. Hexagonal matrix of 20um holes, 1um separation.

Figure D.36. Hexagonal matrix of 10um holes, 1um separation.
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Figure D.37. Simple cubic matrix of targets, 20um diameter center transparent ring, 5um solid
rings (10 total), 20um transparent separation, 50um spacing between targets.
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D.6.4 Smallest Obtained Feature Size from Projection Photothermal Pat-
terning

Figure D.38 demonstrates an AFM of the smallest obtained feature size using the projection

microscope to photo-thermally pattern P3HT. This pattern was obtained using a 5W 405 nm

laser and the photomask from Figure D.25, projected through a 100X magnification long work-

ing distance lens. The intent of this pattern was to create P3HT nanowires. After I obtained

this pattern I designed the photomasks from Figures D.29-D.32, to increase the separation dis-

tance between the wires. This would enable our collaborator Prof. Dong Yu to more effectively

measure nanowire conductivity.

This project was placed on hold after I started my internship at the National Renewable

Energy Laboratory, in early 2020. After, the COVID-19 pandemic started the project has been

suspended until further notice. This project still has great promise for creating networks of

semiconducting polymer nanowires.
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Figure D.38. Smallest achieved feature size. P3HT, 405nm 5W laser diode, new photomasks

D.7 Patterning P3HT/ITIC Bulk Heterojunction
In 2019, I worked with another particularly talented undergraduate, Alice Ferguson, on increas-

ing photovoltaic efficiency in organic photovoltaics (OPVs) by patterning the back side of the

film to increase light absorption. I attempted to create back patterned bulk heterojunction (BHJ)

OPV using the donor P3HT and acceptor ITIC but ran into a miscibility challenge.

The process for creating a patterned OPV film is illustrated in Figure D.39a). First a 1000nm

thick P3HT film is blade coated onto a substrate. Next the projection photothermal lithography

microscope is used to pattern ∼700 nm deep pattern features into the film. After patterning,

ITIC is spin coated onto the patterned surface and thermally annealed to drive ITIC diffusion

into the P3HT layer. Figure D.39b) shows the final device goal architecture.

To test whether sequential deposition of ITIC onto a P3HT induced a bulk heterojunction
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Figure D.39. a) Illustration of film deposition and patterning steps for creating a bulk hetero-
junction organic photovoltaic. b) Final desired OPV architecture.

vs bilayer architecture we performed fluorescence spectroscopy (Figure D.40). 1000 nm P3HT

films were blade coated from 25mg/ml solution in 3:1 CF:CB, blade height 1mm from substrate

surface and stage set to 40C. 20mg/ml ITIC solutions in methylene chloride (MC) were spun

coat on top of the P3HT films at 1000 RPM for 60s then annealed in the glove box for 10m at

100C.

Fluorescence data was collected in reflection mode. The films were excited at 540nm from

both the glass side of the film and the air side of the film. The fluorescence shows that the

glass side of the film is P3HT rich and the air side is ITIC rich. P3HT exhibits a broadband

fluorescence from 600nm to 725nm. P3HT fluorescence from the glass side of the sample

quenches after ITIC is deposited, indicating some intercalation of ITIC all through the 1000

nm thick P3HT layer. After thermally annealing, P3HT fluorescence further reduces indicating

increased ITIC diffusion into the P3HT domains. This reveals that a partial BHJ architecture

forms with P3HT rich domains. When probed from the air side of the sample, only ITIC

fluorescence is observed at 800nm, indicating the formation of a P3HT/ITIC bilayer. The pure
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ITIC sample was excited at 650nm.
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Figure D.40. Flourescence of 1000nm thick P3HT film, neat, with ITIC layer deposited ontop,
and after thermally annealing at 100◦C for 10 minutes. Measurements were made in reflection
mode with light incident through both the glass interface (P3HT rich side), and the air interface
(ITIC rich side).

We also tested P3HT fluorescence as a function of solvent exposure and thermal annealing

(Figure D.41). P3HT fluorescence mildly quenches when exposed to MC indicating mild re-

organization of the film morphology. However, more significant changes were observed in the

P3HT/ITIC film confirming partial BHJ formation upon deposition of ITIC.

Figure D.42 shows UV-vis of ITIC with a broadband absorption from 550nm to ∼775nm.

Absorption doesn’t change when thermally annealing under nitrogen or ambient environments.

I attempted to perform UV-vis of the 1000nm thick P3HT film, however the film thickness was

too great to perform transmission measurements. Since the extinction coefficient of P3HT is

large, all of the incident light within the absorption cross section was absorbed by the film. The

transmitted photon flux was below the detection limit of our equipment. Figure D.43 shows
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Figure D.41. Florescence of a 1000nm thick P3HT film, as deposited, exposed to MC, and
thermally annealed.

UV-vis of a 500nm thick P3HT film with and without ITIC deposited onto. Again, a 500nm

P3HT film is too thick; the low flux of the transmitted light at the P3HT absorption maximum

is near the limit of the detection limit of the equipment (causing noise at ∼500-550nm).
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In August 2019, I collaborated with Artem Levinsky and Prof. Gitty Frey at Technion,

Technical University of Israel, to collect cross-section scanning electron microscopy (SEM)

images of patterned P3HT/ITIC films. There was one major constraint I overcame in order

to complete these measurements. Projection photothermal lithography patterning is currently

limited to patterning polymer films on a transparent substrate, while cross section SEM must

be performed on a cleavable conducting substrate (extrinsic silicon). I developed the process

illustrated in Figure D.45 to transfer a pre-patterned P3HT/ITIC/Ag film onto a n-type silicon

substrate. First the P3HT film is blade coated onto a water soluble PEDOT:PSS film. The

P3HT film is then patterned with the projection photothermal lithography microscope before

spin coating ITIC onto the patterned film. AFM of the pattern before depositing ITIC is shown

in Figure D.44. Next, silver (Ag) is deposited onto the film, and a∼1nm hydrophobic surfactant,

1,2-ethanedithiol (EDT), is spin coated onto the silver layer. Ag is deposited onto the n-type

silicon substrate and a ∼1nm layer of EDT is spin coated on top. The P3HT layer is carefully

floated onto a water bath, allowing the PEDOT:PSS layer to dissolve. The silicon substrate is

then carefully lowered onto the floating film. Once the film adheres to the substrate, it is lifted

out of the bath. At Technion, Zinc was diffused into the polymer film using their atomic layer

deposition (ALD) equipment. The zinc provides better contrast for the SEM imaging. Once the

ALD was complete the film was manually cleaved for SEM. Figure D.46 shows an SEM image

of the cleaved bilayer through an unpatterned section of the film. We found it particularly

difficult to cleave the film directly through a set of pattern features. This images reveals the

P3HT/ITIC bilayer formation. To get a better view of the patterns, we cut out a section of the

film with a focus ion beam (FIB), the SEM cross-section of the patterned bilayer is shown in

Figure D.47.
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Figure D.44. AFM of Blade Coated 1000 nm thick P3HT film deposited from 3:1 CF:CB
(blade height: 0.9mm, Acceleration: 200 mms−2, Velocity: 30mms−1, Stage Temperature
40C). Patterned with 445nm laser (Photomask: hexagonal lattice of 20µm holes with 5µm
separation) through 10x Objective Lens, five 5s pulses (2s wait between pulses)
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Figure D.45. Scheme for transferring patterned film from transparent substrate to silicon sub-
strate to perform SEM.
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