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ABSTRACT OF THE DISSERTATION

Investigating the Factors Influencing Charge
Transport in Chemically-Doped Semiconducting Polymer Thin Films

and Their Impact on Thermoelectric Properties

by

Quynh Muc Duong
Doctor of Philosophy in Chemistry
University of California, Los Angeles, 2024

Professor Benjamin J. Schwartz, Chair

Semiconducting polymers are an intriguing class of materials that have been attracting
increasing attention over the years. As their name suggests, semiconducting polymers are used in
similar fields as their inorganic counterparts, but they offer several advantages that make them
particularly desirable. These polymers are solution-processable, flexible, and have intrinsically
low thermal conductivity, all of which are important for applications such as wearable
thermoelectric devices. The low thermal conductivity, in particular, contributes to the
thermoelectric efficiency of these devices, making them a natural choice for such applications.

However, like all materials in their developing stages, semiconducting polymers are not
without drawbacks. In their pristine form, the use of semiconducting polymers in thermoelectric
devices is limited by low electrical conductivity due to low intrinsic charge carrier density and

mobility. To address these issues, we employ various dopants and doping methods to introduce



carriers into semiconducting polymer thin films. Additionally, we developed a setup to rub-align
semiconducting polymer thin films to study the effects of changing the molecular morphology on
charge transport characteristics and doping. We characterize doped polymer films using techniques
such as four-point probe conductivity, temperature-dependent conductivity, Seebeck coefficient
measurements, Hall effect measurements, wide-angle X-ray scattering, and steady-state
spectroscopy.

The first part of this dissertation (Chapter 2) explores the effects of the ambient
environment, particularly humidity, on semiconducting polymer films doped with a novel doping
method recently reported in the literature called “anion-exchange.” The anion exchange doping
method greatly enhances doping efficiency and also allows control of over the choice of counterion
that accompanies the doped charge carrier. The counterion comes from an electrolyte solution,
however, the electrolytes used are often made from hygroscopic salts. We show that these
counterions can draw water into polymer films doped via anion exchange, which greatly reduces
conductivity by acting as traps for carriers.

The second part of the dissertation (Chapters 3 and 4) investigates the effect of rub-aligned
polymer thin films on doping and charge transport. Charge transport in semiconducting polymer
films is often limited by their semicrystalline nature, where poor mobility can be caused by
structural defects like bends or kinks that create energetic barriers. One way to reduce such defects
is through a novel “high-temperature rub-aligning” method to straighten and molecularly align the
polymer chains. Our study showed that conductivity greatly improves with this method, however,
we also found that literature reports of this improvement were exaggerated because the method to
measure anisotropic conductivity is highly dependent on electrode geometry, and previous work

did not take this into account. Additionally, rub-aligned films provide insights into the effect of



different polymorphs on the doping process. We found that rub-aligning creates two polymorphs
that happen to have face-on and edge-on structures. We found that face-on polymorph, whose
structure is more similar to the final doped structure, has a lower barrier to doping than the edge-
on polymorph, which requires a greater structural rearrangement to dope.

For the final part of this dissertation (Chapter 5), we used a holistic approach to
understanding the effect of different dopants, doping methods, and structure on charge transport
in doped semiconducting polymer thin films. By taking advantage of temperature-dependent
measurements and models based on the Boltzmann transport formalism, we demonstrated that the
factor dominating charge transport in doped semiconducting polymer thin films is highly
dependent on the type of dopants and the doping method. Our finding demonstrates that the
relationship between the Seebeck coefficient and conductivity of doped P3HT films can be
improved either by reducing Coulomb interactions or by adding additional charge transport
pathways through doping the of amorphous regions. The latter is shown by an increase in the

correlation length between domains.
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Figure 1. 1 Changes in the electronic band structure of a generic thiophene-based semiconducting
polymer undergoing p-type doping to form a radical cation (polaron). The formation of polarons
leads to new mid gap states, resulting in optical transitions (called P1 and P2) that can be observed
using UV-Vis spectroscopy. The P3 and P3’ transitions in most cases are not observed due to
selection rules based 0N SYMMELIY. ......cviiiei it e e e 2
Figure 1. 2. An illustration of the semicrystalline morphology in semiconducting polymer thin
films: yellow-highlighted indicates crystalline regions while purple denotes amorphous regions.
Polymer chains may exhibit structural defects, such as bends or kinks, indicated by the red-
highlighted polymer chain. These defects cause energetic disorder, leading to charge localization
due to the introduction Of energy Darriers. .........ccvoi i 3
Figure 1. 3. lllustration of interaction between the positive polaron on the polymer chain and the
dopant counterion in doped semiconducting polymer thin films. As this interaction is purely
electrostatic, the strength of the interaction depends inversely on the distance between the
counterion and the polaron that is residing on the polymer backbone. .............cccooeiiiiiiicineen, 5
Figure 1. 4. The chemical structures of the semiconducting polymer P3HT (a) and the dopant
F4TCNQ (b) are shown. The combination of P3HT doped using FaTCNQ is widely studied and
frequently used as a reference system for COMPAriSON. ..........ccccvvevveiiieii e 6
Table 2. 1. Electrical conductivities of anion-exchange- (AE) and conventionally- (Conv) doped
P3HT films measured under different environmental conditions. The dopant concentrations for AE
were 0.1 mg/mL F4sTCNQ + 30 mg/mL LiTFSI and 0.1 mg/mL F4sTCNQ + 5mg/mL LiPFs, while
the conventionally-doped samples used 0.5 mg/mL F4sTCNQ. Exposure to humidity dramatically

lowers the conductivity of anion-exchanged-doped samples, whereas conventionally-doped
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samples show no conductivity change within error. Hall mobility and carrier densities were all
obtained on the same set of samples. Unfortunately, due to logistical constraints, we are unable to
perform Hall measurements inside the Ar glove bOX............coooiiiiiiiiiii i 25
Figure 2. 1. Figure 1. UV Vis of 0.1 mg/mL F4TCNQ + 30 mg/mL LiTFSI (AE) and 0.5 mg/mL
F4sTCNQ (Conv) samples. The blue side of the P1 polaron absorption, which is associated with
trapped carriers, for (a) an anion-exchange-doped P3HT film and (b) a conventionally-doped
P3HT film that had been exposed to ambient conditions as a function of time after purging with
dry N2. Purging clearly decreases the blue P1 absorption for the anion-exchange-doped sample
while having no effect on the conventionally-doped sample, consistent with the idea that humidity
lowers the mobility of carriers in the anion-exchange-doped films (cf. Fig. 2.1.b). The inset in
Figure 2.1.a and 2.1.b show the same spectra extended deeper into the IR region, including the
absorption of the water O-H stretch near 2700 nm (this absorption appears to go in opposite
directions in the two panels because of the way the spectra were base-lined; see text)............ 28
Figure 2. 2. Electrical conductivity of conventionally- (0.5 mg/mL F4TCNQ, red circles) and
anion-exchange-doped (0.1 mg/mL F4sTCNQ with 30 mg/mL LiTFSI, green squares, and 0.1
mg/mL FsTCNQ with 5 mg/mL LiPFs, purple triangles) P3HT films as a function of percent
relative humidity in air. The ordinate plots the relative change in conductivity compared to that
measured at 15% RH, the lowest we could obtain with this set-up. The conductivity change is
highly linear down to ~20% RH, suggesting that the doped polymer films anion-exchanged with
LiTFSI could possibly be used as resistance-based humidity Sensors...........ccccccvevveiveevieccieenne. 32
Figure 3. 1. Polarized Visible-NIR absorbance of (a) an unaligned P3HT film (yellow curve) and
a rub-aligned P3HT film with light polarized parallel (||, red curve) and perpendicular (L, blue

curve) to the rub direction. The absorption anisotropy of the rub-aligned P3HT film is ~14 near
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the absorption maximum, indicating a high degree of chain alignment. Visible-NIR absorption of
aligned P3HT sequentially doped with FATCNQ at different concentrations using light polarized
(b) parallel and (c) perpendicular to the rub-alignment direction. The P2 band observed near 1.5
eV and the decrease of the ~2.2 eV neutral P3HT absorption seen in the parallel polarization are
both indicative of doping and thus, polaron formation. As seen previously, the polaron absorption
is only visible with parallel polarization, while the FACTNQ absorption only appears with
perpendicular polarization, indicating that the long axis of the FATCNQ molecule is oriented
perpendicular to the P3HT backbone, consistent with the conclusions in Refs. 21 and 45.........47
Figure 3. 2. (a) 2-D GIWAXS pattern for rub-aligned P3HT with the beam oriented along the rub
direction, showing that unlike non-aligned films that have only edge-on-oriented crystallites, the
rub-aligned film has both face-on- and edge-on-oriented crystallites. Integrated (b) (100) lamellar
and (¢) (020) n-stacking peaks of rub-aligned P3HT can be obtained by selective integration of the
data in (a) for both the edge-on- (red curves) and face-on-oriented (blue curves) crystallites. The
data make clear that the face-on-oriented P3HT crystallites have a larger lamellar side-chain

spacing and a slightly smaller n-stacking distance compared to the edge-on-oriented crystallites.

Figure 3. 3. (a)-(e) 2-D GIWAXS patterns of rub-aligned P3HT films sequentially doped with
different concentrations of F4TCNQ in CH3CN (acetonitrile, ACN), taken with the beam oriented
parallel to the rub direction. Face-on-oriented P3HT crystallites dope first, at 0.02 mg/mL
FATCNQ, followed by the denser edge-on-oriented P3HT crystallites, which dopes at 0.04 mg/mL
FATCNQ. (f) 2-D GIWAXS pattern of rub-aligned P3HT doped with 0.01 mg/mL FATCNQ in
dichloromethane (DCM). DCM swells the polymer more than ACN, allowing for faster doping

kinetics. In agreement with this idea, the less dense face-on polymorph is already about half doped



at this low FATCNQ, but the denser edge-on polymorph remains undoped, indicating that the
different doping levels are not a kinetic effect. See Figure S6 for the full DCM data set; all the
trends are the same, but values are shifted to lower F4ATCNQ concentrations. ..........c...ccceeeveennen. 51
Figure 3. 4. 1-D integrated GIWAXS patterns showing (a, ¢) the lamellar scattering of rub-aligned,
sequentially doped P3HT films. Panel a) shows the less-dense face-on-oriented polymorph
observed in the in-plane direction, and c) shows the denser edge-on-oriented polymorph observed
in the out-of-plane direction. Panels (b,d) show zoomed-in traces for the (200) peak for both
polymorphs. The double peaks indicate coexistence of undoped and doped phases. The face-on-
oriented P3HT polymorph dopes first at 0.02 mg/mL FATCNQ, followed by the edge-on-
polymorph at 0.04 mg/ml. (e) 1-D radially integrated GIWAXS patterns of the lamellar (300) peak
of undoped (black curve) and 0.05 mg/mL FATCNQ-doped (red curve) rub-aligned P3HT plotted
against the altitudinal angle y. Compared with undoped P3HT, the doped face-on-oriented
crystallites has a narrower y-distribution. Structural modeling indicates that the decrease in
lamellar angle during doping (inset structures, angles indicated on the y-axis by dashed lines) is
insufficient to produce the observed decrease in the y-distribution. The change is thus attributed to
improved alignment of the doped face-on crystallites with respect to the substrate. See the Sl for
modeling details. (f) Cartoons of the structural changes that occur in the face-on and edge-on
(o [o]ga P TR oToTa 1o (o] o] [ 1o APPSR 53
Figure 4. 1. Geometries of the three methods for anisotropic conductivity measurements on doped,
rub-aligned conjugated polymers explored in this work: a) the standard six-contact Hall bar
geometry; b) the rectangular geometry via the Montgomery method, where the source current and
voltage measurements are rotated by 90° (blue and black diagrams) along the principal x and y

axes; c) the four-line geometry similar to that used by Brinkmann and coworkers; [7,9—-14] d) the

Xi



rectangular four-line geometry; and e) the rectangular four-line confined geometry. Here, the
purple shading represents the aligned, doped P3HT film, the gray shading shows the positions of
the electrodes, the arrow indicates a current source, and V indicates a voltage measurement......75
Figure 4. 2. Schematic of the Wassher transformation of anisotropically-conducting samples with
conductivity pi along the principal axes with lengths Li" into an isotropically-conducting
equivalent with lengths Li. The key step of the Montgomery method is mapping the
anisotropically-conducting sample onto that of an isotropic equivalent using the Wasscher
transformation, which treats the anisotropic sample as isotropic but with dimensions proportional
t0 1tS aniSOLrOPIC rESISTIVILY. [23] ...cviiiiiiiiiiieeeee e 77
Figure 4. 3. Polarized UV-Vis absorption spectra (red curves, light polarized parallel (|) to the
rubbing direction; blue curves, light polarized perpendicular (1) to the rubbing direction) of rub-
aligned doped P3HT films; the green curves show the corresponding spectrum of an unaligned
doped P3HT film. Panel a) shows the results for conventional doping with F4ATCNQ, while panel
b) displays the results for doping via the anion-exchange method in the presence of LiTFSI. The
noise near 1.4 eV is due to a lamp change in the iNStrument. .............cccooceeieiiece e 81
Table 4. 1. Conductivity of non-aligned and rub-aligned doped P3HT films measured using both
the Hall bar (Fig. 4. 1a) and rectangular (Fig. 4. 1b) electrode geometries. 83

Table 4. 2. DC field-and-current reversed Hall effect measurements for conventional and anion-
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Figure 5. 1. Chemical structure of P3HT and the various dopants used in this study. Two different
doping methods are used in this study: conventional (using FsTCNQ, DDB-F3zs and DDB-F7,) and
anion-exchange. For the anion-exchange method, the dopant is F4aTCNQ dopant is used in the
presence of the salt LiTFSI, increasing the doping efficiency and allowing TFSI to exchange with
F4sTCNQ as the counterion. 106

Figure 5. 2. UV-Vis-NIR spectra of doped P3HT films using different dopants: a) DDB-F72, b)
DDB-F36, ¢) F4sTCNQ, and d) anion exchange (AE) at various doping levels. Both DDB-F72 and
DDB-F36 doped films show highly redshifted P1 indicating highly delocalized polarons. In
contrast, F4aTCNQ and anion-exchange doped films P1 is blueshifted compared to the DDBs doped
films, indicating the presence of trapped POIaroNS. ...........ccecveiiiieieeie e 110
Figure 5. 3. 1-D integrated GIWAXS data for pristine P3HT (black curve) films and for the most
highly-doped samples whose absorption spectra are depicted in Figure 5.2. The dopant
concentration used to obtain the most highly doped samples are 3.62 mM FsTCNQ, 0.5 mM DDB-
F72, 1 mM DDB-F36, and 3.62 mM anion-exchange doping. Both F4TCNQ and anion-exchange
doped samples show similar lamellar expansion to lower g-spacing, indicating that the counterions
are positioned at comparable distances from the polymer backbone. In contrast, DDBs doped
samples exhibit a much larger lamellar expansion due to the larger counterion size, suggesting
weaker Coulomb interaction. Additionally, both anion-exchange and DDBs doped samples show
signs of doping in the amorphous region in the in-plane GIWAXS data. The sharp peak at ~1.3
A1 is likely from scattering by excess LiTFSI on the film Surface...........cccccevvvevrieverrierenennn, 114
Table 5. 1. List of radii of gyration (Rg) obtained from GISAXS data for the highest doping levels

of the various doping cases. GISAXS data was fit using the Unified Fitting model (see Sl for fitting
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details) to obtain Rq values. The table also presents the key fitting parameters oo and WH siope Used
in the SLoT model to fit the Seebeck coefficient — conductivity data...............cceeevvereiiernnnen. 117
Figure 5. 4. Seebeck coefficient-conductivity (S-o) relationship for P3HT doped with various
dopants/counterions. The dashed lines are fitted using the SLoT model.*® Both the DDB-based
dopants and anion-exchange doping show significantly higher Seebeck coefficient for the same
conductivity compared to FsTCNQ samples. 119

Figure 5. 5. Hall effect measurements obtained for P3HT films doped with various dopants and
dopant concentrations. Here, however, the Hall mobility is plotted against the Hall carrier density
rather than dopant concentration, allowing us to compare the different doping methods on an
identical footing. DDB-based dopants and anion-exchange samples show significantly higher Hall
mobility per carrier density than the samples doped using the FATCNQ. ......c.ccoeeviieiveiieenene, 121
Figure 5. 6. shows the relationship between oo obtained from SLoT fitting and Rq. This indicates
that as the domain length increases, the intrinsic conductivity improves proportionally. The linear
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Figure S 1.a. shows conductivity values for higher concentration of dopants for conventional (1
mg/mL F4sTCNQ) and anion-exchange (0.5mg/mL F4sTCNQ + 30mg/mL LiTFSI and 0.5 mg/mL
F4sTCNQ + 5 mg/mL LiPFs) doped 97%RR P3HT in three different environment. Similar to the
result shown in Figure 1, only samples doped with hygroscopic salts (LiTFSI and LiPFg) show a
drop in conductivity when exposed to the ambient environment. The sample doped with the
conventional method (F4sTCNQ) remains unchanged within measurement error. Figure S 1.b.
shows the conductivity of various P3HT regioregularities doped with 0.5 mg/mL F4sTCNQ + 30
mg/mL LIiTFSI. Like the case for 97% P3HT when doped with anion exchange, the electrical

conductivity drops roughly by a factor of 2 for all regioregularities and doping concentrations once
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the samples are exposed to ambient air, indicating LiTFSI absorbs water independently of the
POy IMIE .. 139
Figure S 2. Conductivity values for the 97% P3HT doped with 0.1mg/mL anion-exchanged
LiTFSI (AE) sample were measured inside an argon box; exposed to ambient air for 5 minutes;
followed by 5-minute Ar purge; vacuumed/Ar purged cycles for 20 minutes. ...........ccccceevennene 140
Figure S 3. UV-Vis-NIR of P3HT samples doped with 0.5 mg/mL FATCNQ (red), 0.1 mg/mL
FATCNQ (green) anion-exchanged with 30 mg/mL LiTFSI, and 0.1 mg/mL FATCNQ anion-
exchanged with 5 mg/mL LiPF6 (blue) taken in ambient air. ...........c.ccccoovevveviiie v 142
Figure S 4. 2D and integrated GIWAXS Patterns of Unaligned P3HT. (a) GIWAXS data for
unaligned P3HT shows only edge-on texture. Lamellar peaks are out-of-plane and labeled as (100),
(200) and (300). Monomer and 7t-7 stacking peaks are in-plane and labeled as (002) and (020). (b)
GIWAXS data for P3HT doped with 0.01 mg/ml FsTCNQ from DCM. The lamellar peaks all
appear as doublets, indicating the co-existence of undoped and doped P3HT in a first-order phase
transition. (c-d) Integrated lamellar (c) and higher-angle (d) peaks for P3HT and P3HT doped with
F4sTCNQ at a range of concentrations. The 0.1 mg/ml F4sTCNQ sample is fully transformed to the
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Figure S 5. Peak fits for the 0.01 mg/ml FsTCNQ doped P3HT GIWAXS data showing the
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Figure S 6. 2D GIWAXS patterns of aligned P3HT collected in the parallel direction for an
undoped polymer film, and a films doped with FATCNQ at various concentrations in
dicloromethane (DCM). (a) Undoped P3HT, P3HT SqP doped from 0.01 mg/ml FATCNQ in

DCM, (b) P3HT SqgP doped from 0.02 mg/ml FsTCNQ in DCM, (c) P3HT SqgP doped from 0.03
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mg/ml F4sTCNQ in DCM, (d) P3HT SqgP doped from 0.04 mg/ml FATCNQ in DCM, (e) P3HT SqgP
doped from 0.05 mg/ml F4sTCNQ in DCM. The face-on P3HT polymorph dopes first at 0.01 mg/ml
F4TCNQ, followed by the edge-on polymorph at 0.02 mg/ml F4sTCNQ. Both concentrations are
lower than those observed upon doping with acetonitrily (ACN, main text figure 3) because DCM
swells the polymer more than ACN and allows for more facile doping.......c...cccccvevevviiieieenns 148
Table S 1. Lamellar and n-stacking distances of undoped and doped unaligned and rub-aligned

P3HT. All doped samples were doped using FATCNQ in acetonitrile at the stated concentrations.

Figure S 7. Polarized UV-Visible absorption spectra of rub-aligned P3HT films doped with
FATCNQ in DCM. Due to the better-swelling power of DCM, the rub-aligned films start doping
at a lower F4sTCNQ concentration compared to doping in ACN. At 0.01 mg/mL FATCNQ, the P2
is already visible in the parallel spectrum and the F4sTCNQ anion peaks are observed in the
perpendicular direction, both of which indicates that the polymer is doped. ............ccccovervrneee. 149
Figure S 8. Selected integrations of GIWAXS data collected on P3HT films doped with high
concentrations of F4aTCNQ (6 mg/mL, doped from ACN for edge-on and face-on, from nBA for
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Figure S 9. Radial integrations of the (100) lamellar peak for unaligned and rub-aligned P3HT
plotted against altitudinal angle y, collected with the beam aligned parallel to the rub direction.
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and (b) 0.05 mg/mL F4TCNQ-doped face-on P3HT. Experimental data was mirrored over the in-
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CHAPTER 1
Introduction
Due to their wide band gap and semicrystalline nature, semiconducting polymers exhibit
both low intrinsic carrier density and poor carrier mobility at room temperature. According to the

familiar equation for electrical conductivity (o),

o = qny, (1)
where g is the elementary charge, n is the carrier density, and p is the carrier mobility, these two
terms determine the material's conductivity. To increase carrier density, a common approach is to
chemically dope the semiconducting polymer. For p-type polymers, this involves using an
oxidizing agent with a favorable electron affinity compared to the polymer’s ionization energy.’
The polymer can then undergo integer charge transfer with the dopant to create a radical cation
(and dopant counterion). The resulting charge carrier is a positive hole, which coupled with the
accompanying distortion of the backbone, is also called a polaron.

The formation of a polaron is also accompanied by a change in the electronic band
structure.? In semiconducting polymers, doping leads to changes in the polymer backbone, shifting
from a predominantly aromatic to a quinoid structure.>® Unlike conventional inorganic
semiconductors, where an intrinsic atom is replaced with an impurity atom in the lattice to
introduce mid-gap states that become conductive, in contrast, the mid-gap states in semiconducting
polymers arise from the change in the polymer's electronic structure due to the backbone
transformation.

Figure 1.1 depicts a schematic of the changes in the electronic band structure of a

semiconducting polymer after doping and the formation of polarons. The appearance of two



midgap states following doping results in two new optical transitions, labelled P1 and P2, which
are detectable using UV-Vis-NIR spectroscopy. These transitions, which are characteristic of the
formation of polarons, are frequently used as indicators to confirm doping. Although other

transitions, labeled as P3 and P3', are theoretically possible, they are often weak or not observed

at all due to symmetry restrictions.*
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Figure 1. 1 Changes in the electronic band structure of a generic thiophene-based semiconducting
polymer undergoing p-type doping to form a radical cation (polaron). The formation of polarons
leads to new mid gap states, resulting in optical transitions (called P1 and P2) that can be observed

using UV-Vis spectroscopy. The P3 and P3’ transitions in most cases are not observed due to
selection rules based on symmetry.
Although enhancing carrier density does improve electrical conductivity, it represents only

half of the contribution to conductivity, equation (1); the other half is determined by carrier

mobility. Unlike carrier density, which can be relatively straightforwardly increased by using



strong enough dopants to oxidize the semiconducting polymer, enhancing the carrier mobility is
more complex. Carrier mobility largely depends on the polymer film's morphology, but other
factors such as the electronic structure, carrier-counterion interactions, and carrier density also
influence carrier mobility.

Semiconducting thin films are commonly fabricated using the spin-coating method. Films
processed using this method often have a "semi-crystalline” morphology, consisting of a
combination of crystalline regions and regions with varying degrees of structural disorder as shown

in Figure 1.2.
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Figure 1. 2. An illustration of the semicrystalline morphology in semiconducting polymer thin
films: yellow-highlighted indicates crystalline regions while purple denotes amorphous regions.
Polymer chains may exhibit structural defects, such as bends or kinks, indicated by the red-
highlighted polymer chain. These defects cause energetic disorder, leading to charge localization

due to the introduction of energy barriers.

Charge transport in the crystalline regions is considered to be band-like, where charge

carriers can move from one site to another with little to no trapping, resulting in high carrier



mobility. However, as the charge carriers move out of the crystalline region, they can encounter
structural defects, such as bends or kinks in the polymer chain. These structural defects not only
change the energy of the involved sites but also introduce an energetic barrier that the charge
carriers need to overcome in order to move forward. Provided there is enough thermal energy, the
charge carriers can surmount the barrier. However, if there isn’t enough thermal energy, the charge
carriers can become localized or trapped, leading to a drop in carrier mobility. The charge transport
mechanism in this case is described as hopping, and the mobility increases with increasing
temperature, which contrasts with band-like mobility that decreases with increasing temperature.
In addition to structural defects, the electrostatic interaction between the charge carrier and
the counterion in the polymer matrix is another factor that can affect carrier mobility.>® In
conventional chemical doping, after the formation of a radical cation or polaron, the dopant, which
gains an extra electron, remains in the polymer matrix and serves as the counterion. Since the
polaron and counterion have opposite charges, they are attracted to each other. The strength of this
interaction, following Coulomb’s law, has an inverse relationship with the distance between the
two charges. For counterions that are closely adjacent to the polymer backbone, this interaction is

much stronger and thus can result in highly trapped charge carriers.
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Figure 1. 3. lllustration of interaction between the positive polaron on the polymer chain and the
dopant counterion in doped semiconducting polymer thin films. As this interaction is purely
electrostatic, the strength of the interaction depends inversely on the distance between the

counterion and the polaron that is residing on the polymer backbone.

Although often forgotten, the carrier density itself also plays a role in carrier mobility. As
polymer doping increases, so does its dielectric constant. At high doping levels, the dielectric
constant helps reduce Coulomb interactions through charge screening.” A recent literature report
has proposed a model based on the Boltzmann transport formalism that provides a more direct
relation between carrier density and charge transport.® The model follows a Marcus theory-based
approach, describing each hopping site as a potential well. Increasing the carrier density causes
nearby sites or potential wells to overlap, thus lowering the barrier to hopping.

All these factors typically interact simultaneously, making them difficult to deconvolute.
This dissertation aims to understand and disentangle the various elements affecting charge
transport in doped semiconducting polymer films, offering strategies to address these challenges

and insights into improving charge transport. Since the focus is on factors beyond the polymer



itself, we used poly(3-hexylthiophene-2,5-diyl) (P3HT) as our main semiconducting polymer.
P3HT is extensively studied and serves as an excellent workhorse polymer for exploring new
dopant systems and other effects. In addition to the polymer, we used 2,3,5,6-tetrafluoro-7,7,8,8-
tetracyanoquinodimethane (F4sTCNQ), also widely studied, as our main dopants. This combination

of P3HT and F4aTCNQ will serves as a reference system in our studies.
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Figure 1. 4. The chemical structures of the semiconducting polymer P3HT (a) and the dopant
F4TCNQ (b) are shown. The combination of P3HT doped using F4aTCNQ is widely studied and

frequently used as a reference system for comparison.

In Chapter 2 of this dissertation, we investigate the effect of the ambient environment,
specifically humidity, on the electrical conductivity of semiconducting polymer films doped using
a novel method called “anion-exchange.”.® This method has been reported to greatly enhance
doping efficiency in semiconducting polymer films. The anion-exchange doping method involves
two main steps. The first step is similar to the conventional sequential processing doping
method, ' where the polymer film is doped using an initiator dopant such as Fa TCNQ. However,
in this case, doping occurs in the presence of a concentrated electrolyte or salt. The high dielectric
constant of the electrolyte solution, which swells the polymer film, lowers the barrier to ionization,
promoting charge transfer reactions. In the second step, the dopant's anion is exchanged with one

of the salt's anions, making it the new counterion for the doped polymer.



Although films doped using this method are reported to be both highly doped and
electrically stable over time, there is one caveat: the salts used in the electrolyte solution typically
contain highly hygroscopic anions. Despite this, there had been no reports on the impact of
humidity on semiconducting polymer films doped using the anion-exchange method. In this work,
we investigated the impact of humidity by utilizing three different anions with varying degrees of
hygroscopicity. Our results show a strong correlation between the percent drop in electrical
conductivity and the hygroscopicity of the anions used. Further investigation using Hall effect
measurements indicates that the changes in electrical conductivity are primarily due to changes in
carrier mobility rather than carrier density, suggesting that humidity is not dedoping the films.
Using UV-Vis-NIR spectroscopy, we demonstrated that the humidity or water absorbed into the
film acts as trap sites, leading to more localized polarons than in films without absorbed water.
Although the drop in mobility upon humidity exposure is generally undesirable, these doped
semiconducting films can serve as resistance-based humidity sensors, as the water absorption
effect is reversible.

Chapters 3 and 4 shift focus to the impact of changing the morphology of semiconducting
polymer thin films to enhance charge transport. As previously discussed, structural defects such
as bends or kinks can lead to the localization of charge carriers and reduce carrier mobility. One
novel method to minimize these structural defects is to molecularly align the semiconducting
polymer films by mechanical rubbing. This novel method, first reported by Brinkmann’s group,
has been shown to significantly enhance the electrical conductivity of doped semiconducting

polymer thin films 1%



Rub-aligning is a post-film processing method. After the film is fabricated, it is heated to
near its glass transition temperature and subjected to a shearing force applied by a rotating
microfiber wheel with a controlled downward force. This shearing process pulls the polymer
chains in the rubbing direction, helping to straighten and align the film. The result is a film with
enhanced crystalline morphology and a preferred orientation of polymer chains.

Chapter 3 first explores the changes in morphology of rub-aligned films. We used polarized
UV-Vis-NIR spectroscopy and Grazing-Incidence Wide-Angle X-ray Scattering (GIWAXS) to
study these changes and their impact on the doping process. Polarized UV-Vis-NIR spectroscopy
takes advantage of the fact that the transition dipole of P3HT is mainly along its polymer backbone.
Successful alignment is indicated by significant absorption when light is polarized in the rubbing
direction and minimal absorption when light is polarized perpendicularly. Our setup was able to
achieved a relatively high dichroic ratio of up to ~14, indicating significant alignment.
Additionally, we observed an increased in polymer conjugation length based on changes in the
P3HT neutral absorption.

GIWAXS results showed enhanced crystallinity and anisotropic diffraction patterns. We
also observed the formation of a new polymorph with a face-on orientation, in addition to the
commonly observed edge-on orientation that is also seen in non-aligned films. The face-on
polymorph is not only less dense but also structurally closer to the final doped state, making it
easier to dope compared to the edge-on P3HT polymorphs in aligned films.

With the morphology explored, Chapter 4 focuses on the electrical properties of doped rub-
aligned P3HT films. After rub-aligning, these doped films are expected to exhibit enhanced carrier

mobility and conductivity due to the reduction in structural defects. However, this enhancement



should primarily be observed in the parallel direction, as the formation of face-on polymorphs
hinders conduction in the perpendicular direction because of the insulating side chains, negatively
impacting carrier mobility. Interestingly, some literature reports on rub-aligned P3HT do not
observe this behavior.

By measuring the anisotropic electrical conductivity, we demonstrated that parallel
conductivity is indeed enhanced while perpendicular conductivity decreases, agreeing with our
GIWAXS analysis. We also identified that the discrepancies in the literature are likely due to use
of incorrect methods for measuring anisotropic conductivity, as well as potential underestimation
of the average film thickness. Additionally, we showed that the anisotropic conductivity can be
accurately measured using a simple rectangular geometry with four electrodes at the corners, rather
than the standard Hall bar geometry, which is more challenging to fabricate.

In addition to electrical conductivity measurements, we also performed Hall effect
measurements to determine the carrier density and thus calculate the carrier mobility via equation
(1). Our results indicate that the Hall effect is highly sensitive to the direction of the current.
Depending on whether the current is sourced in the parallel or perpendicular direction, the
dominant charge transport mechanism differs. In the parallel direction, charge transport is
dominated by band-like mechanism, while in the perpendicular direction, it is dominated by
hopping mechanism. This mixture of charge transport mechanisms leads to direction-dependent
Hall effect measurements, where the ratio of band-like to hopping carriers can either underestimate
or overestimate carrier density and, consequently, the carrier mobility.

Chapter 5 takes an ambitious step forward by aiming to deconvolute the various factors

affecting charge transport and relate them not only to the electrical conductivity but also to the



Seebeck coefficient for thermoelectric applications. In thermoelectrics, efficiency is described by
the thermoelectric figure of merit, ZT:

oS?

There are three factors that contribute to ZT: the electrical conductivity, the Seebeck coefficient
(S), which is the voltage induced by temperature difference, and the thermal conductivity (x). The
temperature (T) is introduced to make the quantity unitless. Our study focuses on the connections
between the Seebeck coefficient and electrical conductivity. To improve efficiency, both high
electrical conductivity and a high Seebeck coefficient are desired. However, these two factors are
typically anticorrelated.

To understand why conductivity and the Seebeck coefficient are related, we can take
advantage of the Boltzmann transport formalism.'® Using this formalism, the electrical

conductivity can be described as the total contribution of electrical conductivity at each energy

level (o) within the Fermi window (22).

“E

d
o= j o (~ a—’;) dE 3)

This single state conductivity, also known as the transport function, is related to the mobility of
the charge carriers. The Seebeck coefficient, which is related to the energy carried by the charge
carriers weighted by their contribution to the total conductivity, is given by the Fritzsche

generalized equation:*®

- )DL
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In this equation, kg is the Boltzmann constant, E is the energy of the charge, and Er is the Fermi
energy. Although not explicit in the expression, the anticorrelation between the Seebeck
coefficient and electrical conductivity arises because increasing the carrier density to enhance the
conductivity shifts the Fermi level closer to the average energy of the carrier, affecting the (E - Er)
term in equation (4). The equation also implies that if conductivity is increased by improving
charge transport rather than through carrier density, it is possible to enhance conductivity without
negatively affecting the Seebeck coefficient.

To study whether we can improve the Seebeck-coefficient versus conductivity relationship
by enhancing charge transport, we selected different dopants and doping methods to dope P3HT,
each providing varying charge transport characteristics. We then measured their temperature-
dependent electrical conductivity and Seebeck coefficient. The chosen dopants and methods are
F4TCNQ, dodecaborane (DDB)-based dopants, and anion-exchange.

F4sTCNQ-doped films serve as a reference point and are expected to exhibit the poorest
charge transport among the methods compared. F4sTCNQ lacks sufficient oxidizing power to fully
dope all regions in the films. Additionally, the F4sTCNQ anion acts as a Coulomb trap as it often
sits close to the polymer backbone.'® In contrast, the anion-exchange method enhances doping
efficiency due to the presence of the electrolyte solution, which lowers the barrier to dope the
amorphous regions. DDB-based dopants were selected for their strong oxidizing power and large
size, which significantly reduces Coulomb interactions and consequently the hopping barrier.>8
Each dopant and doping method possess unique characteristics that affect charge transport

differently, thereby influencing the Seebeck-coefficient versus conductivity relationship.
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To investigate the charge transport properties of these dopants and doping methods, we
employed two techniques: the Hall effect, to obtain macroscopic carrier mobility, and temperature-
dependent conductivity measurements, to determine the barrier height for hopping transport.
Results from Hall effect measurements showed that both anion-exchange and DDB-based dopants
exhibited similar carrier mobility at the same carrier density, while FsTCNQ-doped films had
much lower carrier mobility. This trend also corresponded with their Seebeck-coefficient versus
conductivity relationships, with anion-exchange and DDB-based dopants showing more favorable
relationships compared to FsTCNQ.

However, temperature-dependent conductivity measurements revealed that DDB-based
dopants had a lower hopping barrier compared to FsTCNQ, while the anion-exchange method
showed a slightly higher hopping barrier. These findings highlight the complexity of the factors
affecting charge transport properties. By using UV-Vis-NIR spectroscopy, GIWAXS, and fitting
to a semi-empirical model based on Boltzmann transport formalism, we conclude that the factors
contributing to enhanced charge transport in DDB-based dopants differ from those in the anion-
exchange method. DDB-based dopants improve charge transport by reducing Coulomb trapping,
while the anion-exchange method enhances it by creating additional pathways through doping the
amorphous regions. Grazing incidence small-angle X-ray scattering (GISAXS) measurements

reveal that these additional pathways manifest as larger lengthscale correlations between domains.
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CHAPTER 2
The Effects of Humidity on the Electrical Properties and Carrier Mobility of

Semiconducting Polymers Anion-Exchange Doped with Hygroscopic Salts

Chapter 2 describes our work on understanding the effect of humidity on electrical
properties on semiconducting polymers thin films containing hygroscopic salts. This work used a
combination of UV-Vis-NIR spectroscopy and Hall effect measurement to show that the water

absorbed by the hygroscopic anions act as traps and can negatively impact the carrier mobility.

This chapter was reprinted with permission from Duong, Q. M..; Garcia-Vidales D.;

Schwartz, B. J.; and AIP Publishing. "The Effects of Humidity on the Electrical Properties and

Carrier Mobility of Semiconducting Polymers Anion-Exchange Doped with Hygroscopic Salts,"”

Appl. Phys. Lett. 123, 202101, 1-6 (2023); DOI: 10.1063/5.0169905.

A reprint of the supporting information is given in Appendix A.
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2.1 Introduction

Thanks to their ease of processing, structural tunability, low intrinsic thermal conductivity,
and biocompatibility, interest in using semiconducting polymers for applications such as
biosensors or thermoelectric generators has grown steadily.! Due to their intrinsically low carrier
density, conjugated polymers need to be electrically doped to meet the performance standards
demanded by many applications. The most common way to do this is through chemical doping, a
process that introduces a small molecule that can undergo a charge transfer reaction with the
semiconducting polymer; since most conjugated polymers are p-type materials, oxidizing agents
are chosen to create mobile hole charge carriers.*® The extent of chemical doping depends mainly
on the polymer's ionization energy and the dopant's electron affinity,” as well as the concentration
of the dopant that is used.®

Recently, Yamashita and coworkers have introduced a novel method referred to as anion-
exchange doping,® which provides several advantages over conventional chemical doping. The
method involves exposing a conjugated polymer film to a solution containing both a chemical
dopant and a high concentration of electrolyte. The dopant oxidizes the polymer, and the dopant
counterion is then exchanged out by mass action for the electrolyte anion from solution. This
method not only provides control over the choice of counterion in doped semiconducting polymer
films, but it also can achieve doping levels much higher than those reached via conventional
doping: for example, Yamashita and co-workers were able to obtain nearly one carrier per
monomer unit for the polymer poly(2,5-bis(3-tetradecylthiophen-2-yl)thieno[3,2-b]thiophene)
(PBTTT) and the dopant 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane (FsTCNQ) in the

presence of different electrolytes.® The ability to choose the counterion inside the doped film can
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make doped films more stable under ambient conditions,® and also can help tune the effect of
coulomb interaction between the free carriers on the polymer backbone and its compensating
charge, which is important for controlling carrier mobility.*°

Because of all its advantages, multiple groups are now employing anion exchange doping
when using semiconducting polymers in different applications. In the course of our exploration of
anion exchange doping, however, we have discovered one potentially serious drawback: the
typical electrolyte salts used in anion exchange doping, such as bis(trifluoromethane)sulfonimide
lithium (LiTFSI), are generally highly hygroscopic, which means that the electrical behavior of
anion-exchange-doped polymer films can be highly sensitive to the ambient humidity. In this work,
we show that exposure of anion-exchange-doped polymer films to even moderate humidity can
decrease the carrier mobility by over a factor of 3. This means that workers who study the
properties of such films need to make sure they do so in a humidity-controlled environment.

There are of course previous studies on the influence of moisture on trap formation in
semiconducting polymers.t*1?-1" Zuo and coworkers reported that the dielectric effect of water in
nanovoids of semiconducting polymer thin films can create carrier traps that can be ~0.3-0.5 eV
deep.* These traps can be mitigated by solvent annealing to reduce the number of nanovoids!* or
by filling the nanovoids with dopants that displace the water.'>*31® Another approach to mitigate
the effects of water inhabiting nanovoids is to use conjugated polymers with denser side chain
placement, such as regioregular poly(3-hexylthiophene-2,5-diyl) (P3HT),!” which is a workhorse
material in the field.

The aforementioned moisture studies were done on pristine or very lightly-doped

semiconducting polymer films used in either organic field-effect transistors or solar cells, and none
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of these studies examined the film’s electrical conductivity or the effects of different doping
methods. Here, we investigate the effect of humidity on the electrical conductivity, carrier density,
and carrier mobility of both conventionally-doped and anion-exchange-doped P3HT films. In
particular, we study the effects of moisture on P3HT films doped via the anion-exchange method
using LIiTFSI, and find a dramatic drop in electrical conductivity with increasing ambient
humidity. We then use Hall effect measurements to show that the drop in conductivity with
increasing humidity is primarily due to changes in carrier mobility and not due to dedoping. We
also show that the effect of humidity on charge transport is quasi-reversible, and that the electrical
conductivity changes almost linearly with humidity. We demonstrate the salt’s hygroscopicity is
key in the drop of electrical conductivity by comparing the properties of anion-exchange-doped
P3HT films with LIiTFSI to those exchanged with a less hygroscopic salt, lithium
hexafluorophosphate (LiPFg).2%22 It is important to note that this distinction in hygroscopic
behavior between LiTFSI and LiPFs generally holds true under typical ambient relative humidity
conditions.®-?2 Under condition that is close to vacuum-dry, the distinction in hygroscopicity may
not be as clear as the hygroscopic trends for ionic liquid is dependent on surrounding water
content.?*24 Nevertheless, our work specifically focuses on ambient relative humidity conditions,
where LIiTFSI shows more hygroscopic behavior than LiPFs. Overall, in addition to the care
needed to control the humidity when studying these materials, anion-exchange doped conjugated

polymer films could possibly serve a role as resistance-based humidity sensors.
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2.2 Results and Discussions

2.2.1. Fabrication and Doping Process for Semiconducting Polymer Thin Films

The goal of this study is to investigate the impact of humidity on conjugated polymer films
doped both conventionally and with anion-exchange doping. To conduct this comparison, we start
with 112-nm thick P3HT films spin-cast from a 2% w/v solution in o-dichlorobenzene. For the
conventional doping method, we sequentially dope the P3HT films using different concentrations
of F4TCNQ dissolved in n-butyl acetate (n-BA). For the anion-exchange doping process, we follow
the same procedure as for the conventional doping method, but with the addition of a high
concentration of LiTFSI (30 mg/mL) or LiPFs (5 mg/mL) dissolved in the same solution as the
F4TCNQ. All of the processing steps were carried out in the inert atmosphere of a glove box with
effectively 0% relative humidity (RH). Details of the materials we use and the casting and doping

conditions are given in the Supporting Information (SI).

2.2.2. Methods for Measuring Electrical Conductivity and Hall Effect

To investigate the effect humidity plays on the electrical properties of doped conjugated
polymer films, we chose dopant concentrations that resulted in similar electrical conductivity
values with the two different doping methods (and thus with counterions with different degrees of
hygroscopicity). The concentrations we focus on for anion-exchanged (AE) and conventional
(Conv) doping were 0.1 mg/mL F4sTCNQ + 30 mg/mL LiTFSI, 0.1 mg/mL F4sTCNQ + 5 mg/mL
LiPFe, and 0.5 mg/mL F4TCNQ respectively; results with additional doping concentrations are
given in the Supporting Information (SI). After preparing doped P3HT films with these different
processing conditions, we measured their electrical conductivities in three different environments

with different RH levels. First, the conductivity was measured in the inert atmosphere of an Ar-
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filled glovebox (Ar Glovebox) with effectively 0% humidity. The samples were then transferred
out of the Ar glovebox and exposed to ambient air for roughly 5 minutes before the conductivity
was re-measured (Ambient Air). The air-exposed samples were then purged with Ar for 5 minutes
prior to measuring the conductivity for a third time (Ar Purged). We chose a 5-minute purge

because the electrical conductivity of the samples no longer changed past that time.

2.2.3. Results from Electrical Conductivity and Hall Effect Measurements

Table 2.1 shows the electrical conductivities, measured via the van der Pauw 4-point-probe
method with electrodes placed at the corners of our 1.5 x 1.5 cm samples, of 97% regioregular
P3HT films doped using the conventional and anion-exchange methods in environments with
different RHs. The conventionally-doped samples have the same electrical conductivity in all three
different environments within error. The anion-exchange-doped samples with both salts, however,
show a significant drop in conductivity when taken from the inert, 0% RH environment of the Ar
Glovebox and introduced to the ambient environment (~36% and ~40% RH for LiTFSI and LiPFe,
respectively). The drop in conductivity is quite significant, with the LiTFSI anion-exchanged
sample showing a conductivity loss nearly a factor of four. The samples anion-exchanged using
LiPFs also exhibit a considerable reduction in conductivity, but the decrease is only about a factor
of 2. This difference in the humidity-induced conductivity drop between LiPFs and LiTFSI makes
sense in light of the fact that LiPFs is less hygroscopic.'®2 We also saw very similar results for

P3HT samples created using different dopant concentrations and P3HT regioregularities, as
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demonstrated in Fig. S1 and elsewhere in the Sl, indicating that the humidity effect is not system
specific.

Since the drop in conductivity is seen only with the anion-exchange doping method and
not with conventional doping, it seems clear that the humidity effect involves the hygroscopic
anions that were exchanged into the doped films. The hygroscopic nature of LiTFSI and its effect
on electronic transport is well-documented in the mixed organic/inorganic perovskite solar cell
community, where LiTFSI is often employed as an additive to enhance the p-doping of 2,2'7,7'-
tetrakis-(N,N-di-p-methoxyphenyl-amine)-9,9'-spirobifluorene(spiro-MeOTAD).20:2>-28
However, in the case of perovskite materials, the consequence of using LiTFSI is more severe than
just the introduction of carrier traps, as adsorbed water can dissolve the material.?°

To verify that it is water in the ambient environment that causes the large drop in
conductivity for the anion-exchange-doped P3HT films, we attempted to restore the conductivity
by flowing either dry air or argon gas into our ambient conductivity measurement setup; Table 2.1
shows that doing so yielded partial recovery of the conductivity. However, we were able to fully
recover the original conductivity measured in the Ar glovebox by subjecting the films to a
vacuum/purging process. This process involved 4 cycles where the films were placed under rough-
pump vacuum for 5 minutes, followed by an Ar-gas refill (the green X in Figure S2 in the SI shows
the fully-recovered conductivity value for the 0.1 mg/mL LiTFSI-anion-exchanged sample after
undergoing this process). All of this is consistent with the idea that an initially "dry" anion-
exchange-doped sample readily absorbs water due to hygroscopic counterions upon exposure to
moist air. Surface-level adsorbed water can easily be removed simply by purging with dry gas,

resulting in partial restoration of the electrical conductivity. However, exposing the samples to the

23



vacuum/purging process enables the complete removal of water from deeper within the films,
leading to full recovery of the electrical conductivity.

It may not be surprising that for conventionally-doped P3HT films, the non-hygroscopic
F4TCNQ dopants are not affected by humidity, but we were still intrigued to observe no moisture-
related trap effects induced by water adsorption into nanovoids in these films.}” We believe that
this could be due to a combination of our use of 97% regioregular P3HT, which has densely-
packed side-chains, combined with the space-filling properties of the non-hygroscopic FaTCNQ
dopants,'*t" which together mitigate water-related traps and their influence on electrical
conductivity. Another possibility of this insensitivity of this behavior to humidity could be due to
left over neutral F4aTCNQ. Previous studies have indicated that neutral additives featuring with
strong electron-withdrawing nitrile groups can effectively bind with water molecules, thereby
hindering the formation of water-induced traps on the polymer backbone.®® However, our UV-
Vis-NIR spectrum (Figure S3) confirmed that our films do not contain neutral FaTCNQ. In this
experiment, we intentionally chose a relatively low dopant concentration to prevent the left-over
of unreacted neutral F4sTCNQ, a phenomenon that typically occurs at significantly higher dopant
concentrations. As a result, we do not believe that this behavior of conventionally doped films is
due the neutral F4sTCNQ interaction with water. Instead, we believe that the mechanism is more

likely due to void-filling/repelling.

.. - Hall Carrier
Environment E:S(/)Qr?]l;mv'ty Z?AIZVM;P)'“W Density
(x 10%° cm)

Ambient 3.03+£0.20 0.029+£0.006 6.4+0.94
0.5 mg/mL | A\ prged 2.98 +0.20 0.029+0.005 6.3+0.84
Conventional

Ar Glovebox 3.18+0.16 N/A N/A

Ambient 0.75+0.15 0.014 £0.0004 3.3+0.74
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01 mg/mL | Ar Purged 1.65 + 0.14 0.042+0.005 2.5+ 051
AE (LiTFSI) | Ar Glovebox 2.88 +0.55 N/A N/A
Ambient 3.66 + 0.28 0.037+0.003 6.1+0.63
0.1 mg/mL | A pyrged 3.89 +0.24 0.040+0.004 6.1+0.65
AE (LiPFe)
Ar Glovebox 6.74 + 0.59 N/A N/A

Table 2. 1. Electrical conductivities of anion-exchange- (AE) and conventionally- (Conv) doped
P3HT films measured under different environmental conditions. The dopant concentrations for AE
were 0.1 mg/mL F4sTCNQ + 30 mg/mL LiTFSI and 0.1 mg/mL F4sTCNQ + 5mg/mL LiPFs, while
the conventionally-doped samples used 0.5 mg/mL F4TCNQ. Exposure to humidity dramatically
lowers the conductivity of anion-exchanged-doped samples, whereas conventionally-doped
samples show no conductivity change within error. Hall mobility and carrier densities were all
obtained on the same set of samples. Unfortunately, due to logistical constraints, we are unable to

perform Hall measurements inside the Ar glove box.

To understand the molecular-level causes of the conductivity decrease of anion-exchange-
doped P3HT samples upon exposure to humidity, we also conducted Hall effect measurements on
the same set of samples. Table 2.1 shows the Hall carrier mobilities and densities obtained both
in ambient air and after argon purging; unfortunately, logistical constraints prevented us from
placing our Hall effect set-up in the Ar dry-box where the samples were fabricated. The results
indicate that the mobile carrier density remains unaffected within error by ambient humidity for
both the anion-exchange- and conventionally-doped samples; in other words, humidity does not
cause de-doping. Given the high stability of the TFSI and PFe anions, they are expected to not

react chemically or undergo any redox reactions in the presence of moisture.®3-* Instead, the drop
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in electrical conductivity observed in the anion-exchanged samples upon exposure to humid
environments primarily stems from a decline in carrier mobility. This agrees with previous studies

suggesting that water can act as shallow traps in semiconducting polymer films. %/

2.2.4. Results from IR Spectroscopy

To further investigate the idea that the primary effect of humidity on anion-exchange-
doped films is to reduce the carrier mobility, we utilized IR spectroscopy to investigate the trapping
of carriers that results from humidity exposure. It is well-established in the literature that the degree
of carrier delocalization and thus carrier mobility is reflected in the position of the so-called “P1”
polaron absorption band in the IR: less trapped or more delocalized polarons show a red-shifted
P1 band, while trapped polarons that are more localized and have lower mobilities are associated
with more blueshifted P1 bands.*%3%3% Thus, we took the 0.1 mg/mL AE (LiTFSI) and 0.5 mg/mL
Conv samples that had been exposed to ambient conditions and monitored their near-IR absorption
as a function of time as the sample was purged with dry N gas.

Figure 2.1.a shows the results of this experiment, plotting the evolution of the blue side of
the P1 absorption as the N2 purging time increases for the humidity-exposed anion-exchange-
doped P3HT sample; we chose to focus on the blue side because it better reflects the presence of
more highly trapped polarons in the films,%%-3" and because the red side of the P1 band overlaps
with the water O-H stretch near 2700 nm (see inset), making it hard to disentangle competing
effects. The data show that with longer N> purging times, the intensity of the blue side of the P1
absorption diminishes, indicating a drop in the number of trapped polarons in the film. Moreover,
despite the complication arising from the water O-H stretch, there is an observable isobestic point

near 2900 nm (see inset) where the redder side of the P1 band increases with purging time. This
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shows that purging with dry gas causes the conversion of trapped polarons into more mobile
polarons via the removal of moisture.

In contrast, for the conventionally-doped P3HT sample, shown in Figure 2.1.b, there are
no changes in the intensity of the P1 band with purging time, indicating that changing the humidity
does not alter the trapping of polarons in conventionally doped P3HT films; both results are
consistent with the way the carrier mobility changes in response to humidity, as shown in Table
2.1. We note that because of the way we performed the baseline (either under ambient conditions
for the anion-exchange-doped sample or after N2 purging for the conventionally-doped sample),
the water absorption feature near 2700 nm appears to go in opposite directions in the two panels

of Figure 2.1.
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Figure 2. 1. Figure 1. UV Vis of 0.1 mg/mL F4sTCNQ + 30 mg/mL LiTFSI (AE) and 0.5 mg/mL
F4sTCNQ (Conv) samples. The blue side of the P1 polaron absorption, which is associated with
trapped carriers, for (a) an anion-exchange-doped P3HT film and (b) a conventionally-doped

P3HT film that had been exposed to ambient conditions as a function of time after purging with
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dry N2. Purging clearly decreases the blue P1 absorption for the anion-exchange-doped sample
while having no effect on the conventionally-doped sample, consistent with the idea that humidity
lowers the mobility of carriers in the anion-exchange-doped films (cf. Fig. 2.1.b). The inset in
Figure 2.1.a and 2.1.b show the same spectra extended deeper into the IR region, including the
absorption of the water O-H stretch near 2700 nm (this absorption appears to go in opposite

directions in the two panels because of the way the spectra were base-lined; see text).

2.2.5. Controlled Relative Humidity versus Electrical Conductivity Measurements

Finally, to verify that the decrease in conductivity in anion-exchange-doped P3HT samples
is specifically caused by humidity rather than other ambient gases such as O2, we performed a set
of measurements in ambient conditions under controlled RH. This was accomplished by placing
0.1 mg/mL anion-exchange-doped samples using both LiTFSI and LiPFs inside an air-filled
desiccator containing drierite to control the humidity, and then measuring the electrical
conductivity as a function of RH. The results are presented in Figure 2.2, which shows a
remarkably linear relationship between the change in electrical conductivity (relative to that
measured at 15% RH, the lowest we could achieve with this set-up) and relative humidity for the
air-exposed anion-exchange-doped films. We note that for RH lower than ~20%, the linear
relationship between conductivity and RH appears to lessen relative to what is observed at higher
RH. This is because, as with the purging experiments described above, drierite is not capable of
removing water from deep within the film. However, even with some trapped water, the nearly
linear relationship between RH and conductivity depicted in Figure 2.2 suggests that anion-
exchange-doped films employing hygroscopic salts can possibly serve as viable materials for

resistance-based humidity-sensing applications. It is worth mentioning that the trend observe in
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Figure 2.2 is very similar to that of organic field-effect transistor (OFET)-type humidity
sensor.*8% While OFET-type humidity sensor typically utilize pristine polymer rather than doped
ones, the underlying sensing mechanism is basically the same. In both cases, water acts as trap
leading to a decrease in charge carrier mobility. Despite their similar mechanisms, our resistance-
based humidity sensing approach offers a significant advantage in terms of simplicity of
production, as it doesn't require the fabrication of a field-effect transistor.

The data in Fig. 2.2 also show that the slope of the relative change in conductivity vs. RH for
LiTFSI-exchanged samples (green squares) is considerably higher than that of LiPFs-exchanged
samples (blue triangles), consistent with the idea that TFSI is a more hygroscopic anion than
PFs .1820 The conventionally-doped samples (red circles) show no response to changes in
humidity within error, as discussed above, consistent with the idea that hydrophobic FsTCNQ
prevents water from interacting with the charge carriers in doped P3HT.?%26 These observations
further confirm our hypothesis exposure to water vapor is what is responsible for the observed
decline in conductivity.

As previously noted, our research distinguishes itself from prior studies found in the
literature. The distinction lies in the water-trap phenomenon observed in our work, which is
primarily driven by the anions present in the doped films rather than water infiltrating the void
spaces within the pristine polymer. Given the doping of our films, it is highly improbable that
water fills the nanovoids, as these voids are likely occupied by the counterions. This is evidence
by films doped with the non-hygroscopic FaTCNQ being insensitive to moisture, but known
hygroscopic anions such as TFSI- and PFe” show drop in conductivity with when introduced to

ambient humidity.
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While it is widely acknowledged that both TFSI and PFs are hygroscopic under ambient
humidity conditions, their hygroscopic nature is not solely determined by the strength of their
interaction with water. It also depends on how water molecules bind around the ions, a factor
defined as water sorption capacity per ion pair. Several studies have demonstrated that, under
ambient temperature and humidity conditions, TFSI- possesses a higher capacity to absorb water
than PFs™ anion.%22 This observation implies a higher number of water molecules surrounding the
TFSI- —anion. Furthermore, the extent of water absorption seems to exhibit a connection with both
the relative basicity of the anions and the ratio of hydrophobic fluorine atoms to the total number
of atoms within the anions.'®?%?2 This suggests that P3HT films with TFSI- not only exhibits a
stronger affinity for water but can also accommodate more water, thus leading to a more significant

drop in conductivity when compared to P3HT films containing PFe'".
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Figure 2. 2. Electrical conductivity of conventionally- (0.5 mg/mL FsTCNQ, red circles) and
anion-exchange-doped (0.1 mg/mL F4sTCNQ with 30 mg/mL LiTFSI, green squares, and 0.1
mg/mL F4sTCNQ with 5 mg/mL LiPFs, purple triangles) P3HT films as a function of percent
relative humidity in air. The ordinate plots the relative change in conductivity compared to that
measured at 15% RH, the lowest we could obtain with this set-up. The conductivity change is
highly linear down to ~20% RH, suggesting that the doped polymer films anion-exchanged with

LiTFSI could possibly be used as resistance-based humidity sensors.

2.3. Conclusion

In summary, our study has demonstrated a high sensitivity of the electrical properties of
conjugated polymer films anion-exchange-doped with hygroscopic salts, such as LiTFSI, to
humidity. Given that one of the advantages of anion-exchange doping is that it creates more air-

stable samples, our results show that it is crucial to consider the impact of the environment, and
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particularly RH, to make accurate measurements and interpretations. We verified that it is the
hygroscopic nature of anions like TFSI that is responsible for the change in electrical behavior
with RH by showing that less hygroscopic anions like PFs  show a smaller conductivity change
with RH, and that non-hygroscopic dopants like F4sTCNQ show no changes with RH at all.
Through Hall effect measurements and IR spectroscopy, we established that the decrease in
electrical conductivity caused by humidity is a result of water-induced trapping affecting the
transport of charge carriers; exposure to moisture does not appear to affect the doped carrier
density. The effects of humidity on the conductivity of anion-exchange films are reversible, as
long as sufficient efforts are made to remove deeply-trapped water from within the doped films by
using a combination of vacuum and humidity-free gas purging. Finally, it appears that the decrease
in electrical conductivity shows a roughly linear relationship with relative humidity, suggesting

that anion-exchange-doped conjugated polymers hold potential for humidity-sensing applications.
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CHAPTER 3
Crystal Structure Control of the Energetics of Chemical Doping in Rub-Aligned P3HT

Films

Chapter 3 describes our work on the chemical doping of face-on and edge-on polymorphs
in rub-aligned P3HT films. This chapter covers a comprehensive analysis using polarized UV-Vis-
NIR spectroscopy and GIWAXS on doped rub-aligned P3HT films to thoroughly understand the

relationship between structure and doping.

This chapter was reprinted with permission from Wu, Y.; Duong, Q. M.; Simafranca, A.

F.; Salamat, C. Z.; Schwartz, B. J.; Tolbert, S. H. " Crystal Structure Control of the Energetics of

Chemical Doping in Rub-Aligned P3HT Films,” ACS Mater. Lett. 4, 489-97 (2024); DOI:

10.1021/acsmaterialslett.3c01543. Copyright 2024 American Chemical Society.

A reprint of the supporting information is given in Appendix B.
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3.1 Introduction

Semiconducting polymers are predicted to find wide use in future electronic devices
because of their low cost, versatility, scalability, and solution processability.®® Undoped
semiconducting polymers are inherently poor electrical conductors due to their wide band gaps
and low density of intrinsic charge carriers.® As a result, doping is required to generate carriers
and make semiconducting polymers more conductive.® Similar to impurity doping in inorganic
semiconductors, doping in semiconducting polymers occurs via charge transfer between the
polymer and dopant molecules that are introduced into the polymer film.! Electrons can be either
injected into the polymer conduction band (n-type) or withdrawn from the polymer valence band
(p-type) to determine the majority carrier type.'>!3 Most studies focus on p-type semiconducting

polymers due to their higher stability in air compared to n-type materials.*

In addition to selecting a dopant with a redox level that matches or exceeds the valence
band energy of a semiconducting polymer, it is also critical to understand the structural changes
of the polymer that take place during dopant introduction. Semiconducting polymer films are
usually semicrystalline, containing both crystalline and amorphous regions.*® Our previous work
has shown that the polymer's degree of crystallinity can significantly affect charge carrier mobility
by controlling where the dopants reside in the polymer film's structure.'® Compared with
amorphous regions, crystalline regions are generally easier to dope, and the resulting carriers have
higher mobilities.?®” This means that the doped polymer film conductivity is governed by the

structure and extent of the crystalline regions.®

It has been well established that when semiconducting polymers are doped, dopant

molecules almost always intercalate into the lamellar side-chain regions of the polymer
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crystallites.’®1%22 Due to limited space in the lamellar region, the crystallite structure often
undergoes a phase transition to accommodate the dopant molecules, resulting in a new packing
geometry with a wider lamellar region, less tilting of the side chains with respect to the m-stacks,
and an overall less dense packing of polymer chains.!®22* Many doped conjugated polymer
systems, including doped polymers that have undergone anion exchange, exhibit such a structural
rearrangement.%202426 Qur previous work showed that even very large (~2 nm diameter)
dodecaborane-based dopants intercalate into the lamellar side-chain region of polymer crystallites,
in this case leading to a near doubling of the crystallite lamellar spacing.'”?" Intercalation of
dopants into the side chain region does not happen if there is a steric hindrance in this region or if
the processing conditions allow planar dopants such as 2,3,5,6-tetrafluoro-7,7,8,8-
tetracyanoquino-dimethane (F4ATCNQ) to w-stack with the polymer backbone, changing the nature

of the doping.283°

Among doped semiconducting polymers, the FATCNQ-doped poly(3-hexylthiophene-2,5-
diyl) (P3HT) system is one of the most studied. P3HT crystallites have a monoclinic unit cell with
side chains that are tipped away from the aromatic ring plane to better fill space.31 When cast as
a thin film, P3HT has been shown to form both edge-on (i.e., alkyl side chains contacting the
substrate) and face-on (i.e., backbone rings contacting the substrate) crystallites depending on
processing conditions and substrate interfacial energy.®*° Although as-deposited semiconducting
polymer films are typically isotropic with regard to the in-plane rotational angle (@), there are a
number of methods for aligning crystallites within the film, which range from strain-based or float-
casting methods to the use of textured substrates.3®4%44 Work from Brinkmann and co-workers

produced aligned P3HT films by rub-alignment, resulting in highly crystalline and aligned
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polymers. These researchers used electron diffraction (ED) to show that the rub-aligned films have
both face-on- and edge-on-oriented P3HT polymorphs.?%2430-33 |n subsequent studies, they also
used aligned films to better understand how the P3HT crystal structure changed upon doping. They
found that when FATCNAQ intercalates into the polymer lamellar side chain region, the side-chain
angle relative to the thiophene ring (i.e., the side chain “tilt” angle) is reduced, resulting in an
altered unit cell structure characterized by an increased lamellar spacing and a decreased n-stack
spacing.?® We note, however, that the use of ED in their work, which can only probe in-plane
periodicity, means that the observed structural changes were based on examining the lamellar
distance in the face-on-oriented doped P3HT polymorph and the n-stacking distance in the edge-
on-oriented polymorph, so structural differences between the edge-on and face-on oriented

populations could not be discerned.

In this work, we build on these previous studies of structural changes during doping by
using grazing-incidence wide-angle x-ray scattering (GIWAXS)* to fully characterize the
structures of both the edge-on and face-on polymorphs in rub-aligned P3HT films. GIWAXS
reveals that although the two polymorphs have similar crystal structures, the chain packing is, in
fact, somewhat different. The face-on polymorph has a structure that is less dense than that
observed in standard, unaligned P3HT films, and is thus slightly more similar to the doped
structure. Conversely, the rub-aligned edge-on domains appear to be compacted by the alignment
process so that they have a denser structure that is even more different from the doped geometry
than unaligned P3HT. We then show that the structural changes associated with doping are not a
gradual evolution, but instead occur as an abrupt first-order phase transition. By starting with a

very low dopant concentration and increasing the degree of doping in small steps, we can capture
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a region where both the undoped and F4TCNQ-doped P3HT polymorphs coexist. We find that the
less-dense P3HT polymorph dopes first, followed by the denser polymorph at higher doping
concentrations. We argue that this results from the fact that the denser polymorph must change its
crystal structure more to make space for the FATCNQ- counterion, making the doping-induced
phase transition harder. This finding demonstrates that even minor variations in the initial polymer
crystallite structure strongly influences the ease of doping and suggests a new strategy to design

polymers that are easier to dope.

3.2. Results and Discussions

3.2.1. Fabrication and Doping of Rub-aligned P3HT Films

To carry out our studies, we utilized the high-temperature rub-alignment method
introduced by Brinkmann and coworkers to obtain highly aligned P3HT films.*® First, P3HT
(Rieke metals inc., Mn = 50-70 kg/mol, regioregularity 91-94%) was spin-coated onto glass
substrates from 1,2-dichlorobenzene (ODCB) to produce films of uniform thickness. The P3HT
films were then rub-aligned using a microfiber wheel while being heated in an inert atmosphere
(see the Supporting Information (SI), for more details). The degree of film alignment was
characterized using polarized absorption spectroscopy, in which polarized incident light was
oriented either parallel (||) or perpendicular (1) to the direction of rub alignment.
3.2.2. Polarized UV-Vis-NIR Spectroscopy

Figure 3.1.a shows the polarized visible-NIR absorption spectra of unaligned (yellow
curve) and rub-aligned (red curve for || and blue curve for 1) P3HT films. The polarized
absorbance spectra of the aligned film show significant anisotropy, with a dichroic ratio I||[/IL =

~14 at 610 nm, comparable to previous rub-aligned P3HT work.*"*® The absorption spectra of the
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rub-aligned film in both polarizations are quite different from the unaligned film, showing that
rub-alignment significantly alters the structure of the film. The absorption spectrum of unaligned
P3HT shows a progression of vibronic peaks at 2.03 eV (0-0 transition, A0-0) and 2.23 eV (0-1
transition, A0-1), with an A0-0/A0 1 peak ratio of 0.53. The aligned P3HT film shows a parallel-
polarized absorption spectrum with a larger A0-0/A0-1 peak ratio (0.63). This results from
improved intrachain coupling caused by backbone straightening during rub-aligning.*®>* In the
perpendicular-polarized absorption spectrum, rub-aligned P3HT has a blue-shifted absorbance
peak with no vibronic features, corresponding to the absorbance of short or amorphous polymer

chains that were not successfully oriented by the rub-aligning process.?
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Figure 3. 1. Polarized Visible-NIR absorbance of (a) an unaligned P3HT film (yellow curve) and
a rub-aligned P3HT film with light polarized parallel (||, red curve) and perpendicular (L, blue
curve) to the rub direction. The absorption anisotropy of the rub-aligned P3HT film is ~14 near
the absorption maximum, indicating a high degree of chain alignment. Visible-NIR absorption of
aligned P3HT sequentially doped with FATCNQ at different concentrations using light polarized
(b) parallel and (c) perpendicular to the rub-alignment direction. The P2 band observed near 1.5
eV and the decrease of the ~2.2 eV neutral P3HT absorption seen in the parallel polarization are

both indicative of doping and thus, polaron formation. As seen previously, the polaron absorption
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is only visible with parallel polarization, while the FACTNQ absorption only appears with
perpendicular polarization, indicating that the long axis of the FATCNQ molecule is oriented

perpendicular to the P3HT backbone, consistent with the conclusions in Refs. 21 and 45.

3.2.3. Grazing Incidence Wide Angle X-ray Scattering (GIWAXS)
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Figure 3. 2. (a) 2-D GIWAXS pattern for rub-aligned P3HT with the beam oriented along the rub

Normalized Intensity

direction, showing that unlike non-aligned films that have only edge-on-oriented crystallites, the
rub-aligned film has both face-on- and edge-on-oriented crystallites. Integrated (b) (100) lamellar

and (c) (020) n-stacking peaks of rub-aligned P3HT can be obtained by selective integration of the

48



data in (a) for both the edge-on- (red curves) and face-on-oriented (blue curves) crystallites. The
data make clear that the face-on-oriented P3HT crystallites have a larger lamellar side-chain

spacing and a slightly smaller n-stacking distance compared to the edge-on-oriented crystallites.

Although polarized absorption spectroscopy can determine the degree of polymer film
alignment, direct structural measurements such as GIWAXS are necessary to provide details on
the structure and orientation of the polymer crystallites within the film.*>2 The crystallites in
unaligned P3HT films usually adopt an edge-on orientation with the out-of-plane diffraction peaks
corresponding to the lamellar direction and the in-plane diffraction peak corresponding to the -
stacking distance (see Figure S4a).?2 We note that the P3HT monomer repeat distance and the 7-
stacking distance have comparable length scales, so these two peaks can sometimes be difficult to
distinguish.?’ Figure 3.2.a shows the 2-D GIWAXS diffraction pattern for a rub-aligned P3HT
film in which the incident X-ray beam is parallel to the rub-alignment direction. Unlike data
collected on unaligned films, both lamellar and n-stacking diffraction peaks are seen in both the
in-plane and out-of-plane directions, indicating the coexistence of edge-on-oriented and face-on-
oriented P3HT polymorphs.2>*® Radial integration of the diffraction peaks in the in-plane and out-
of-plane directions, however, reveals differences between the crystal structures of the face-on- and
edge-on-oriented polymorphs. The face-on P3HT polymorph has a larger lamellar distance
(dlamellar = 16.64 A) compared to the edge-on polymorph (dlamellar = 16.03 A), as seen in
Figures 3.2.b, c. In comparison to unaligned P3HT (dlamellar = 16.36 A), we find that the layer
spacing of the face-on polymorph is expanded in a less dense structure, while the layer spacing in

the edge-on polymorph is compressed, corresponding to a denser structure (see SI Table S1).

49



Here, we take advantage of the fact that we can directly observe both the lamellar and =-
stacking peaks of the two differently oriented polymorphs together to show that these subtle
differences in structure between the edge-on and face-on P3HT polymorphs affect the energetics
of doping. To examine changes in the crystal structure during doping, we treated rub-aligned P3HT
films with very low concentrations of FATCNQ and slowly increased the dopant concentrations to

capture the doping phase transitions of both the edge-on and face-on P3HT polymorphs.

All films were doped by sequential processing (SgP), in which a pre-cast rub-aligned P3HT
films is exposed to the FATCNQ using a solvent that swells but does not dissolve the polymer, and
is then spun off after a brief soaking period. We have shown previously that the SqP doping method
largely preserves the initial film morphology in terms of crystallite orientation and film
crystallinity.> In agreement with this idea, the polarized absorption spectra of rub-aligned P3HT
films doped with different concentrations of FATCNQ are shown in Figure 3.1.b, c; retention of
the anisotropic features in each polarization direction confirms that the film alignment is retained
through the SqP doping process.?’ As is well documented, doping P3HT bleaches the bandgap
transition (~2.25 eV) and generates new intra-band electronic states, creating the transition labeled
“P2” near 1.6 eV that is seen in the parallel-polarized absorption spectrum shown in Figure 3.1.b.>*
In contrast, the absorption of the FATCNQ anion is seen predominantly in the perpendicularly
polarized absorption spectrum (Figure 3.1.c).2%?? This difference between parallel- and
perpendicular-polarized spectra indicates that the FATCNQ dopant counterions sit in the
crystallites with their long axis oriented perpendicular to the P3HT backbone.?%%5% Taken
together, the data in Figure 3.1 indicate that at these low doping concentrations, the FATCNQ

dopant is predominantly found within the crystalline regions of the film. This agrees with previous

50



work that also found that crystalline regions of P3HT dope more easily than amorphous

regions.'6:57
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Figure 3. 3. (a)-(e) 2-D GIWAXS patterns of rub-aligned P3HT films sequentially doped with
different concentrations of F4TCNQ in CH3CN (acetonitrile, ACN), taken with the beam oriented
parallel to the rub direction. Face-on-oriented P3HT crystallites dope first, at 0.02 mg/mL
FATCNQ, followed by the denser edge-on-oriented P3HT crystallites, which dopes at 0.04 mg/mL
FATCNQ. (f) 2-D GIWAXS pattern of rub-aligned P3HT doped with 0.01 mg/mL F4TCNQ in
dichloromethane (DCM). DCM swells the polymer more than ACN, allowing for faster doping
Kinetics. In agreement with this idea, the less dense face-on polymorph is already about half doped
at this low FATCNQ, but the denser edge-on polymorph remains undoped, indicating that the
different doping levels are not a kinetic effect. See Figure S6 for the full DCM data set; all the

trends are the same, but values are shifted to lower FATCNQ concentrations.

We can gain structural insight into the nature of the doping process in these aligned films
using GIWAXS. Figures 3.3.a-e show GIWAXS diffraction patterns of the doped samples whose

spectroscopy is characterized in Figures 3.1.b, c. As seen with the undoped aligned P3HT films,
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the doped samples exhibit lamellar and n-stacking diffraction peaks in both the in-plane and out-
of-plane directions, indicating that the co-existence of face-on- and edge-on-oriented crystallites
is retained after sequential doping. When P3HT is initially doped by FATCNQ, the undoped P3HT
lamellar (h00) peaks shifts to a new position at lower g, a process that is the hallmark of a doping-
induced phase transition.'® Structurally, this change corresponds to reduction of the “tilt” of the
side chains with respect to the n-stacks, which produces additional space for FATCNQ- to insert
into the polymer crystallites.?®?* Similar peak shifts are also observed in unaligned P3HT, as
shown in SI Figures S4, S5.%8 Importantly, the data presented in Figures S4, S5, 6, and 7 indicates
that this structural change is not a gradual process, but is instead a sharp first-order phase transition
that occurs at very low doping levels. The lattice rearranges and expands to make space for the
dopant counterion, in a structural change that is shown pictorially in Figure 3.4.f. After the phase
transition, only small additional structural changes generally occur as the doping level is increased
over a large range. This sharp structural change allows us to define the on-set of doping in each
of the polymer population. When both the doped and undoped phases are present in equal amounts,
we define the system as being at the mid-point of the doping-induced phase transition.
Interestingly, we find that that the face-on and edge-on polymorphs do not undergo this phase

transitions at the same doping concentration.
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Figure 3. 4. 1-D integrated GIWAXS patterns showing (a, ¢) the lamellar scattering of rub-aligned,
sequentially doped P3HT films. Panel a) shows the less-dense face-on-oriented polymorph
observed in the in-plane direction, and c) shows the denser edge-on-oriented polymorph observed
in the out-of-plane direction. Panels (b,d) show zoomed-in traces for the (200) peak for both
polymorphs. The double peaks indicate coexistence of undoped and doped phases. The face-on-

oriented P3HT polymorph dopes first at 0.02 mg/mL FATCNQ, followed by the edge-on-
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polymorph at 0.04 mg/ml. (e) 1-D radially integrated GIWAXS patterns of the lamellar (300) peak
of undoped (black curve) and 0.05 mg/mL FATCNQ-doped (red curve) rub-aligned P3HT plotted
against the altitudinal angle y. Compared with undoped P3HT, the doped face-on-oriented
crystallites has a narrower y-distribution. Structural modeling indicates that the decrease in
lamellar angle during doping (inset structures, angles indicated on the y-axis by dashed lines) is
insufficient to produce the observed decrease in the y-distribution. The change is thus attributed to
improved alignment of the doped face-on crystallites with respect to the substrate. See the Sl for
modeling details. (f) Cartoons of the structural changes that occur in the face-on and edge-on

domains upon doping.

We start by examining the doping of the less-dense face-on P3HT polymorph by looking
at the progression of the in-plane lamellar peaks as a function of F4ATCNQ concentration. Figure
3.3b shows that the less-dense face-on polymorph possesses two lamellar (h00) peaks at a doping
level of 0.02 mg/ml (inside white box), corresponding to the midpoint of the phase transition. To
more accurately observe this transition, radial integrations of the lamellar peaks in Figure 3.3.a-e
are shown as 1-D patterns in Figure 3.4.a (face-on) and Figure 3.4.c (edge-on). The (200) peaks
in Figures 3.4a, c are enlarged in Figures 3.4.b, d to better see the doping-induced lamellar peak
splitting. Figure 3.4.b (orange curve) clearly shows that the less-dense face-on-oriented P3HT
polymorph has a split lamellar peak when the FATCNQ dopant concentration is 0.02 mg/ml. At
0.03 mg/ml FATCNQ concentration (Figure 3.4.b, green curve), the phase transition is almost
complete, with only a small residual undoped lamellar peak observed at ~0.76 A-1. The light blue
and dark blue curves in Figure 3.4.b indicate that the less-dense face-on aligned P3HT polymorph

is fully doped at 0.04 mg/ml and higher FATCNQ concentrations.
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Next, we inspect the doping process of the denser edge-on P3HT polymorph by observing
the progression of the out-of-plane (h00) peaks. Crucially, the edge-on polymorph does not show
doubled (h00) peaks at a doping level of 0.02 mg/mL FATCNQ, a concentration for which (h00)
peak splitting is observed for the face-on polymorph (Figure 3.3.b). This indicates that the edge-
on and face-on polymorphs become doped at different dopant concentrations because the two
polymorphs have a different ease of doping. Instead, the edge-on aligned P3HT polymorph starts
its phase transition process at a higher dopant concentration of 0.03 mg/mL FATCNQ (Figure
3.3.¢), and has approximately equal peak heights at 0.04 mg/mL FATCNQ (Figure 3.3.d, inside
the white box). The green and light blue curves in Figure 3.4.d confirm that the doping-induced
phase transition for the edge-on polymorph occurs around 0.035 mg/mL FATCNQ. This phase
transition is then complete at 0.05 mg/ml FATCNQ (dark blue curve). Overall, the data clearly
shows that in rub-aligned P3HT films contain two different populations, and that the less-dense,
face-on polymorph dopes first and then, only at higher dopant concentrations, does the denser,

edge-on polymorph dope.

The observed dependence of the doping order on the initial crystallite orientation leads to
the question of whether the difference in doping onset for the face-on- and edge-on-oriented
polymorphs in aligned P3HT films is due to different doping energetics or different doping
kinetics. For example, if the face-on-oriented crystallites were primarily located at the upper part
of the film because of the rubbing process, it could be kinetically easier to deliver FATCNQ to
those top domains during solution doping, compared to crystallites located closer to the substrate.
This is a really issue because the data shown in Figures 3.3 and 3.4 were taken on rub-aligned

P3HT films that were sequentially doped using acetonitrile (ACN), which does not swell the films
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significantly, leading to slow FATCNQ diffusion Kinetics. Thus, to make sure that FATCNQ
diffusion was not controlling the observed order of the doping phase transition, we repeated the
experiment using dichloromethane (DCM) as the doping solvent. DCM is an excellent swelling
solvent for P3HT, allowing large molecules like fullerenes'’ or dodecaborane derivatives?’ to
penetrate through thick polymer films all the way to the substrate. Figure 3.3.f (along with
additional data in SI Figures S6 and S7) shows that the use of DCM lowers the concentration
needed to start the doping phase transition to 0.01 mg/mL FATCNQ for the less-dense face-on
polymorph, consistent with better swelling and easier dopant infiltration. However, the data shows
that even with DCM as the solvent, the standard face-on-oriented P3HT polymorph still dopes
first, and the denser edge-on polymorph does not dope until 0.03 mg/mL FATCNQ (Figure S6),
producing the exact same trend as that seen with ACN. This finding indicates that any kinetic
limitations of solvent swelling are not enough to explain the observed orientation-dependent
doping order, leading to the conclusion that the propensity of the face-on polymorph to dope first
must be a thermodynamic effect that results from the added energy penalty of rearranging the

denser edge-on polymorph.

To better understand the preferential doping of the face-on crystallites, we examined
GIWAXS data on doped samples doped at a broader range of concentrations. Lattice spacings for
the lamellar and n-stacking distances for both the doped and undoped versions of face-on-oriented,
edge-on-oriented, and un-aligned P3HT polymorphs are given in Table S1. As discussed above,
the un-doped edge-on-oriented polymorph has a smaller lamellar distance than the standard face-
on polymorph in the undoped state, and this difference persists after the initial doping induced

phase transitions (Figure 3.4). After treatment with 0.05 mg/mL FATCNQ, the lamellar spacing
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in the less-dense face-on polymorph expand to 18.01 A, while the denser edge-on polymer remains
at only 17.62 A. After full doping at higher concentrations, however, the structure change in the
edge-on polymorph ‘catches-up’ and both polymorphs approach the unaligned structure. The
lamellar spacing of the unaligned P3HT sit at 18.18 A, while the aligned face-on and edge-on
lamellar distances are only slightly smaller at 18.10 A and 17.95 A, respectively (Figure S8). This
indicates that more total structural change is required to make space for FATCNQ- anions in the
denser edge-on P3HT lattice, and only part of that change can be driven upon initial doping.
Together, these results suggest that thermodynamic energy difference in the doping process for the
face-on and edge-on polymorphs are the primary reason that different FATCNQ concentrations are

needed to induce doping.®°

The well-aligned, highly crystalline structure of these films also allows us to explore the
role of substrate interactions in controlling the energetics of doping. Figure 3.4.e shows 1-D
radially integrated patterns for the x-angular distribution (the y-angle is defined relative to the qz-
axis, i.e., the azimuthal angle relative to the normal of the plane of the film) for the (300) lamellar
peak for the undoped and fully doped (0.05 mg/ml FATCNQ) rub-aligned P3HT. The in-plane
(300) peak of the face-on-oriented polymorph has a narrower y-angle distribution (~15° half-width
at half-maximum, HWHM) when doped than when undoped (~30°). In contrast, the edge-on-
oriented polymorph has similar HWHM values when doped (~14°) and undoped (~17°). As
discussed above, the broad distribution in the undoped face-on case results from of the tilt of the
n-stacks with respect to the unit cell, which makes it difficult for the stacks to sit flat on the Si
substrate (see Figure 3.4.a, inset); it is this same tip that makes most P3HT films adopt an edge-

on orientation. The reduction in y-angle upon doping results in part from a change in this tilt of
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the m-stacks relative to the substrate (estimated to be ~12° undoped and ~5° doped for face-on
crystallites), but this alone is insufficient to produce the observed spread of angles. We
hypothesize that the remaining change results from alignment of the now reasonably flat n-stacks
with the flat Si substrate. This substrate alignment may add an additional energetic term that favors
doping of the face-on domains, and it should also improve vertical conduction through the film.
We present the detailed model for the way the crystallite orientation of the polymorphs changes

upon doping in the Sl in Figures S9-S13.

3.3. Conclusion

In summary, we have shown that rub-aligned P3HT contains two different crystalline
polymorphs: the face-on domains are less-dense than unaligned P3HT, and have a crystal structure
that is slightly more similar to doped P3HT. In contrast, the edge-on domains are compacted by
the rub-alignment process and show a denser structure with a compressed lamellar spacing that is
even more different from doped P3HT that unaligned samples. The two polymorphs show well-
separated diffraction peaks in GIWAXS measurements, which allowed us to investigate how
differences in a crystallite’s initial structure change its propensity to be doped. During doping, we
found that the less-dense face-on-oriented polymorph undergoes a first-order, doping-induced
phase transition more easily (at lower doping concentrations) than the denser edge-on polymorph.
The face-on-oriented crystallites were also observed to better align with the substrate after doping,
indicating that substrate interactions may also be energetically important. The difference in
propensity to dope is attributed to differences in the starting structures, which requires more or less
structural change to reach the final doped configuration. Canonically, only the redox energy of

the dopant and the polymer are invoked in discussing how easily a polymer can be doped, but this
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finding suggests that the extent of structure change upon doping can also be a significant energetic
term. It also suggests that designing new polymers with crystallite structures that closely resemble
their doped structures is a potential strategy for inducing the formation of more stable doped phases
that can be produced at lower dopant concentrations.

Although this study examined only one polymer/dopant pair, the conclusions have implications
for any polymer system where the energetics of doping controls performance. For example, the
electrochemical doping that occurs in organic electrochemical transistors (OECTSs) induces a
nearly identical phase transition through ion injection to the one described here.%:%2 Designing
polymers to facilitate this structural change could positively influence the energetics of OECTSs.
Having an initial structure that more closely resembles the final doped state can theoretically
enhance the power efficiency of OECTs by lowering the threshold voltage (\Vt) between the on
and off states, impacting power consumption and noise margins.®3%* Vt is most directly linked to
the electrochemical potential,?-5" which in turn maps on to chemical potential and the dopant
concentration in our chemical doping experiments. Minimizing the reorganization energy

associated with chemical doping is thus a viable route to reduce Vt in OECTSs.
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CHAPTER 4
Measuring the anisotropic conductivity of rub-aligned doped semiconducting polymer

films: The role of electrode geometry

Chapter 4 delves into our understanding of the anisotropic conductivity in rub-aligned
P3HT films. It details the methods used to measure this anisotropic conductivity and identifies
various issues with how some literature reports these measurements for rub-aligned films.
Furthermore, this chapter explores the challenges associated with Hall effect measurements on

rub-aligned polymer films.

This chapter was reprinted with permission from Duong, Q. M.; Garcia-Vidales D..;
Salamat, C. Z.; Tolbert, S. H.; Schwartz, B. J. " Measuring the anisotropic conductivity of rub-
aligned doped semiconducting polymer films: The role of electrode geometry"” Phys. Rev. Appl.
21, 024006, 1-10 (2024); DOI: 10.1103/PhysRevApplied.21.024006. Copyright 2024 American

Physical Society.

A reprint of the supporting information is given in Appendix C.
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4.1. Introduction
With their intrinsically low thermal conductivities, semiconducting conjugated polymers
such as poly(3-hexylthiophene-2,5-diyl) (P3HT) are materials with promising potential for
thermoelectric applications. [1]- [3] However, pristine semiconducting polymers also possess poor
electrical conductivity, o, which affects the thermoelectric efficiency zT:
zT = SZ—GT, (D
K
where S is the Seebeck coefficient, o is the electrical conductivity, « is the thermal conductivity,
and T is the temperature. The electrical conductivity of semiconducting polymer films is in turn

determined by carrier density n and mobility y: o = nep, where e is the fundamental charge.

The carrier density in semiconducting polymers can be increased by doping; most
conjugated polymers are p-type materials and thus can be doped with strong oxidizing agents, such
as 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4TCNQ). The carrier mobility,
however, is heavily dependent on a doped polymer film's morphology. In general, most conjugated
polymers are semicrystalline, which means that outside of the relatively small crystallites, the
chains in conjugated polymer films can bend, twist, and entangle, resulting in randomly-oriented
ordered and amorphous regions. This bending and twisting can break the conjugation, leading to
a broad distribution of conjugated sites with different energies. [4] Charge transport in the presence

of such site disorder is generally poor and mainly dictated by thermally-activated hopping. [4]-[6]

One route to reduce energetic disorder and thus improve carrier mobility is to molecularly
align the chains in doped conjugated polymer films. A versatile way to achieve this is via high-

temperature rubbing, a method pioneered by Brinkmann and coworkers, which macroscopically

73



aligns the polymer chains along the rubbing direction. [7—14] The rubbing process significantly
enhances the electrical conductivity compared to non-aligned films, with reports of the

conductivity of FATCNQ-doped P3HT films increasing from 9 to 160 S/cm after rub alignment.[7]

Although the electrical conductivity of rub-aligned doped conjugated polymer films is
significantly enhanced compared to that of non-aligned films, the charge transport in such films is
anisotropic. [7], [15]- [17] This is because carrier transport mainly occurs along the conjugated
backbone and between chains that are n-Stacked; transport is not facile through the electrically
insulative side chains that confer solubility. [18] Thus, anisotropic electrical conductivity
measurements are often reported in terms of conductivities parallel (||) and perpendicular (L) to
the rubbing direction, [7—14,19] and these values can differ by a factor of 3.5to 8. [7,9] Here, our
goal is to explore the merits of different methods for measuring anisotropic electrical

conductivities in rub-aligned doped conjugated polymer films.
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Figure 4. 1. Geometries of the three methods for anisotropic conductivity measurements on doped,
rub-aligned conjugated polymers explored in this work: a) the standard six-contact Hall bar
geometry; b) the rectangular geometry via the Montgomery method, where the source current and
voltage measurements are rotated by 90° (blue and black diagrams) along the principal x and y
axes; c) the four-line geometry similar to that used by Brinkmann and coworkers; [7,9—-14] d) the
rectangular four-line geometry; and e) the rectangular four-line confined geometry. Here, the
purple shading represents the aligned, doped P3HT film, the gray shading shows the positions of

the electrodes, the arrow indicates a current source, and V indicates a voltage measurement.

The standard way to obtain anisotropic conductivities and/or resistivities is using a four-
point probe measurement with electrodes arranged in the Hall bar geometry, which is shown in

Figure 4.1a. The source and sink electrodes are placed on opposite ends of a rectangular strip,
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confining current flow to a single direction. However, fabricating a Hall bar electrode geometry is
often not simple or convenient, and only one conductivity direction can be measured per sample.
This is particularly problematic for rub-aligned conjugated polymer films, for which there is a
great deal of sample-to-sample variation as well as variances between different locations on the
same sample, so that it can be challenging to compare conductivities in different directions taken

on different samples or even in different places on the same film.

Here, we show that the anisotropic conductivity of rub-aligned films can be measured
accurately using a simpler rectangular geometry (Figure 4.1b) based on the revised Montgomery
method, [20], [21] which also provides the advantage that the parallel and perpendicular
conductivities of rub-aligned films can be measured on the same sample and location. We also
explore the possibility of performing Hall effect measurements on rub-aligned films using this
rectangular geometry and we show that four-line (Figure 4.1c) measurements used by Brinkmann
and coworkers for anisotropically-conducting doped conjugated polymer samples significantly

overestimate the conductivity.

4.2 Results and Discussions

4.2.1. Montgomery’s Method for Measuring Anisotropic Conductivity

The Montgomery method [22] is a technique that combines the work of Wasscher, [23]
Van der Pauw, [24] and Logan, Rice, and Wick [25] to deconvolute the different directional
resistivities in anisotropic materials. Unlike the Hall bar geometry, the samples used in the
Montgomery method are fabricated into a simple rectangular geometry, as shown in Error!
Reference source not found.b, with electrodes placed at each corner. The method requires that

the direction of the components of the resistivity (p;) be along the sample’s principal axes, i = X or
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y. Since the directions of the resistivity components are known in rub-aligned films through
polarized UV-Vis spectroscopy, only two resistance measurements are needed to solve for the

film’s anisotropic conductivity.
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Figure 4. 2. Schematic of the Wassher transformation of anisotropically-conducting samples with
conductivity p; along the principal axes with lengths L; into an isotropically-conducting equivalent
with lengths L;. The key step of the Montgomery method is mapping the anisotropically-
conducting sample onto that of an isotropic equivalent using the Wasscher transformation, which
treats the anisotropic sample as isotropic but with dimensions proportional to its anisotropic

resistivity. [23]

Figure 4. 2. Schematic of the Wassher transformation of anisotropically-conducting
samples with conductivity p; along the principal axes with lengths L; into an isotropically-
conducting equivalent with lengths L;. The key step of the Montgomery method is mapping the
anisotropically-conducting sample onto that of an isotropic equivalent using the Wasscher
transformation, which treats the anisotropic sample as isotropic but with dimensions proportional

to its anisotropic resistivity. [23] . illustrates the relationship between the anisotropic sample and
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its isotropic equivalent. Both L; and L; have units of length, with the prime referring to the
anisotropic samples and the non-primed variables referring to the isotropic equivalent. Through
the Wasscher transformation, the anisotropic problem is now an isotropic one with a single
resistivity p:

p = H,ER, = H,ER,, )

where the isotropic resistivity is based on the resistances (R;) measured in the in-plane principal
directions with two correction factors, H; and E. The correction factors H; account for the finite
lateral dimensions, while E accounts for the finite thickness of the isotropic sample. [20,21] Logan,
Rice, and Wick solved the above relation using the method of images and obtained a series for the
correction factors. [25]

A revision of the Montgomery method by dos Santos and coworkers [20] simplified the
series by showing that only the first term was needed to obtain a good approximation. For this

revised version, the H;’s are simplified to:

H, = (g) sinh (ﬂL—ny) and H, =~ (g) sinh (n—L"> 3)

Ly

The H; correction factors in Eg. 3 only depend on the ratio between the isotropic in-plane

dimensions L, and L,,. The value of this ratio is proportional to the resistance ratio measured in

e*—

Ze—x and Egs. 2 and 3, dos Santos

the two principal directions. Using the definition sinh(x) =

and coworkers obtained the following approximation that can be used to calculate the H;’s:
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With the help of Equation 4, the correction factors H; can be easily obtained through two
resistance measurements along the principal axes, allowing the anisotropic resistivity components
to be straightforwardly determined by reversing the Wasscher transformation, as summarized in

Equations 5: [20,21]

my (I (L, . [ml] 1
o=@ @) @) 7] -7 ©

and

(L (Ly nl,] 1
z—E’—(—)R inh | 2| = —
= @ () @) mesmm 2] =5

For thin film samples, the effective anisotropic thickness E’ can be replaced with the actual sample
thickness L’,. With the revised Montgomery method, the anisotropic conductivities can thus be
obtained with two simple resistance measurements without having to fabricate multiple rub-
aligned samples. Furthermore, Equations 5 also give us a generic relation between the anisotropic
resistivity components and the anisotropic conductivity (ox and oy).
4.2.2 Fabrication of Doped of Rub-aligned P3HT Films and Polarized UV-Vis-NIR spectroscopy
To test how well this formalism works on doped, aligned films of semiconducting
polymers, we employed the high-temperature rub-aligning method to create anisotropic P3HT
films. [7-9] The polymer films were made by spin coating regioregular (97%) P3HT (Ossila) onto
glass substrates. After allowing them to dry, the P3HT films were then rub-aligned at 140 °C using

a homemade setup consisting of a microfiber polishing wheel that can sbe applied to the film with
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a reproducible force in an inert atmosphere (see Figure S14 and other details in the Supporting
Materials (SM) [26]). Polarized UV-Vis spectroscopy (Fig. S15 in the SI) showed that the dichroic
ratio (1,/ I,) of the absorbance at 610 nm (2.03 eV) was > 10, comparable to the highest dichroic
ratios previously reported for rub-aligned P3HT. [7-14,19] We also see a small enhancement of
the 0-0 vibrational peak relative to the 0-1, which is indicative of the stronger intrachain coupling
that results from straightening the polymer chains. [7,30-32]

After successfully rub-aligning the P3HT films, we then chemically doped them using the
sequential processing (SqP) method, which involves exposing the samples to a solution of the
dopant in a solvent that swells but does not dissolve the underlying polymer film. [31,33-35] One
set of aligned P3HT samples was doped with a solution of 3 mg/mL FsTCNQ (Ossila) in n-butyl
acetate (n-BA). The second set of samples was doped using the anion-exchange method [36] by
exposing the films to a solution of 3 mg/mL F4sTCNQ in n-BA that was co-dissolved with 30
mg/mL of bis(trifluoromethane)sulfonimide lithium (LiTFSI) electrolyte. The anion exchange
method allows for higher doping levels than conventional doping methods and also provides

control over the counterion present in the rub-aligned doped polymer film. [19]
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Figure 4. 3. Polarized UV-Vis absorption spectra (red curves, light polarized parallel (|) to the
rubbing direction; blue curves, light polarized perpendicular (1) to the rubbing direction) of rub-
aligned doped P3HT films; the green curves show the corresponding spectrum of an unaligned
doped P3HT film. Panel a) shows the results for conventional doping with F4ATCNQ, while panel
b) displays the results for doping via the anion-exchange method in the presence of LiTFSI. The

noise near 1.4 eV is due to a lamp change in the instrument.

Figure 4. 3 shows polarized UV-Visible absorption spectra for the rub-aligned P3HT films
doped with each of these two methods. For the conventional doping method, Fig. 4. 3a shows that
with light polarized || to the rubbing direction probes the neutral P3HT band-bap absorption near
2.2 eV as well as the so-called P2 (~1.6 eV) and P1 (< 1 eV) peaks associated with the presence
of polarons (charge carriers). With light polarized in the L direction, we see that the neutral

polymer absorption is significantly blue-shifted to ~2.4 eV, and we also see F4sTCNQ anion peaks
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at ~1.4, 1.6, and 3.0 eV. The small presence of these anion peaks seen in the parallel direction
indicates that not all of the doped polymer chains are fully aligned in the rubbing direction.

In contrast to the conventional doping method, the polarized absorption spectra of the anion-
exchange-doped films are shown in Fig. 4. 3b no longer show the presence of the FaTCNQ anion,
indicating that the FATCNQ anions were successfully exchanged with TFSI anions. [19,36] We
also observe the presence of the P1 and P2 polaron absorption features in the perpendicular
direction, indicating that the extra doping power afforded by the anion-exchange method allows
for doping some of the amorphous regions that remain in the aligned film. This idea is also
supported by a decrease in the intensity of the blue-shifted P3HT bandgap peak in the
perpendicular direction: with anion exchange, there are fewer undoped and more doped conjugated
segments that are not aligned along the rubbing direction. [19] Thus, our use of conventional and
anion exchange doping allows us to get better insights into how having carriers in different regions
(aligned and crystalline in the conventionally doped films vs. crystalline and amorphous in the

anion-exchange doped films) affect the anisotropic electrical conductivity.

4.2.3. Electrical Conductivity Measurements

Rectangular Hall Bar Rectangular HA?i” Ee%r
Non-Aligned | Non-Aligned | Aligned (|l, 1) (I gJ_)
Conventional 8.28 + 0.12, 9.89 + 2.81,

Conductivity | 4.66+030 | 425+118 | 453 009 | 0914031

(§/cm)
Anion-
Exchange 33.95 + 0.09, 47.43 + 23.3,
Conductivity | 1236%0.19 | 11.07£036 | 355,036 | 3.41+066
(§/cm)
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Table 4. 1. Conductivity of non-aligned and rub-aligned doped P3HT films measured using both

the Hall bar (Fig. 4. 1a) and rectangular (Fig. 4. 1b) electrode geometries.

For our electrical measurements on the rub-aligned, doped P3HT films, we limited the
source current to 10 pA to avoid injecting excess charges and to minimize sample heating, even
though we found that for all of our samples in both the Hall bar and rectangular geometries, the
current could be sourced up to 1 mA without any evidence of non-ohmic behavior. We also note
the rub-aligned P3HT films are quite rough, [10,11] so that it is not straightforward to determine
the thickness of these films. (The Brinkmann group suggests melting the films, which destroys
their alignment, and then using UV-Vis spectroscopy to determine the average thickness post-
melt). [7-13]

The primary and most commonly employed method for assessing the morphology and
thickness of a thin film is either via profilometry or atomic force microscopy (AFM). Figure S18
(see SM [26]) displays 3-D surface profiles of non-aligned and rub-aligned P3HT films, both
doped and undoped, obtained using profilometry. We note that the rub-aligning process
significantly increases the surface roughness of the films, as imperfections on the surface of the
microfiber polishing wheel cut grooves and ridges into the relatively soft polymer underneath. This
increased roughness makes it difficult to accurately measure the rub-aligned thickness by the
traditional method of making a cut into the film to expose the substrate and performing a line scan

to determine the film thickness as the height of the step adjacent to the cut.
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Thus, for our rub-aligned samples, instead of relying on a few individual line scans that
can show large variations, we elected to determine the average thickness over a large area of each
sample, as documented in Table S8 of the SM [26]. We find that despite the rough topology, the
average thickness and surface roughness of our rub-aligned films are reproducible, giving us
confidence when comparing sheet resistances or conductivities between samples or measurements

with different electrode geometries.

One feature worth noting is that the average profilometry-determined thickness of our rub-
aligned films appears greater than the non-aligned films from which they were prepared. This
appears counterintuitive, as the rubbing process is expected to remove polymer material, so that
the rub-aligned films would be expected to become thinner. However, the roughness features on
the surface of the film are comparable to or smaller in size than the profilometer tip diameter,
which is thus unable to properly measure the depth of the grooves rubbed into the films’ surfaces.
The conductivities we report in Table 4.1 use the average thickness determined by the 3-D
profilometry scans are thus likely underestimated since the thickness we use to calculate the
conductivities is likely overestimated, as discussed in more detail in the SI. This slight systematic
error, however, does not affect our comparison of the use of different electrode geometries to

measure the anisotropic conductivity of our rub-aligned samples.

Error! Reference source not found. summarizes the electrical conductivity
measurements for our conventionally- and anion-exchange-doped non-aligned and rub-aligned
P3HT films. The reported values were averaged from at least 3 independent samples. The
conductivity measured via the rectangular geometry are the same within error as those measured

using the Hall bar geometry, verifying that the rectangular method can accurately measure the
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anisotropic conductivity of aligned doped conjugated polymer films. The modest discrepancies
between the conductivities obtained using the two methods are largely due to sample-to-sample
variations, as it is quite challenging to make precisely identical rub-aligned films, and of necessity,
the measurements with different electrode geometries have to be taken on different samples.
Fortunately, the rectangular geometry allows both the parallel and perpendicular measurements to
be taken simultaneously on the same sample, a significant advantage over the Hall bar geometry.

The parallel and perpendicular conductivities for the rub-aligned P3HT films doped with
the conventional method are 8.28 + 0.12 and 0.63 + 0.09 S/cm (averaged values from the modified
Montgomery method), respectively. As has been discussed previously, [7-9] the doped rub-
aligned films show a higher parallel conductivity compared to doped non-aligned films (4.66 +
0.30 S/cm), the result of improved charge transport in the rub-aligned direction. The conductivity
of the rub-aligned doped films in the perpendicular direction, however, is significantly lower than
that of the non-aligned film. In addition to the fact that carrier transport in the L direction largely
involves hopping between polymer chains, the decreased perpendicular conductivity may also
result from the fact that rub-alignment induces a change in the texturing of the polymer.

Charge transport within doped semiconducting polymers is anisotropic on a molecular
scale, since it is easier for carriers to move along the conjugated backbone of the polymer or
between n-stacked chains than along the direction of the insulating side groups.'® [37—-40] When
spin-cast into thin films, P3HT crystallites tend to be edge-on oriented with respect to the substrate,
so that the best molecular directions for electrical conductivity both lie in plane. However, rub-
alignment of P3HT films results in the formation of both edge-on and face-on oriented

crystallites, [7-14] as shown in Figure S18 of the SM [26]. Thus, even though highly-oriented
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polymer chains should have enhanced charge transport due to reduced energetic disorder, the fact
that some crystallites now have their insulating side-chains lying in-plane may hinder the mobility
of carriers on the molecular scale. This diminished conduction in the perpendicular direction has
also been observed in a recent report involving rub-aligned doped conjugated polymer films
utilizing the Hall bar geometry. [19] Numerous studies in the field of organic solar cells have also
indicated that charge transport through the side chains is considerably less effective than traversing
the n-stacks or following the polymer backbone. [41-44]

It is worth noting that our finding that the perpendicular conductivity of the rub-aligned
doped P3HT film is lower than that of an isotropic film, which we believe makes sense, is in
contrast to results presented by Untilova and coworkers. [7] These workers reported conductivity
values for aligned doped conjugated polymers in the perpendicular direction that equaled or
exceeded the conductivity of the corresponding non-aligned polymer samples. As we will discuss
in more detail below, we believe that this result is an artifact of the fact that this group used a 4-
line electrode geometry, shown in Fig. 4. 1c, [7] which is not appropriate for determining the
conductivity of anisotropically-conducting samples.

For the rub-aligned P3HT films doped with the anion-exchange method, the parallel and
perpendicular conductivities are much higher than those doped with the conventional methods,
33.95+0.09 and 3.22 + 0.36 S/cm, respectively. The higher conductivities make sense given that
the anion-exchange method leads to higher doping levels, which is consistent with the more
depleted neutral P3HT bandgap absorption seen in Fig. 4. 3b. It is worth noting that despite the
fact that anion exchange dopes the amorphous regions as well as the crystalline regions of the

P3HT film, the anisotropy in the observed conductivities is actually slightly higher than that of the
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conventionally-doped films. This suggests that electrical conduction through the amorphous

regions is not substantial, even when the films are highly doped. [45]

4.2.4. Hall Effect Measurements

Rectangul Hall Bar | Rectangular Hall Bar
ar Non- Non- Aligned (|, Aligned
Aligned Aligned 1) (I, L)
20 3.3 x 10%°
Hall Carrier 31:;2 4.2 x 10%° 6.2 x 10%° +8.7 x 10%°,
Density (cm] —1(')19 +1.910° | +1.4x10%° 1.0 x 10%
Conventional +1.0 x 10%
Mobility 0.08 + 0.08 + 0.02, 0.2 +0.09,
em2/v-s) | 0005 | 209%006 1460740002 | 0.01+0.008
5.5 x 10%°
Hall Carrier | 4.7 x10%® | 4.3x10% 9.0 x 10%° +4.5x%10%,
Anion. | Density (em™| +3.6x 100 | +5.4x 10 | +5.8x 10% +8.777><X1§>;ZO
Exchange -
Mobility 0.24 + 0.03, 7.10 + 3.11,
(cm2)v-s) | 01720011 0162003 15055 0004 | 0.03+0.02

Table 4. 2. DC field-and-current reversed Hall effect measurements for conventional and anion-
exchange-doped non-aligned and rub-aligned P3HT films using both the Hall bar and rectangular

electrode geometries.

In addition to conductivity measurements, we also performed Hall effect measurements on
the rub-aligned doped P3HT films in an effort to obtain insights into anisotropic carrier mobility.
Typically, the Hall bar geometry is used to determine anisotropic carrier mobilities. [46] In
contrast, the rectangular geometry based on the Van der Pauw method is not commonly used for

anisotropic samples because the results can be difficult to interpret due to the apparent dependence
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of the Hall voltage on the sample’s anisotropy. However, Bierwagen et al. [46] have presented
numerical calculations and experimental data showing that a sample’s anisotropy does not have a
significant impact on the measurement of the Hall voltage, so that it should be possible to utilize
the Van der Pauw geometry to calculate an anisotropic sample’s carrier density and mobility
without the need for a correction factor. Here, we used the revised Montgomery method, along
with rectangular-geometry Hall measurements, to obtain the anisotropic sheet carrier density and
thus the anisotropic mobility of the carriers in doped rub-aligned P3HT films, the results for which

are summarized in Table 4.2.

In principle, the carrier density should be the same regardless of the measured direction;
this is because the same doping-induced charge carriers move either along or against the rubbing
direction. However, with the Hall bar geometry, the carrier density measured in the parallel
direction is roughly an order of magnitude less than that in the perpendicular directions. We believe
that this is an effect of having mixed transport in the rub-aligned system. Only band-like carrier
transport is directly affected by the Lorentz force, so the presence of low-mobility carriers that
move by hopping in doped organic semiconductors presents challenges for interpreting the results
of Hall effect measurements. [6,47,48] Yi et al. have proposed a set of analytical expressions to
describe Hall measurements in a simple isotropic system with two types of carrier transport: band-
like and hopping transport. [6] When a significant fraction of the carriers have hopping-like
transport, the measured Hall carrier density can deviate significantly from the actual total carrier
density.

We believe that the difference in Hall mobility and Hall carrier density observed in rub-

aligned doped P3HT films is due to underestimating and overestimating the total carrier density in
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the directions parallel and perpendicular to the rub alignment, respectively. For the Hall bar
geometry in the parallel direction, we expect that more carriers would experience band-like
transport owing to the chain alignment. This is supported by temperature-dependent conductivity
measurements on the rub-aligned films, which are presented in Figures S19 and S20 and Table
S10 in the SM [26]. The activation barrier for conduction extracted from these measurements is
lower in the direction parallel to the rub-alignment than in the perpendicular direction; the parallel
conduction barrier is also lower than that seen in the non-aligned doped films. The lower activation
barrier is consistent with reduced energetic disorder, more delocalized carriers and thus a greater
degree of band-like versus hopping-like transport. [49]

The small number of carriers that experience hopping-like transport will contribute little to
the Hall voltage, so the measured Hall carrier density is slightly less than the total carrier density.
In the perpendicular direction, however, carrier transport is primarily via hopping due to the need
for interchain carrier motion, particularly due to the face-on polymer texture. Although hopping
carriers are not affected directly by the Lorentz force, they are affected by the electric field caused
by the separation of the transport of the small number of band-like carriers. [6] This electric field
forces the hopping carriers to move against the Lorentz force, resulting in a smaller measured Hall
voltage and thus an overestimate of the carrier density.

Interestingly, the Hall carrier density determined using the rectangular geometry is closer
to that measured via the Hall bar geometry in the perpendicular direction than the parallel direction.
Since the current in the rectangular geometry is sourced ~45° to the parallel direction, the Hall
voltage measured in this geometry should be a weighted average of the two transport cases

mentioned above, with hopping transport more likely than band-like transport. However, it is
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difficult to pinpoint which geometry gives the most correct measurement of the total carrier
concentration without knowing the precise extent of the mixed transport effect. Clearly, electrode
placement relative to the rubbing direction is crucial since it will govern the contribution of band-
like and hopping transport to the anisotropic Hall measurement.

Since they are much more highly doped, the anion-exchanged-doped aligned P3HT films
are expected to have a higher carrier mobility due to a lower barrier for hopping. [49] Indeed,
higher mobility was observed in both the aligned and non-aligned anion exchange-doped samples
than in those that were conventionally doped. However, we observed the same mobility anisotropy
trend in the anion-exchange-doped samples doped, with higher mobility in the parallel direction
obtained from the Hall bar geometry than that obtained from the rectangular geometry. Similar to
the conventional doping case, this was due to a different carrier density being measured in the
parallel and perpendicular directions for the Hall bar geometry. This trend is also consistent with

having mixed transport.

4.2.5. Comparison of Electrode Geometries Effect on Measuring Anisotropic Effect

As mentioned above, in previous work, Brinkmann and co-workers used a four-line
geometry (Fig. 4. 1c) to measure the anisotropic conductivity of rub-aligned doped conjugated
polymer films. [7—13] To calculate the conductivity for the four-line geometry, Brinkmann and
coworkers added a geometrical correction factor, C, to the standard four-point probe equation to
account for the use of line instead of point-like electrodes, as summarized in Equation 6: [7,9]

_In(2) 11
T Cm AVt

(6)
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where AV is the measured voltage between the two inner electrodes, I is the current sourced
between the two outer electrodes, and t is the film’s thickness. The geometrical correction factor
is obtained by taking the ratio of resistances obtained from four-point and four-line electrode
geometries on non-aligned films. [7,9] For our four-line geometry (1.5-mm spacing between 7.5-
mm length electrodes), the correction factor was measured to be ~1.4, as described in the SI. Itis
also important to point out that the four-line geometry used by Brinkmann and coworkers, shown
in Fig. 4. 1c, has square contacts at one end. The smaller correction factor we find here compared
to that reported by Brinkmann and coworkers (C = 1.8) [9] likely results from our use of different

electrode sizes relative to the sample area.

. Perpendicular
Electrode Geometry ParaIIeISConductlwty Conductivity
(S/cm) (S/cm)
Rectangular (Montgomery
Method; Fig. 4.1b, this 2.59 £0.09 0.21+£0.01
work)
Four-line (Brinkmann
and Coworkers; Fig. 3.51+0.22 0.36 £ 0.02
4.1¢c)°
Four-line (without square
contacts; Fig. 4.1d) 2.80 £0.09 0.28 £0.03
Four-line (without square
contacts and confined; Fig 3.27£0.02 0.20 £ 0.02
le)

Table 4. 3. Conductivities of rub-aligned FATCNQ-doped P3HT films in different directions using

the rectangular (Fig. 4.1b) and various four-line (Figs. 4.1c-e) electrode geometries.

We then used Equation 8, along with the value of 1.4 for the geometrical correction factor

C, to calculate the conductivity of rub-aligned doped P3HT films using the four-line electrode
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geometry (Fig. 4.1c); the results are summarized in Table 4.3. The rub-aligned films for this
comparison were made in the same way as those whose properties are shown in Fig. 4.3 and Table
4.1, except that the films were sequentially doped using a 1 mg/mL F4TCNQ solution in
acetonitrile (instead of n-BA) to directly compare to the previous work by Brinkmann and co-
workers. [7] Table 4.3 shows that the parallel and perpendicular conductivity obtained using the
four-line geometry are ~26% and ~40% higher than those obtained using the rectangular geometry,
respectively. This overestimation of conductivity using the four-line geometry is likely why Huang
and coworkers, [19] who used the Hall bar geometry to measure the electrical conductivity of rub-
aligned doped conjugated polymer films, were unable to reproduce the high conductivities reported

by Brinkmann and coworkers. [14]

To understand the reasons the 4-line geometry overestimates the conductivity, we
performed a set of additional experiments involving further modification of this electrode
geometry. First, we created an electrode geometry with four uniform lines that did not have square
contact pads (Fig. 4.1d). When measured on isotropic doped P3HT samples, the correction factor
remained at the same value of 1.4 as that for the geometry with the square contact pads (Table
S7). However, we find a notable difference when applying this modified 4-line electrode
geometries to the aligned doped P3HT samples: the configuration featuring square contacts yields
a higher conductivity in both the parallel and perpendicular directions, as summarized in Table
4.3. This suggests that the use of a single correction factor that is derived from an isotropic sample
cannot be rigorously applied to measuring anisotropic conductivity. We believe that this explains

why Brinkmann and co-workers saw an apparent increase in conductivity in the perpendicular
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direction of their aligned samples relative to isotropic samples: [7] the isotropic correction factor

is too low to properly describe the perpendicular carrier transport.

Next, we examined another factor that might explain why the 4-line geometry electrodes
in Fig. 4.1c lead to errors in the measured conductivity: the fact that line electrodes do not span
the entire size of the doped polymer sample. The issue is that conducting material ‘outside’ the
electrodes may provide for additional current paths that are not reflected in the voltage measured
on the center electrodes. [21] To test this, we performed experiments removing the doped aligned
polymer material outside the electrodes, which we refer to as the 4-line ‘confined’ geometry (Fig.
4.1e). We find that the 4-line confined geometry leads to an increase in the measured conductivity
in the parallel direction and a decrease in conductivity in the perpendicular direction, thus
increasing the measured conductivity anisotropy. This is yet another sign that the use of a single
correction factor from an isotropic sample cannot account for electrode geometric disparities used
on anisotropically conducting samples. It also likely explains why the conductivity anisotropy we
measure with the ‘confined’ Hall bar and Montgomery electrode geometries is higher than that

reported by Brinkmann and co-workers with the ‘unconfined’ 4-line geometry. [7]

4.3. Conclusions

In summary, the anisotropic conductivity of rub-aligned doped conjugated polymer films
can be accurately measured using the rectangular electrode geometry via the modified
Montgomery method. In addition to comparing the Hall bar and rectangular electrode geometries,
we showed that use of a four-line geometry, particularly one with square contact pads, significantly
overestimates the anisotropic conductivity of rub-aligned films, a result stemming from the fact

that the correction factor measured on isotropic films does not properly transfer to anisotropically-
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conducting samples. Overall, the rectangular geometry is significantly more straightforward to
fabricate than the Hall bar and allows the conductivity in both directions to be measured
simultaneously, making it a better alternative to the Hall bar and four-line geometries for
anisotropic conductivity measurements of rub-aligned doped conjugated polymers, although the

Hall bar geometry is still preferred for Hall effect measurements.
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CHAPTER 5
Control of the Seebeck Coefficient Conductivity relationship in Doped Semiconducting

Polymer Thin Films through counterion coulomb binding and mesoscale correlation length

5.1. Introduction

Doped semiconducting polymers have great potential promise for thermoelectric
applications due to their ease of processing, tunability, and inherently low thermal conductivity.:
4 Interest in these materials has increased in recent years, with the development of new polymers,
dopants, and doping methods.>*° Most of the work in this field focuses on improving the electrical
conductivity of semiconducting polymers to overcome their intrinsically low carrier mobility and
density. For thermoelectric devices, however, it is crucial to also consider the Seebeck coefficient
(S), which is a measure of the voltage difference generated in response to a temperature gradient
across a material. This voltage facilitates the flow of charge carriers, enabling the conversion of
waste heat into electrical energy.

The efficiency of the thermoelectric conversion process is described by the figure of merit
(ZT):

oS?
ZT :TT, (1)

which depends on the electrical conductivity (¢) and Seebeck coefficient as well as the thermal
conductivity (k). The temperature (T) is included to make the quantity dimensionless. Although it
is desirable to maximize both the electrical conductivity and the Seebeck coefficient to achieve
higher ZT, increasing the electrical conductivity through doping often results in a decrease in the

Seebeck coefficient.
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The inverse relationship between o and S can be understood using the Boltzmann transport
formalism. In the version developed by Kang and coworkers, these factors are described in terms

of the transport function e, which is related to the carrier mobility:!

o= [ ont- ) ar @
o -t () ) (L

where kg is the Boltzmann constant, E is the energy of the charge carrier, q is the charge, Er is the
Fermi level, and f(E) is the Fermi-Dirac distribution. Although not explicit in these equations,
increasing the conductivity by increasing the carrier density causes the Fermi level to shift, thereby
reducing the (E — Er) term in Eq. (3) and lowering the "excess" energy that carriers can contribute
to the Seebeck coefficient.!! This explains why the Seebeck coefficient tends to decrease when
electrical conductivity increases at higher doping levels.1?1¢

The electrical conductivity of a doped conjugated polymer depends not only on the number
density of carriers but also on their mobility: higher carrier mobility results in higher conductivity
at the same carrier density. This suggests that doped semiconducting polymer films with higher
carrier mobility will also have higher Seebeck coefficients relative to their electrical
conductivity.!"®

The charge transport mechanism in doped semiconducting polymer films is typically
understood as a hopping process. This process is influenced by several factors, including energetic
disorder from the polymer morphology and the Coulomb interactions between polarons and their

counterions, both of which can create barriers that trap charge carriers at specific locations.
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Temperature also plays a key role in this transport: at higher temperatures, polarons gain enough
thermal energy to overcome these energy barriers, so that the electrical conductivity increases.
To improve the carrier mobility in doped semiconducting polymers, it is necessary to
understand how the interplay of film morphology and counterion interactions contribute to charge
transport.891216.19-22 Recently, Gregory and coworkers!”*® have expanded on the transport model
developed by Kang and coworkers!! by proposing that the charge transport function takes the

following form:

w, E—E,
og(E,T,c) = oyexp (— kz(;)) X( KT ) (4)

This expression for the transport function is termed the semi-localized transport (SLoT) model,
which introduces three components: oo, the pre-factor or intrinsic conductivity in the absence of
localization effects; W, the localization energy, which depends on the carrier density (c); and an

energy-dependent term, (i_it
B

). By assuming that the material is homogeneous throughout its

volume, WH(c) can further be broken down into a maximum localization energy (WH,max) and the
rate at which localization decreases with increasing carrier density (Whsiope). Equation 4 allows
one to determine whether charge transport is primarily influenced by oo or by WH (c), and how
these factors depend on both the doping method and the microscopic and mesoscopic morphology
of doped conjugated polymer films.

Different types of dopants and doping methods are known to significantly influence the
morphology in doped polymer films 8912161925 These morphological changes can occur on
microscopic length scales, such as changing the doped polymer crystallite spacing, as well as on

mesoscopic length scales, creating new domain lengths 812161925 |n this study, we aim to explore
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how different dopants and doping methods affect morphology and thus impact charge transport.
Specifically, we measure the carrier mobility in conjugated polymer films doped in four different
ways, use the SLoT model to analyze charge transport in terms oo and WH (c), and investigate how
the way doping affects these parameters affects the relationship between S and o.

Our work focuses on the workhorse material poly(3-hexylthiophene-2,5-diyl) (P3HT).
P3HT is a semicrystalline conjugated polymer that is widely used for studying chemical doping,
allowing us to make meaningful comparisons to the literature. In general, it is easier to dope the
crystalline regions of P3HT films where the chains segments are straight and the carriers can
delocalize than it is to dope the short-conjugation segments present in the amorphous regions of
the films.?® We then choose dopants and doping methods that are known to dope different regions
of P3HT films (e.g., doping the crystallites or both the crystallites and the amorphous regions),
provide a different degree of counterion-carrier Coulomb interaction, or both. Figure 5.1 shows

the chemical structures of P3HT and the different dopants used in this study.
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Figure 5. 1. Chemical structure of P3HT and the various dopants used in this study. Two different
doping methods are used in this study: conventional (using F4sTCNQ, DDB-F36 and DDB-F72)
and anion-exchange. For the anion-exchange method, the dopant is FsTCNQ dopant is used in the
presence of the salt LiTFSI, increasing the doping efficiency and allowing TFSI ™ to exchange with

FsTCNQ as the counterion.
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For our initial dopant, we chose 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane
(FsTCNQ) because it is widely used in studies of doped semiconducting polymers, particularly
with P3HT. F4TCNQ has sufficient oxidizing power to dope the crystalline regions of P3HT but
is not strong enough to fully dope the amorphous regions.8?1:2226 After doping, it is known that the
FsTCNQ counteranion resides in the lamellar regions of the P3HT crystallites. Spano and co-
workers have shown that Coulombic interaction between polarons and counterions can cause
localization of the charge carriers on doped semiconducting polymers.?® For P3HT doped with
F4sTCNQ, the FsTCNQ anion is positioned relatively close to the polymer backbone, resulting in
strong Coulombic interactions that lead to a significant population of localized and/or trapped
charge carriers.

In contrast, one can also take advantage of dodecaborane (DDB)-based dopants, which are
so large that they physically cannot reside close to the P3HT backbone, reducing counterion/carrier
Coulomb interactions and thus producing more mobile charge carriers.®®?” DDBs can be modified
with different substituents to change their oxidation power. %27 Although both DDB-based
dopants help minimize Coulomb trapping, DDB-F72, with its stronger oxidizing power, can dope
the amorphous regions of P3HT films more effectively than DDB-F36. DDB-F36 is known to
intercalate into P3HT crystallites, expanding them in the lamellar direction by roughly a factor of
2.8 The very high oxidizing power of DDB-F72, in contrast, can disrupt a P3HT film’s crystallinity
at high doping concentrations.®?” Here, we employ both of these dopants to understand the trade-
off between structure and oxidizing power on the charge transport characteristics of doped P3HT.

Recently, Yamashita and colleagues developed a new technique called anion-exchange

(AE) doping, which offers several benefits over traditional chemical doping methods.® This
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approach involves immersing a conjugated polymer film in a solution containing both a chemical
dopant and a high concentration of an electrolyte. The dopant oxidizes the polymer, and then the
dopant's counterion is replaced by the electrolyte anion from the solution. This method allows
precise control over the choice of counterion in the doped polymer films; is also can achieve much
higher doping levels than conventional methods,® allowing for doping of the amorphous regions
of P3HT. For our study, we use FsTCNQ as the dopant and lithium
bis(trifluoromethane)sulfonimide (LiTFSI) as the electrolyte salt to anion-exchange dope P3HT
films. The ability to dope the amorphous regions provides a significant structural difference
compared to doping with F4aTCNQ alone, providing a way to correlate morphology with the
behavior of charge transport, including oo, WH(c), the connection between S and o.

In this study, we examine how different dopants and doping methods—F4sTCNQ, DDB-
F72, DDB-F36, and anion exchange—affect the morphology, charge transport, Seebeck
coefficient, and electrical conductivity of P3HT. Our findings show that charge transport, and
particularly the connection between the Seebeck coefficient and electrical conductivity, can be
improved either by reducing Coulomb trapping or by increasing the domain length through the
ordering of originally amorphous regions. Using a combination of temperature-dependent
conductivity, Hall effect, and UV-Vis-NIR spectroscopy measurements, we demonstrate that
P3HT films doped with DDB-based dopants exhibit a much lower localization energy compared
to those doped with FsTCNQ or via the anion-exchange method. Additionally, our use of the SLoT
model shows that films doped via anion exchange have a significantly higher oo than those doped
by other methods, which allows them to overcome their high carrier localization energy and

achieve a favorable relationship Seebeck coefficient-electrical conductivity relationship. We show
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that the higher oo results from an increase in domain length because AE doping is able to order

some of the originally amorphous regions of the P3HT films.

5.2 Results and Discussions

5.2.1. UV-Vis-NIR Spectroscopy

To investigate the electronic structure of our doped P3HT films, we performed UV-Vis-
NIR spectroscopy on films doped using DDB-F72, DDB-F36, F4sTCNQ, and via anion exchange
(AE), all at various doping concentrations (Figure 5.2). All of the doped P3HT films in this study
were fabricated using the sequential processing (SqP) method.?®-3! First, pristine P3HT films were
spin-coated onto glass substrates. After the films were fully dry, they were subject to a second
spin-coating step using various dopant solutions, including FaTCNQ, DDB-F72, DDB-F36, or for
the AE method, a combination of F4TCNQ and 104.5 mM (30 mg/mL) of LiTFSI. Additional

details on film fabrication and doping can be found in the Methods section.
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Figure 5. 2. UV-Vis-NIR spectra of doped P3HT films using different dopants: a) DDB-F72, b)
DDB-F36, ¢) F4aTCNQ, and d) anion exchange (AE) at various doping levels. Both DDB-F72 and
DDB-F36 doped films show highly redshifted P1 indicating highly delocalized polarons. In
contrast, FaTCNQ and anion-exchange doped films P1 is blueshifted compared to the DDBs doped

films, indicating the presence of trapped polarons.

The UV-Vis-NIR spectra for P3HT films doped with all four methods and different doping

concentrations are shown in Figure 5.2. Pristine P3HT films (black curves in each panel) are
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characterized by their neutral bandgap absorption centered near 2.3 eV. For all of the doped P3HT
samples (various colored curves with doping concentration increasing in spectral order from red
to purple), we observe a decrease of this absorption, verifying that doping removes electrons from
the polymer’s valence band/HOMO. All of the doped samples also show the presence of two new
peaks at ~1.6 eV and <1 eV, which are referred to as P2 and P1, respectively. These features are
associated with the presence of charge carriers, which are also referred to as polarons.

In addition to the induced polaron absorption bands, the FA TCNQ-doped P3HT samples in
Fig. 5.2c show additional absorption features near ~1.5 eV (overlapping the P2 band) and 3.0 eV
due to the FaTCNQ anion.®? The P3HT samples doped with DDB-F72 and DDB-F36 in Figs. 5.2a
and b also have a DDB radical anion peak near ~2.5 eV,%° which overlaps the neutral P3HT
absorption and thus masks some of the doping-induced depletion of this absorption. Also, at low
doping levels, these samples also show a third polaron transition, labelled P3, which results from
broken symmetry when only some regions of the polymer crystallites are doped.'°%*3* Despite the
presence of these other absorption peaks, all the samples show that as the dopant concentration is
increased, the intensities of both P1 and P2 rise, indicating more polarons and thus a higher doping
level.

Based on the P1 absorption intensity, the FATCNQ, DDB-F72, and anion-exchange doped
P3HT films are able to achieve roughly similar doping levels at the highest dopant concentrations
that we used in this study. It is worth noting that DDB-F72, with its higher oxidation potential,®
is more efficient at doping and reaches this level at 0.5 mM, whereas the other dopants require
higher concentrations to reach the same doping level. In contrast, DDB-F36 is less effective at

doping P3HT, showing a much lower P1 absorption intensity even at twice the concentration of
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DDB-F72. This aligns with DDB-F72’s strong oxidizing power, which, as shown by Aubry and
coworkers®, can not only dope the amorphous regions but also further dope the crystalline regions
to the point of causing structural disorder. On the other hand, although DDB-F36 is slightly more
oxidizing than F4aTCNQ and can likely dope the amorphous regions to some extent, it lacks the
ability to further dope and disrupt the structure as DDB-F72.8

As previously mentioned, the anion-exchange method is more efficient at doping compared
to conventional F4TCNQ doping. However, the P1 absorption intensity and thus doping level of
our samples at the highest doping concentration is nearly identical for both methods. The reason
for this is that we used dicholoromethane (DCM) for doping our films with F4sTCNQ, and DCM is
a solvent that swells P3HT quite well?* and thus allows efficient access of the dopant into the
polymer. For anion-exchange doping, on the other hand, we used n-butyl acetate (n-BA) as the
solvent for doping the films, as LiTFSI is not highly soluble in DCM. Since n-BA is not as
effective a swelling agent for P3HT, we end up with about the same doping level using AE as

without but with the more swelling solvent.

In addition to providing qualitative insights into the doping level, the position of the P1
band also reveals important information about polaron delocalization. Polarons on conjugated
polymers are delocalized over multiple monomers, and their absorption spectrum is roughly that
of a particle in a 1-D box; as a result, more delocalized carriers exhibit a more redshifted P1
transition compared to less delocalized carriers.%?! One of the main sources of polaron
localization is the coulomb interaction with the dopant counterion. This is consistent with the

observation that the P1 band of P3HT films doped with DDB-F72 and DDB-F36, whose
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counterions are too large to interact strongly with the polymer backbone, exhibits a significant

redshift compared to those doped with FsTCNQ or the AE method.®

In previous work, we argued that the carrier mobility in doped P3HT films was directly
connected to the degree of polaron delocalization and thus the position of the P1 absorption band.®
Other groups, however, have challenged this notion, arguing that the mobility depends more on
doping level that the molecular level degree of delocalization measured by P1.2® One of the
purposes of this study is to use all the different doping methods to examine the connection between
macroscopic electrical measurements, such as four-point probe temperature-dependent electrical
conductivity and the Hall effect and microscopic measures of polaron delocalization such as the

position of the P1 absorption band.

5.2.2. Probing Film Morphology Using Grazing Incidence Wide and Small -Angle X-ray
Scatterings

To investigate the morphologies of the P3HT that result from using the various doping
methods in this study, we performed Grazing-Incidence Wide and Small-Angle X-ray Scattering
(GIWAXS and GISAXS, respectively). Figure 5.3a-b displays the out-of-plane and in-plane
GIWAXS integrations, respectively, for pristine P3HT (black curves) and the most highly-doped
samples whose absorption spectra are shown in Figure 5.2 in the out-of-plane and in-plane

directions used in this study (various colored curves).

113



301 [(100) a)
foo 25‘ (100) :Igl;oé)-s;RzPBHT
<2 |lLooy | —ooers
=15+ JTONQ
@ —— AE (LiTFSI)
810 (200)
=
~ 5. (200) Out-of-Plane
O_
02 04 06 08 10 12 14
-1
q(A’)
7001
6004 In-Plane (020) b)

1.0 1.2 1.4 1.6 1.8 2.0

Figure 5. 3. 1-D integrated GIWAXS data for pristine P3HT (black curve) films and for the most
highly-doped samples whose absorption spectra are depicted in Figure 5.2. The dopant
concentration used to obtain the most highly doped samples are 3.62 MM F4sTCNQ, 0.5 mM DDB-
F72, 1 mM DDB-F36, and 3.62 mM anion-exchange doping. Both F4aTCNQ and anion-exchange

doped samples show similar lamellar expansion to lower g-spacing, indicating that the counterions
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are positioned at comparable distances from the polymer backbone. In contrast, DDBs doped
samples exhibit a much larger lamellar expansion due to the larger counterion size, suggesting
weaker Coulomb interaction. Additionally, both anion-exchange and DDBs doped samples show
signs of doping in the amorphous region in the in-plane GIWAXS data. The sharp peak at ~1.3

A" is likely from scattering by excess LiTFSI on the film surface.

The out-of-plane scattering in Figure 5.3a shows that for the Fa TCNQ-doped samples (red
curve), there is a shift of the (100) peak, which corresponds to the lamellar spacing of the P3HT
crystallites, from approximately 0.39 A~ to about 0.35 A~'. This shift, which has been noted in
several previous studies, indicates that the lamellar region of P3HT is expanding to accommodate
the F4TCNQ anion within the crystal structure.?%??” The in-plane 1-D-integration in Figure 5.3b
shows that the F4sTCNQ-doped samples also undergo a shift of the (020) n-stacking peak from
approximately 1.65 A~' to around 1.70 A~'. This shift has been attributed to a reorientation of the
unit cell caused by the intercalation of FaTCNQ anions into the lamellar region,2:%%7

Figure 5.3a also shows that the out-of-plane GIWAXS integration for the anion-exchange-
doped P3HT films (green curve) also shows a similar shift of the (100) lamellar peak to
approximately 0.35 AL: this indicates that TFSI™ sits at a similar distance from the P3HT backbone
as F4TCNQ, consistent with their similarly-positioned P1 absorption bands. More striking,
however, is the fact that the scattering intensity of this peak increases relative to that of pristine
P3HT. Itis well known that doping can induce order in amorphous conjugated polymer films from
the way the dopants fill space,®" so the increased (100) intensity indicates that AE doping is
ordering some of the originally-amorphous regions of the P3HT film. The in-plane integration in

Fig. 5.3b shows a smaller shift for the doped (020) n-stacking peak, indicating that AE doping
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causes less reorientation of the unit cell than doping with FATCNQ, likely because the TFSI anion
is slightly smaller than Fs,TCNQ . AE doping also creates a new broad peak centered around ~1.4
A%, which is indicative of more disordered n-stacking,®%” another signature of the fact that AE
doping has partially ordered the formerly amorphous regions of the P3HT film.

The out-of-plane 1-D integrations for the DDB-doped samples (Fig. 3a purple and blue
curves) show such a significant shift in the (h00) peaks to lower g that only the (200) lamellar peak
and higher overtones can be observed. This is a direct reflection of the fact that the ~2-nm diameter
DDB clusters cannot fit in the P3HT crystal lattice without causing a significant expansion in the
lamellar direction.2 This expansion is consistent with the idea that DDB anions have weaker
Coulomb interactions with polarons due to their increased distance from the polymer backbone,®
as reflected by the red-shifted P1 polaron absorption with these dopants in Fig. 5.2.

Unlike the significant expansion in the lamellar region, the in-plane integration in Fig. 5.3b
reveals that the n-stacking (020) peak of P3HT shows minimal change upon doping with both
DDB-F72 and DDB-F36;® the large lamellar expansion needed to accommodate these bulky
dopants does not require reorientation of the unit cell. One key difference between the two dopants
is the broad shoulder that appears near q ~ 1.4 A Y, which is much larger for the DDB-F72 doped
film (purple curve) than for the DDB-F36 doped film (blue curve). This broad shoulder is a sign
of both doping in the originally-amorphous regions and a net loss of the original polymer
crystallinity.®2” This is because DDB-F72 is more highly oxidizing, so it can dope the amorphous
regions, making them more ordered, but it also can more highly-dope the crystalline regions, which
requires disrupting the crystal structure to accommodate the larger number of counterions. DDB-

F36, on the other hand, cannot dope the crystalline regions to the point where their structure needs
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to be disrupted in order to accommodate the counterions, and it can only slightly dope the
originally amorphous regions.

All of the GIWAXS results indicate that our four different doping methods produce distinct
m, allowing us to test how how these different morphologies affect charge transport. However,
GIWAXS can only probes the locally-ordered regions of a doped conjugated polymer sample, yet
charge transport must take place over lengths scales much larger than those of a single crystallite.
Thus, we also performed a series of GISAXS experiments to investigate the films’ structures on a
larger length scale.**~4" The raw GISAXS data and their fits are shown in Figs. S1 and S2 of the

SI, respectively, and the domain lengths (Rg) extracted from the fits are given in Table 5.1.

GISAXS Pristine F4TCNQ AE F72 F36
Ry (A) 89 67 51/120 75 87
o0 (Slcm) - 10 125 25 35
Whi siope (MeV) - 310 350 1000 1550

Table 5. 1. List of radii of gyration (Rg) obtained from GISAXS data for the highest doping levels
of the various doping cases. GISAXS data was fit using the Unified Fitting model (see Sl for fitting
details) to obtain Rq values. The table also presents the key fitting parameters oo and WH siope Used

in the SLoT model to fit the Seebeck coefficient — conductivity data.

The GISAXS data in Table 5.1 reveal that the initial pristine P3HT film has Rq = 89 A.
Upon doping with F4TCNQ, Ry decreases to 67 A, indicating a loss of meso-scale correlation

length. This decrease is likely due to dopant-induced disordering, which has been previously
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reported in the literatures.'?124%48 |nterestingly, both DDB-F72 and DDB-F36 doped films exhibit
higher Rq values, 75 A and 87 A, respectively, than the F4 TCNQ-doped films. This indicates either
that incorporation of the large dopants does not significantly affect the mesoscale domain length,
or that these dopants are able to integrate part of the originally amorphous regions with the existing
crystalline regions, resulting in less dopant-induced loss of domain length.

In contrast to the FATCNQ- and the DDB-doped films, two different domain lengths were
observed for anion-exchange doped samples: 51 A and 120 A. The higher Rq value of 120 A, which
exceeds that of the pristine film, likely results from the presence of newly-ordered amorphous
regions, as observed in the in-plane GIWAXS, that integrate into the original crystalline domains.
We believe the lower Ry value results from crystalline regions being doped in areas where the
amorphous regions either did not dope or did not integrate with the doped region. This difference
prompts interesting questions about how these changes at both the microscopic and mesoscopic
levels affect charge transport and the relationship between the Seebeck coefficient and electrical

conductivity.
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5.2.3. Seebeck Coefficient — Electrical Conductivity Relationship

Seebeck Coefficient (uV/K)

Figure 5. 4. Seebeck coefficient-conductivity (S-o) relationship for P3HT doped with various
dopants/counterions. The dashed lines are fitted using the SLoT model.*® Both the DDB-based

dopants and anion-exchange doping show significantly higher Seebeck coefficient for the same
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To investigate how different morphologies resulting from the various doping methods
affect charge transport, we measured the Seebeck coefficient and electrical conductivity of the
same samples whose absorption spectra were shown in Fig. 5.2; we note that some of the lower-
doped samples had conductivities too low for accurate measurement and were excluded. To

measure the Seebeck coefficient, we deposited two parallel electrode lines on the film to measure
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the voltage induced by an applied temperature gradient. Electrical conductivity was assessed using
the van der Pauw method, with electrodes placed at the four corners of square film samples. More
details of how Seebeck coefficient and electrical conductivity are measured can be found in the

Method sections.

Figure 5.4 displays the relationship between the Seebeck coefficient and electrical
conductivity of our doped P3HT films. The films doped with FsTCNQ (red circles) exhibit the
lowest Seebeck coefficient for a given conductivity, while the films doped with DDB-F72 (purple
triangles), DDB-F36 (blue squares), and via anion-exchange (green triangles) all show a similar
Seebeck-conductivity trend. All four samples show that increased doping increases the
conductivity and decreases the Seebeck coefficient because the Fermi level is shifted closer to the

carrier’s average energy, as described in equation (3).

To understand the degree to which the Seebeck coefficient decreases with increased
doping, we can analyze the data in Fig. 5.4 using the SLoT model,'® which characterizes charge
transport as resulting from both the intrinsic conductivity (c0) and localization energy (W (c)), as
shown in equation 4. More efficient charge transport—indicated by a higher Seebeck coefficient
for a given conductivity level—indicates that a doping method is more effective. Given the data
in Fig. 5.4 for the four different doping cases, it appears that charge transport efficiency for DDB-

and anion-exchange-doped films is better than those doped using FsTCNQ.

5.2.4. Hall Effect Measurements
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Figure 5. 5. Hall effect measurements obtained for P3HT films doped with various dopants and
dopant concentrations. Here, however, the Hall mobility is plotted against the Hall carrier density
rather than dopant concentration, allowing us to compare the different doping methods on an
identical footing. DDB-based dopants and anion-exchange samples show significantly higher Hall

mobility per carrier density than the samples doped using the FATCNQ.

To further investigate the charge transport characteristics of our doped P3HT films, we
conducted DC Hall effect measurements on the same samples whose charge transport properties
were studied in Fig. 5.4. Figure 5.5 shows Hall mobility as a function of Hall carrier density for
the four different doping methods. The data show that Hall carrier mobility increases with rising
carrier density for all four doping cases. This increase is due to trap filling and screening effects

that reduce carrier localization, where Coulomb interactions between the dopant and counterions
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decrease as more charge carriers are introduced.'”184951 However, for DDB-F72 at high doping
concentrations, the loss of crystallinity observed in Fig. 5.3b and in previous work® leads to a
decrease in carrier mobility. As with the Seebeck-conductivity relationship in Fig. 5.4, the DDB-
F72-, DDB-F36-, and anion-exchange-doped samples all show similar carrier mobility at the same
carrier density, while the F4sTCNQ-doped samples exhibit significantly lower mobilities at

equivalent carrier densities.

5.2.6. Semi-localized Transport Model (SLoT)
The SLoT model uses information from the temperature-dependent conductivity

measurements, summarized in Fig. 5.6, to fit the measured Seebeck coefficient vs. electrical
conductivity data shown in Figure 5.4; the fits are shown as the dashed curves in Fig. 5.4, and the
fitting parameters are summarized in Table 5.1. We find that P3HT doped with DDB-F72 and
DDB-F36 have very similar oo and localization energy terms (Whsiope). AS mentioned above, the
reduced Coulomb interaction and carrier localization in the DDB-doped samples causes the
localization energy to decrease rapidly with increasing carrier density, resulting in larger WH siope
values (1000 and 1550 meV for DDB-F72 and DDB-F36, respectively). In contrast, the F4sTCNQ
and anion-exchange doped P3HT samples show much smaller WH,siope Values, due to stronger
carrier-counterion Coulomb interactions and increased carrier localization. The DDB-F36-doped
P3HT samples show a somewhat larger Whsiope than the DDB-F72-doped samples, which we
believe could be due to DDB-F72 starting to disrupt the crystal structure at higher carrier
concentrations. Overall, however, the SLoT model fits show that reducing the Coulomb interaction
and improving carrier delocalization provide a huge advantage when it comes to decreasing the

hopping barriers in doped P3HT films.
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The other intriguing finding from the SLoT fit is that the intrinsic conductivity (o) of the
anion-exchange-doped P3HT samples is significantly higher (125 S/cm) than for any of the other
doping methods. This means that despite experiencing a similarly unfavorable carrier localization
and hopping barrier as F4sTCNQ-doped samples, the anion-exchange doped samples are able to
achieve much more efficient charge transport due to their high oo. The oo for the DDB-F72- and
DDB-F36-doped samples (25 and 35 S/cm, respectively) is also higher than that of F4,TCNQ-doped
samples, which have a oo of just 10 S/cm. This indicates that there are two essentially independent
ways to improve charge transport in doped P3HT films: one can either reduce the hopping barrier
by increasing carrier delocalization via lowering the coulomb interaction between the carriers and
counterions, or one can directly improve the intrinsic conductivity. This is what allows the AE-
doped samples to have a similar Seebeck coefficient vs. conductivity behavior as the DDB-doped
samples (Fig. 5.4), even though the reasons underlying this similarity are quite different.

Why do the AE-doped P3HT samples have such a high a0? Figure 5.6 suggests that the
answer lies in a direct connection between oo and the mesoscopic domain structure, as measured
by GISAXS and Ry: oo and Rg are nearly perfectly linearly correlated, which is the principal result
of this work. As mentioned above, we believe that higher Rq values result from doping of the
amorphous regions, which expand the connectivity between ordered domains and provide better
charge transport pathways. This finding is particularly interesting, as the electrical data that are
used to fit the SLoT model and the GISAXS experiments are entirely independent of one another,

yet we observe a strong correlation between them.
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Figure 5. 6. shows the relationship between oo obtained from SLoT fitting and Rq. This indicates
that as the domain length increases, the intrinsic conductivity improves proportionally. The linear

fitted line is to help guide the eyes.

5.3. Conclusions

In summary, we explored the use of four different doping methods to create doped P3HT
thin films with varied charge transport characteristics and morphologies. DDB-based dopants and
the anion-exchange method provide better charge transport compared to FsTCNQ, resulting in
higher carrier mobilities and a more favorable relationship between the Seebeck coefficient and
electrical conductivity. The lower barriers to charge transport observed with DDB-based dopants

results from reduced Coulomb interactions between the carriers and the dopant counterions, while
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anion-exchange and F4sTCNQ-doped films experience higher hopping barriers due to carrier
localization effects from stronger carrier-counterion coulomb interactions.

Further analysis using the SLoT indicates that the improvement in charge transport for
anion-exchange doping is primarily due to a higher oo rather than a reduced localization energy
(WH). GISAXS data suggest that this improvement is linked to the doping and ordering of the
amorphous regions, which increases the ordering of these films on more mesoscopic length scales.
The fact that oo shows strong correlation with the domain size measured by GISAXS suggests that
the doping of the originally amorphous regions of P3HT films leads to better structural continuity
on a larger length scales that can contribute to better overall charge transport, even in the presence
of strong localization effects. Clearly, a step forward would be to both increase the mesoscale
correlation length and decrease carrier localization through the use of large counterions, and we

will explore this in future work.

5.4 Experimental Section
Sample Preparation: Device fabrication was performed on pre-cleaned glass substrates for

thermoelectric, electrical, and spectroscopy samples, and on pre-cleaned silicon wafer substrates
for GIWAXS and GISAXS samples. The cleaning process involved cutting the substrates into 1.2
x 1.2 cm pieces, followed by sequential washes with Alconox detergent, deionized water, and
acetone. After drying with nitrogen gas, the substrates were plasma etched for approximately 15
minutes. They were then transferred to a nitrogen glovebox for spin coating and doping.

A 2% (20 mg/mL) P3HT solution from oDCB was stirred until fully dissolved (~6 hours).
The 2% P3HT solution was spin-coated onto the substrates at 1000 rpm for 60 seconds, followed

by 4000 rpm for 5 seconds. The polymer films were left in the nitrogen glovebox overnight before
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doping. For the sequential doping procedure, the pristine P3HT polymer films were exposed to a
dopant solution for a set period before spin coating at 4000 rpm for 10 seconds to remove any
residual dopant solution. In the case of F,TCNQ, DDB-F72, and DDB-F36, the dopants were
dissolved in DCM at the specified concentrations, and the polymer films were then exposed to the
corresponding solution for 10 seconds before spin coating. For anion exchange samples, various
concentrations of F4sTCNQ were dissolved in nBA and mixed with an equal volume of 209.0-mM
LiTFSI (in nBA) solution to obtain the anion exchange solutions at varying FaTCNQ levels while
keeping LIiTFIS concentration constant (104.5 mM). The polymer films were exposed to the
dopant solution for 80 seconds before spin coating.
Film Characterization: Electrical conductivity, Hall effect, temperature-dependent conductivity,
and NIR-UV-Vis spectroscopy measurements were all performed on the same device. Electrical
conductivity was measured by determining the sheet resistance using a Lakeshore MeasureReady
M91 FastHall instrument with a VVan der Pauw geometry. The device had 1x1 mm square gold
electrodes, 45 nm thick, which were thermally evaporated onto the device's corners using a 3D-
printed shadow mask in an Angstrom Engineering Nexdep thermal evaporator. Film thickness was
measured with a Dektak 150 stylus profilometer. To ensure reproducibility, all conductivity
measurements were conducted on three samples.

DC Hall effect measurements were performed using the same Lakeshore instrument, with
a source current of 10 pA and a magnetic field of 1.0236 T, and were conducted on three samples
for reproducibility. Temperature-dependent conductivity was determined by measuring sheet
resistance as a function of temperature in a custom-built VVan der Pauw setup using a Keithley 2400

Sourcemeter, controlled by LabVIEW software. The sourced voltage was limited to a total power
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of 1 mW. A Peltier plate controlled the temperature, and an RTD sensor measured the film's
temperature. NIR-UV-Vis spectra were obtained using a JASCO V-770 spectrophotometer.

The Seebeck coefficient was measured on a separate device due to the different electrode
geometry, with electrodes consisting of two parallel gold rectangles (10x1 mm, 45 nm thick)
spaced 10 mm apart. This measurement was performed using a custom-built setup with two Peltier
plates to generate a temperature gradient, and the film's temperature was monitored with two RTD
sensors. Seebeck samples were prepared in parallel with the sheet resistance/Hall/temperature-
dependent conductivity samples to ensure all samples were exposed to the same conditions. All
Seebeck measurements were conducted on three samples for reproducibility.

GIWAXS measurements were performed at the Stanford Synchrotron Radiation
Lightsource (SSRL) on BL 11-3 using a wavelength of 0.9742 A at incidence angle of 0.12°.
Diffraction patterns were collected in a helium chamber to increase signal-to-noise with a sample
to detector distance of 250 mm and a spot size of ~150 um on the image plate. The IgorPro macro,
Nika, was used to calibrate the GIWAXS 2-D data. Nika and WAXStools were used to reduce the
data. To ensure reproducibility, all samples were made and measured in triplicates.

GISAXS was collected at the Stanford Synchrotron Radiation Lightsource using beamline
1-5. The scattering X-rays with energy set at 12 keV were collected using a 2D detector at a
sample-to-detector distance of 3 meters. The incident angle (ai) was set to 0.12°. The 1D
integrations were obtained by horizontally integrating near Yoneda band and were fit using the
Unified Fit method from the Irena and Nika package in Igor software. To ensure reproducibility,

all samples were made and measured in triplicates.
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APPENDIX A
Supplemental Information for Chapter 2

Materials
Poly(3-hexylthiophene-2,5-diyl) (P3HT; regioregularity 97%) and F4TCNQ (Purity >

99.0%) were purchased from Ossila. 1,2-dichlorobenzene (ODCB, anhydrous, 99%), n-butyl
acetate (nBA, anhydrous, > 99%), bis(trifluoromethane)sulfonimide lithium (LiTFSI), and lithium
hexafluorophosphate (liPFs) were purchased from Sigma-Aldrich.

Films Fabrication and Doping
Prior to spin-coating the polymer, the glass substrates underwent several steps. First, they

were cut into 1.3 x 1.3 cm pieces and then sequentially cleaned using Alconox detergent, DI water,
and acetone. Next, the glass substrates were then plasma etched for approximately 15 minutes. The
samples were then transferred to a nitrogen glovebox for spin coating. 2% (20 mg/mL) P3HT in
ODCB was then spin-coated onto the substrate at 1000 rpm for 60 seconds, followed by 4000 rpm
for 10 seconds. After the spin-coating, the films were then left to dry for approximately 30 minutes
before the doping process. For doping, the films were exposed to a doping solution for 80 seconds
and subsequently spin-coated at 4000 rpm for 10 seconds to eliminate any residual doping solution.

Conductivity and Hall Measurement
Before conducting the conductivity measurement, a 45nm-thick layer of gold was

deposited onto the doped films. This deposition process was carried out using the Angstrom
Engineering Nexdep thermal evaporator at pressures below 1x10-6 torr and a deposition rate of
0.5 Als.

The conductivity measurement was initially performed within an argon glovebox. A Keithley 2400
Sourcemeter, controlled by LabVIEW software, was utilized for this purpose. The sourced currents

were maintained below a total power of ImW. Following the measurement inside the argon
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glovebox, the samples were transferred to the ambient air environment. Subsequently, both
conductivity and DC Hall measurements were conducted using Lakeshore's MeasureReady M91
FastHall instrument. In these measurements, a source current of 10 wA was employed. For the DC
Hall measurements, a magnetic field strength of 1.0623 Tesla was applied. To obtain the argon
purge samples reported in the main text, argon gas was flowed into the MeasureReady M91
FastHall sample compartment for roughly 4 minutes prior to conducting the measurement.
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Figure S 1.a. shows conductivity values for higher concentration of dopants for conventional (1
mg/mL F4sTCNQ) and anion-exchange (0.5mg/mL F4sTCNQ + 30mg/mL LiTFSI and 0.5 mg/mL
F4sTCNQ + 5 mg/mL LiPFs) doped 97%RR P3HT in three different environment. Similar to the
result shown in Figure 1, only samples doped with hygroscopic salts (LiTFSI and LiPFg) show a
drop in conductivity when exposed to the ambient environment. The sample doped with the
conventional method (F4sTCNQ) remains unchanged within measurement error. Figure S 1.b.
shows the conductivity of various P3HT regioregularities doped with 0.5 mg/mL F4sTCNQ + 30
mg/mL LiTFSI. Like the case for 97% P3HT when doped with anion exchange, the electrical
conductivity drops roughly by a factor of 2 for all regioregularities and doping concentrations once
the samples are exposed to ambient air, indicating LIiTFSI absorbs water independently of the

polymer.
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Figure S 2. Conductivity values for the 97% P3HT doped with 0.1mg/mL anion-exchanged
LiTFSI (AE) sample were measured inside an argon box; exposed to ambient air for 5 minutes;

followed by 5-minute Ar purge; vacuumed/Ar purged cycles for 20 minutes.

The electrical conductivity for 97% P3HT doped with 0.1mg/mL anion exchanged
F4TCNQ is shown if Figure S2. The conductivity is first measured in an inert Ar atmosphere
followed by air exposure, leading to a drop in the electrical conductivity. Purging the sample
with Ar yields some of the conductivity back. Loading the sample into an antechamber and
performing four 5-minute cycles of vacuum followed by Ar gas refill and remeasuring the
conductivity using the same setup as in the “Ar Box” configuration recovers ~97% of the
conductivity in the same sample (black x “Vac”). It is worth mentioning that the slightly higher
conductivity observed in the argon glovebox can be attributed to the elevated temperature within

the box compared to the ambient room temperature. Since transport in semiconducting polymer
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films is predominantly governed by hopping transport, higher temperatures lead to increased

conductivity.

UV-Vis and NIR spectroscopy
The Agilent Cary 600 Series FTIR Spectrometer was employed to measure the near-IR

absorption spectra. The spectra were captured within the range of 1666-2500 nm to prevent any
overlap with water stretches in the longer wavelength region. In order to investigate the impact of
water on the P1 transition, the sample compartment of the FTIR spectrometer was subjected to dry
N2 gas flow for various durations, as mentioned in the main text.

Additionally, Shimadzu UV3101PC Scanning Spectrophotometer was utilized for UV-Vis-NIR
spectroscopy. The slit width was set at 1 nm, and a sampling interval of 1 nm was employed. To
ensure the UV-Vis beam was accurately centered on the sample, a small 3D-printed aperture was

utilized.
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Figure S 3. UV-Vis-NIR of P3HT samples doped with 0.5 mg/mL FATCNQ (red), 0.1 mg/mL
FATCNQ (green) anion-exchanged with 30 mg/mL LiTFSI, and 0.1 mg/mL FATCNQ anion-

exchanged with 5 mg/mL LiPF6 (blue) taken in ambient air.

Doping P3HT polymer films leads to the emergence of two polaronic transitions referred
to as "P1" and "P2," which are centered around approximately 0.5eV and 1.7eV, respectively. In
the case of the sample doped solely with F4sTCNQ, the P2 transition overlaps with the F4sTCNQ
anion vibronic transition, resulting in the observed peaks in the ~1.7eV region and at ~3.0 eV. It
is important to note that at our chosen sequential doping concentration of 0.5 mg/mL F4aTCNQ, we
primarily observe only F4sTCNQ anions that absorb at ~3.0 eV and not neutral F4aTCNQ, which
absorbs at ~3.2 eV. This indicates that the F4sTCNQ present in our doped films is essentially
entirely anionic, engaged in doping the polymer. However, for anion-exchanged-doped P3HT
films, the F4sTCNQ anion is substituted with the salt anion used, causing most of the F4ATCNQ

absorption features to be absent, as depicted in the green and blue traces.
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Humidity Sensing Measurement

A homemade setup was used to measure conductivity as a function of humidity. To prevent
additional moisture from entering, the setup was carefully sealed using vacuum grease. Gradual
moisture removal was facilitated by using Driedite within the setup. A digital hygrometer was then

used to track the humidity, while conductivity was measured using Keithley 2400 Sourcemeter.
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APPENDIX B
Supplemental Information for Chapter 3

Materials

Poly(3-hexylthiophene-2,5-diyl) (Mn = 50-70 kg/mol, regioregularity 91-94%) was
purchased from Rieke metals inc. F4sTCNQ (Purity > 99.0%) were purchased from Ossila. 1,2
dichlorobenzene (anhydrous, 99%), Acetonitrile (anhydrous, 98%), and Dichloromethane
(anhydrous, 99.8% with 40-150ppm of amylene as a stabilizer) were purchased from Sigma-
Aldrich.
Experimental Methods

P3HT films were prepared on ~1.5 x 1.5 cm substrates (glass or silicon). The substrates
were cleaned sequentially with Alconox detergent, deionized water, isopropanol, and acetone.
Immediately after washing, the substrates were plasma cleaned using Harrick Plasma Cleaner
PDC-32G for 15 minutes. Substrates were then transferred to a nitrogen glove box and spin-coated
with 20 mg/mL P3HT in 1,2 dichlorobenzene. Spin coating was done at 1000 rpm for 60 seconds,
followed by 4000 rpm for 5 seconds to remove excess solvent. Next, the pre-cast P3HT films were
transferred to an argon glove box for rub-aligning. The rub-aligning was done by heating the pre-
cast P3HT films to 140°C and translating it across a rotating microfiber wheel. The downward
force applied by the microfiber wheel during the rubbing process was chosen to be ~1 N as it gave
the highest dichroic ratio. To accurately controlled the applied rubbing force, we used a load cell
to measure and a lab jack to tune the force. After alignment, the films were then transferred back
into the nitrogen glove box for doping with FsTCNQ. The F4sTCNQ solutions were prepared in the
nitrogen glove box by dissolving FATCNQ powder in acetonitrile (ACN) or dichloromethane

(DCM). To dope the films, 100 pL of F4sTCNQ solutions was pipetted onto the film surface and
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spread to ensure that the surface was fully covered with solution. The spin coater was then set to
allow the solution to sit on the film undisturbed for 5 seconds before spinning off any unreacted
solvent at 4000 rpm for 10 seconds.
Spectroscopy

Polarized UV-Vis absorptions were done using a Shimadzu UV3101PC Scanning
Spectrophotometer. All samples for polarized UV-Vis absorptions were prepared on glass
substrates.
GIWAXS

Samples were prepared on silicon substrates. Measurements were performed on beamline
11-3 at the Stanford Synchrotron Radiation Lightsource. The beam wavelength is 0.9742 A and
incidence angle is 0.12°. Samples were placed in a helium chamber to increase signal-to-noise.
The sample to detector distance is 250 mm and the spot size on the image plate is ~150 um. The
2-D diffractograms were radially integrated with 0-10° and 80-90° to obtain the in-plane and out-
of-plane diffraction patterns. The Nika macro was used to calibrate the beam and the WAXStools

macro was used to reduce the GIWAXS data and for subsequent analysis in IgorPro.
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Figure S 4. 2D and integrated GIWAXS Patterns of Unaligned P3HT. (a) GIWAXS data for
unaligned P3HT shows only edge-on texture. Lamellar peaks are out-of-plane and labeled as (100),
(200) and (300). Monomer and n-nt stacking peaks are in-plane and labeled as (002) and (020). (b)
GIWAXS data for P3HT doped with 0.01 mg/ml F4sTCNQ from DCM. The lamellar peaks all
appear as doublets, indicating the co-existence of undoped and doped P3HT in a first-order phase
transition. (c-d) Integrated lamellar (c) and higher-angle (d) peaks for P3HT and P3HT doped with
F4TCNQ at a range of concentrations. The 0.1 mg/ml F4aTCNQ sample is fully transformed to the

doped phase, while the 0.01 mg/ml FATCNQ sample is at the midpoint of the transformation.
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Figure S 5. Peak fits for the 0.01 mg/ml FsTCNQ doped P3HT GIWAXS data showing the

coexistence of undoped and doped P3HT peaks. Data is shown for the (200) peaks (a), and the

(020) peaks (b).
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P3HT Aligned

ae (A
Figure S 6. 2D GIWAXS patterns of aligned P3HT collected in the parallel direction for an
undoped polymer film, and a films doped with FATCNQ at various concentrations in
dicloromethane (DCM). (a) Undoped P3HT, P3HT SqP doped from 0.01 mg/ml FATCNQ in
DCM, (b) P3HT SqP doped from 0.02 mg/ml F4sTCNQ in DCM, (c) P3HT SgP doped from 0.03
mg/ml F4aTCNQ in DCM, (d) P3HT SqgP doped from 0.04 mg/ml FATCNQ in DCM, (e) P3HT SgP
doped from 0.05 mg/ml FsTCNQ in DCM. The face-on P3HT polymorph dopes first at 0.01 mg/mi
F4TCNQ, followed by the edge-on polymorph at 0.02 mg/ml F4sTCNQ. Both concentrations are
lower than those observed upon doping with acetonitrily (ACN, main text figure 3) because DCM

swells the polymer more than ACN and allows for more facile doping.
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Unaligned Aligned

Face-On Edge-On
Undoped | Doped | Undoped Doped Doped (6 | Undoped Doped Doped
5 (0.05 mg/mL) (0.05 (3

mg/mL) mg/mL) mg/mL) | mg/mL)

'B?Te"ar 16.36 18.18 16.64 18.01 18.10 16.03 17.62 17.95
A | £003 | £002 | 003 | +001 | 001 | +0.04 | +0.06 | £0.04

Bjstack 3.8 3.55 3.77 3.63 3.53 3.76 3.64 3.54
G| £01 | 4001 | £002 | £002 | £0.05 | 001 | £0.01 | £0.01

Table S 1. Lamellar and n-stacking distances of undoped and doped unaligned and rub-aligned

P3HT. All doped samples were doped using F4TCNQ in acetonitrile at the stated

concentrations.
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Figure S 7. Polarized UV-Visible absorption spectra of rub-aligned P3HT films doped with
FATCNQ in DCM. Due to the better-swelling power of DCM, the rub-aligned films start doping

at a lower F4sTCNQ concentration compared to doping in ACN. At 0.01 mg/mL FATCNQ, the P2
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is already visible in the parallel spectrum and the F4sTCNQ anion peaks are observed in the

perpendicular direction, both of which indicates that the polymer is doped.
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Figure S 8. Selected integrations of GIWAXS data collected on P3HT films doped with high

concentrations of F4TCNQ (6 mg/mL, doped from ACN for edge-on and face-on, from nBA for

unaligned). The data show that the final doped structure is almost the same for unaligned P3HT,

and both the face-on and edge-on aligned polymorphs. F4sTCNQ dopant peaks near 0.87 A™* were

removed from the unaligned and edge-on curves for ease of analysis.
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Figure S 9. Radial integrations of the (100) lamellar peak for unaligned and rub-aligned P3HT
plotted against altitudinal angle ¥, collected with the beam aligned parallel to the rub direction.
Unaligned P3HT shows only edge-on texture, while the aligned P3HT has both edge-on and face-

on polymorphs.
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Figure S 10. Radial integration of the (300) lamellar peak of doped and undoped rub-aligned
P3HT plotted against altitudinal angle y for data collected with the beam aligned parallel to the
rub direction. GIWAXS patterns that were chosen for analysis were required to have equivalent
relative intensity in the left (negative ) and right (positive ) halves of the GIWAXS pattern, as

this indicated that the beam was well aligned parallel to the rub direction.

152



160 \ . . .

s
—_
o

80 _ _ _ Nt T ~ i o ]

Integrated (300) Peak Intensity (Counts)

L 1 L

0 20 40 60 80 100 120 140 160 180
Chi Angle (°)

— = — — = o — — — — —

0 20 40 60 80 100 120 140 160 180
Chi Angle (°)

Figure S 11. Gaussian peak-fitting of the radially integrated (300) peak intensity for (a) undoped
and (b) 0.05 mg/mL F4sTCNQ-doped face-on P3HT. Experimental data was mirrored over the

in-plane axis (90°) to account for the intensity of the diffraction peak below the axis.
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2-D Geometric Modeling of the Parallel GIWAXS Pattern
To model the diffraction peaks that will appear in the GIWAXS pattern of the parallel-aligned

beam, a 2-D geometric lattice model was designed with variables assigned as shown below:

Figure S 12. Geometric variables used in the structural modeling of P3HT crystallites.

The following equations were used to correlate the 2-D lattice model with experimentally

d (@b By =g ot b(2a + 2c(sinatanf + cos a))
: al rcr ar = g . =
o " J(2a + 2ccosa —nbtan )2 + (2csina + nb)?

digm(a,b,c,a,p) = h- G+ =2acos B+ 2c(cos acos f + sinasinf)
observable  and lamellar peak positions:
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Figure S 13. Experimentally observable lamellar (diam) and r-stacking distances (dr).

To solve the above equations, the following geometric values were input into a numerical solver:

Variable Input Value Source
a 2.78 Avogadro modeling estimate
b 3.6 Lebert et al., ACS Omega 2018, 3, 6, 6388-6394
a 55° Kayunkid et al. Macromolecules 2010, 43, 11, 4961-4967

Table S 2. Geometric variable input values and sources.

The parameter n indexes up (n > 0) and down (n < 0) the m-stacks to produce different r-stack
diffraction planes and was set to be n = 0. Geometric parameters for doped and undoped edge-on
and face-on P3HT were calculated by inputting experimental peak positions d,,,, and d,; along
with additional relevant values into a numeric solver and entered into Table S3. For undoped edge-
on P3HT, the literature angle « = 55° was assumed and used to solve for # and ¢, from which the
lamellar angle y (i.e., the off-axis angle of the lamellar diffraction peak in face-on-oriented

crystallites) could be calculated according to the equation
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For undoped face-on P3HT, an experimental lamellar angle of y = 15° (Figure S8a) was used to
solve for a, B and c. Values for doped face-on P3HT were similarly calculated by inputting an
experimental lamellar angle of y = 2° (Figure S8b). Because a lamellar angle for edge-on P3HT
IS not easy to directly measure, values for doped edge-on P3HT were calculated assuming an

identical side chain overlap ¢ to doped face-on P3HT, then calculating for «, 5 and y.

. Crystallite Population
Variable
Edge-On | Edge-On Doped | Face-On | Face-On Doped
diam 16.03 At 17.62 A 16.64 A 18.01 A'
d, 3.77 At 3.64 At 3.77 At 3.63 A"
a 2.74 A 2.74 At 2.74 At 2.74 A*
b 3.6 A* 3.6 A* 3.6 A* 3.6 A*
c 6.45 A 6.32 A 6.70 A 6.32A
a 55°% 24° 53° 14°
B 23° 8° 23° 8°
% 16° 8° 15°* 20t

"Experimental values *Literature values *Computational estimates

156

Table S 3. Summarized results of P3HT lattice 2-D geometric modeling.




APPENDIX C
Supplemental Information for Chapter 4
Materials:

Poly(3-hexylthiophene-2,5-diyl) (P3HT; regioregularity 97%) and F4TCNQ (Purity >
99.0%) were purchased from Ossila. 1,2-dichlorobenzene (ODCB, anhydrous, 99%), n-butyl
acetate (n-BA, anhydrous, > 99%), and dichloromethane (DCM, anhydrous, 99.8%) were
purchased from Sigma-Aldrich. No further purification was performed for the materials or
solvents.

Film fabrication:

Glass substrates were cut into 1.3 x 1.3 cm shapes for the rectangular, 4-line with square
contact pads and 4-line without square contact pads electrode geometries, and into 1.3 x 0.5 cm
shapes for the Hall bar electrode geometry. The substrates were washed sequentially with Alconox
detergent, DI water, and acetone, sequentially, before plasma etching for 15 minutes. After plasma
etching, the substrates were transferred to a nitrogen glove box for spin coating. 2% (20 mg/mL)
P3HT in ODCB was spin-coated onto the substrates at 1000 rpm for 60 seconds, followed by 4000
rpm for 10 seconds. The films were left in the nitrogen glovebox to dry overnight.

Rub-aligning Process and Doping:

The dried P3HT films were transferred via a vacuum transfer tank (i.e., under air-free
conditions) from the nitrogen glove box to an argon glove box for rub-alignment. The samples
were heated to 140 °C and the rub-aligning was done using a homemade setup comprised of a
strain gauge load cell and a stepper motor controlled by an Arduino nano. A lab jack was used to
precisely control the starting force applied before rub-aligning the polymer films. The starting

downward force applied during the rub-aligning process was ~1.0 N, and the speed of the
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microfiber wheel was 500 rpm. After rub-aligning, the films were vacuum transferred back to the

nitrogen glove box for sequential doping.

Figure S 14. Home-made rub-alignment setup inside an argon-filled glove box. The polymer films
were pre-heated to 140 °C with a hotplate for ~2 minutes before being rub-aligned at constant force

and spin speed of the microfiber wheel.

Different electrode geometry fabrication:

Doped samples were placed onto 3D-printed shadow masks with electrode patterns that
were similar to Figure 4.1 in the main text. For the rectangular geometry, the width and length of
the samples were both 10 mm with square corner electrodes with dimensions 1 x 1 mm. The total
length of the four-line electrode with square contact pads was 10 mm. The square pads measured
2.5 x 2.5 mm, while the channels measured 7.5 x 1 mm with a spacing of 2 mm. The four-line
geometry without square pad electrode dimensions measured 10 x 1 mm with a 1.5-mm spacing.
For the Hall bar geometry, the channel width and length (distance between the probe arms) were
3 mm and 4 mm, respectively. The width of the probe electrodes on the Hall bar geometry was 1

mm. After 45-nm-thick gold electrodes were deposited via thermal evaporation, a desktop CNC
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was used to scratch patterns onto the films. The electrodes were deposited using an Angstrom
Engineering Nexdep thermal evaporator at a pressure < 1x10~¢ Torr at a rate of 0.5 A/s.
Polarized UV-Vis Spectroscopy:

Polarized UV-Vis absorption spectra were measured using a Shimadzu UV3101PC
Scanning Spectrophotometer. The slit width was set at 1 nm with a sampling interval of 1 nm. A
small 3D-printed aperture was used to ensure that the UV-Vis beam was centered on the sample.
For polarized measurements, a linear polymer film polarizer was used for wavelengths between
400-700 nm, and a Thorlabs linear nanoparticle polarizer was used for wavelengths between 550-

1500 nm.

== Pristine 2% P3HT Non Aligned
— Pristine 2% P3HT || Aligned
— Pristine 2% P3HT | Aligned

24 2.6 28 3
Energy (eV)

o0
(5]
[
(5]

Figure S 15. Polarized UV-Vis of typical aligned (red and blue curves, parallel and perpendicular,
respectively and non-aligned (green curve) pristine P3HT films. The dichroic ratio for the

absorbance of the aligned film at 610 nm is ~10.
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We note that the UV-Vis absorption spectrum does not reveal a significant increase in the 0-0/0-1
absorption ratio upon rub aligning, which might be expected based on the reduced energetic
disorder and increased intrachain J coupling that rub-alignment provides. We attribute this lack
of change in the vibronic structure to our use of a higher regioregularity P3HT polymer (97%) in
this current study, which results in the formation of highly crystalline, nonaligned films. Other
work that did show enhancement of the vibronic structure used lower regioregularity material
(93%). Whether or not the vibronic structure is enhanced, however, does not have a direct impact
on the conclusions drawn in this study regarding the use of different electrode geometries for
measuring the anisotropic conductivity.

Grazing Incidence Wide-Angle X-ray Scattering (GIWAXS):

For GIWAXS, polymer films of the same concentration were spun onto 1.5 x 1.5 cm Si
substrates with a <100> orientation. The substrates were cleaned sequentially in an Alconox/water
solution, isopropanol, and acetone. GIWAXS measurements were performed at the Stanford
Synchrotron Radiation Lightsource (SSRL) on BL 11-3 using a wavelength of 0.9742 A at
incidence angle of 0.12°. The IgorPro macro, Nika, was used to calibrate the GIWAXS 2-D data.
Nika and WAXStools were used to reduce the data. For a 2-D diffractogram, full integrations of
the diffraction data provide information on all periodic structures within the film, while
integrations of a narrow wedge along the y-axis (qz, blue color in Fig. S16) provide information
about periodicity perpendicular to the plane of the substrate (out-of-plane, OOP), and integrations
of a pie wedge oriented along the x-axis (qxy, pink color in Fig. S16) provide information about in-

plane (IP) periodicity.
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Figure S 16. (a) 2D and (b) integrated GIWAXS of neutral rub-aligned P3HT films. The inset in
(b) shows an expanded version of the higher g region. The appearance of the lamellar and -
stacking spacing in both the in-plane and out-of-plane directions, but not at intermediate angles,

indicates that the rub-aligned films contain both face-on and edge-on texturing. [1,2]

The GIWAXS 2-D and 1-D diffractograms in Fig. S16 indicate that rub-aligned P3HT
films contain both face-on and edge-on oriented components. Figure S16a indicates that the edge-
on component has lamellar stacks (100 peak near 0.4 A1) in the out-of-plane direction, while the
face-on component shows the lamellar peak in the in-plane direction. Similarly, for the edge-on

component, the -stacks (020 peak near 1.7 AY) appear in-plane, while for the face-on component,
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the n-stacks appear out-of-plane. Figure S16b shows 1-D integrated GIWAXS traces, where the
appearance of the lamellar and n-stacks in both the in-plane and out-of-plane directions indicates
that the rub-aligned film contains both face-on and edge-on texturing, as discussed in the main
text.
Conductivity and Hall Effect Measurements:

Conductivity and Hall effect measurement was performed using Lakeshore's
MeasureReady M91 FastHall. All reported measurements were measured using 10 pA for source
current unless specified. For the Hall effect measurements, we used the DC hall method with a

magnetic field of 1.0623 Tesla.

: . Anion- Anion-
Conventional Conventional
Exchange Exchange Hall
Source Current | Rectangular Hall Bar
- . Rectangular Bar
[uA Non-Aligned Non-Aligned lianed lianed
(S/cm) (S/cm) Non-Aligne Non-Aligne
(§/cm) (§/cm)
10 4.66 + 0.30 4.25+1.18 12.36 + 0.19 11.07 + 0.36

Table S 4. Conductivity of non-aligned doped P3HT films obtained using different electrode

geometries.

Before measuring the Conductivity and Hall effect for the samples above, we first
thermally evaporated gold contact electrodes onto the doped-polymer films using shadow masks
based on the patterns shown in Figure 4.1 of the main text. Gold was used to avoid unwanted
chemical reactions with the sample such as complexing or dedoping; we found that the use of Ag

electrodes led to significant dedoping and thus higher sheet resistances.

162



Since both the Hall bar and modified Montgomery methods require knowledge of the sample
dimensions, it was necessary to verify that our electrodes did not spread beyond the pattern on the
shadow masks. To do this, we used non-aligned doped P3HT films (3 mg/mL FsTCNQ in n-butyl
acetate) and the standard VVan der Pauw method to calibrate the Hall bar and modified Montgomery
methods. The conductivities obtained for non-aligned doped P3HT films for these three methods
agree well are within the error (Table S4 verifying that our evaporated electrode patterns indeed

conform to the designed dimensions).

. . . Rectangular Non- Rectangular Non-
Conventional in Hall Non-Aligned Aligned 2% - 97% | Aligned 2% - 93%
DCM 2% -97% RR RR RR (Ref 7)
Conductivity 8.62 + 0.62 8.00 + 0.64 5.7
(S/cm)
Hall Carrier g 06,1020 4+ 473x10% | 6.33x102° + 4.2x10%° 7.1x10%
Density (cm™)
Mobility
(cm2/V -5) 0.09 + 0.006 0.08 + 0.0008 0.05

Table S 5. Comparison between DC hall and AC hall for non-aligned 2% P3HT films doped with

1 mg/mL F4sTCNQ.

Doped semiconducting polymers are low-mobility materials. DC Hall effect measurements
for samples with mobilities below 1 cm?Vv-1s? are often challenging to obtain due to the low
intrinsic Hall voltage and the fact that there can be large offset or thermoelectric voltages that can
be comparable in magnitude or larger than the Hall voltage. [3,4,5] To mitigate this issue, we
performed our measurements using both current and field reversal. Our use of current reversal

helped remove any contributions from thermoelectric voltages, while employing field reversal
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removed any offset voltages due to electrode misalignment. To verify that our DC Hall
measurements were accurate, we replicated the samples made in Ref. 7, whose carrier density was
determined by AC Hall effect measurements, and obtained similar carrier densities and mobilities
as reported Ref. 7. The slightly higher mobilities and conductivities we obtained are likely due to
our use of 97% regioregular P3HT, which produced samples with slightly higher crystallinity than
those based on P3HT with 93% regioregularity studied in Ref. 7 (Table S2). [6,7] This gave us
confidence that we can successfully use DC Hall measurement to determine the anisotropic carrier

mobility in doped rub-aligned P3HT films that have carrier mobilities of ~0.1 cm?V-1s™,
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Figure S 17. Hall voltage measured as a function of source current for the DC Hall measurements
for the rectangular geometry on both conventionally- and anion-exchange-doped aligned and non-

aligned P3HT films.

The Hall voltage should linearly increase with the source current, as described by V, =
%, where Ry is the Hall coefficient, | is the source current, B is the applied magnetic field and

d is the sample’s thickness. Although we cannot vary the strength of the magnetic field with our
Hall measurement set-up, we did test the dependence of the Hall voltage on the source current, as

shown in Figure S17. The fact that we see a linear relationship indicates that our DC Hall
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instrument can accurately measure the sheet carrier density and mobility in our doped P3HT

samples.

Correction factor for 4-line geometry:

Conventional Sheet Resistance Conductivity (§/ | Correction Factor
Non-Aligned (k2/DO) cm) C
Four-Point 14.5 4.59
Four-line with 14
square pads '
(Brinkmann and 10.0 6.65
Coworkers; Fig. '
4.1¢)

Table S 6. Conductivity comparison between the classic four-point probe method and the four-

line with square contact pads geometry on non-aligned P3HT films doped with 1 mg/mL

FA4TCNQ.

To obtain the geometric correction factor for the four-line geometry using the standard

four-point-probe formalism (Eqg. 6 of the main text), we prepared two non-aligned reference

samples. Both samples were fabricated from a 2% P3HT (97% regioregularity) solution in

ODCB doped sequentially with 1 mg/mL FATCNQ in acetonitrile. The four-line sheet resistance
obtained using the four-point probe equation is ~40% lower than that obtained using the correct
four-point geometry. The ratio between the two methods gives the correction factor C used in the

main text.
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Conventional Sheet Resistance Conductivity Correction Factor
Non-Aligned (k2/DO) (§/cm) C
Four-line (without
square contacts; 10.1 6.60 14
Fig. 4.1d)
Four-line (without
square contacts and 136 4.90 11
confined; Fig 4.1e) '

Table S 7. Conductivities and correction factors for non-aligned P3HT films doped with 1 mg/mL
FATCNQ for two modified version of the four-line geometry. For the first modified geometry, the
alternating square contacts were removed. The same sample were then used to make the second

geometry by removing the polymer around the electrodes.

Profilometry:
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Figure S 18. Profilometry profiles for conventionally-doped non-aligned (panel a) and rub-aligned
(panel b) P3HT films. Similar profiles for anion-exchanged-doped non-aligned (panel ¢) and rub-

aligned (panel d) P3HT films are also shown. See Table S6 for details on the profilometric scan

parameters.
1
Sa = EE?:l Zic=1 1Z(x, )| (S1)
Thickness (hm) Surface Roughness (nm)
Conventional Non-Aligned 262 + 22 13.2
Conventional Aligned 288 + 51 55.8
Anion-Exchange Non-Aligned 278+ 14 11.6
Anion-Exchange Aligned 310 + 32 52.7

Table S 8. Average film thickness and surface roughness (Eq. S1) extracted from the 3-D

profilometry profiles in Figure S18.
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Profilometer Parameters

Profilometer Tip Size 12.5 um

Area Scanned 500 x 500 pm?
Y Resolution 10 um

X Resolution 0.167 pm

Tip Force 1mg

Scan Rate 500 um/10s

Table S 9. Profilometer parameters used to obtain the 3-D maps of the aligned and non-aligned anion-

exchanged and conventionally-doped P3HT films shown in Fig. S18.

Figure S18 shows the step 3-D surface profile of aligned and non-aligned P3HT films
doped using the conventional and anion-exchange methods. The steps in the profiles were created
by physically removing the polymer films to expose the glass substrate to serve as a reference
plane. Notably, the aligned P3HT films exhibit significantly rougher surfaces (roughly four times)
compared to their non-aligned counterparts. The surface roughness (Eq. S1) as well as the average
thickness of the different films are given in Table S8.

We noted in the main text that the average thickness of the aligned films, determined by
scanning across the entire area, is higher than that of the non-aligned films from which they were
created. When a microfiber polishing wheel is moved across the surface of a P3HT film, it can
displace polymer material to the sides, creating protrusions that are thicker than the initial film
thickness. The corresponding trenches formed should be shallower than the initial film thickness,
so that the average thickness is comparable to or slightly thinner than the original film (due to the
fact that rub-aligning can remove a small amount of polymer material). The lateral size of the

trenches, however, is comparable to the profilometer tip diameter, so that we cannot accurately
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measure the depth at the bottom of the valleys, resulting in an overestimation of the film thickness
and thus an underestimation of the electrical conductivity.

In addition to the potential underestimation of the conductivity, the formation of trenches
along the rubbing direction also can influence the measured anisotropy of the conductivity. In the
parallel direction, where the peaks and valleys are parallel to one another, the current will follow
the lowest-resistance path through the peaks or thicker regions, avoiding the troughs and thus
possibly experiencing a higher effective thickness. Conversely, in the direction perpendicular to
the rubbing, the current is forced to go through both peaks and valleys, potentially experience a
lower effective thickness and thus higher resistance. This issue, which is inherent to rub-aligned
polymer films because of their surface roughness, does not depend on the chosen electrode
geometry, and thus does not affect the conclusions of the paper, which is that the rectangular and
Hall bar electrode geometries produce consistent anisotropic conductivities, while the 4-line

geometry does not.
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Temperature-Dependent Conductivity Measurements:
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Figure S 19. Temperature-dependent conductivity measurements for non-aligned anion-exchange
(AE)-doped P3HT samples (panels a-c) and rub-aligned anion-exchange (AE)-doped P3HT
samples in the directions parallel (panels d-f) and perpendicular (panels g-i) to the rub direction.
The conductivities for all samples were measured using the rectangular van der Pauw four-point

probe geometry. The activation energies, Ea, reported in Table S10, were calculated by fitting the
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temperature-dependent conductivity values to an Arrhenius equation.
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Figure S 20. Temperature-dependent conductivity measurements for non-aligned conventionally
(Conv)-doped P3HT samples (panels a-c) and rub-aligned anion-exchange (AE)-doped P3HT
samples in the directions parallel (panels d-f) and perpendicular (panels g-i) to the rub direction.
The conductivities for all samples were measured using the rectangular van der Pauw four-point

probe geometry. The activation energies, Ea, reported in Table S10, were calculated by fitting the

1/kT

1/kT

41

37 38 39 40
1/kT

temperature-dependent conductivity values to an Arrhenius equation.
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Parallel Perpendicular Non-Aligned

AE-doped Activation

48.70 + 3.98 56.98 £ 3.80 59.19 + 2.56
Energy (meV)
Conv-doped
Activation Energy 48.25 +8.31 58.14 £ 9.90 57.9+£6.93
(meV)

Table S 10. Conductivity activation barriers, averaged over 3 independent samples, for
conventionally (Conv) and anion-exchanged (AE)-doped P3HT films, with the conductivities
measured using the rectangular geometry. The values were extracted via fitting to an Arrhenius

equation of the form: ¢ = c0exp[-Ea/kBT].

The activation barriers for carrier transport in our doped P3HT samples were explored
using temperature-dependent conductivity (here measured using the rectangular electrode
geometry), as shown in Figs. S19 and S20. The barrier heights were extracted by fitting to an
Arrhenius equation, with the results given in Table S10. Due to the intrinsic disorder in doped
semiconducting polymer films, the charge transport characteristics are usually a combination of
both hopping-like and band-like transport. The activation energy, Ea, provides a measure of the
relative amount of hopping-like transport due to energetic disorder. [8] The data in Table S10
show that the rub-aligned doped P3HT films have a reduced activation barrier for transport in the
direction parallel to the rub-alignment compared to non-aligned films or to transport in the rub-
aligned films in the perpendicular direction. This implies that rub-alignment leads to reduced
energetic disorder and increased carrier delocalization in the parallel direction, resulting in a

greater degree of band-like carrier transport. Indeed, the barrier was highest for transport in the
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rub-aligned films perpendicular to the rubbing direction, indicating increased disorder due to
transport through amorphous regions and thus a larger contribution from hopping-like transport

compared to non-aligned films.
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APPENDIX D

Supplemental Information for Chapter 5

Grazing-Incidence Small-Angle X-ray Scattering (GISAXS)

Figure S21 shows the horizontal integrations of the 2D GISAXS near Yoneda band for the
various concentrations of the dopants presented in our electrical measurements. An additional
concentration of DDB-F72 (0.01 mM) is reported in the GISAXS data, however, the doping level
was very low to measure any electrical properties in the films. The 1D integrations for the P3HT
doped with DDB-F72 shows a significant change in the intensity resulting in a shoulder, near mid-
qy region, compared to pristine P3HT. Similarly, P3HT doped using DDB-F36 observes noticeable

changes in the intensity near the mid-qy region as well, specially at the 0.3 mM concentration.
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Figure S 21. Horizontal 1D integrations of GISAXS data for all concentrations of doped P3HT a)
DDB-F72, b) DDB-F36, c) F4aTCNQ, and d) anion exchange (Only the highest FATCNQ

concentration is shown, as 104.5 mM LiTFSI was added to 3.62 mM F4TCNQ). Pristine P3HT is

also plotted in all figures for reference.

To be able to extract the domain sizes from GISAXS data of our doped P3HT films, we
carried out fits for the 1D integrated GISAXS traces using the Unified Fit method®° which has
been shown to be an accurate fitting model for weakly correlated films with diffused, non-specular

scattering.®! For a system with multilevel structures, the total scattering can be expressed as:
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2p2

n -q R i i . _quZJ_
@=) [6 exp( 3~"‘>+Bi<qi)-’°l exp(Tg” (84)
-

qug,i

7 )]73. For a level i, the first term gives the Guinier regime with a prefactor,

where q; = q[erf (

Gi and a characteristic size given by Rg;i. The second term represents the power-law regime with

prefactor Bj, and structure P;.*°

Other than the anion-exchange samples which exhibit two distinct shoulders, we only
observed one characteristic shoulder in 1D GISAXS traces for other doped cases. Level 1 Unified
Fit is utilized to capture the characteristic Guinier size while G, of level 2 is set to an arbitrarily
large value so that only P2 shows up in the observable g range and compensates for the scattering
intensity from even larger particles. Figure S2 has the GISAXS fits of pristine P3HT and P3HT
doped with the highest concentration for each dopant, DDB-F72, DDB-F36, F4sTCNQ, and anion

exchange.
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Figure S 22. Unified Fit Modeling of doped P3HT using a) 0.5 mM DDB-F72, b) 1 mM DDB-

F36, ¢) 3.62 mM F4TCNQ and d) 3.62 mM F4sTCNQ with anion exchanged by 104.5 mM LIiTFSI.

Electrical Conductivity Measurements

Multifunctional devices for conductivity, Hall effect and NIR-UV-Vis spec are fabricated
on 1.1 x 1.1 cm pre-cleaned substrates via sequential process (SgP). Gold contact electrodes were
evaporated on the corners of the samples. The Van der Pauw method was used to measure the
conductivity reported in the main text. The conductivity of the doped samples was measured using
the Lakeshore MeasureReady M91 FastHall instrument, with a source current of 10 pA. Given the

high hygroscopicity of the anion exchange samples, the sample compartment of the MeasureReady
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M91 FastHall was Argon purged for 4 minutes before each measurement of the anion exchange
samples. In contrast, the doped samples with F4sTCNQ, DDB-F72, and DDB-F36 showed no
significant humidity dependence thus purging was not necessary. All reported values were
measured and averaged over at least triplicates. All DC Hall effect, conductivity, temperature-
dependent conductivity and NIR-UV-Vis spec were measured in the same device.

Figure S23 displays the electrical conductivity as a function of dopant concentration for
DDB-F72, DDB-F36, F4sTCNQ, and anion exchange samples. To facilitate comparison of charge
transport characteristics across these doped systems, we aimed to maintain similar conductivity
ranges (0 — 18 S/cm). In the case of P3HT doped using DDB-F72, the dopant concentrations that
gave conductivity values in this range were 0.05, 0.1, 0.2, 0.3 and 0.5 mM in DCM as the solvent.
For P3HT doped with DDB-F36, we were able to obtain the conductivity values in this range using
0.1,0.3,0.5and 1 mM in DCM as the dopant concentrations. Furthermore, F4aTCNQ-doped P3HT
gave conductivity values within this range at F4TCNQ concentrations 0.07, 0.18, 0.36, 1.09, 1.81
and 3.62 mM in DCM. Lastly, the conductivities of doped P3HT using the anion exchange doping
solutions were obtained at final concentrations of 0.11, 0.18, 0.36, 1.81 and 3.62 mM F4TCNQ
plus 104.5 mM LiTFSI in nBA as the solvent.

As shown in Figure S21, all dopants led to an increase in electrical conductivity with
higher doping levels, consistent with the expected relationship:

o =enu (S1)
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where o is the conductivity, e is the elementary charge, n is the carrier density and p is the carrier
mobility. Interestingly, all dopants, except DDB-F72, observed a rapid increase in their

conductivity in the low doping regime presented in Figure S21.
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Figure S 23. Electrical conductivity and Seebeck coefficient plotted as a function of dopant
concentration for the four dopants used in this study. All doping cases demonstrate an inverse
relationship between conductivity and Seebeck coefficient: higher doping levels increase
conductivity while decreasing the Seebeck coefficient. For anion exchange (AE) samples, the
concentrations are reported based on the amount of FATCNQ added, with 104.5 mM LiTFSI not

shown in the axis.
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Seebeck Coefficient Measurements
The Seebeck coefficient measurements were conducted on separate pre-cleaned substrates

with dimensions of 1.2 x 1.2 cm, using the SgP process. Gold contact electrodes, 1 x 10 nm in
size, were evaporated onto the doped samples. Due to differences in electrode geometry, it was
not possible to measure both electrical conductivity and the Seebeck coefficient on the same
device. Therefore, for each doping level, separate devices were prepared for measuring the
Seebeck coefficient and electrical conductivity. These devices were fabricated and measured in
parallel to ensure that they were fabricated and tested under the same environmental conditions.
The Seebeck coefficient measured at the same doping concentrations for each dopant as those
described in the conductivity section are shown in Figure S23.

The Seebeck coefficient can be obtained from the slope of a linear fitting of the induced
voltage due to a temperature gradient (AV) and the temperature difference between the hot side

and the cold side (AT = Thot — Tcold). The Seebeck relation is given by equation S2:

AV (S2)
AT

Figure S24 shows the linear fits for the voltages measured versus the temperature
difference measured for P3HT doped with DDB-F72, DDB-F36, F4sTCNQ and anion exchange at
the various doping concentrations. We use the slopes of these fits to calculate the Seebeck
coefficient values presented in this study. We noted the linear fit of AV vs AT for the 0.32 mM

F4TCNQ is not included in Figure S24 since it gave a small magnitude compared to the rest linear
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fits. However, the relationship gave a straight line with R square value of 0.99 confirming the

success of the measurement.
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Figure S 24. Linear fits of the measured thermal voltages versus the temperature difference
between both ends of the Seebeck setup plotted against one another for all concentrations of DDB-
F72, DDB-F36, FaTCNQ, and anion exchange. The slope of the AV vs AT plots gives us the

Seebeck coefficient.
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Hall Effect Measurements

Hall effect measurements are carried out on the multifunctional device mentioned in the
electrical conductivity section. Hall values reported were taken and averaged over at least three
samples. The Hall effect results are plotted for P3HT doped with DDB-F72, DDB-F36, F4sTCNQ
and anion exchange in Figure S25. Due to the low doping level observed in the 0.07mM F4sTCNQ
doped sample, we were unable to obtain a reliable Hall carrier density and mobility values. Thus,

we have omitted this point from the Hall analysis.
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Figure S 25. DC Hall effect Results. Hall carrier density and mobilities for P3HT doped with

DDB-F72, DDB-F36, F4aTCNQ, and anion exchange (AE) as a function of dopant concentration.

The Hall Effect measurement is a versatile method of obtaining parameters describing the
charge transport, such as carrier mobility, carrier density and Hall coefficient, of doped
semiconducting polymer films. However, the effect is primarily useful in high-mobility systems
where screening effects are minimized. In specific to our case, Hall effect measurements for

samples with low mobilities (< 1 cm? V' s1), such as doped semiconducting polymers, are often
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challenging to obtain due to the low intrinsic Hall voltage and the large offset or thermoelectric
voltages in the measurement. 214 Thus, to minimize these screening effects we use current and
field reversal in our DC Hall measurements. Our prior studies have shown in our prior studies that

this technique gives similar results as those obtained using AC Hall. 1516

Aubry and colleagues previously reported AC Hall mobilities for doped P3HT using DDB-
F72, DDB-F36, and F4,TCNQ that are comparable to those observed in this study.® It is important
to note that the small differences between the AC Hall mobilities reported by Aubry and those in
this study are likely due to the higher regioregularity of the P3HT used here.

To further support our DC Hall effect measurements, we compare the frequency-weighted
integrated NIR-UV-Vis P1 peak area, from Figure 2 in the main text, with the Hall carrier density
of F4sTCNQ and anion exchange samples. Plotting the integrated P1 peak area for the various
concentrations of F4TCNQ and anion exchange, shown in Figure S26, give a linear relationship
giving us confidence the DC Hall is providing us with carrier density values that are relatively

accurate.
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Figure S 26. frequency-weighted P1 area plotted vs Hall carrier density for F4TCNQ and anion

exchange devices show a linear relation.

Furthermore, an additional piece of circumstantial data is Gregory and coworkers reported
the carrier densities measured using XPS in their SLoT study*’ were comparable to those measured

in Hall effect.18-20
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Temperature-Dependent Conductivity Measurements

We make use of temperature-dependent conductivity to investigate the activation barriers
in the doped P3HT samples. The activation barriers were extracted from a linear fit of the
Arrhenius equation o(T) = coexp(—Ea / KsT) where oo is the temperature independent pre-
exponential factor and Ea is the thermal activation energy of the carriers. Due to the mix transport
in doped semiconducting polymer films, hopping and band-like, Ea can provide us with
information about the relative amount of hopping-like transport due to energetic disorder in the
doped polymer films,151721-24

Figure S7 shows the linear fits of —In(c) vs KgT for P3HT doped with DDB-F72, DDB-
F36, FaTCNQ, and anion exchange. All temperature-dependent conductivities were measured on
the same multifunctional device described in the conductivity section above. All fits produced a
linear relation between —In(c) and T2, with R-square values of 0.98 and up, confirming the success

of the measurements.
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Figure S 27. Conductivity at various temperatures for P3HT doped with DDB-F72, DDB-F36,

FsTCNQ, and anion exchange (AE) at various doping concentrations. —In(c) vs (KeT)* plots have

a linear relationship as expected by the Arrhenius equation o(T) = coexp (—Ea / KgT).

Semi-Localized Transport (SLoT) Model

The Semi-Localized Transport (SLoT) model is implemented in our study to quantify the

charge transport characteristics of doped P3HT using DDB-F72, DBB-F36, FaTCNQ and anion

exchange. Five key parameters extracted from the SLoT model, which are related to the charge

transport of the systems described in this work, are listed in Table S1.
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As described in the main text, oo is related to the intrinsic conductivity when there are no
localization effects present; Wh max represents the localization energy in the low doping regime;
and WH, siope 1S how rapidly the localization energy decrease with increasing doping level.
Furthermore, Gregory and coworkers define the parameters, Cmax , Ao and A; as freely adjustable

parameters related to the to the carrier concentration ratio:

Cm ax

exp [Ao(4; —m)] +1

c= f(E) = (S4)

where c is the carrier concertation ratio, f(E) is Fermi-Dirac distribution function and 7 is the

reduced Fermi energy level.

PARAMETERS F4sTCNQ  AE(LITFSI) DDB-F72 DDB-F36

oo (S/cm) 10 125 25 35
Wi max (MeV) 210 275 500 750
WH stope (MeV) 310 350 1000 1550

Cmax 0.25 0.4 0.25 0.25
Ao 0.5 0.5 1 0.25
A1 1.8 2 2 3.8

Table S 11. Parameters obtained from the SLoT fits performed in the P3HT doped with F4aTCNQ,

anion exchange (AE), DDB-F72 and DDB-F36.
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APPENDIX E
Rub-Aligning Setup Standard Operating Procedure
This Standard Operating Procedure (SOP) outlines the fabrication of rub-aligned films. It also
includes detailed information about the components and electrical wiring of the rub-aligning setup,
which will be useful for disassembly and repairs. Additionally, the SOP covers the microcontroller

code and programming instructions, in case modifications are required.

Procedures for Fabricating Rub-aligned Films

Note: This procedure is optimized specifically to rub-align 97% regioregular (RR) P3HT films
with thickness ranging between 100-150 nm. Certain parameters might need to be adjusted when

using a different polymer or film thickness.

1. Spin-coat ~120 nm thin films of P3HT
a. Prepare a solution of 20 mg P3HT in 1mL ODCB solution to make a 2% wt/vol
P3HT solution
b. Stir the solution with a Teflon coated stir bar for at least an hour. Visibly check to
make sure that there is no visible solid clinging to the wall of the container.
c. Cutand clean ~1.2x1.2 cm glass or silicon substrates. It is crucial that the substrate
is thoroughly clean and plasma etched as this will affect how the quality of the

P3HT films.
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d. Place the ~1.2x1.2 cm substrate onto the spin coater and deposit ~5-10 pL of the
2% P3HT solution onto the surface of the substrate. It is recommended to try to
spread the solution so that the whole substrate is covered.

e. Proceed to spin-coat at a rate of 1000 rpm for 60 seconds. This should give a film
with thickness of ~120 nm.

f. Letthe film dry for ~ 2-3 hours to before proceeding to rub-aligning

2. Rub-aligning ~120nm P3HT film

a. Heat the P3HT film up to ~140°C on a hot plate. It takes ~2 minutes for the film to
fully equilibrate. It is fine to leave the film on for more than 2 minutes as you adjust
the setup.

b. To hold the film in place, use two substrates of similar size and thickness to
sandwich the P3HT film in between so that it does not move during the rub-aligning
process. Use high temperature polyimide tape to secure down the two glass
substrate to the hotplate.

c. Turn on the rub-aligning setup. The microfiber wheel will start rotating as soon as
the setup is turned on. Make sure that nothing is touching the microfiber wheel at
this point.

d. Since no pressure is being applied on the microfiber wheel (which is connected to
the load cell), the LCD screen should display a value of 0 (with fluctuation smaller

than +1).
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e. In the case that the value shown is above 1, press the button under the LCD screen
to tare the load cell reading.

f. To rub-align, start by lowering the rotating microfiber down onto a blank substrate
(not the one with the P3HT film) by slowly turning the dial on the lab jack.

g. Keep lowering until the LCD screen reads a value of 140 (this corresponds to ~1 N
of force).

h. Once the desired force is reached push the hotplate forward so that the rotating
microfiber wheel can go over the P3HT film. The film should now be aligned.

i. Quickly remove the film from the hotplate. This is crucial as if left for too long on

the hotplate, the polymer film will lose alignment due to the heat.

General Operation of the Rub-Aligning Setup

The rub-aligning setup (excluding the hotplate) consists of five main parts: the microfiber wheel,
stepper motor, load cell, microcontroller box, and lab jack. The microfiber wheel is attached to the
stepper motor via a 3D-printed fixture, which is then connected to a load cell fixed to a lab jack
stand. Both the stepper motor and load cell are linked to the microcontroller box. The
microcontroller controls the stepper motor's RPM, reads the load cell signal, and displays it on the

LCD screen.
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Schematic of the Electrical Wiring for the Stepper Motor to the Microcontroller

Stepper Motor Driver Microcontroller

®

Power Input

— ] 5V
Enable Input =1 _ ] Digital Pin 1
— H | Digital Pin 2
Direction Input = | Digital Pin 3
Pulse Input =
Phase B : Stepper
Phase A 1 Motor

Figure S 28. Schematic of the wiring for stepper motor to microcontroller. The stepper motor
driver is used to help convert the pulse signal from the microcontroller to a sequence that alternates

between phase A and B to turn the stepper motor at a set rate.

1. How stepper motor works and the wiring involved
a. First set the positive “enable, direction, and pulse” inputs on the stepper motor
driver are connected to the 5V (high voltage reference state) on the microcontroller.

This is called “common-anode connection”
b. Next set the stepper motor driver to enabled state which will allow the driver to

respond to the input pulse of the microcontroller, by setting the “enable input”
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signal to low (below 3.3V) using one of the digital output pins on the
microcontroller.

c. To control the rpm of the stepper motor, connect the negative “pulse input” pin on
the stepper motor driver to a digital pin on the microcontroller. The microcontroller
is programmed to send out pulses at a set frequency. This frequency is proportional
to the rpm.

d. To control the direction of the stepper motor rotation, supply either a high input
signal (above 3.3V) or a low input signal (below 3.3V) to the negative “direction
input” using one of the digital output pins on the microcontroller.

e. To provide the power to drive the stepper motor, connect an adequate power supply
(12-24V and ~1.5 A) to the “power input” of the stepper motor driver.

f. Finally connect the stepper motor to the stepper motor driver “Phase A and B”
output.

2. Code for Arduino microcontroller to control stepper motor.
a. // Define which digital pin to use on the arduino microcontroller
const int stepPin = 5;
const int dirPin = 2;
const int enPin = 8;
void setup()
{
Il Sets the pins as Outputs

pinMode(stepPin,OUTPUT);,
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pinMode(dirPin,OUTPUT);

pinMode(enPin,OUTPUT);

/I Set the "enable pin™ as low voltage

digitalWrite(enPin,LOW);

I/ Loop between high and low value on the “pulse pin”
void loop()
{
digitalWrite(stepPin,HIGH);
delayMicroseconds(Value); // Replace “Value” with a number
digitalWrite(stepPin,LOW);
delayMicroseconds(Value); / Replace “Value” with a number
}
b. For this specific stepper motor (2 Phases), the step angle is 1.8° degree. This
means that each pulse of current will move the motor by 1.8° degree and 200
pulses will make a complete revolution. Using the following formula, you can

calculate out what pulse frequency to use to obtain certain rpm.

Pul —( ) x <1min> o (200 pulse )
ulse frequency = (rpm 60s revolution
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Schematic of the Electrical Wiring for the Load Cell to the Microcontroller

Analog-to-Digital

Converter

Bar Load Cell
e ] ] vce
Ground || |_1Ground
Output + || |1 Output +
Output - || | | Output -

VDD
VCC
Data
Clock|
Ground

Microcontroller

Figure S 29. Schematic of load cell wiring to a microcontroller. The load cell changes in resistance

are picked up by the analog-to-digital converter and the signal is then amplified. The amplified

signal is then fed and sync up with the microcontroller to read.

1. How load cell works and the wiring involved

a. The internal operation of the load cell involves strain gauges arranged in a
Wheatstone bridge configuration. Voltage is applied between two points in the
Wheatstone bridge, and the measurement is taken between another two points,

similar to a four-point probe setup. This setup requires four connections: VCC,

Ground, Output +, and Output -.

b. The four connections are connected to an analog-to-digital (ADC) converter. As

the resistance changes in the load cell are typically very small, the signal needs to

be amplified by an ADC.

c. The amplified signal is then sent to the microcontroller to read and display on LCD

screen. The microcontroller also serve as the power source by supplying the 5V to

both the ADC and the bar load cell.
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2. Code for Arduino microcontroller to read data off of the ADC.
a. //Download and install the <Wire.h> and HX711 library. These two library
contain the communication protocol to set up 12C devices and interface with the

Avia Semiconductor chip used in the ADC.

#include <Wire.h>

#include <HX711.h>

/[Create an instance of the HX711

HX711 scale;

/I Define digital pins for the connections (set to 8bits)

unit8_t dataPin = 6;

unit8_t clockPin =7;

/I Initialize volatile variable of type float

Volatile float f;

void setup()

{

Initialize serial port communication for the ADC
Serial.begin(115200); //set baud rate to 115200
scale.begin(dataPin, clockPin); //set the digital pins for data and clock
scale.set_scale(127.15); //This is a default calibration number

scale.tare(); //set whatever initial reading is to zero

¥
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void loop()

{

f = scale.get_units(5); //average 5 raw readings and subtract from offset and
divide by default calibration value.

Serial.printin(f); //Have Arduino send data to computer to read using serial
communication.

delayMicrosceconds(50); //delay for 50 microsceonds

}
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APPENDIX F
Seebeck Coefficient Experiment Standard Operating Procedure
This Standard Operating Procedure (SOP) goes over details on how to carry out Seebeck
experiment. It covers details such as electrode patterning, Seebeck setup, and running the
experiment in Labview. The Seebeck experiment itself is relatively straightforward to carry out,
however, it is worth to understand how the setup operates in the case that troubleshooting is

needed.

Electrode Pattern for Seebeck Coefficient Experiment

The Seebeck Coefficient can be measure with various patterns as long as there is a well define
continuous temperature gradient exists between the two points of measurement. The electrode
pattern shown here uses a long rectangular electrode pattern that runs along the film. The long
pattern is intended as a way to average a larger area rather than using point contacts. The dimension

of the substrate in this case needs to be 1.5 x 1.5 cm to fit correctly in the shadow mask.

Figure S 30. Drawing of shadow mask use for thermal evaporating metal electrodes on the doped

semiconducting polymer films.

200



Experimental Set Up and Measuring the Seebeck Coefficient
1. Connect the two BNC cables that is labelled RTD A and RTD B to the Keithley 2400 front
and back Input/Output. This connection is for measuring the temperature of the hot and

cold electrodes.

Figure S 31. Locations of the Input/Output connections on the Keithley 2400 to plug the BNC (w/

banana plug) into for Seebeck coefficient measurement.

2. Connect the BNC cable labelled Voltage to the HP663B power supply. There should be
another BNC cable that is already connected to the HP663B. You will just need to connect
the Voltage BNC cable to this cable. This connection is to control the Peltier plates that are

used to generate the temperature gradient.
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Figure S 32. Picture of the HP663B power supply and the location to connect the BNC cable to

the power supply.

3. Connect the BNC cable labelled C to the Keithley 2000 Inputs. This connection is for
measuring the voltage difference between the hot and cold electrodes.

4. Turn on the Keithleys and the HP663B.

5. Make sure that the Keithleys communication protocol is set to GPIB otherwise the program
will not be able to communicate with the instrument.

6. Open the LabView program called Seebeck Measurement.

7. Before you can run the experiment, you must need to place the sample onto the Seebeck
setup so that the electrodes are aligned with the two bottom pogo pin contacts.

8. Use the toggle clamp to press down onto the sample to secure it from moving.

9. Place the Peltier plates on each side of the sample.
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Figure S 33. Picture of the Seebeck setup with and without the Peltier plate on top of the

semiconducting polymer film.

10. The Peltier plates have a radiator with fans attached to it. Make sure to plug this into the
outlet before measuring as this helps equilibrate the temperature of the Peltier plates faster.
11. On the LabView program type in a value for the voltage apply and run the program. The
higher the voltage the bigger the temperature difference. However, do not going above 2V

as the radiator fan won’t be able to cool the Peltier fast enough.
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Figure S 34. Front panel of Seebeck measurement LabView program. First enter in the desired

voltage to power the Peltier plates then run the program. Once the temperature equilibrate

(stabilized) click on the Measure button to measure the voltage difference induced by the

temperature gradient.

12. While the program is running it will display the temperature difference on the screen. Wait

till the temperature difference stabilize or stop changing too much before clicking on the

measure button. The time it takes to equilibrate is ~2 minutes.

13. Pressing the measure button will stop the program and record the voltage difference

between the hot and cold electrodes. Copy this along with the temperature difference onto

an excel sheet as this is basically your Seebeck Coefficient (Voltage/Temperature).

14. Repeat this for different temperature difference. | recommend at least having 4 data points.

15. After collecting the last temperature difference, set the voltage back to zero before testing

a new sample.

204



APPENDIX G
Temperature-Dependent Conductivity Standard Operating Procedure
This Standard Operating Procedure (SOP) goes over details on how to perform temperature-
dependent conductivity experiment. It covers details such as setting up the experiment and running

the experiment using Labview.

Experimental Set Up and Measuring the Temperature-Dependent Conductivity
The sample preparation for this experiment is exactly the same as for Hall effect, which uses Van
der Pauw electrode geometry (square sample with electrodes deposit at the four corners). The only

difference is that the sample will be temperature-controlled.

1. Connect the toggle switch banana plugs connection to the back connections of the Keithley
2400. It doesn’t matter which pairs goes into Input/Output or Wire Sensing as long as they

are facing in the same direction as shown in the picture.

Figure S 35. Picture of the connection to the Keithley 2400 for electrical conductivity

measurement.
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2. The toggle switch has four clips that is used to clip onto the 2 wires for sourcing current
and 2 wires for measuring voltage. It doesn’t matter what color you connect the wires to as

long as the same color is being used for either current or voltage.

Figure S 36. Picture of the toggle switch with the four clips for sourcing current and measuring

voltage difference.

3. Next connect the Peltier plate connection to the HP663B power supply. Similar connection
is shown in Appendix E.

4. Next load the film onto the setup inside the argon box. The film should be facing upward,
as the contact probes are coming from the top. Use a tweezer to move the RTD probe and
the contact probes on top of the film. The contact probes should be touching the electrode

pads on the film.
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Figure S 37. Picture of the temperature-dependent conductivity setup. The four probes that are at
the corner of the square are used to measure conductivity. The probe that is going in through the

middle is the RTD which is used to measure temperature.

5. Next open the Temperature_Dependent_Conductivity LabView program.

6. To run the program, first enter in a value for the applied voltage. This voltage will
determine the temperature of the Peltier plate and therefore your film. I typically start with
0 V and then move up with increment of 1 or 2 V. Do not exceed 8V as the Peltier plate
will be unable to hold the temperature long enough to measure the electrical conductivity

as the cooling of the Peltier plate is passive.
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Figure S 38. Labview front panel to measure temperature-dependent conductivity. First type in
the desired voltage to power the Peltier plate (the higher the voltage, the colder the plate). Once

temperature stop changing click on measure to measure the electrical conductivity of the film at

that temperature.

7. Once the temperature that is being plotted stabilized, click on measure. This will initiate
the VVan der Pauw program to measure the electrical conductivity.
8. Repeat the measurement until you have electrical conductivity for at least four different
temperatures.
The activation energy or barrier to hopping can be extract using Arrhenius approach using the
equation (1). By plotting the natural log of the conductivity, you measured against 1/T, the

activation energy is the slope of the linear fit times the Boltzmann constant (Kg).

In(a(T)) = In(p) — - (D

kgT
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APPENDIX H
Matlab Script for Stitching and Calibrating 3-D profilometer Data to Obtain Average
Thickness and Surface Roughness

In most cases, the films produced are relatively smooth, and their thickness can be easily
measured by performing a profilometry scan at different spots on the film. However, if the film is
extremely rough, it is highly recommended to use a 3-D profilometer to obtain the average
thickness of the scanned area. Unlike a standard single scan, where the user can simply level the
data in real-time and record the thickness, a 3-D scan may include over a hundred individual scans.
It is possible but tedious to level each scan individually and then average them to determine the
average thickness. This Matlab script is designed to assist with this process and provide a more
systematic method for leveling the data. Although the script can help with automating this process,
it is still highly recommended to always double check the result manually with one or two sample
scans, hence why this script was not made into a function, so that all variables are kept at the end

of the script.

Note: The data must be saved as xyz format without headings in order for the script to work

correctly

%0pen dialog box to select the 3-D profilometer data with .ASC format
clear;
[file,path] = uigetfile('.ASC");
if file ==
return;
else
cd(path);
end

%Read and upload the data into Matlab

opts = detectImportOptions(file, 'FileType', 'text');
DataS = readmatrix(file,opts);
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DataT = DataS;

%Divide the data by 10 so that the unit is in microns
DataS(:,3) = (DataT(:,3)/10);

%Find total number of scans in the X direction
StepS = find(DataS(:,1)== DataS(1,1));
TotalScans = numel(StepS);

%% Align and store 2D Data

DN = 700; %Number of points to use for moving average
SN = 600; %number of points use for fitting the glass substrate data

for aa= 1:TotalScans
TempScanData = DataS(aa:TotalScans:end,[1 3]);

%Use this to flip data if start scan from polymer to glass
TempScanData(:,2) = flipud(TempScanData(:,2));

OrigDataf{aa,1}(:,:) = TempScanData;

%Moving window to get lowest point for extrapolation.
WindowSize = 100;

%Get correlation step size from cell position to scan step size
cellMat = [1:DN]';
corrStep = polyfit(cellMat(SN:DN), TempScanData(SN:DN,1),1);

for nn = 1:(DN/WindowSize)
%Convert matrix to cell to use with cellfun
DataCell = num2cell(OrigData{aa,1}(nn*WindowSize- (WindowSize-

1) :nn*WindowSize,2));

%value %position
[IndexData(nn,1),IndexData(nn,2)] = min(cellfun(@min, DataCell));

%matrix contaning min y values for each window
MinMatrix(nn,1) = (IndexData(nn,2)+((WindowSize*nn) -
WindowSize))*corrStep(1,1)+corrStep(1,2); %Vertical distance or x
MinMatrix(nn,2) = IndexData(nn,1); %Height or z
end
BaselLine{aa,1}(:,1) = MinMatrix(:,1); %x direction

BaselLine{aa,1}(:,2) = filloutliers(MinMatrix(:,2), 'linear'); %z direction
adjusted for spike in data

%Flatten Baseline then perform another outlier removal
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pBaselLine = polyfit(BaselLine{aa,1}(:,1),BaseLine{aa,1}(:,2),1);
FlatBaselLine = Baseline{aa,1}(:,2)- BaselLine{aa,1}(:,1)* pBaselLine(1,1);
SecOutlierRemove{aa,1}(:,1) = filloutliers(FlatBaselLine, 'linear');

%After removing outliers return the BaselLine back to tilt position to
obtain slope

SecBaselLine{aa,1}(:,1)

SecBaselLine{aa,1}(:,2)
pBaselLine(1,1));

BaseLine{aa,1}(:,1);
SecOutlierRemove{aa,1}(:,1)+(BaseLine{aa,1}(:,1)*

%Get slope and intercept from MinMatrix to remove tilt
pMinMatrix(aa,:) = polyfit(SecBaselLine{aa,1}(:,1),
SecBaselinef{aa,1}(:,2),1);

%Subtract tilt from data

TiltSubData{aa,1}(:,1) = TempScanData(:,1);

TiltSubData{aa,1}(:,2) = TempScanData(:,2)-
(TempScanData(:,1)*pMinMatrix(aa,1))-pMinMatrix(aa,2);

%Perform another outlier removal
%Test = filloutliers(TiltSubData{aa,1}(1:2600,2), 'linear');

LowP(aa,1) = min(filloutliers(TiltSubData{aa,1}(1:DN,2), 'linear'));

FinalDataf{aa,1}(:,1) = TempScanData(:,1);
FinalDataf{aa,1}(:,2)= TiltSubData{aa,1}(:,2) -LowP(aa,l1);

%Average thickness of each scan

AveThicknessPerScan(aa) = mean(FinalData{aa,1}(2000:3000,2));

SumResidualZ(aa) = sum(abs(AveThicknessPerScan(aa) -
FinalData{aa,1}(2000:3000,2)));

end
AveT = AveThicknessPerScan';
Z_xy = SumResidualZ';

%Average thickness of all scans without outlier
figure;

ThicknessOutlier = rmoutliers(AveThicknessPerScan);
FinalAveThickness = mean(ThicknessOutlier)
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