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All models are wrong, some are useful.

George BoxX1976)
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transport function energy independent prefactor ldyesdlifts the curve. (d) Transport function
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as a function of reduced electron energy for a power law, linear, and mobility edge transport
function. (e) Jonker curve for several transport functions and experimental data for P3HT that is
most consistent with power law transport function. (f) PEDOT datasets that are most consistent
with a linear transport function dependency. (g) Comparison of a powersla@),(empirical
power law, and narrow band transport fUNCIQN...................vuiiiccciiiee e 56

Figure 18: Examples of main chain and side chain engineering for thermoelectric
performance. (a) Heteroatom influences doping susceptibility). Donoracceptor motifs affect
the"Y¢ trends?® (c) Increased electron richness and planarity increases conduttid)ySide
chain sterics influence the doping mechanism and the resulting transport prdpés)iés ntype
polymers, adding electron withdrawing groups increases the electrical conduéii)ity. p-type
polymers, adding electron donating groupseases the electrical conductivity and the ambient
stability 38 All figures used with permission from their respective publishers.................... 62

Figure 19: Effects of microstructure and ordering on the resulting transport properties. (a)
High temperature rubbing can lead to mditad electrical conductivitie$’ (b) The doping
mechanism (electrochemical vs. field effect) determines the doping mechanism (bulk vs.
interfacial) and thereby the resulting transport propetfi¢s) In a blendof regioregular and
regiorandom P3HT, the extent of ordering dramatically increases electrical conddétidyy.
Doping at different temperature affects the extent of doping and the dopant intercalation in the
polymers, thereby creating differéivt, curves?’ (e) Polymers processed from different solvents
can have different electrical conductivities; in the case of P3HT, chlorinated aromatics generally
led to higher electrical conductivitiés(f) Doping from the vapor phase vs. solution phase can

affect the thermoelectric properties. Vapor doping usually leads to higher properties but may only
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be applicable to thin films due to diffusion limitatiod$ All figures used with permission from
their respective PUDIISNEIS.........oooo oo 64

Figure 20:Summary of dopant considerations. (a) Dopant size and shape affects the
intercalation into the microstructure and resulting transport properties; planar dopants were more
effective® (b) Dopant size and oxidation strength affect the resultimgp@rt properties; strong
and bulky oxidants yielded higher conductivities at low doping concentrations, but mild and small
oxidants yielded the highest conductivity at higher concentratfqo¥ln a series of dopants with
similar size, the electron viitirawing group affects the LUMO and thereby the oxidation strength
and polaron concentratidA(d) Stronger dopants are not necessarily better; the Ag oxidant yielded
less polaronic charge carriers compared to the Fe oxiti@)tin some polymer systentbe size
of the counterion does not matter when ion exchaft@dThe extent of doping, as controlled by
using a gate potential, determines the conductivity and the temperature where the metal to insulator
transition occurs>® All figures used wittpermission from their respective publishers....... 67

Figure 21: Depiction of spatial localization in semiconducting polymers and the resulting
thermoelectric properties. (a) Doped and oxidized poly(thiophene) chains have positigaipolar
charge carriers. These positive carriers can be delocalized and can conduct itinerantly along the
conjugated backbone. However, these carriers are coulombically repulsive to one another, are
coulombically attracted to the anion’JAcan polarize thiocal environment, and result in a bend
order perturbation (note the quinoidal bonds). These listed attributes may contribute to
localization. Note, solvating side chains and spatial inhomogeneity are omitted for clarity. The size
and position of the couat anion is shown only schematically but are known to vary. (b) Polaronic

charge carriers of sizatare localized in potential energy welts ( ), which are separated from
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each other by a distanc¥, which depends on the carrier densiy &nd carrie concentration
ratio (). The energy required to hop out of the potential well is expected to decrease with
increasing carrier concentration. (%) , plot showing that a nominal= 1 KangSnyder model
(black line) cannot explain the P3HRECI3 expernental data (green squares, each data point
represents a unique sample measurement). The SLoT model (green line) accounts for a localization
energy ( (@) that decreases with increasing carrier concentration...................ccee..... 91

Figure 22: Dopig P3HT with FeCI3 and the resulting thermoelectric and spectroscopic
properties. (a) Electrical conductivity and Seebeck coefficient as a function of the FeClI3 solution
concentration (in millimolar, mM). The electrical conductivity increases from appade&iyn0.1
S/cm to 100 S/cm with increasing doping level while the Seebeck coefficient decreases from
approximately 140 uV/K to 30 pV/K. Error bars represent sartpample standard deviation
of at least three films. (b)-3p spectra for pristine P3HT.)(6-2p spectra for P3HT doped with
50 mM FeCI3. Note that sulfur XPS spectra contains a 1/2 and 3/2 doublet peak with a fixed
energetic distance and area ratio. See methods for deconvolution procedureks gpbeCtra for
pristine P3HT. (e) €s spectrdor P3HT doped with 50 mM FeCl3. Charge carrier concentration

ratio and calculated carrier density measurement uncertainty can be found in Methods and Figure

Figure 23: Quantifying localization in P3HHeCk. (a) The Seebé&ccoefficient as a
function of the reduced Fermi energy level for a representative dataset spanning from 0.38 to 50
mM FeCk. The horizontal dashed lines are meas@8eand the green dots are the calculated
using Eq. 2. (b) The transport function preéfaicas a function of the reduced Fermi energy level

for a representative dataset spanning from 0.38 to 50 mM.KeJCArrhenius plots of the transport
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function prefactor as a function of inverse thermal energy (temperature). Individual data points are
cdculated from measured electrical conductivities and temperatures, using Eq. 94. Blue shaded
rectangles are provided to help visualize the change in slope, corresponding to the ciddnge in
Note that each subpanel contains the averagedc values coresponding to that temperature
dependent measurement. (d) Localization energy as a function of reduced Fermi energy level for
a representative dataset spanning from 0.38 to 50 mMzF&8dy and green shaded areas
correspond to more localized transportsaen in Figure 1c. The model line is calculated using
Eq. Eqg. 94, and the calculated localization parameters obtained from the measured data are listed.
Note that on panels (a,b,d)andcq are labeled, indicating when the Fermi energy level is equal
to the transport edge, and when localization effects are minimal, respectively............... 99

Figure 24: Comparing the Kar§nyder model (black lines) and SLoT model (colored
lines) to experimental data from literature. (a) Ref. 9 studied pblgkyl thiophene), P3HT. (b)
Ref. 13, 22 studied poly[2;Bis(3-alykl thiophen2-yl)thieno[3,2b]thiophene], PBTTT. (c) Ref.
38-43 studied poly(acetylene), PA. (d) Ref. 44 studied Polyg®lenedioxythiophene), PEDOT
(e) Ref. 20 studied single walledrbon nanotubes, SWCNT. (f) Ref. 18 studied poly(HHis{2
octyldodecyBnaphthalend,,4,5,8bis(dicarboximideR,6-diyl] -alt-5,5(2,2-bithiophene)),
N2200. The color of the SLoT model fit curves corresponds to the colors in Table 1 and is
indicative of low well the SLoT model can be applied based on the experimental data provided.
Models with green curves have no adjustable variables; all variables and relationships are
calculated from independent experimental data. Models with orange curves have amuakdo

an adjustable relationship (eithir( wor — @) that can be estimated using the SLoT moiie#
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Figure 25: Select temperature dependent thermoelectric property plots. Electrical
conductivities from 283 to 308 K in air: (a) 50 mM, (b) 25 mM, (c) 6.25 mM, (d) 1.5 mM, (e)
0.375 mM. (f) Seebeck coefficients as a function of temperature................cvvveeeeeeeenee. 107

Figure 26: XPS data of P3HT doped with Fe@4) Atomic percentages as a function of
doping. (b) Representative-13 spectra. (c) Representative(s spectra. (d) Ratios of atomic
species with respect to the extent of sulfur oxidatian..................ccccvvceceeiiieeeiiiiiiicceeen. 110

Figure 27: Cls XPS spectra as a function of doping. Black lines are the raw spectra, red

area is the neutral peak fit, orange area is the oxidized peak fit. (a) pristine, (b) 0.375 mM, (c) 1.5

Figure 28: &p XPS spectra as a function of doping. Black lines are the raw spectra, warm
colors are the neutral peak fits, cool colors are the oxidized peak fits. (a) pristine, (b) 0.375 mM,
(c) 1.5 mM, (d) 6 mM, (€) 25 MM, (f) 50 MM......ccoiiiiiiiiiiiee e 112

Figure 29: Charge carrier mobility as a function of charge carrier concentrationl 14

Figure 30: Seebeck coefficient as a function of the reduced Fermi level on a (a) linear scale
and (D) SEMI1OQ SCAIE)........ccooiiiiiee e e era e 116

Figure 31:S, curve of P3HT/FeGlexperimental data (black squares) and transport
models With 8 Varying GITEEIM..........ovieeeeeee e eeeee e emse e see e 117

Figure 32: Localization energy as a function of (a) Reduced Fermi energy lelvéid)an
charge carrier concentration ratio. Dashed fit line shows a statistically significant linear

relationship with at 95% confidence INterVal............cccooiiiiiiicceciice e 118

XXV



Figure 33: Experimental XPS carrier concentration, versus-tietracted from té
measuredYand and  p transport function. The data are used to establish the semi empirical
MOMEl FEIALINEIANG—. ......c.evevierrieeeeeieteeeee s e et ettt es e rnses s eeees s s eeseees et eemees s s e 120

Figure 34: Electrical conductivity as a function of reduced Fermi level............... 121

Figure 35: Reduced Fermi energy level as a function of the carrier concentratidr2 gatio.

Figure 36: Poly(aalkylchalcogenophenes) under study with R =diethyloctyl side
chains. Cuvettes show pristine chalcogenophenes solvatatbroform. Films were prepared by
blade coating 30 mg/mL solutions from chlorobenzene and thestoged in acetonitrile solutions
of FeCk. Films become increasingly visibly transparent as dopant concentration increa8és.

Figure 37: U\VVis spectra for poly(@lkylchalcogenophene) films at varying dopant

concentrations: (a) P3RT, (b) P3RSe, (c) P3RTe. Insets show the change in the optical bandgap as

Figure 38: Therroelectric properties for poly{8lkylchalcogenophene) films doped with
four different Fed solutions of 0.2 mM, 1 mM, 5 mM and 20 mM: (a) Electrical conductivity,
(b) Thermopower, (c) Power factor. Error bars capture satogample variations............ 142

Figure 39(a) Electrical conductivity as a function of temperature for 5 mM doped samples,
(b) Thermopower as a function of temperature for 5 mM doped samples..................... 145

Figure 40:Calculated thermoelectric properties. (a) Activation Energy or transport barrier,
Ea, extracted from electrical conductivity, and (b) Conductivityfaor, So. Activation energies
and the conductivity pre act or are extracted rade osingvtbet t 6 s
dependence of electrical conductivity on temperature...........ccooeeeevvieeeeeeeeiiiee e 146

Figure 41: Chemical structures pertinent to the FBDPPV study.................ccccoee 149
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Figure 42: Electrical and thermoelectric properties of (RuCp*md$DMBI-H-, and (N
DMBI) >-doped FBDPPV at varying dopant concentrations. a) Electrical conductivity, b) Seebeck
coefficient, and C) POWET FACIQL............ooeviiiiiiir e e e e e e e e e e e 151

Figure 43: Temperature dependent thermoelectric properties. (a) Electridalkctoity
and (b) Seebeck coefficients as a function of temperature................oovvvmeeeeeeevvveeenninnnn, 153

Figure 44: Calculated transport parameters for FBDPPV. (ap@renential electrical
conductivity ( 1), (b) Electrical conductivity activation energ@y, (c) and Seebeck coefficient
constant (Y1) extracted from the temperatedependent electrical conductivity and Seebeck
coefficient measurements. Error bars represent a 95% confidence intervals in direeaon
L0 £STT] 0] o WP PTTPPR 157

Figure 45: Summary of repeat unit structures and electrical conductivities. (a) Repeat unit
structures of the DOTT copolymers relevant to this study. (b) Electrical conductivity as a function
of FATCNQ/PC sequential doping solution concentration of polyimas fon glass. Error bars
represent the sample to sample standard deviation from at least three unique films....164

Figure 46: Seebeck coefficient relationships in DOTTs. (a) Seebeck coefficient as a
function of polymer and dopanbicentration. Error bars represent sanipisample standard
deviation from at | east three unique fil ms.
temperature dependency. (c) Seebeck coefficient as a function of XPS measured carrier
concentration ri@o. Solid lines are the Heikes, Bipolaron, and Mott metallic Seebeck coefficient
L0 = £SO 169

Figure 47. Temperature dependent electrical conductivity properties in DOTTs. (a)

Representative plot of the electrical conductivitiesadanction of temperature (50 mM doped
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films shown). Error bars are hidden by the markers due to low experimental error. (b) Activation
energy as a function of doping concentration and polymer chemistry. Errors bars are 95%
confidence intervals. (c) Hypo¢tical maximum electrical conductivity as a function of doping
concentration and polymer chemistry. Error ba
both extracted using a linearized regression analysis. All regressions-hakeg lower than the
significance | evel (0.05), So we reject the n
1S o o= o | 172

Figure 48: S vs. U0 plot comparing DOTTs an
studies. Individual DOTT dataoints are represented by small filled symbols, while dofarg|
average values are represented by large open symbols. Literature studies were selected with a focus
on alkdonor systems, systems doped with FATCNQ, and systems that provided a wid# fange
VS. g values. Pol ymer/ Dopant/ Last Author (ref
Reference numbers after the polymer/author system refer to the reference in the original
=T U o g o) SRR 175

Figure 49: Charge transportoaeling for the DOTT system. @\ @ (b) , T (c)
‘0OA Y. Black dashed lines show fits when statistically significant with a 95% confidence interval.
DOTT properties are viewed as an amalgam............ccooooiiiiicciiieie e 178

Figure 50: Doping reactienof P3HT and PE P3HT and PEare both susceptible to
oxidative doping, where electrons are removed from the conjugated backbone. Oxidative doping
leads to the formation of positively charged polaronic carriers. Depending on the extent of doping
and thechemistries present, polaron charge carriers (radical cations) can spin pair to form

bipolaronic charge carriers (dications). Polaronic charge carriers are also electrostatically attracted
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to the counter anion (A whose chemical identity is a function thfe polymer and dopant
(o] 0= 00T L o PP PP P PP PRPPPPPPPA 184

Figure 51: Survey thermoelectric properties of P3HT films sequentially doped with 12 mM
solutions of different iron(lll) salts in acetonitrile. (a) Electrical conductivity and (b) Seebeck
coefficients averaged over at least 3 separate films, with error bars representingtessapiple
StANAANT HEVIATION.. ... et et ettt e e e et e e e e e e e e e s ammee s e nnnrneeeeeens 188

Figure 52: Representative XPS S 2p spectra for P3HT anddBristine P3HT. (b) P3HT
doped with 12 mM Fd{osk. (c) P3HT doped with 12 mM Fe(ClR. (d) pristine PE (e) PE
doped with 12 mM Fe(Tos)(f) PE: doped with 12 mM Fe(Clgs. Additional XPS deconvolution
procedures are in supporting information. The range of binding energies used to fit specific
chemical species across all polymer and dopant chemistries is quite narrow (< 0.5 eV for all
thiophene species, see supporting information), suggesting that all deconvoluted peaks used here
are needed and repeatalle...........cccooiii i i ieeeii e ——— 193

Figure 53:Relative ratios calculated from XPS spectra as a function of dopant solution
concentration for (a) P3HT. (b) REThe S* + S** ratio represents the charge carrier ratio,
calculated from the area ratio of polaronic thiophenes to total thiophenes. Thatibagpresents
the charge carrier ratio, calculated from the area ratio of the tosylate signal to the total thiophene
signal. The C* ratio represent the charge carrier ratio, calculated from the area ratio of oxidized
aromatic carbon to total aromatic lban from the €ls spectra. S=0 ratio represents the area ratio
of thiophene oxides to total thiophene rings in films doped with FejeNdte that data is

presented on a logarithmic horizontal axis for clatity...........cccoeeeiiiiiieeee i, 194
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Figure 54: GIWAS in-plane linecuts and diffractograms for P3HT and. FREns
sequentially doped with Fe(Tasand Fe(ClQ)s at varying solution molarities. (a) P3HT
Fe(ClQy)s. (b) P3HTFFe(Tos). In these linecuts, the blue arrows and vertical dashed lines help
guidetheeye t o show the general-" tpeaks. for Nbhe (L4
diffractograms are located left of center and range from 1.5 to 100 mM. {§eREIQy)s. (d)
PEx-Fe(Tos}. The peaks in PEare broader and less commonly reportedndividual diffraction
peaks are labeled and highlighted. Note that diffractograms are located right of center and
range from 0.2 to 12 mM. Supporting information show neariobytiane linecuts, and tabulates
L0 XSy o = o T SO 196

Figure 55: SLoT model analysis of P3HT and: lBped with Fe(Tos)and Fe(ClQ)s
solution concentrations. Individual data points represent doping level average measurements, error
bars represent + one standard deviation from multiple films, ditdises represent SLoT model
regressions. (a) P3HT and (d) Pteduced Fermi energy level as a function of the carrier
concentration. The transport edge is | abeled :
within the context of the SLomodel. Note that panels (a) and (d) have the samesxbut
different y-axis scales. In panel (d), the P3H&(CIQ)z 100 mM level is also donated to help
draw comparisons with panel (a). (b) P3HT and (e) &fvation energies as a function of the
cariier concentration ratio. Activation energy is considered to be minimal Wher ks T, and
transport is considered to be thermally deactivated Whier O; both of these thresholds are
labeled and represented by a dashed line. (c) PSHT andAB-&Rlots Individual data points
are represented by open data points, and doping level averages are represented by filled data points.

Dashed lines represent a delocalized curve (Kamgders = 1 curve), and solid lines represent
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SLoT model curves, calculated tiho freely adjustable parameters. Measured data points and the
modeled SLoT curve approach collinearity with the delocalized curve When keT. Source
data, additional notes for calculating SLOT parameters, and error propagation are in supporting
1 p1{0] 110T= 4o o TP PP P PP PPPPPPN 205

Figure 56: SLoT modeling of PBTTFC12 sequentially doped with FeCla) Doping
schema and representative digital photographs showing pristine and 50 mM doped PBTTT films.
(b) Electrical conductivity and Seebeck coetfiti as a function of Feg€toncentration. (c) UV
Vis-NIR attenuation coefficient as a function of photon energy. Inset shows optical features
associated with the FeCtounterion. (d) SLoT model transport function prefactor and reduced
Fermi energy as aufction of carrier ratio and density. (e) Localization energy as a function of
carrier ratio. Inset shows representative Arrhenius plots, where the slopes are eg(al ¢
Y, curve showing doping level average properties (colored squares, ansaepresent sample
to sample standard deviation), individual films properties (black squares), delocalized transport
model (grey dashed line) and the SLoT model fit with no freely adjustable variables (black line).
See Note S3 and PBTT3LoT.xIsx for addional details...............cccccuvmviiiiieemniiiiiiiiiee 214

Figure 57: PBTTIFeCk GIWAXS measurements and analysis. Representative
diffractograms for (a) Pristine, (b) 0.88 mM Fe@bped, (c) 2.5 mM Fegtloped, and (d) 50 mM
doped PBTTT films. Pristine diffractograshows annotated indices. (e) Radially integrated
linecuts. (f) Lamellar antd  “ spacing. (g) Coherence length and paracrystallinity......218

Figure 58: SLoT Transport comparisons for P3HT,P&nd PBTTT. (a) Chemical
structures andames for comparison. (b) Localization energy as a function of carrier density. Inset

cartoon illustrates that different polymers systems with different carrier densities, represented by
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the potential wells, can have the same localization energy (daskeavhere the wells impinge
on one another) if they have different potential well widths. (c) Reduced Fermi energy level as a
function of carrier density. Inset cartoon illustrates that at the samaleie, different polymers can
obtain different carriedensities if they have different density of electronic states. (d) Mobility as
a function of the reduced Fermi energy level. Dark symbols represent the drift mobility, calculated
using the Drude formula. Light symbols represent the weighted mobility, lat@duusing an
analytical techniqué®! Inset shows that both mobility values begin to plateau and that the distance
between the drift and weighted mobilities are nearly constant for a system. All data points represent
average values and error bars repneseone standard deviation, measured from at least three
UNIQUE TllMIS . oo e e e e e e e e e e e e e e s amaesasaeeaeeaaaaeeeeeennnnnen 223

Figure 59: PBTT¥FeCk spectroscopic ellipsometry measurementsspbne fits, and
complex dielectric function calculations. (a) Representativend 3 measurements for pristine
and 50 mM FeGldoped PBTTT films with comparable thickness (~ 180 nm) on glass substrates.
One out of every five measured data points are shown for clarity, and line represesptime B
fitting, calculated using known substraperties, known film thickness, and assumed Kramers

Kronig consistency. (b) Real componénp ( of the complex dielectric function. (c) Imaginary

Figure 60: Representativapectroscopic ellipsometry deconvolutions as a function for
PBTTT-FeCk doping level. (a) Pristine PBTTT, modeled using only a Glookenz oscillator for
the® “ z band gap transition. (b) PBTTT doped with 1.25 mM kg@Gbdeled using a compared
“ “ z pand gap transition and a Gaussian polaronic absorption. (c) PBTTT doped with 50 mM

FeCk, modeled using a comparablé z optical transition and polaronic absorption as well as a
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Drude free electron contribution. Additional deconvolution notes and mettgeslare found in

Figure 61: Structures of the P(OE3) family with conductivity values (all polymers
sequentially doped with 5 MM Fe(T@BYCN)........uuiiiiiiiiiiiieeeieeeeeer e 237

Figure 62:(a) XPS plot of P(OESE in a prisine state, (b) XPS plot of P(OEB)doped
with 5 mM Fe(TosyACN, (c) average and standard deviations of §>Zmak fits for each
polymer, and (d) extent of oxidation as a function of dopant concentration................... 240

Figure 63:Radially integrated GIWAXS profiles of (a) P(OEB), (b) P(OE3)E, and (c)
P(OE3}Ph. Dashed lines show the initial position of the (100) and (010) peaks for the pristine

films. (d) (010)d-spacing calculated from the radial profiles as a function of dopantrioaten.

Figure 64: (a)Y , plot comparing P(OE3) series. Points left to right indicate increasing
doping concentrations with FeT:0®.125 mM, 0.25 mM, 0.375 mM, 0.5 mM, 1 mM, 5 mM, 50
mM). Error bars represent one standrd deviation from at least three unique films at that doping
level. (b) SLoT model analysis of the reduced Fermi energy level as a function of the carrier ratio.
The transport edge is labeleddat O and represents the onset of electronic transportnatitiel
context of the SLoT model. (¢)rt distributions for each P(OE3) system. Boxes represemte
standard deviation, whiskers represenivo standard deviations, the middle lines are the average,
the black squares are the median, the hollow colonechsqes ar e each i1 ndividu
» Ttvalues, and all plots are overlayed with a Gaussian distribution curve..................... 250

Figure 65: Overview of the conversion of a film of an orgaaluble polymer, P(BOE)

D, to an insoluble deent resistant film, P(OHIP, with reduced side chain content.......... 253
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Figure 66: a) UWis spectra of polymer films on glass in the pristine state (P(BDE)
FeTos3 doped P(BOH), hydrolyzed (P(OHP), and FeTos3 doped P(OiB) Absorbance of
the pristine P(BOED film 1, and doped film 1, normalized to the pristine P(BOH)Im 2 (prior
to hydrolysis) for clarity of spectral changes. b) Cyclic voltammograms and c) differential pulse
voltammograms of a polymer film before and aftgdrolysis in a 0.5 M TBAPF6/PC electrolyte
solution on a glassy carbon button electrode using a Ag/Ag+ reference electrode (69 mV vs.
Fc/Fc+) at a scan rate of BOMVIS.......ooooiiiiicee e e e e e e e 257

Figure 67: The effects of removing side chains on thegeh#&mansport properties. a)
Measured electrical conductivities and Seebeck coefficients of -btzated P(BOEpP and
P(OH)-D films doped with FeTos3 on glass substrates. Error bars indicate one standard deviation
across at least 3 unique films. b) ReduEedmi energy leve{ and localization energy( ),
calculated using temperature dependent thermoelectric measurements and Eq. 1, 2. Note that at
these moderate doping levels ( 1), —* H HBO OJQ"Y QQQ0QO0......... 261

Figure 68:Graphic illustration of how removing the side chains alters transport properties
(for illustrative purposes and not to scale). a) Side chain removal increases the position of the
reduced Fermi energy level by both increasing the volumetrigetwarrier density (represented
by shaded area) and possibly changing the density of states (DoS) curvatures (as illustrated by the
change in the values, slopes, and curvatures). b) Side chain removal decreases charge carrier
localization. This could be glained by an increasing volumetric charge carrier density (but not
necessarily the number of charge carriers), which increases the overlap between potential energy
wells. w ( is visualized as the distance from the bottom of the potential energy welisiito t

intercept with the neighboring potential well. Note that there are the same number of potential
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wells in both schematics (similar carrier ratios), but the P{Digptential wells are more densely
packed (higher carrier density). Figure inspired byiptes literatur€®...............cccceene. 262

Figure 69: Structures of ProD@3ased polymer to demonstrate the role of spacers and
][0 (3o g = 1] SO 264

Figure 70:Electrical conductivity and Seebeck coefficient of various ProDOT polymers
doped with FeTason glass substrates. Error bars indicate one standard deviation across at least 3
UNIQUE TllMIS . oo e e e e e e e e e e e e e e s amaesasaeeaeeaaaaeeeeeennnnnen 264

Figure 71: Structures of cleavable BEOT/EDOT copolymers............ccceevvvvvvvvvnnees 266

Figure 72: Electrical conductivity and Seebeck coefficient of ProDOT/EDOT copolymers
doped with FeTas Error bars indicate one standard deviation across at least 3 uniqueZggs.

Figure 73: (a) Simplified schematic of a polymer microstructure, containing two phases.
One phase is more highly ordered (semicrystalline) and the other phase is lower ordered
(amorphous). (b) Charge transport in the amorphous and crystalline phasgisgHmmduction
often dominates in the amorphous phase and introduces a significant source of electrical resistance.
Itinerant conduction often dominates in the crystalline phase. In this case, the measurable electrical
conductivity is significantly lowethan that of the ordered, itinerant phase because of this multi
phase behavior. (c) Thermal transport channels in the amorphous and crystalline phases. Heat can
be carried by both itinerant electrons and atomic vibrations in the crystalline phase. \féhiag en
the amorphous phase, any thermal energy that was carried by itinerant electrons is transferred into
atomic vibraxiowcsi asd fishough the electrical
atomic vibrations. Therefore, the electronic contriitio the measurable thermal conductivity is

likely higher than that predicted by the conventional use of the WiedeRrana law.......... 271
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Figure 74: Electrahermal effective medium theory (EMT) calculations for three different
two-phase microgeometries. Solid lines represent the EMT with microscopic properties computed
using the SLoT model for a range of d values.
to be defined. Parallel cylinders and perpendicular slabs provide gstim#or physical bounds
of potential microstructures, whereas the coated spheres microgeometry is thought to better
represent a realistic isotropic microstructure. NgiedemanrFranz behavior can be observed
even though each phase obeys the WiederRaaumez law at the microscopic level. This results in
an effective Lorenz numbedA yEHat can be far from the Sommerfeld val(&)( even though
the standard expressioh, 0 , “YIOE & used to compute the thermal conductivity of each
CONSHITUBNTE PRGES. ... e e 278

Figure 75Analysis of the electrthermal transport of PEDOT at 250 K. Experimental data
was initially reported by Weatherg al. The sample labels are consistent with the original
publication. (a) Conventional Weidmaiiimanz analysis of the measurltdand,, . (b) Analysis
using the Mott hopping. (c, d) Analysis of electronic and thermal conductivity data, where the
SLoT model is used to estimate the electrical conductivity in the absence of localization. In (c)
.1 A @3 isicamputed usingmand the electrical conductivity integral value. In(#)A @3 , T 4

is computed using the calculatex{ along with the measuredvalue...................cc.u....... 283
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LIST OF SYMBOLS AND ABBREVIATIONS

1 Angular frequencyHz)

™ Bohrradius (0.0529 nm)

ko) Bol t z menstantf(ls38 x 16 J K?)
CB(M) ConductionBand (Minimum)

T Dielectric function

0 Electric field ¢ cm™)

0 Electric current density (A ci)

., Electrical conductivity (S crh)

a Electron mass, rest (A% 103! kg)

&’y Effective electron mass,= inertial, band, Seebeck
Y Electronic bandwidth radiusneV)

cY Electronic bandwidtlimeV)

W Electrostatic potentianergy (eV)

0O Energy (eV)

Q Fundamentathargeconstant {.60 x 10'° C)
FTIR FourierTransforminfrared spectroscopy
GIWAXS GrazinglncidenceWide Angle X-ray Scattering
HOMO Highest Occupied Molecular Orbital

LCAO, LCMO LinearCombination ofAtomic Orbitals,

MolecularOrbitals
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W Localization energy (meV)

LUMO Lowest Unoccupied Molecular Orbital
MO MolecularOrbital
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SUMMARY

Semiconducting polymers are a class miaterials that engenders the solution
processibility, mechanical compliancy, and biocompatibility of archetypal polymeric materials
with the charge transport properties, optical properties, and device physics of archetypal inorganic
semiconductors. Oftemties, pristine semiconducting polymers are electrically insulafive (

x p 1t S cmt) with comparatively few mobile charge carriers with low mobilities. The charge
carrier density and mobility can be increased via chemical doping, and chemical dopinmeftenti
involves adding or removing charge carriers from the pristine polymer via a redox chemical
reaction. Ultimately, the resulting optical and electronic properties of chemically doped
semiconducting polymers is a convoluted function of multiple paramereisiding polymer
chemistry, dopant chemistry, and processing techniques. While this convolution enables a nearly
infinite number of permutations, each of which can be designed for a specific application, this
convolution obfuscates the establishmentlwdirge transport models, and fundamental precess

structureproperty relationships.

In this thesis, | developed and compiledexperimental methods, which are usedto
create and substantiate novetharge transport models which are thenused tocontextualize
the charge transport properties of chemically doped semiconducting polymer3his thesis
begins by reviewing the electronic structure of materials,-stdite charge transport physics, and
state of the art literature in organic electronics and therminele Afterwardsa novel charge
transport mode{semtlocalized transport, SLoTi$ derived and applied to literature studi€se

utility of the SLoT model is its ability to quantify both localized (hoppiikg) and delocalized

XXXIX



(metatlike) contributons to the observable transport properties quodntify key transport
parameters such as the localization energy in the dilute doping limit, the carrier density need for
delocalized transport, and the maximum hypothetical electaraductivity. The SLoT model is
thenused tocontextualizethe transport properties in several chemically doped semiconducting
polymer systems, that have systematic changes to the polymer chemistry, dopant chemistry, and
doping level Although the SLoT madel captures the transport properties of several systehas
shortcomings with electrthermal transport modelingo one chapteris devoted to developing
models that capturthis phenomena. This work is concluded by detailing future experimental
methals, transport models, andaterial systems that ought to be explored for the rational

advancenentof organic electronics and thermoelectrics.
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CHAPTER 1: INTRODUCTION

Semiconducting polymeime oftentimes solution processible and mechanically compliant
like traditional polymers, but semiconducting polymers oftentimes have optical and electronic
properties more akin tivaditionalinorganic semiconductors and metals. This unique combination
of mechanical, chemical, optical, and electronic properties is enabled lserhieonducting
pol ymer s& c h aoping chdmistiies, iardtpioessing techniqiiéss introduction
stars from a fundamental solistate physical and quantum mechanipalspective, which
explains how semiconducting polymers can obectronic structures witkelocalized and
metatlike charge carriersFrom this foundation this introductiontransitions to sing the
Boltzmanntransport equation to quantify how the distribution of charge carriers in the electronic
structure affect the resultingtransport properties. Although the focus is on the electrical
conductivity ,, and Seebeck coefficienty, additional transport properties are noted, such as the
thermal conductivity, optical absorption coefficiehhese electronic and transport properties are
then related to semiconducting polymer moieties, and general trends are provided on how one
moiety may affet the resulting electronic structure and transport properieghermore, a
detailed review on chemical doping is provided, which affects the distribution and filling of
electronic stated.his introduction finishes by reviewing the organic electronctcthermoelectric

literature andstating the purpose of the thesis.

Although numerous references are cited throughout this document, the following textbooks
have been excellent resourcE&ctronic Processes in Namystalline Materialsby Mott,! Solid

State Physicby Ashcroft? Principals of Electronic Materials and Devicbyg Kasap® Solid State



Properties: From Bulk to Nanoy Dresselhay$Handbook of Conducting Polymérg Reynolds.

Modern Physical Organic Chemistrjay Anslyn® Introduction to Quantum Mechanidsy

Griffiths.” Condensed Phase Molecular Spectroscopy and PhotopHygig®lley® | want to
acknowledge the |l ecture notes caunseMSE488Sprmg f r om
2020 at Northwestern UniversityLastly, | want to acknowledge LibreText) open textbook

program supported by the Department of Education, National Science Foundation, University of
California,that containgedistributablenformation, derivations, and figuresider a Attribution

NonCommercialShareAlike 3.0 United States (CC BYC-SA 3.0 US)!°

1.1: Electronic Structure of Materials
1.1.1: Atomic Orbitaleand the Schrodinger Equation

Atoms generally consist of protons, neutrons, and elegtroitis protons and neutrons
located at the nucleus and electrons orbiting the nucleuslitnéution of these electrons in real
space and energy is a function of the number of elecarmhprotons. Ultimately, this distribution
dictates the propensity for an aton(itter)eact with other atoms and/or energyg(light, heat).
Here, wefirst seek a physical and mathematical picture that describespéiigl and energetic
distribution of electrons and in the subsequent sections, we will use this picture to explain

chemical and transport properties.

Given that electrons have waparticle duality and thathey can modeled as traveling
plane waveglike a series of waves the ocean steadily crashing upon the bgablar electric

field is,



Where O is the amplitude of the electric fiel®is thewavenumber (which is equal te,

where_ is the wavelength)pis the spatial coordinate, is the angular frequency{ '), andois
time. As experimentalistswe observe, measure, atwhtextualke the intensity of these traveling
wavesassO afp s , and this camethought of as measuring the intensity of the light of a lamp
the intensity of the ocean waves crashing into your hot§otably, Eq. 1 describes the
wavefunction for theslectric fielddue to a moving electron, but it does not desdtieeposition
nor energyi(e.wavefunction) of the electron itself. This electron wave functiprdd , describes
the energy and position of the electron itself totesulting electric fieldjandswy i O s

is the observable probability of finding an electron in semi¢ volume ofvht at some time.
Returningto the ocean analog@d s akin to feeling and measuring the waves, winjis more
akin toquantifying and modelingosition of thewater molecules and their reactionth@ wind

and the position of the moon.

The mathematical and physical representation for an eleetarefunctioncan be
evaluated by considering how it interacts with its environm@hkin to the positionand
gravitational forceof the moon with respect to earth and the ocean of intetes® consider that
the electron only has an electrostagtatentialfield (due to the nucleusjhen the electron has an

electrostatic potential energy, of

Wi —, Eq.2
Wherei is thedistancebetween the electron and proton (nuclei@sy the fundmanetal charge

constant, an@l is the permittivity of free spacé&siven that the electrostatic potential of the

electron is time independent, then we samplify the wavefunction and only examine the spatial
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dependent wavefunction (timiedependent),] . In addition to this electrostatic potential
energy, the electrons have kinetic energy. The-tmdependent Schdinger equationelates these
potential and kinetic energies to the electron wavefundtioough a second order differential

equation,

— — 0 o ™ Eq.3
whered isthe electronmass,ist he angul ar Pl QisthekifesiceneogiNete ant ,

thatEq. 3 is analogoudo that timedependensecond order differential equation used to describe
the position and energy of a masgsing system(d — Qw 11, where™Qhere is the spring
constat). From Eqg. 3, we will now consider the wavefunction of the electron inirgmite

potential well, in &ox, andthenin amore realistic Bomic situatioré e x t ting o thé rast of

the periodic table.

If we assume an electron to be trapped in a potential energy well, with somecyyitttan
the electron is trapped some span fror to @ (Figurela). This well is infinitely deep, s@ S
is zerowherew wor wherew< 0; the electron cannot be found outside of the well. Inside the
well, the electromas zero potential energgkin tohow an appleolingon t he eart hés s
no gravitational potential energy. However, this electrailiig apple) still has some kinetic

energy, sdeq. 3 is now,

A general solution to a"2order differential equation is,



o 0QuAQms Qo Eq.5
And with the potential well boundary conditigrise Euler formulaand the de Broglie relation, it

can be shown thalhe wavefunction of thelectron igFigurelb),

e OET— . Eq.6

By substitutingEq. 6 back intoEg. 4, the energy of the electron in this poiahtenergy well is

(Figurelc),

o}

O —, Eq.7

where¢ is known as the quantum number andis me i nt e gamdis (hé width, of3tlée)
well. Here,[ ® for each¢ is a state which the electron can occupy, and each state has a
corresponding energy® . As the number of electrons increase, the number of states occupied

increasesg increases), and the energy of the electron incre@sesdqreases)Note that inEq. 7,
'Q —, and the wavelength of the traveling particle is limiteavith of the welj Kasap does an

excellent derivation and evaluation of the bougd@nditionsWhen¢  p, the electron is in the
ground state, the state with the lowest possible enBigyn excitation (light, heat, reactiogtc)
this electron could occupy a higher energy state, pethaps. Upon relaxation, the charge carrier
would fall from&¢ ¢to& p and release the corresponding amount of en&rqy7 hastwo
key findings: (1) The energy levels which charge carriers occupy are quaarizeliscreteonly
integer values of are permitted (clearly seen in the full derivatiq®) The energetic distribution
of these charge carriers depends on the width afi¢tiethe electron mass (or effective masde
infra), and the& quantum numberUltimately, Eq. 7 provides usquantitativemeans tobegin

engineering the electrongtructure in atoms or potential well structures.
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V= o0 V= o0

x ¥

Figurel: lllustrations of a particle trapped in a potential energy wellT{@ electron has zero potential
energy inside the well, but it still has some kinetic energy. (lgdBying the Schrddinger equatidex). 3,

for thiszero potential casé can be shown that the wavefunctmistains a sinusoidal behavior, where the
number of nodes and harmonic increases as the energy of the particle inEgaserhe energy of each
harmonic can be caltatedusingEq. 7. Figure adapted from Rét, usedand adatedunder a Creative
Commons3.0license.

If this potential energy well is extended to three dimensioasa(box), then

[ mr oty 6 OEF— OEF— OEF—, Eq.8

and the energy of the electron in this potential enéayis,

Ofpp —— — —, Eq.9
wherecfuitoare the lengths of the bdXote here that multiple electrons can have the same energy
but reside in different statdsor example, it W€ 0, ande ¢, corresponding td {p,
thenO=77units However] i and i andeven jy wavefunctions have energies tican

also populate thisnergylevel.

Lastly, we turn to evaluating the Schrodinger equation in a real atomic system. In the

previous potential well and box examples, it was assumed that a charge in the well has zero
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potential. However, real electronstime quantized atomic wells have some potentibkerefore,

w1 ought to beeevaluatedconsidering the effective nuclear charge of the atom of int@ogst

w i —, Eq.10
Where® p for the hydrogen atomp ¢ for He", 0= 3 for Li**é etc.Note that analysis is
only considering a single electron systd@ecausean i has spherical symmetty, is oftentimes
evaluated as a function of radial coordinatigns;, . From here, everal additional steps are

needed tdurtherevaluate the Schrodinger equation for a hydrogenic system, but here I highlight

the key findings

1. The principal quantum numtsefrom general chemistry are derivedheing theprincipal
guantum number (shell, 1, 2,&¢c), abeing the angular quantum numbesr g, d, ¥, and
& being the magnetic quantum numbaAkin to how[ [ describes the state of the
electrongthA T & are used to describe the quantum state of the electron, also known as
its orbital.

2. Normalizingl andnormalizingthe probability of ‘| to be equal to 1 when integrated
over all space, with the boundary condition” 6f 1w wheni Hp, yields the Bohr
radius,> T8t L ¢na, which is thenost probablealistance between the 1s electron and
the nucleus.

3. Once i i hH%o is normalizel, it can be shown thainization energy isominantlya

function of¢ and approximateg|

0 _— — p @As, Eq.11



Therefore, the energetic distances between principal energy levels qaaridied and these
energetic distances (and nominal energy levels) are a functionrafdlear chargey. Ultimately,

this analysis shows that the nucleus affects the distribution of electronic states.

This analysis becomeancreasinglycomplicated as we increase the number of available
electrons andccount fothow they affece a ¢ h ot h e iif e elgetmnsane present, and
we consider thevavefunction of a single electron, then the potential expression must account for
the dstance between the tvetectrongi ; and the distance between the electron of interest and

the nucleus.

wi - Eq.12

Another complication is thaklectrons can have spin up or spin down characteristics (not
exceptionallygermane to this thesisJhese two features (multibody interactions and spin) lead
the splitting of theorimary energy leveland the systematic filling of electronic states, kn@asn

Hu n d 6 dltimately, ¢his step shows us thatving multiple electrons in a single atomic system

splits the energies of eadh shell within a single principal quantum energy level.

1.1.2:Linear Combination of Atomic Orbitals and Molecular Orlstal

In the previous section, we built upwards fronwave equation tarticle in a definé
potential energy weland th@ leaped toassertingconclusionson the distribution of electronic
statesin a multielectron atomAdditionally, we examined how quantized electronic states are
responsible for discrete energy absorptions and emissiter® in this section, we turn to
examiningthe changes to the electronic structure when two atoms interact with one another and

form bands. We will first beginwith simple bonekenergy andposition diagrams for twatom
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systems and then expand into analyzing the frontier molecular orbitals formed by duwetdiagn

molecules and moieties.

If two hydrogen atoms are infinitely distancedrfr one another, then @ for the first
atom cannot Af eell0ow ofthe decomdtaterfFiguceR)dn other tvdrds,tthie e
probability that both wavfanctions wouldbeii at t he same pl aEventualy s ef f
at some distance, the electrons beginThiso inte
interaction altershe potential and kinetic operators of the electrons in the Schrédinger equation
and the interaction of these two wavefuncti@as be envisioned as the superposition of two
waves constructively and destructively. This superposition leads to the generation of new
wavefunctios which describes the molecular orbitals, the orbitals shared between each hydrogen
nuclei. The number ohtomic electrons, atomic states, and atomic wavefunctions is equal to the
numberof electrons in the molecular bonds, molecular states, and molecular wavefunidtens.
constructive interference and constructive linear combination of the atomic wavafisnctio
(orbitals, LCAO)leads to the formation of molecular states at a lower energyesapecto the
atomic statesat someidealized distanceln contrast, thedestructiveinterface and linear
combination of atomigvavefunctiongeads to the formation oholecularstates at a higher energy
with respect to the atomic states. Moving beyond hydrogen, agameineother divalent species,
such as Gl theorbitals of greatest interest are the frontier moleooihitals(FMOs). FMOs are
the highest occupied rtexular orbitals (HOMO) and lowesinoccupiedmolecular orbital
(LUMO). These FMOs are involved with chemical reactions and are most susceptible to interact
with energy €.g, light, heat) Although Cl has ¥s 2¢, 2, 3¢ electrons, it is the 3pelectrons

and orbitals and the 4s orbitals that are most involved with the divalgindi@ and subsequent

9



chemical reactions. These core orbitals® (thsough 3$ in this example) ardocalized, in a
guantum mechanical pictur® anindividual Cl nucleuswhile the FMOs aréocalizedbetween
the two nucleiAlthough te chemicaloxidation or reductionrémovalor addition) of valence
electronsmost apparently affect the energies and fillings os¢tfeMOs Eq. 12 clearly shows
that the addition (or removal) of any electron will perturb the potential operator and therefore the

wavefunction and binding energies of the core electrons.

1s 15 9
(a) 2 + LI + (c) v G (d) Repulsion
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¢ . ’ “\\ . ¢ v L=

No overlap:
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Potential Energy
o

) ; ," o g Q . n

Figure2: lllustrations of the linear combination of two hydrogen 1s atomic orbitals to form a single 1s
bonding molecular orbital. (a) Illustration of theavefunctionsfrom two individual hydrogen atoms
interacting in phase, forming a bond witprabable (largeé value) andshared electron density between
both individual atoms. (b) Illustration of a the wavefuncfimm two individualhydrogen atoms interacting

out of phasewhere thahere is a low probability of obtaining electron density between the individual atoms.
Note that the low value is associated with a node. (¢) These atomic wavefunctions are associated with
energetic states and the lineammbination yields a molecularavefunction, whose energies are derived
from the linear combination of the atomic energy stdtide that the bonding, in phase, combination is
lower in energy than the antibonding, out of phase contributio®djddl potential energy as a function of
internuclear distance. If the atoms are sufficiently far from one another, then the electrons and their
wavefunctions cannot interaction with one angthieerefore, the potential energy of the system is not
lowered by forming a bond. In contrast, if the lei@re at an ideal distance, then tHeAO yields a
chemical bond which lowers the total energy of the systéigure usedadapted from Ref, under a
Creative Commons 3.0 license.

Now, we turn to examininghe molecular orbitals formed by two different elemehts.
this example, wexamine the HCI bond CI contributes the three 3p orbitalgp{3p, and 3p)
while H contributes the 1s orbitalhe LCAO forms four new MOsThe lowest filled orbital is
responsible the sigma bond between H anda@d therare two sets afionbondingorbitalsthat

do notparticipate. Note that the HOMO is more similar in endmyhe Cl because Cl is more
10



electronegative anldas a greater affinity for electrons in comparison to H. Note that the LUMO is
more similar in energy to Hoverall,the newly formed MOsave characteristianostlike the

AOsthatare similar inenergy and this phenomenaan explain bond polarity and ionicity.

(a) A - 0' (b) -
s a— A 030'
e
— ECE
m m
. E | Nonbonding orbitals - 1 L 1 L = i
o nb nb 3p, 3p, 3p,
, 1
S — o o3,
-S Nonbonding orbital - 1&) - ?;S
)

A (AOs) B (AOs) H (AO) HCl (MOs) Cl (AOs)

Less electronegative

Figure3: Molecular orbital diagrams for heteronuclear bonds with varglegtronegativity (a) General
schema showing that the more electronegative atorhitalsare at lower energy, more stable, with respect

to the less electronegative atomic orbitals. Therefore, the bonding molecular orbitals have characteristics
more akin to the electrogative element, while the antibonding molecular orbitals have characteristics
more akin to the electropositive element. (b) MO example for Figure usecaindadapted from Ref,

under a Creative Commons 3.0 license.

Lastly, we now examine the electronic structure ‘of@njugatedaind aromatienolecules.
“-conjugated and aromatic molecules are generally planar molecules, afforded by the sp
hybridization of the carbon frameworRdditionally, these molecules have electronic structures
and“ bonding electrons, located in the double bortkdat can beresonance delocalized over
multiple atomsin these molecules, we are primarily concerned eih@urontier molecule orbitals
(FMOs), which includes the highest occupied molecular orbitals (HOMO), and the lowest

unoccupied moleculaorbitals (LUMO). Therefore, when considering the LCAO and the
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formation of molecular orbitals, we eschew the elewtrdhat contribute to thg bonding
framework, whose electron density is localized between two carbons, and focus on the

combination of the 2p electrons not used in,tHending framework.

In the case of 1,3 butadiefEigure4), we are primarily concerned with thebonding
structure Each carbon has four valence electibias contribute to bondingnd we do natoncern
ourselves withthe 1€ electronghat do not partake in bonding. Of these four tetets, three are
used for form the bonding framework with the neighboring carbons and hydrggensnlyone
electron is considered for the electronic structure of the delocdlibedds, which constitute the
FMOs. For this* network, we only considea single p electron andatomicorbital from each
carbon (four orbitals and four electrons), therefore “theetwork MOs will only have four
electrons and four MO#gain, recall from the Schroodinger equation that each electronic state
can be thought as wavefunction interacting with the other wavefunctions contrastively or
destructively. The lowest lying (most stable) MO formed with when all fewriptals linarly
combine in phase (no nodes), and this is denotatéd.bf/the wavefunctions combine and have
a single node, this is the second most stable MO, detonatéd. lNote that* is the highest
occupied molecular orbital (HOMOJ)f the wavefunctions @mbine and have two nodes, this
would be the next most stable MO, however, this is the first MO that is not occupied by the
electrons and greater in energy than the AOs. Thereforg, thebital is considered antibonding
and the lowest unoccupied molé&uorbital (LUMO). Note that most chemistry and photophysics
occur at the LUMO and HOMO levels; for example the HOMOMO energetic distance is

comparable to the wavelengths of light absorbed by the molecule.

12



Benzene is a slightly different case tha® lytadiene because the arrangement of the AOs

is cyclicand planarThis cyclicand plananatureenables more (and different) combinations of

the atomic orbitals in thé network that are not accessible in the linear analegs 1,3,5
hexatriene)ln fact, any molecule thas cyclic, planar, antlas a 4n+2 set of electrofesg.6, 10,

14 electronsHuuckles rulgthat contribute to thé network is considered to be aromatic, which

has additional resonance and energetic stability compared to siampligated moleculesNote

that benzene has two degenerate (equal energy in this context) MOs, both with only one node.
This degenerate structure is not possible in linear analogs, and clearly shows that the cyclic

conjugated compounds have the propensity for more LCAOs with less nodes (more stable).

13
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Figure4: MO theory for conjugated and aromatic molecules. (a) AOs febdt&diene. (b) MOs for 1;3
butadiene. (c) AOs for benzene. (dJO8! for benzene. (e) MO structure showing the nodes possible for
benzendghat are not possible for linear conjugated analogs. Note thedegeneratelOMOs witha single
nodal plane. Figure useshdadapted from Re¥, under a Creative Commons 3.0 license.

1.13: Band Theonandthe SolidStateElectronic Structure

Up to this point, we hawverimarily focused on individual atoms and small molecuildge
LCAO becomes increasingly complicated in the solid state beaadisglual AO wavefunctions
can increasingly interact wittmultiple other AOwavefunctionsWhile the LCAO of individual
atoms leads to the formation discretebonds,discreteMOs, and isolated electronic states, the
LCAO of solid-stateensemblegan lead to théormation of bands of electronic statds these
electronic bandsthe energetic differencbetween one state and the next state is effectively
indiscernible In this section, we firsexamine theelectronic structure of inorganic materials and

develop formalisms for quantifying the electronic structure. Secaedexamine how these
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electronic fructures can be engineered in inorganic systems. Third, we apply these principles to
conjugated and aromatic organic materials. Lastly, we examine how we can affect the density and
filling of these electronic states (in both inorganic and organics) bynglopfter quantitatively
describingand understanding the electronic structure and doping, we can then transition to
understanding solid state charge transport properties, such as electrical conductivity, through the

context of the Boltzmann transport egjon.

In the solid state, individu#lOs in neighboring atoms (or MOs in molecules) can interact
with one another. In sufficiently atomically dense and packed solid materials, the wavefunctions
will interact with one anotherConsistent with the Paulkelusion principal, no two electrons can
have the same exact quantum numbers, fteas AOs interact with one anothamd form MOs.

If there areenoughAOs and MOs in the bulkhen individual electronic statemre no longer easily
observed as discres¢ates, but rather, this combination is observed as a HatelinFigure5 the
nortinteracting, core states/inner orbitals, are still discrieteeontrast, the valencg&tates,and
electrons, located further from the nuclei, have a greater propensity to interacbtieth

wavefunctions at some distance away from their original nuclei.
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Figure5: Linear combination of atomic orbitals in a solid and forming bi#alelectronic energy levels.
Figure used and adapted from Refunder a Creative Commons 3.0 license.

Figure6 shows a series dfustrationsfurtherexemplifyingthe energy vs. crystal position
picture in Figure 5. As the LCAO increases with the increasing number of atoms and
wavefunctions in the solid state, discrete states begin to blend into bardsghest energy band
(states) that are occupied with electrons is known as the valence bandifWBn upper most
edge of energyO akin to HOMO) The lowest unoccupied bar(dtates)are known as the
conduction band (CBwith a lower mostdge of energyO, akin to LUMO). The separation
between VB and CBand their filling will depend on the exact chemistries and atomic
wavefunctiongombinedln electricalinsulators (for eample quartz, PETtc) the valence band
isfilled with electrons while the conduction band is completely enjitgse bands are sufficiently

far apart (ith a band gap0© on the order of > 1 eV) so that electrons from the VB cannot

thermally populateite CB.In order to transport charge, there must be a patrtial filling of electron
states, or a partial occupancy, so that charges can transport betweegn etatese or conduct)

when under an applied external electrical fiesRemiconductors have an egetic distance
16



between the VB and CB on the order of 1 eV or less. Therefore, charge carriers from the VB can
be thermally excited into the CB and then charge transport can décauetal, the CB and VB
overlap (sed-igure6c,d); therefore electrons in occupied states can easily transport into vacant

states under an applied electric field.
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Figure6: Several illustrations showing how th€AO vyields to band formation. (a) lllustration showing

the LCAO transitions from discrettatesto continuousbands in the solid state. (b) The LCAQO of2s

valence orbitals. (c) Example showing the LCAO of allddaitals Note that the combination tife 3s and

3p orbitals leads to a partially filled band, where the valence (occupied) and conduction (unoccupied) states
are energetically close to one another.Bdhd structures of metals, semiconductors, and insulators. Note
that the LCAO on the atomiscale leads to solistate electronic structures and macroscale transport
properties. (e) Brief summary illustrating the comparable jargon and formalisms used in chemical and
atomic systems with physical agdlid-statesystemsFigure used and adaptedi Ref!°, under a Creative
Commons 3.0 license.

Most relevant to charge transport is the density of states and the occupancy of states within
the VB and/or CBWhile Figure6 simply shows these bands as rectangles, the number of states

per energetic width per unit volume will vary and have curvature, more akin to a semicircle. Here,
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we transition into applying mathematical formalisms to describe the-salid electronic

structure.

Previously, we asserted that each elect®nn a statewith a specific wavevector,

momentum, and energy. This is definedeop 7, and reiterated here,

o)

o — —. Eq.13
Here, the ground state or first state of an electron has a momentdm gf—, where®is the

width of the potential energy wellin the second state, or first excited stde, ¢—. The k

space distance between these states. iEherefore, volume per state irspace is — . If we

imagine that these states are occupyingdn3ensional kspacewe can quantify the states in the
first octant of a sphere; we choose an octatabsee p for each cartesian coordinafEhe

number of states in a shell of sphdie™2) with some shell thickness 6 '@ thereby,

0 Q ——

Eq.14

Note that the numerator has units edpgace volume while theumerator has the units ofdpace
volume per state; therefoksy. 14 has units ohumber of stated.astly, note that theumberof
states on the surface of a spherical shell‘i€; this will be usefulaterwhen we discuss how

electric fields perturb theutermost electronic states.

Admittedly, thinking in kspace is a challenge. Therefore, we seek an expression that gives

us the density of states per unit energy per unit voli@i®, . First, we note thad "Q is just the
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total number of state as a function of wavevector, but rather we need a total number of states per

unit volume.Thereforewe divideEq. 14 by ¢ and simplify to yield

~

N0 —. Eq.15

From Eg. 13, we can evaluat®andQ " term of energy. NamelyQ — and that—

- ——.Evaluating these expressions T0andQ th Eq. 15vyields,

QO O. Eq.16

Lastly, we must account for two spin per state, so ultima@y is,

Q0

o Y¢ — O. EqQ.17
Note thath here can be referred as the density of states effective widisk ought to be constant
for a single parabolic band with constant curvatiieis mass clearly arises from ti&e Q

relationship, showin Eq. 13. To calculate thenumberof statesper unit volumebetween two

energies,

i "QO0Q0 Eq.18

where botton and top are the integral bounds and are oftentimes the bottom and top of a band of

interest.

Eq. 17 quantifies the number of electronic states petpen eV, andEq. 18 quantifiesthe

total number of stas per criwithin some energy range; howevere are also needing to know
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the filling of these electronic stateBo do so, we define probability function that tells us the

likelihood of finding an electronic state filled at some energy,

Q0 - Eq.19

This is known as the Ferrlirac distribution, and itjuantifiesthe probability (between zero and
one) of finding an electronic state filleatl some energy leveD]. Here,O is defined as the Fermi
energy level, and this is the energy level where there is a 50% probability of finding a Qate at
occupied. Notehat in the dilute carrier limitO is not in the band of interest, and the Boltzmann
distribution function can be used in place of the Fdbmac distribution. As the band of interest
becomes degenerateccupied (doped), then FerDirac statistics a needed to account for spin
degeneracy in each statditimately, for the band of intereghe total number of carriers per tm

is quantified using,

£ "Q0"Q0 Q0 Eq.20
In the dilute carrier limit(twhereO 'O or O O > ¢'Q"Y, Boltzmann statistics can be

employedandEq. 45 can be evaluatet quantify thedensity of states as the band edge,

0 ¢ —— . Eq.21
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Figure7: lllustration showing the thermal excitation of charge carriers from the VB to the CB, and how the
carrier densities can be quantified using the density of electronic states andkaariunctionslmage
from Ref2 Used with permission from McGratill.

1.1.4: Engineering Electronic Structure in Inorganic and Polymer Semiconductors

We now turn to thinking about how to engimehe density of electronic states and the
filling of these electronic states. This sectisased on Réf, which succinctly explains how to
engineer the electronic structure of inorganic materials for thermoelectric applicétiess.ideas
will be later applied to the transport models that | developdtymer semiconductori a binary
solidst ate semiconductor, wi t h componenodelsan i X0
calculate the widthd§ ) of the conduction and valence bantte number of states in each band,
and the energynomenturnO "Q relationship for charge carriers in those bamage that this tight

binding approach is complementary to thearlyfree electron andlelocalized Bloch wave
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approach). Figure8as hows t he AO for atomse AXO famam af Yan
more electronegative and at lower energy. These AO are separated by some énemyg,tBe

center of the MO (or bands) are decreases (or increased) by some @neaithyrespect to the

closest AO.Thereforethe bandgagO ) from thetop of the valence@) to the bottom of the
conduction band@) is 20+26. The energy ternd is the energetidifferencebetween the two

AOs. Therefore,as the electronegativitglifferencebetween X and Y and their respective AOs
increase® and’O will also increaseNotably, as this electronegativity difference increases, the

bond overlap will decreasend the bond will become more polaurthermore, as the bond overlap

decease, the bbd distance will increase, so the bond potentilyill also decreasei(® -, like

any electrostatic interactior)astly, w © twin simple 1 dimensional homonuclear systems, but
this scaling is expected to hold true for higher dimensions and binedegroundsUltimately,
Figure 8a shows that from a LCAO perspective, as the difference in AO electronegativity
increases, the bond becomes more polar, the band gapsesr the bond strength weakens, and

the width of the electronic bands decreases.

Figure8b the dispersion relationship for electrons in two different systéhesgrey curve
shows the dispersion relationship for electrons in a band dominatediiytals. The lowest
energy states afeom thelinearcombinatiorof s-orbitals all in phasedpndng, no nodesjorming
, bonds The'O "Q relationship initially increase parabolic, as expected fEopi3. In the middle
of the dispersion curvéhereis an infle¢ion point associated witinear combination othe’O Q
relationship from the antibonding and higher energy sta#tssthe wavevector continues to

increase, the slope becomes more shallow as it approachestittending states. Here, we can
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see that dviations from the paraboli® Q relationship is to be expected in the solid state with
molecules and atom with complex electronic structures. Furthernmerenitidleand topblack
curves showthe O Q relationship forp orbitals forming* or, bonds. Compared to tfieorbital
curve, these black curvésave ashallower’O "Q relationship A shallowerO Q relationship
indicatesthat as charge carriers occupy higher wavevectbesenergy of subsequent harmonics
does not increase nearly as mudtis carvisualizeas a largg@otential energy wellidth, larger

wvalues(Eq. 13). However, thisshallowerO Q relationship indicates that thespace distance

between each state is also smaller, so there are more stateghtly packed together.

Figure 8c visually summaries the intuition developed from the dispersion relationships.
As the difference in electronegativity between the two AO decreases and as the extent of bonding
between the two AO increases, #€Q relationship becomesiore dispersed, which leads to
increased bandwidthay) and fewer states at each energy leve(). Conversely, as the
difference in electronegativity between two AO increases, and the extent of bonding between two
AOs decreases, tf@ Q relationship becomes shallower, which lead$eoreases bandwidttb )
and an increased number of states at each energy @@l (FromEq.17 andEg. 21, we see
that asthe number of states as each energy level increases, this is consistent with an increased
electron effective masg,”. Additionally, Eq.13, theO "Q relationship, shows thét increases,
the O® "Q parabola becomes shallower. Therefore, by quantifying the carrier density and/or the
density of states at the band edge, we now have fugrtahnsight on the dispersion relationship

at the band edge.

23



e} e tw, NEND

Orbital overlap V,,,,

e ve e

A

)\ Small overlap)

x
Ll»
E ,//’ A
§ /,’/ \\
. an
\ %
\ o
\ -
\ -
\ P
\ -
v
N
>
=<
E(k)

Bandwidth W

e eIl e

Large overlap

XY @- \\\\ &\\ \\\\ Large orbital overlap V,,,
Eq~2A+2B B=+VV24+A2-A

I (k=0) wavevector k /a =X Density of states

Figure8: lllustration show how the LCAO can be used to engineer electronic structure and density of states.
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density of electronic statebigures sed and adaetl from Ref'!, with permission fromNVl LEY V CH
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Lastly, we turn toanalyzing real inorganic semiconducting systeRgure 9 shows the
electronic structure properties of several inorgareenisonductors. As the difference in
electronegativity increases, the effective mass incredbese effective mass differences can be
directly related to theispersion curve, where tf@ "Q for GaAs is much steeper in comparison
to ZnSe. Therefore, GaAs ought to have a smaller effective masshandaerdensity of states
with a larger width.This type of effective mass formalism and effective mass electronic
engineering as not been amgliwidely to polymeric semiconductors. In almost any inorganic
semiconductor transport manuscript, you will find effective mass calculationgver effective
mass calculationgre sparsely reportefibr organics and even more seldomly supported by

measuements
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In the previous sections, we examined how the LCAO for binary inorganic compounds can

affect theresulting electronic structure. Here, we pivoeti@mining how the linear combination

of monomer chemistries affects the resulting transport properties of the polymer. For this section,

we will first eschew the effects of microstructural ordering on #sellting electronic structure

and therreturn toaccount formicrostructural effects. Furthermoisecause effective masses are

commonly measured and calculated, we will primarily focusMI©® energieandO .

Figurel0shows the evolutioand tunabilityot onj ugat ed

and

s emi

cond

electronic structurdzigurel0a shows that as the degree of polymerization increases, the electronic

structureevolves due to the LCMOhe FMGs linearlycombine,and new states are formed and

evolve as the degree of polynmation increase. After sufficient polymerization and in the solid
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state, these discrete electronic stafectively form a band of electronic states, akin to inorganic
semiconductors. Depending on the density and fillindnefelectronic states, antajal band gap

in the visible regioomay be observabl&igure10b shows a variety of polymer chemistries. Note

that the structure of the conjugated backbone andtheheoat oms wi I | di ctat e
and therefore the LCM@nd resulting electronic structuia the polymersFigure10c shows the

resulting FMOs or band edges the polymersNote that the thiophene examp(€8HT, PBTTT

highlighted in blug haveall donor atoms that are electrdnh andhave higher energgMOs

(less stable, closer to vacuum energy levhd).contrast, the acceptor containing polymers,
highlighted in redare more electronegative moieties and electron withdrawing. Therefore, these

acceptor containing moieties lower the FMOs.
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Figure 10: Electronic structure in pggmers. (a) lllustration showing that the linear combination of
molecular orbitals from a monomer to oligomer to polymers affects the density and filling of electronic
states. Furthermore, as the degree of polymerization increases, the optical bandreggeglec the
solution transitions from absorbing UV to violet to blue light, so the solution appears to transition from
clear to yellow to orange. (b) Various polymer chemistries. Each polymer chemistry can affect the position
and distribution of electric states and the resulting polymerized band structure. (¢) FMO energies of
several polymersP3HT and PBTTT are-fype, PCDTBT is generally-fype but can be ambipolar.
P(NDIOD-T2) is colloquially known at N2200 and is generally-type. FBDPPV is siype FATCNQ is a
molecular oxidant, used to generate hole charge carfigrsted used and adapted from Refinder a
Creative Commons Attribution 3l0dcense

Figurellillustrates théD "Q diagram for poly(acetylene) in an ideal case, figdre11b-
e illustrates the mesarements and results from a photoelectron study on small conjugated

molecular crystals needed to measure and assei® fferelation. Figure 11a is a powerful
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illustrative reminder that the bands atxD shown inFigurel0are calculated and resulting from

the dispersion relation and the linear combination of the wavefundiotethat the valence band

in pristine and ideal (defect free) semiconducting polymers is calculated to be on the order of 2 eV
or less;however these pristine bandwidths are not necessarily indicative of the bandwidth for the
electronic states responkalfor charge transport (see the doping sectios)ng angle resolved
photoelectron experiments, the bandwidth of small conjugated molecular crystals has been
measured to be on the order of 1 eV, so this serves as a reasonable estimation of the range of
bandwidth and energy scale for semiconducting polynidiis. assertion, that the electronic total
bandwidth is ~ 1 eV or less for conjugated polymers, is consistent with severahetserements

andcalculationst®1”

(a) (b) ) (d) E(k)= ¢ - 2t cos(k d)

<
o

50

41, t= 0.26 eV

2:/d,d=34A

5 A 6
M tum ky (A7)
(e) lomentum k;

First Brillouin Zone

HOMO
55 HOMO-1

50
g 60— HOMO-4 2
>

B s e

]

2

w

'::”'5 o

-3 2
g
[+

B3 T —

00 01 02 03 04 05 06 07 08 09

molecular plane g
Momentum k_, (A™)

Figure 11. Electronic sructure of conjugated polymers and small molecules. (a) Dispersion curve
illustration for poly(acetylene)Adapted and used frorRef!® with permission fromRoyal Society of
Chemistry.(b-e) Quantifying the electronic structure of conjugated molecular crysisésl,and adapted
from Ref!® with permission from the Amerdam Chemical Societyb) Small molecule studied. (c) Angle
resolved photoelectron experiment scheme MdasuredO Q. (e) Measured and calculated electronic
structure
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Lastly, we want to illustrate the effects of polymer microstructure on the resulting
electronic propertieg?rimarily, we have focused on the LCMO within a polymer chain between
monomer units. However, the LCMO can also occur between polymer chains, ilgrimar
between the conjugated stacks of the polymer. Although the cogplthgCMO is not as strong
inter-chain, compared to intrehain, it is notable that the extent of ordering and packing can
dramatically affect the resulting electronic structufegure 12 shows that decreasing
regioregularity can increase microstructural disorder and thereby increase the optical bandgap
Furthermore, this is modeled to broaden@palic" QO into a gaussian distribution of electronic
statesThis example illustrates that in addition to engineering the atomic and molecular structure,

one most also consider the microstructural contributions to the observable electronic structure.
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Figurel2 Regioregular (RR) and regitandom (RRa) P3HT electronic structures. (a) Cartoon illustration
of RR-P3HT microstructure. (b) Cartoon illustration of RR8HT microstructurgc) Photoluminescence
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(PL) spectrum showinthat the optical band gap of RIR&HT is blue shiftedndicatinga largerO . (d)
Electroluminescence spectra showing that initially, at low currents, emission is only dué”@HIRout
with increasing current RRR3HT contributes more to the signakhlemodeled density of electronic states
as a function of thelectron energy, normalized by 150 m@Y¥), assigned to be the transfer integral,
indicating afull bandwidth of ~ 600meV. As the paracrystallinity"Q structural disorder) increases
parabolic DoS is modeled to increasinghlpadenednto a Gaussian distribution of tail states. Each line in
plots (eh) represents an increasing energetic disorder (Gaussian standatibaewsf 0, 50, 100, or 200
meV.Adapted and used from R&f.with permission fronSpringer Nature.

1.1.5:Extrinsic Doping in Inorganic and Polymer Semiconductors

Extrinsic doping involves thencorporation of chemical defects to change the density
and/or filling of electronic states, which consistently shifts the position of the Fermi energy level.
These chmical defects and changes in the electronic structure significantly alter the electronic and
optical propertiesenabling wide ranges of optical absorbance/emissions as well as wide ranges of
electrical conductivities ranging from insulator to conductiith inorganic materials, we will
reference the substitutional defect doping of Si, but we also recognize that more complex doping
schema exisfThis simplificationof simply analyzingsilicon dopingwill serve as a stark contrast
for the oxidative doping of the archetypal conjugated polymer, PBidithermore, this stark
contrast will serve as the basis for revaluating the Boltzmann transport eqicationarge

transport in chemically doped semicosting polymers.

Silicon isoftentimes doped withubstitutionatlefects. These substitutional defects replace
silicon lattice sites with a different element. Siliaan bedoped with electron donors, which have
one extra valence electron with respecsitcon; common examples are P, As, &fal These
donors donate electrons into the CB and form negative charge carriersygedsemiconductors.
Additionally, silicon can be doped with electron acceptors, which have one less valence electron
with respetto silicon; common examples are B, Al, and Gae acceptors accept electrons from

the VB and for positive charge carriers (holes) aftgpe semiconductor®onors have orbitals
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which are near the CB minimum and acceptors have orbitals near the VBunaxdftentimes,

these dopants are incorporated on the ppb to ppm scale, so these occasional dopants do not
significantly alter the microstructure, crystallinity, or bond ordarrthermorethese dopants
oftentimes do not form an impurity band in the aleeic structure; in other words, the dopants

are thought as isolated electronic stétes do not affect th€'O of silicon, but rather only affect

the filling of the electronic statesQXO and¢.). Although these dopants contain one extra (or one

less) electron compared to Si, these dopants are charge neutral because a commeneate

of protons are also present.

Upon doping Si with a donor (or acceptor) the importantcriteriaare: (i) is this charge
carrier spatially delocalized away fnothe dopant atom arable to transport throughotlie Si
lattice, and (ii) can this dopant energetically donate an electron into the CB (accept an electron
from the VB) at this temperaturd? these dopant atoms cagenerate spatially delocalized
electrors (holes) thatare in the silicon electronic band structure, themthese dopants can

dramaticallyinfluence the optical and electrical properties.

If we assume that these dopants can be approximated as hydrogen nuclei, then the

ionization of the dopant (hydrogen atoimshown byEq. 11 and simplified as,

z z

0O —— pa@Asb

— . Eq.22
Therefore, in As, Where—z -and7 is 11.9,0is equal to 0.032 eV. At room temperature,

0.026 eV the As binding energy is sufficiently small and witf@i"Yof thermal fluctuations that
the As extra electron can be thought as spatially delocalized in the Si lattice, akin to a free electron

in a metalFigurel13).
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Secondly, we must consider if the As atom with is valence electron iptetatecan
donate an electron in theilk Si CB. Again, note that generally the As atoms are sufficiently dilute
that there is nioa percolation of As atoms not a band of As donor stateall transport occurs in
the Si lattice and Si CB. The Ap 4tates are 0.054 eV below tBeCBM, therefore at 300 K,
these donor states are sufficiently close to the CB that thp élegtronscan be thermally ionized

and donated in the Si CBigurel14).

For reference, in Si, doping usually occurs on the order’8tibpants cnd (therefore 16
carriers cr¥), with carrier mobilities on the order of 3@ V1 s, with an electrical cahuctivity
on the order o100 S crmt. In contrast,Cu has acarrier density of 1.2 x #carriers crt¥, a

mobility of 32 cnf V1 st and an electrical conductivity of 6 x 318 cm.

Figure13: Cartoon showing thahe extra electron from the As atom requires a certain amount of thermal
energy to escape the localized vicinity of the As atom and to become delocalized in the Siltafgz.
from Ref2 Used with permission fromlcGraw-Hill.
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Figurel4: As atoms can thermally ionize and donate electrons into the Si CB. Image frétdseefwith
permission from McGrawiill.

Doping polymer semiconductors is notably different than doping inorgamaonductors
for three primary reasons, (i) the doping quantity, (ii) the doping mechaamsirelectrostatic

interactions, and (iii) the spatial distribution and inhomoger{€ityure15).

To achieveappreciablyhigh mobilities and electrical conductivities in chemically doped
semiconducting polymers, doping oftentimes occurs onotiger of mol%. Some polymer
chemistries are susceptible to one dopant for every tvavduwgfcles, or a carrier to site ratio of
0.5. Given that polymers have a mass density on the order of 1*,gacheterocycle molecular
weight on the order of 100gmb] and Avogadr o0 £ partiglesinel), thege6 . 0 2 3
areca.6 x 1¢! carrig sites cr¥ in semiconducting polymers, with the most doped systems having
carrier densities on the order of 3 x*16arriers cri. Of course, these carrier and site densities
will slightly fluctuate (increase with increasing mass density, decreaseingtbasing site
molecular weight)but these carrier densities (and the resulting mobilities) are more akin to metals

when degenerately doped.
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The doping mechanism is also significantly differéngure15b illustrates that to-type
dope a semiconducting polymer, an electron must be added to the LUMO (CB) via a reducing
agent. To gype dope a semiconducting polymer, an electron must be removed from the HOMO
(VB) via an oxidizing agent. Therefore, foitype doping, the HOMO of the reducing agent must
be of greater energy than the LUMO of the semiconductor (vice versaype) and this is the
opposite of Aype doping whereby the donor states were lower than the CB eddedse=l4).
Also note that these chemical doping reactions are reactions and not substitution Tbéects.
bottom panel ofigure 15b shows a poly(thiophene) segment that has been oxidatiypdp
doped. Note that the doping process generates a positive charge on the thiophene backbone,
perturbs the bond order (benzoid to quinoid), generates a resonanceizidocadical, and
generates a counter ion that could electrostatically attract the charge carrier. Note that charge
carriers in polymers are polaronic in nature, whereby the (bi)radical charge carrier transport is

coupled with a vibrational movement (phonohe bond order perturbation).

In the dilute doping limitEqg. 22 can be used to calculate where the charge carrier is
electrostatically delocalized spatially fromettopant site. Assuming that the effective mass of the
charge carrier is on the order @f 1and that the local dielectric environmen§is, both of which
can be reasonable, then the binding energy of that charge carrier to the site is(Gi§dreXt6a).

In this dilute case, the charge can be thought as trapped at tligsk2is a valid approximation
for the dilute limit, but as the extent of doping increase, as commonly observed in polymers, these
isolated hydrogenic approximations break down. The electrostatic localization environments begin

to impinge on one another, deasing the electrostatic barrier to transport spatidtherefore, in
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the high doping limit, the electrostatic barrier between each well is quite small, and transport can

easily occur.

Additionally, we must consider whether these doped charge carrienseaband or series
of electronic states that are conducive for charge transpayuré 16b). Pristine polymers
generally have a single a optical transition from tkdMD to LUMO in the U\VVis-NIR spectra,
as shown by transitioa in Figure16b. Chemical doping perturbs the bond order, the extent of
electronic delocalization, and tpelymer electronic structure. Optical measurements indicate that
chemical doping forms new electronic states (or bands) in the pristine polymer band gap
(transitiondb throughein Figurel6b). Therefore, as a function of the extent of doping and polymer
chemistry, the resulting states and bands in the gap will vary extensively. These bands will have a
dispersion curve, a density of electronic states, and a fillingesktelectronic states that may be

conducive for solid state transport applications.

Lastly, we must consider the spatial microstructure and distribution of doping in polymers.
In crystalline inorganics, like Si, this is not a consideratidowever, in plymers, the local
microstructure and electronic structure can vary greatly, and therefore, so can the doping
thermokinetic and resulting transport properties. In general, crystalline domains are mere well
ordered, so they are kinetically more difficultdope (less free volume for dopant diffusion), but
have higher carrier densities, mobilities, and conductivities. Additionally, these electronic and
microstructural features are on the order of-ID1nanometers, but oftentimes electrical
conductivity measrements are performed on the order of ‘I to 10 mm; therefore, the
macroscopic transport observations can be a macroscopic and appropriately weighted ensemble

average of the microscopic distribution of the polymer microstructure and microscopicipsopert
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In fact, the spatial percolation of these crystalline domains can significantly affect the observable
transport properties. Lastly, note that chemical doping always involves the incorporation of a
counter ion These counter ions intercalate with thelymer microstructure and affect the
electrostatic environment. Counter ion engineering is needed to minimize deleterious perturbations
to the polymer microstructure and concomitantly minimizing electrostatic localization of the

polaronic charge carriers.

(), (b) = | (c) [P=r=]
5 . S =
" 5 g = =
10! %
> e Sle
g — A
: \
5;':, 102 n-doping —_—
(<}
2
) “r 8 L] s
102 { \ S j 8.l . 5
- - . s W/ Se¥\_ S Z
10? 10 10° 10! Q
Doping Level (%) — —= \\

Doping Doping Spatial
Quantity Mechanism Distribution

Figure 15: Three main differences when doping polymessinorganicsemiconductors(a) Polymers
generally require orders of magnitude more dopants. (b) Polymers dope via chemical reactions, whose
resulting charge carrier garb the local bond order and are electrostatically attracted to counterions and
are polarized in a dielectric matrix. (c) Polymers are spatially inhomogeneous, which leads to a spatial
distribution of the doping thermokinetic and thereby the resultinigcalensities and mobilitieEigure is
adapated from Réf, Ref!? and Ref!, with permission.
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Figurel6: Spatial and electronic considerations for delocalized charge carriers. (a) Spatial and electrostatic
localization changes as a function of doping level. (b) Electronic structure evolves as a furdtipimgf

level and chemistries employdte labels a in panel (b) represent differgrdlymer and doping scenarios.

Note that the optical transitions shown in (b) are not necessarily the same states responsiblesfatesolid
charge transporfAdapted ad used from Ref with permission fronthe Royal Society of Chemistry.

1.2: Charge Transport Models and the Boltzmann Transport Equation
1.2.1: Preliminary Introduction to Charge Transport Propertissg the Drude

Modeland Sommerfeld Theory

The pedagogy for teaching the basics of electrical and thermal transport ithesiSasap
and the Ashcroft/Mermin referencéBor conduction by electrois metal the Drude modedtarts
by consideringthe motion of nearifree and independent electrons that areligas Using a
kinematic theory of gasses approach, the Drude mestadrtghat the current density in the

direction is expressed as,
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b — Eq.23

wherer is the net quantity of charge passing through some cross sectiona\,ataang some
time, t. Assuming the fundamental charge constant, and a volumetric carrier dEqs@g,can

be evaluated as,

wherev s the arithmetic average drift velocity of the charge carriers indivectionunder an

applied electrical fieldD . Through classical electrostatic force relationships, the drift velocity

of the charge carriers can be calculated as,
- 0 Eq.25
Assuming that under no electrical field, the drift velocity is initially zero,
— Eq.26

Here, T is defined as the mean scattering time, or relaxation time, and it represents the time that
the charges can accelerate under the applied electric field before a collision event. By combining

constant and intensive terms, we define the carrier drift mobs,
‘ — Eq.27
and resulting intensive electrical conductivity as,

0 . Eq.28
o @f

Eq.43is powerful because it provides a quantitative model to understand why one material obtains

different electrical conductivities compared to another, via the carrier density and mobility
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propeties. However, the Drude model akq. 43 have several shortcomings, as Ashcroft and
Mermin explicitly outline in Chapt?®nek§, AFai
shortcoming is the temperature dependence of the electrical conductivity, which is empirically

rationalized.

In metals, the carrier density is effectively independent of temperature, so the temperature
dependence of the electrical conductivity is cegduby thetemperature dependence of the

mobility, and ergo scattering time
+ ' Eq.29

wherei is thescattering cross sectional aréa, is the thermal velocity of the carrier, under no
applied bias, and is the density of scattering sites. The scattering cross section area can be
approximated to be circular and therefore proportional to the scattering radius sGualiethe

velocity of thecarrier and the scattering amplitude both increase with temperature akin to kinetic

® "Y T Thereforeas the temperature increases, the relaxation

theory of gasses, tharf

time between scattering events decreases, the mobility desyeaml the electrical conductivity

decreases.

We now transition to rationalizing the thermal conductivity in metals, as well as
electrothermal properties, such as the Lorenz number and the Seebeck coefficient. Analogous to

the Ohmés | avalandondhec teil wicty iexpression, we s

nooll— Eq.30
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Analogousto the electrical conductivitin one dimensionthe thermal conductivityll, is related

to the carrier density, relaxation time, and velocity,
R &0 t——, Eq.31
where the additionaltermefi s needed to account for the cha

as a function of thehermal gradientClearly, a spatial difference in temperature will be a driving
for charge carriers to diffuse from the hot side to the cold Higdee are to account for thermal

transport in three dimensions and apply the kinetic theory of gasses, fdwaraf 1/3 must be
included. Additionallyg — is defined as the electronic volumetric heat capadityso the final
expression for thermal conductivity is,

I -0 o Eq.32

When analyzing the Weidmastranz law, or the electronic contribution to thermal conductivity,

the Drude model predicts,

- Eq.33

and by applying the ideal gas lawd 0  -Q"Yh

o - Eqg.34
- - — Y ppp— V. a

Note thatp® p—is incorrect by a factor of2 because Ferrirac statistics were not applied to

the average thermal velocities of the charge carrrsthis was accounted in the Sommerfeld

model (— — — ¢8& t—). Additionally, Sommerfeld model shows that Feidirac
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statistics wouldncrease the carrier velocities by another factor of 100, but also the heat capacity
would decrease by a factor of 100. The exact derivations are not required foes#ssbuinote
that the Drude model wdsertuitous because the 100x differences in theapacity and velocity

cancel one another.

Lastly, we turn to the Seebeck coefficient. From the previous examples, recognize that an
electric potential will cause the charge carriers to drift, and that a thermal gradient will cause the
charge carriersotdiffuse. At equilibrium, the drift and diffusion currents are equal, and we can
relate the proportionality between the electrical and thermal potentials, using a scalar known as the

Seebeck coefficient,

(0] Y. Eq.35

Ashcroft and Mermin show that by using the Drude model and kinetic theory and by setting the

drift and diffusion currents equal, the Seebeck coefficient is equal to,

V. o _ I 0'6+ Eq.36

This is clearly inconsistent with experimental measurements for metals, which have Seebeck
coefficients on the order of 0.4 to'46 + (10-100x smaller again due to the electron heat
capacity. Additionally, this result shows that the Seebeck coefficient ought to be constant and
negative, independent of chemistry, and this again is inconsistent with observtiamsing
FermiDirac statistics to quantify the carrier velocity and heat capatigyributions, the

Sommerfeldheoryshows that the Seebeck coefficient is,

Y o prc— e Eq.37
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At room temperaturéQ "Yis 0.026 eV an@ for many metals is on the order of 5 eV, yielding a
Seeleck coefficient on the order ef0.1° 6 + . Although the Sommerfeld theory yields metal

like Seebeck coefficients that have magnitudes more consistent with measurements, the sign is
also fixed.Understanding how the sign of the Seebeck coefficient changes requires a deeper
understanding of the disrsion curve @ Q) relationship, which shows that the velocity of the
carriers can decrease with increasing doping level and that the effective mass of the charge carriers

can change sign.

1.22: Boltzmann Transport Equation

The pedagogyfor teachingthe Boltzmann transport equation herein is basedr. G.

Jef f ery M&EndB56pringd2620 at Northwestern University, which concisely connects
Hamiltonian mechanics, band theory, and the Boltzmann transport equation to generalize charge
transport. Aditional reference texts were used to developdpjgoachAlthough the Drude and
Sommerfeld models provide a solid foundation for understanding transport properties, these
models neglect the electr@mergy dependent contributions to the observablspgahproperties.

One important and neglected example inclutieseffective mass and group velocities calculated
from O "Q diagramswhich explains fiype and ptype charge transport, depending on the sign of

the effective mass

Assume that the matelinas charge carriers with a definablk relationship wheré& is
the energy of the charge carrier dn the wave vector. For ease of refencing, recall here the
following relationships between enerdy) (moment ), mass i), frequencyf), wavelength(<),

Pl anc k 6 sh), thespeed a lightcf acd velocity y):
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The energy of a particle can be quantified as:

The energy of a wave can be quantified as:
0o M Eq.39
If the particle has the velocity approaching the speed of light, then
n aw Eq.40
Recognizingthd® & wha —,andthat -, then
Ho— - o0 Eq.41

Eq. 92 describes the relationship between energy and momentum for a-fiearbharge carrier.
Note that the ector and energy of theharge carrier is dependent on the crystallographic plane

o -4v 22—, Eq.42

On anE-k diagram, the charge carrier group velocity is defined as
: — Eqg.43
0 :

J
Which is the instantaneous slope orEakdiagram.

Taking the second derivative of energy with respect to wavevector, thermandntum effective
mass is defined as
&' 5 — Eq.44
Which is the curvature of tHe-k diagram.
Now consider the significance of tlhek relationship through the context of Hamiltonian

mechanics. Rationalizing the charge carrier energetics through Hamiltonian mechanics is

advantageous because the position, momentum, and carrier densities explicitly defined in
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Hamiltonian mechanics are teame quantities needed to solve the Boltzmann transport equation.

The Hamiltonian i) of a charge carrier represents the total energy of the charge carrier,

0 — Yo. Eq.45

Where— Is the kinetic term, antl(x) is the potential energy as a function of spatial position.

Oftentimes these values are expressed as tensors and operators, but for brevity, assume isotropic

scalar values.

Hamiltonds first equadticchm nrgeel atne s ptahtea acl h grog

to time to the change in the Hamiltonian with respect to momentum
- Eq.46

Recognizing that the change in velociy\ith respect to time can be viewed in a classicalipgc

or a quasipatrticle picture,
oy - - Eq.47
Rearrangement leads to

&~ 00 o — Eq.48

Which is a contradiction to the bamgomentum effective mass commonly calculated from the
curvature of are-k diagram. Here, the Hamiltonian derivative momentum effective mass is

preferred because not &ik diagrams have a definable second derivative all&-space.

Hamiltonds second equation relates the cha

change in the Hamiltonian with respect to position
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Eq.49

Because momentum is mass multiplied by velocitg,titme derivative is simply mass multiplied

by acceleration, which is force. Because the original Hamiltonian expression only considers the
spatial position in the potential energy term, the first partial derivative of the Hamiltonian only
requires differatiating potential energy with respect to position, which is force. From a quantum
mechanical perspective, the first derivative of momentum with respect to time can be viewed as

the first derivative of the-kector with respect to time

a0 0O o—. Eq.50
I f a force (electromotive) is appl ivectbrswib t he
shift by Y'Q
ya -ot O f. Eq.51

The Fermisurface of a material is tHespace (reciprocal space) that separates occupied
and unoccupied electronic states at zero Kelvin. As the number of charge carriers increases, the
Fermi level rises. In an ideal isotropic and spherical Fermi surface, the wavevector associated with

the hidhest energy charge carriers is

x Eq.52
Q  — . q

o} o}
By applying an electromotive force, the Fermi energy level is shifted which is consistent
with shifting the kvector of the Fermi surface. In electrical conductors, thistrelemotive force
will result in an observable charge current. The current is a function of the number of charge
carriers and their velocity. The total number of electrons within the Fermi surface is
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¢ a QQQooQMRQ —, Eq.53
and the density of states irspace is constant. Note thietshift Fermi surface is responsible for
the observable current. One can rationalize the change in the Fermi surface either using a triple
integral for the shifted volume or a surface integral integrated over the surface rarihal.
surface integral sithe number of states on the Fermi surf&2es the wave vector perpendicular

to the surface, and FS is the entire Fermi surface.
¢ — B QYO dO Eq.54

Using the chain ruléJQ can be replaced by— 'Q'‘Gnd the integral bounds are now defined

with energies. Additionallyif at zero Kelvin, the Fernwirac distribution of charge carriers

('QO) is irrelevant.
¢ —_ B QY— QO Eq.55
Additionally, because of this zero Kelvin assumption, the total number of states from zero energy

to Er is quantified as

0 — B 0Y— Eqg.56

Recall here that — s linearly related to the group velocity and the dispersion
relationship. Therefore, as— increasesl¢ss state per energy, greater bandwitikter group

velocities), Qdecreases. As— decreasesnfore states per energy, loweandwidth slower

group velocities),Qincreases. Additionally, as the Fermi surface area increases (largectors
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and more states) the total number of states increases. Recall here that the effective mass also

depends on— Ips — increags, the effective mass decreases.

A net current densitydf occurs when an electrical field shifts the energetic distribution of
the charge carriers. The current density injtdé@ection can be expressed as a function of the
carrierso6 c hdaensgye and thehdrift velacityr The total current density is the
summation of the velocity of each particle in jliBrection. This summation can be expressed as
an integral in kspace. Furthermore, only the charge carriers that reside on the sarftec&rface

have a net contribution to the observable current density.

b Qd BV —a LQOQQ — iRoH) Eq.57
The shifted volumeQ is related to the normal directioi) ¢f the shifted Fermi surface and the
shifted wavevector. Recall here that the Fermi surface is defined by#edt, momentum, and

velocity of the carriers on that surface. Therefore, the shifted Fermi surface with a normal vector

in thei- directioncan be normalized by the velocity unit vector inithéirection.
Qo TYWQ Q "g@ yQ Eq.58
By combining theseequationsassuming zero Kelvin (therefore no need for the F&irac

distribution), and relating thievector shift to the applied EMF

(0] ) Q ‘ Eqg.59
— vV ——0 TQ%Y, O

0 - ‘
T Ds o

Here, the electrical conductivity () can be clearly expressed as a function of the carrier charge,

velocity, relaxation time and Fermi surfatestly, note tha%—g) is equal to— (seeEq.43) and
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that— is related to the density of electronic stateg.(L08) , soEq.111has a dependence of the

density of electronic states.

If there is a distribution of charge carriers (above zero Kelvin) and if there is a perturbation
to this distribution (via an applied field), then a relaxation time approximation can be used to
quantify how the perturbed distribution contribute to chargasport.Y'Qis the change in the

filling of the electronic states

Nao Bl Eq.60

The timedependent Fernirac distribution is not commonly evaluated, so the chain rule is used

to obtain commonly evaluatetifferentials
yo t— f———— t— 0o O . Eq.61
Now the observable current density is evaluated as a change in the carrier distribution
—a OYamy — HT— v O @ Eq.62
Recalling thalto Q"R Q Q¥ Q'Qand that— BT Q0,
. Q 0L TO— Q0 Eq.63

Resulting the in the charge transport functipn OR'Y) and the electrical conductivity charge

transport equatign

. .. OHY— Q0Q Eq.64
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Note here that no assumptions regarding bangttsire were made. Additionally, there are not
explicit temperature dependence assumed (other than in the Beanidistribution). This isike
the Sommerfeld model, where the temperatlependent mobility had to be seempirically
incorporated afterhie fact.Lastly, note that in the context of this dissertatipn, OR'Y k
AQouv OtO.

Now turning to the Seebeck coefficient, recall that the current density is equal to the
electrical conductivity multiplied by the applied field. If the fieldaighermal gradient, then an

additional term (the Seebeck coefficient) is included
0 ., o, Y. Eq.65
An expression that relates the current density to the applied electric field using the
relaxation time approximation was previously us€&@ ( nw in Eqg. 113 but now the
relaxation time approximation needs to contain-thel @Y partial deivative. Therefore, the

relaxation time approximation f&q.117is

go 1 209 . 20 . 2@ Eq.66
Qo '©qo Y QYO Q6o
Lo ooy
Qo0 QY Qo

— is the first derivative of the Feradirac distribution with respect to temperature. To clearly

evaluate—, consider the following change of variaple

M0 —— Q¢ — i —~h Eq.67
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and

- ——_8 Eq.68

Assuming that the Fermi energy level does not change with spacg 1T

vy - Eq.69
Therefore, the Seebeck contribution to the shifted population density is,
ya t——— — 0. Eq. 70
And the Seebeck contribution to the shifted Fermi surface and current density is,
Q —, H T —— — 0 W8 Eq.71
Recalling thakto Q™2 Q Q¥ QQ and that— BT Q0,
W Q1 t ——— — U Q0Q0 Eq.72
Considering only the Seebeck contributioriEtp 117,
Y, QU0 t— —— 0 "Q0Q0 Eq.73

By now inserting the transport function (‘ORY) into the previous integral, we obtain,
Y, — , OfY— —— Q0 Eq.74
By dividing the electrical conductivity contributiowe isolate the Seebeck contribution as,

N S Eq.75
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Lastly, under open circuit conditiotise current density is evaluated as,

n Q , tw , Yny Eq.76

andthemeasure®&eebeck coefficient jis

v Eq.77

n
Lastly, we consider the heat flowy)( The heat flow due tcharge carriers can be expressed

using the Boltzmann transport equation as,
n a O O 0'QQQ Eq.78
Similarly, the change in the distribution function ought to be revaluatéerms of energy and

temperature gradient, rather thaspace and charge

yQ t— o0t— ‘@© —s — —. Eq.79

Evaluation of this distribution andelaxationtime approximate yields,

noYYd —. Eq.80
By normalizing for geometriconstraints, we obtain,

Il Il v, .Y Eq.81
Here,’Q is the electronic contribution to thermal conductivity under short circuit conditions. This
can be equated to the electronic contribution to thermal conductivity due to charge carriers
diffusing under the thermal gradieit contrast, the Peltier terrf, “¥s the thermal conductivity
due to charge carriers drifting under the evolved electrical potential gradient, created by the drifting

charge carrier8y evaluatingeq. 79-Eq. 81, we can quantifyy as,
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I — "y, Ofiy—Q0o Eq.82

If the material idhomogenous and wetlescribedy nearly free anthdependenglectrons, it can

be shown thaEq. 81 is linearly related to the electrical conductivity via the Lorenz numiber,

oo,y Eq.83

1.23: Analyzing the transport function using tB®ltzmann Transport Equation

and the resulting transport properties.

This section demonstrates how the observaiéi'Y and"YER'Y properties can be related
to the fundamentadlectronic structure and properties through the Boltzmann transport equation.
Specifically, the'Y,, anticorrelation, commonly referred as a Jonker @at function ofransport
function,, 'O . This transport function is dependent onéleetronic structureas detailed in the
previous section.The exact functional form of, ‘O and its energy dependenissolvable
because, O will yield a Y, model curve that ought to be consistentith the "Y,
experimental dataas detailed by the Boltzmann transport equation (BTH)mately, this
iterative proces®f solving and modelingY,, P , O can be used to better understand the
transport mechanisms and electronic structure of sechimbimg materials. The examples
provided in this section are based u@®ef., which is a seminal work for quantitatively and
fundamentally improving our understanding of thermoelectric charge transport in chemically

doped semiconducting polymers.
To reitgate, the BTHor the electrical conductivity and Seebeck coefficient are,

w o ow Y ., 0 —10Q0 Eq.84

and
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Yo — - : Eq.85

The transport function is equalfo Y , 'O, but here we haveeparatethe electrorenergy
independenanddependentontributions. Note that the BTiEtegralsare evaluated with respect
to electron energy, so only ‘O needs to be located and evaluated within the intebinalse two
equations are extremely useful because they showythe anticorrelation andhow that the
Seebeck coefficient is only a fotion of theelectron energylependent integrals. Therefore, once
the Seebeck coefficient is measured, the endegpendent integral values candadculated. Then,

. Y for the electrical conductivity can also be calculaisthgthe calculated integt values

and the measured electrical conductiviRecall here that O © 0 'Ot O0"QO and that

» Y can be related to energydependeniobility prefactor and the effective mass (assuming
it is constantwith respect to the filling of electronistate$. Notably,, “Y can be related

temperature dependence of the scattering timeugh the thermal velocity and thermal cross

section of scattering sites.

In experimental practice, @dvantageous to assert some assumptions so that evaluating
these integrals and relating them to the transport properties is more straightf@eeadse
, 080 O01t0"QO, we asserted a transport edge ene@ywhich is fixed and set to the
zercenergyreference levelO can be thought as the conduction band minimum or valence band
maxi mum as the positive ener Gherefale, states thatara i s
Aout si de are lbcated lataenedgie® O, and these states are assumed not to have a
sufficient density to contribute to charge transpadditionally, it is mathematically convenient

to setO mas the lower integral bodpandit is useful to declare reduced energy variablgb
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respect to the transport edfje —— (the reduced ektron energyevel) and— —— (the

reduced Fermi energy level)olé that in the SLoT manuscript, we declaes theeduced energy
level becausé is used for the dielectric constamiith these assertions and reduced energy

variables, we n@ express the electrical conductivity and Seebeck coefficient as,

A A | — Qf Eq.86

and

Y= : Eq.87

ComputationallyEq.108andEq.109can now be easily computed. First, asser aalug which
represents the position of the Fermi energy level with respect to the transport edge. Second,
calculate the Seebeck coefficient by numerically integrating from zero to indwetyall reduced

energy levels. Third, assert,a and calculate, . Fourth, repeat this loop by sweepirg
Therefore, at any giveavalue,"Yis calculated and thenis calculatedUltimately, thecalculated
relationship betweerfiYand, are dependent on asserted transport function and ooighe

consistent with the experimentally measurég ¢RY .

Kang and Snyderexplored severaltransport functions for chemically doped
semiconducting polymersvith a focuson theenergydependent contributiory, ‘O . ?2In their
main text andupplementaihformation, they explored hothe,, 'O functional form affects the
Y- and“Y, relationships, and thghysical significance of the 'O functional form (). InX,
we summarize thehysical significancéor each transport functio’ key finding from their study

isthat, O [ fits most semiconducting polymer systems (except for some PEODTSs, where
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., O T , like most inorganic semiconductarshn | transport functionis oftentimes
associated with ionized impurity scatteriddthough a, ‘O T transport model fits thev,,

data for many semiconducting polymeitscan lead to amnreasonably large values andvith

not well explained, “Y as a function of doping level’hese knowledge gapserve as the
motivation for the Serdiocalized transport (SLoT) modédltruly appreciate the work by Kang

and Snyder, for this model and transport function analysis serves a blueprint for better quantifying
charge transport and electronic properties in chemically deg@iconducting polymers.hope

that my work the SLoT model, electrthermal SLoT model, and finite bandwidth models

exemplifytheir work andorogress the field of organic electronics.
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Figure 17: KangSnyder transport modelj, from Ref.. Adapted from the main text and supporting
information, with permission fror8pringer Nature. (d) How to evaluate the transport function.Aa)the

Fermi energy level increases, the transport function increasgs, fanction is shown. Aeach reduced

Fermi energy level, the transport equations are evaluated, and the electrical conductivity and Seebeck
coefficient are evaluated. (c) A Jonker curve is constructed, whereby the energy dependence of the transport
function changes the curveagie, while the transport function energy independent prefactor laterally shifts

the curve. (d)Transport function as a function of reduced electron energy for a power law, linear, and
mobility edge transport function. (e) Jonker curve for several transpations and experimental data for

P3HT that is most consistent with a power law transport functiorPE)OT datasets that are most
consistent with a linear transport function dependency. (g) Comparison of a power=a)y émpirical

power law, and arrow band transport function.
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Tablel: Energy dependent transport functions explored by Kang and Snyder

Name Energy Physical Significance Relevance in Literature
Dependence
Ca
Linear T Energydependencef velocities Commonly employed for
i p increases with initial dispersion most inorganic
relationship. Energgependencef semiconductors. Yields
density of states and relaxation tim smaller— values.
cancel onanotherFer mi 0 s
Rule (see Ashcroft).
Power i Energy dependence of velocities Commonly employed for
Law increases with initial dispersion  semiconducting polymers
i o relationship. Parabolic density of Yields large- values.
states. Relaxation time increases w
'O 7T | consistent with ionized impurit
scattering.
Mobility i Constant energy dependence for Heavily used in
Edge carriers above the transport edge.  disordered/amorphous
i 7 inorganic semiconductor
literature.
Narrow 17 Only onenarrowenergy level or set 0 Heavily used for polaronic
Band states contribute toharge transport ir transport and transport ir
the vicinity of the transport edg€an  narrow band inorganic
use the FermbDirac distributionto semicondictors with poor
calculate the carrier density of numkt orbital overlap.
of occupied states (denoted@s
Empirical "yse , 7 Empirical relationship between thes  Heavily cited/ leading
Power transport properties, as qualitativell  model in the organic
Law predicted by the BTE.

semiconductor literature
before theKang-Snyder
model.

1.3: Semiconducting PolymersDoping, and their Thermoelectric Properties

In the previous sections, we examined the electronic structure of matesialt engineer

the electronic and transport properti&sgd how to rationalize the electronic structure using charge
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transport measuremenis.several fields, such as electronics, optoelectronics, and thermoelectrics,
it is necessary to rationally engineer the transport properties of materials for use in each
application.The rational design of chemically doped semiconducting polymers is arguably in its
nascent years because BTE has not been extensively used to quantitively determine why one
system performs differently than another. Although transport imgdand the BTE will likely

not replace chemist and material scientist intuition in the near teansport modeling with the

BTE provides a quantitative language for more advanced and future predictive ritzaelsn

this section, we pivot to providgacific literature examples of how engineering the polymer
dopantprocessing system can affect the resulting transport properties in hopes to further our

chemical intuition.

1.31: Effects of main chain engineering on thermoelectric performance

This sectdn highlights thes systematic studies that demonstrate main chain engineering
effects on charge transpoftl) Heteroatom substitutions are potent in controlling energetic,
structural, and charge transport propertieSpecifically, in a series of poly(3,7,dimethyloctyl
chalcogenophenes) (sulfur, selenium, and tellurium), as the heteroatom size increases (S to Se to
Te), the onset of oxidation decreases, the optical band gap decteasesceptibility to doping
i ncreases, S decreasasEar deeacsreess h@enases, and the lamellarsgacing
decreases(2) Copolymerizing thienothiophenes with various thiophene moieties also effects
charge transpoft The thiophene moiety was systematically varied, and changes in structural
ordering upon dopm strongly influenced the resulting electrical conductivity. Film
microstructures that significantly changed due to dopant incorporation oftentimes had orders of

magnitude lower electrical conductivity. From this study, a solyi@tessible polymer with
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significant air stability (70 % conductivity retention in air over 2+ weeks) and appreciable
electrical conductivityda. 20 S/cm) was develope(B) Li et al. studied the effects introducing
spacer thiophene groups into the polymer backbone withoutsitleythains to provide additional
volume for dopant incorporation near the main cRaiff They found that increasing the free
volume for dopant incorporation generally increased the electrical conduct&it@30+ S/cm

with NOBF4). The findings in studies (2) and (3) are in good agreement; main chains need to be
engineered for dopant incorporatiofd) Boyle and coworkers studied the effects of doping
temperature and polymer main chain structure on charge transport propémigsapor doped

P3HT and PDPPAT withf or 2 hour s at either 25 orsS 75 a
andd as a function of dedoping tinf¢.2®*wWh en doped at 25 , both P3HT
same electrical conductivity (10 S/cm). In contrast, PDPP4AT has a much higher Seebeck
coefficient compared to P3HT (200 vs 80 uV/K). | postulate that PDPP4T has a higher Seebeck
coefficient at he same electrical conductivity as P3HT because PDPP4T contains an acceptor
moiety in the backbone. This electron deficient acceptor moiety may isolate positively charge
polarons in the thiophene moieties and change the entropy of mixing contributienSegheck
coefficient.(5) Liang et al. also compared the charge transport properties of P3HT and PDPPA4T,
but also included PI¥-TT-T, which has a fused thiophene rifigrhey found that PEX-TT-T

has a much lower (20ower) electrical conductivity in comparison to P3HT and PDPP4T under
the same doping conditions. | speculate that the fused ring forced planarity in one part of the
backbone which may have resulted in torsion and poor otapah other parts of the chain or
between chaing6) Lastly, hydrogens on the main chain can be substituted for other chemical

moieties, and this can effect transpS Pei and coworkers systematically substituted a pair of
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protons on a BDPPV with F or Cl to yield poly@r CI- BDPPV). They reported that both &d
Cl- derivatives have a high susceptibility teype doping in comparison to-Hand that these
halogenatd polymers can reach electrical conductivities up to 10 S/cm. This‘tygie electrical
conductivity is afforded by the lolying LUMO energy levels (further from vacuum level). The
low-lying LUMO levels increase the energetic favorability for electtonation into the polymer
molecular orbitals.

1.32: Polymersidechainengineering

This section highlightd studies that demonstrate the effects of side chain engineering on
charge transport propertig4.) poly(3-hexyl thiophene) (P3HT) is significantiyiore conductive
than poly(3 3,7dimethyloctyl thiophene) (P3DMOT) when doped with Re@ing similar
sequential processing techniquea (L00 S/cm vs. 50 S/cr}l speculate that thdifferences here
are because of microstructural ordering and the ability forsFeplants to diffuse and intercalate
in the microstructurg2) Vijayakumar and coworkers studied the effects of side chain length on
the electrical conductivity of PBTT¥.Side chain lengths varied from C8, C12, C14, C18, and
they found that C12 produced the highest electrical conductivity. The authors used a series of
spectroscopic data to suggest that the C12 length provided the optimal tradeoff between dopant
diffusivity and microstructural spacin@®) Multiple works have now shown that polar sides chains
can improve the thermoelectric performance of chemically doped semiconducting pofihkrs.
specifically want to highlight the work by Kroon, Kiefer, Muller, and coworkers who showed that
a glycoltbased side chain on poly(thiophene) can improve the charge transport properties in
comparison to P3HT. Specifically, they found thia¢ glycolated poly(thiophene) can easily

achieve 100 S/cm when doped with FATCNQ, while P3HT oftentimes reachesaohyy S/cm.
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The authors claim that the improved transport properties are likely because the glycolated side
chain increase electron detysin the polythiophene backbone and increased the susceptibility to
doping. Additionally, the authors claim the glycolated side chain increased the homogeneity of the
anion incorporation into the polymer and mitigated precipitation or separ@)daasty, note that
additional side chain moieties could be explermath as thiolated side chains. For example, the
work by Li and coworkers showed that a tai@yl side chain can improve intehain stacking

and doping susceptibilits?.
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Figure 18 Examples of main chain and side chain engineeforgthermoelectric performancéga)
Heteroatom influences doping susceptibifityb) Donoracceptor motifs affect théve trends? (c)
Increased electron richness and planarity increases condugliity.Side chain sterics influence the
doping mechanism and the resulting transport propéftiés) In ntype polymers, adding electron
withdrawing groups increases the electrical conductiiff).In p-type polymers, adding electron donating
groups increases the electrical conductivity and the ambient stdbiityfigures usedwith permission
from their respective publishers.

1.3.3: Microstructureengineering

This section highlightss studies that demonstrate the effects of microstructure and
processing on the resulting charge transport propeftig§homas ad coworkers showed that in
physical blends of regioregular (RR) and regiorandom (RRa) P3HT, the electrical conductivity
increases (I0increase) with increasing RR volume fraction but the Seebeck coefficient was not

largely affected (all within 1096} (2-4) A series of studies by multiples have quantified the
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electrical conductivity and Seebeck coefficient of P3HT when doped with FATCNQ. Keifer and
coworkers showed that the processing solution determined the P3HT ordering, and that the
ordering determined the electrical conductivity. Electrical conductivityedrromca. 10 when
processed in cyclohexanone um#o 10' when processed inyylene? Chabinyc and coworkers
further showed that by vapor doping in glass vials that the electrical conductivity could be
bolsteed toca. 50 S/cm because vapor doping disrupted the microstructure less than solvent
doping#? Brinkmann and coworkers then showed that FATCNQ sequentiaiosotidping and

high temperature rubbing could lead to electrical conductivities ceedr60 S/cm because the
rubbing oriented the polymer microstructdte?* (5) The role of an electrically percolated
microstructure is highlighted in a series of studies by Kinlen who emulsion polymerized
poly(aniline)with DNNSA. DNNSA acts as both a surfactant and a dopant, but DNNSA is large,
bulky, and insulativé> ¢ Poly(aniline)/DNNSA originally has electrical conductivities near

10°% S/cm because the DNNSA insulated the conductive poly(aniline) donddtas performing

a dopant exchange, with smaller sulfonic acidss $&m have been observeh) Lastly,
Brinkmann and coworkers have now shown several times thattdmngherature rubbing and
orienting polymer films can greatly increase the electrioabactivity- up to nearly 19S/cm in

PBTTT doped with FeGF*
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Figurel9: Effects of microstructure and ordering on the resulting transport properties. (a) High temperature
rubbing can lead to methke electrical conductivitie$’ (b) The doping mechanism (electrochemical vs.
field effect) determines the doping mechanism (bulk vs. interfacial) and thereby the resulting transport
properties’® (c) In a blend of regioregular and regiorandom P3HT, the extent of orcidnangatically
increases electrical conductivity(d) Doping & different temperaturaffects the extent of doping and the
dopant intecalation in the polymers, thereby creating diffefait curves?” (e) Polymerprocessefrom
different solvents can have different electrical conductivities; in the case of P3HT, chlosratsatics
generally led to higher electrical conductivitfégf) Doping from the vapor phase vs. solution pheae

affect the thermoelectric properties. Vapor doping usually leads to higher properties but may only be
applicable to thin films due to diffusion limitatiorf$All figures used with permission from their respective
publishers.

1.34: Dopant engineering

This section highlight® p-type doping studiegl1) In the DOTT studies, both FATCNQ
and Magic Blue oxidants were utilized. Magic Blue has a lower ele@noiclal onset of oxidation
in comparison to F4ATCNQ and likely a lowlging (more stable) LUMO level. Therefore, Magic
Blue should be a stronger oxidant that FATCNQ, create more charge carriers, and lead to higher
electrical conductivities in comparisonRdTCNQ. In all 5 DOTTSs, it was observed that FATCNQ
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gives higher electrical conductivities because FATCNQ disrupts the microstructure to a lesser
extent. The dopant counterion with magic blue is a octahedrat Stt@ile the FATCNQ anion is
planar® (2) Two separate studies have shown that P3HT doped withs Feslds electrical
conductivities neata.100 S/cm while P3HT doped with F4ATCNQ yields electrical conductivities
nearca. 10 S/cm. FeGlis a stronger oxidant and generates more charge carriers (evident in
Seebeck measurements) without significantly disrupting the microstrdétiiteese studies
juxtapose the findings from the DOTT studies and highlights that there is not yet and established
trend for which doping chemistries and anions are most advantageous for optinezinigas!
conductivity. (3) Boyle and coworkers found that the doping temperature affects the spatial
distribution of dopants and the resulting electrical propettié&Specifically, Boyle found that in

both P3HT and PDPP4TthaMapor doping at higher temperatut
homogenous dopant distributions and electrical conductividg&raham and coworkers shed

at low doping concentrations, the exteftdoping and electrical conductivity is dictated by the
energetic difference between the polymer HOM@ the oxidant LUMG? At higher doping
concentrations, the extent of doping and electrical conductivity is dictated by dopant size.
Additionally, Graham and coworkers show that blending oxidants may be a means to achieve high
thermoelectric power factorés) Muller and coworkers demonstratedtti/@ TCNQ can remove

up to two electrons from a polymer if the energetics are favorable. This observation led to the idea

that double doping could lead to doping efficacies in excess of 1D0%.

This section highlightgl n-type doping studies. #y/pe dopants are more limited in
comparison to ftypes because-type dopants are generally less stable in ambient conditions. N

types require higher energy HOMO levels (less stable, closer to vacuum) that donate electrons into
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pol ymer so6 L(UMGN htype emparison study, it was found that bulkieype
dopantsand ntype dopants that donate via hydride transfer (rather than reduction) as less effective.
The bulkier dopant disrupted the microstructure to a greater extent, and the hydride dopant require
100% more dopant to be used to achieve the same electiwuativity3* (2) In this second

study, it was found that the bulkier and hydride dopants would not generate measurable electrical
conductivities further reinforcing thdindings from the first study® (3) In a study by Kemerink

and coworkers, benzimidazoline derivatives SOMO energies were compared and used to dope
p(NDI-20D-T2). Their study systematically evaluated how substituent moieties on tdopan
affected the doping sterics and energetics and the resulting electronic prépéteesntly, Yang

and coworkers developed a triaminomethane (TAM) dopant that is air stable and requires thermal

acivation to dope® FBDPPV doped wh TAM presents uniquely astable atype performance.
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Figure 20:Summary of dopant considerations. (a) Dopant size and shape affects the intercalation into the
microstructure and resulting transport properianar dopantaere more effective? (b) Dopant size and
oxidation strengthaffect the esulting transport properties; strong and bulky oxidants yielded higher
conductivities at low dopingoncentrationshut mild and small oxidants yielded the highest conductivity

at higher concentratiorfé(c) In aseries of dopantsith similar size, thelectron withdrawing group affects

the LUMO and thereby the oxidation strength and polaron concenttafidhStrongerdopants are not
necessarilypetter; the Agoxidant yielded less polaronic charge carriers compared to the Fe oXi¢gnt.

In some polymer systems, the size of the counterion does not matter when ion exéhédhged. extent

of doping, as controlled by using a gate potential, detesniine conductivity and the temperature where

the metal to insulator transition occliSAll figures used vith permission from their respective publishers.
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1.4: Statement of Purpose
From this literature review, it is apparent that chemically doped semiconducting polymers

can be used for thermoelectric applications, as well as other thermal and electronic applications.
To date,chemical intuition, empirical transport models, and thed@nyder model (built upon

the BTE) enablespolymerdopantprocessing systemomparisonsbut these methods do not
providequantitative parameters thedpture the fundamental spatial and energetic distribution of
charge carriersNotably, most doped semiconducting polymer thermoelectric studies do not
attempt to quantify the carrier densi@Quantifying the energetic and spatial distribution of carriers

as a function of doping leveés needed to define theffects ofchemical structure, electronic
structure, and microstructiron the resulting transport propertieddsing charge transport
parameterscalculated from an appropriate transport moitletonunction with complementary
methods to measure the chemical structure, electronic structure, and microstructural will provide
a quantitative framework for rationally developing the next generation of polymers and processing
techniquesTherefore, the purpesof this thesis is t¢) develop and execute combinations of
experimental methodbat can be used to define the transport function and fundamental transport
properties, (ii) use these experimental methods to assert and validate the transport fuiction, (
use the transport function to contextualize the transport properties in palppemtprocessing

systemwith respecto the chemical structure, electronic structure, and microstructure.

1.4.1: Objective 1:Develop ExperimentalMethods toQuantify the Transport

Function
If it cannot be measured (or calculated from measurement interpolatidragolation or

regressions)thenit cannot be quantifiably definedhe experimental protocol needed to assert

68



and validate transport functions fadremically doped semiconducting polymersiotthoroughly
presengd in literature Although the Kangsnyder model shows that”Y and"Y"Y are needed

and thesemiempirical GlaudellYe , 7 model shows that a range ™f, values are needed

this is not sufficient to validate the transport functidtere, Idevelop a protocahat involves
sequentidy doping polymer films from serially diluted dopaswlutions(in 2019) The serial
dilution enables a wide range 0¥, valuesthat are highly camolled and repeatable.
Furthermore, at each dopant dilution level, ti& and, “Y properties are measured, consistent
with the KangSnyder model. However, these methods do not provide insight on the spatial and
energetic distribution of the chargarriers. Therefore, | adapt afray photoelectron spectroscopy
(XPS)protocoP”: *8to measure thpolymerextent of oxidation at each serial dilution doping leve
This extent of oxidation can be related to the carrier ra)iaifd the carrier densitg ) through
simple and judicious assumptioresg.molecular weights and volumetric mass densitigsyeral

years latem 2022, ladapted andeveloped a protat thatrelateshe shifts in the XPS intensities

to the shifts in the Fermi energy levels, as calculated from a transport function and Seebeck
coefficient.UItimately, it is this unique combination of measuring iYiO and"Y¢HYiO that

enableone to assert and validate a transport function.

1.4.2: Objective 2: Assednd Validate the Transport Function

Historically, transport functions 'OR'Y have been evaluated with a dopingependent
transport function prefactor, “Y, and a dopinglependent and electron enegpendent
transport function term,, 'O. Although this protocol has worked well for inorganic
semiconductors, this protocol fails to concomitargipturethe °Y,, , “Y"Y,, Y, andO ¢

trends for polymer semiconductors.assertedthat, Y oughtto havean Arrheniudike
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functional form and a dependence on the carrier density’Y , A @D —— . | validated

this assertatioby measuring &£¢HY and "YER'Y andpositing that the Arrheniuike activation
energy ought to be spatially dependent on the percolation of charge carriers localized in
electrostatic potential energy wellsneasured and validated this assertion in a P3HT system, and
thenmore accurately modeled published P3HT, PBTTT, PEDOT, CNT, N2200, and PA studies.
From these studies, we can quantify fundamental transport parameters. Some examplés jnclude
the carrier density needed to reach the transport edge and degenerate&ddpangarrier density
needed for delocalized and meliak Y, and, Y propertiesand, the prefactor electrical

conductivity that determines the highest achievable electrical conductivity for a sylsteer, in
2022, | demonstrate that Y , A @D —— may not always be needed; for example,

is constant in PDRRT-TT doped with magic blue byt is modeled using a sine transport
function rather than a linear. Overall, | demonstrate how to validate a transportamddwew to

interpret a transport model to gain deeper physical understandings.

1.4.3: Objective 3Establish Design Rules for Optimized Charge Transport

Now thatwe established meams quantify the most fundamental transport parameiters
semiconducting polymefg.g.€ ,€ ,, ), we can turn to evaluating these parameters as a function
of polymer chemistry dopant chemistryand processingSince developing the experimental
protocols and validation methods, | hanetroactively modeledor measured oveR0 unique
polymerdopantprocessing systemgabulatedin final chapter.n the bulk of this thesis, in the
middle chapters, | draw transpqrarameter microstructure chemical structure comparisons to

rationally determine why one material system obtains higher electrical conductivities or transport
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parameters compared to another syst®mfore theseexperimentalmethods and transport
modelingprotocols, conjecture was used to determine why performance is improving, now we
have quantitativeand physicalanswers.For ptype transport, we can say with certainty that
XDOTs increase by increasing the doping susceptibility and increasing the Farergy levels,
bithienothiophenes increaseby increasing the ordering and, and side chain removal increases

both, , the reduced Fermi energy level, and decreases localization,

Furthermore, | demonstrate how transport modeling can be usedmntify the effects of
inhomogeneity on thermal conductivityow to calculate the electronic contribution to thermal
conductivity in polymerisystems anéxplain why polymers can achieve Lorenz numb@rs)(
that are seemingly greater than the mbkal limit. These insights can be used to design improve
thermal transport in polymeric systeroastly, | develop a transport modtiat can explain the
inversion in the Seebeck coefficient and calculate and compare the carrier density needed for the
Seebeck coefficient inversios,. This model can be used to rationally design junctions

developed witta singlepolymer and doparghemistry, but with a spatial gradient in doping level.

71



CHAPTER 2: EXPERIMENTAL METHODS

Here, | detail the experimental methods used and the most pedjpenating principals.
In addition to these listed, have extensive experienaeveloping techniges for vapor
functionalization of polymers, vapor doping, andituelectrical conductance measuremehtg
these techniques are not germane to the purpose of thisfifégidditionally, | also haverarying
levels of exposurand expertise witlhC impedance spectroscopy, thermoreflectance techniques,
3 thermal conductivity, Hall effeck-ray diffraction,resonant tender-xay diffraction, atomic
force microscopy,scanning electron microscopgpectroscopic ellipsometry,-ray emission
spectroscopy,elemental dispersive -pay spectroscopy,and scanning tunneling electron
microscopy but again these are notrgene to the work in this theslisastly, | want to note that
| am not an expert in all these techniques, and oftentimes, | collaborated extensively with subject
matter experts. | willmention pertinent individuals, references, and equipment manufacturers

where possible.

2.1: Polymer Synthesis, Processing, and Doping
2.1.1: Polymer Synthesis

| did not synthesize my own polymers, but | am familiar with gmdymerization
mechanismsl appreciate the several organic and polymer chemistry courses offerBd. by
Marder, France, and Reynsléhecaus¢hese courses made me comfortable and competent when
interfacing with synthetic chemists and polymerisis. obtain these conjugated polymetls
collaborated with either the Seferos grééni?Reynolds groug? 83 84or Marder group? %or |
purchasd the polymers from SigmaAldrich.5® 8°Most of the conjugated polymersported or

analyzedn this thesis were polymerized using oxidative polymerizggoiution chemical, vapor
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chemical, or eledrochemica), Stille coupling, Suzuki coupling, or direct heteroarylation
polymerization (DHAPY® | appreciate the work of all the polymerists that | worked wtitlank

youto Shuyang Ye, Garion Hicks, Khaled-Klrdi, Hio-leng Un, James Ponder.

2.2.2:Polymer Characterization

Theresulting electronic properties of conjugated polymers are didanaf the degree of
polymerization, regioregularity, and chemical structUreerefore,it is best to characterize the
pristine monomer and polymer properties befitwping and performingransport measurements.
H-NMR can be used to determine the monomer and polymer chemistries, based on the proton
chemical environmentsFor example, the'H chemical environment of the protons on a
tellurophenemonomerwill be located at a different chemical shift compared to the psotona
thiophene monome?. Additionally, regioregular P3HT shows different chemical shifts compared
to regiorandom P3HT due the helaglad vs. heathil vs. taittail interactions.In adlition to
verifying the chemical identity of the polymer and monomers, it is useful to quantify the degree of
polymerization.Gel permeation chromatography (GP&n be used to quantify the molecular
weight of the synthesized conjugated polymer with respeca known molecular weight
poly(styrene) reference. GRE€a size exclusion chromatography technique, whereby the solvated
polymer is passed through a porous meutid eventually detected when eluted from the porous
media. As the molecular weight incees, the interaction between the pores and polymers
decreases, so the polymer ought to be eluted and detected in a shorter amount of time. A PS
standard is used to calibrate thleiting molecular weight as a function of time; however, this

standard inherely is imperfect because the R8lvated conformation and interaction with the
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porous media will inherently be different compared to that of a conjugated poliasgly,
techniques are needed to quantify the frontier molecular orbitals of the polymeallyygyclic
voltammetry and/or differential pulse voltammetry can quantify the onset of oxidation and/or
reduction of the polymer ian electrolyte. As a function of the applied {@santified with respect

to a reference electroded large change iourrentmay be obsered and associated with an
oxidation or reduction process. Furthermore, these techniques may be used to quantify the total
extent of oxidation or reduction.€., number of charge carriers per ringdlthough these
electrochemical teclques are powerful, they are performed in a swollen electrolyte state, which
may not be commensurate with the solid state FMOs. Ultraviolet and inverse photoelectron
spectroscopies may be used to determine the FMOs in the solid state, but these teahmiques
arguably less common and accessible compared to CV and ID#pyreciate the work of Dr.

James F. Ponder, who has taught me the important of proper polymer characterization.

2.13: Solution Based hin Film Processing

Semiconducting polymers can be advantageous alternatives to traditional inorganic
semiconductors because of their solution processibility. Several semiconducting polymer
chemistries can be dissolved in solvents, and the solubility is a function of temnpexat
polymer and solvent chemistries. Polymer solutions can then be deposited or cast into thin films
using a variety of processing methods. Inherently, the casting methodology can impact the polymer
macro and microstructure once dried and depositedthis thesis, several deposition methods
were employedincluding blade coating, spin coating, spcagting, drop casting, and wire bar

coating. With each of these techniques, simdution properties, deposition temperature, and

74



deposition rateq.g.coaing velocity and height, spin rpm and tinagg important parameters that

may affect the resulting macro and microstructure and thereby the resulting transport properties.

2.14: Solution Based Doping Methods

Doping semiconducting polymers ischemical reactionand oftentimes solution based
doping reaction occur either through a concomitant processing scheme or a sequential processing

scheme.

With concomitant processing, the dopant and polymer are addedgantgesolution and
permitted to ract. The permitted reaction may vatgpendingon theconcomitantprocessing
system. After sufficient time, the solution (solvenpolymer + dopant)is deposited onto the
substrate as a thin film. Notably, polyméend dopantsgan precipitate out of saion when
doped, so the film quality can vary significantly. Furthermexegss unreacted dopants are always
present when concomitantly processed, so rinsing with excess solvent is necessary, however it may
not full rinse all unreacted dopants. Lastlythaconcomitant doping, the polymer may not achieve
its desired or preferred microstructure because the dopants are already present and intercalated as

the film is drying.

With sequential processing, the polymer solution is first deposited and driedvatisy
thefilm is exposed to aolvent that will swell the polymer, but not dissolve, and dopargsn
this swelling solventWhile swollen, the free volume is increased and the interface of the polymer
and dopant solution increases and permits forrdpphemical reactions. Ideally, any dopant that
does not react is removed when the dopant solution is removed, but for good measure, the films

are oftentimes rinsed with excess pristine solvent as Mdlr rinsing with solvent, films were
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oftentimes he@d and/or vacuum dried to remove residual solvilthough sequential doping
can affect the polymer microstructure, it oftentimes disrupts the microstructure to a lesser extent
and results in higher degrees of ordering and transport properties. Mass siregsented herein

were performed using a sequential doping process.

2.2: Charge Transport Measurements
| want to thank Akanksha Menon for building the thermoelectric set up that | used for this

thesis and for teaching me how to understand, properly use, and troubleshoot this measurement

set up.

2.2.1: Electrical Conductivity

Electrical conductivity measurements were performed usingahealer Pauw technique.
Thin polymer films were cast onto eleciily insulative substras, with thicknesses generally
ranging from 100 nm to lm, depending on the systefrhese substrates aséientimes glasand
areca. 1 cn? squaresElectrically insulative substrates were usedite@quivocallyisolate the
chargetransport in the polymer filmPt or Au contact pads were deposited either prior to film
casting (bottom contacr after film casting (top contact), and noble metals were chosen to
mitigate any chemical reactions with the dopdFfiese contact pads were Imn¥ squares,
arranged on the outer diameter of the film, degosited through a shadow masking either using
electron beanthermalevaporation osputtering. These contact pads were deposited as a square

patter on the outer diameter of the film tasgtthe assumptions in the van der Pauw calculation.

Electrical measurements were performed using a Keithley 8d6ftemeter, controlled
using a LabView program. Théeithleysourcemeter made electrical contact to the film via copper

wires that fed into four probe stations with micromanipulators amfjsten needle tips.
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Micromanipulators were used to make electrical contact between the tummgséerd contact pad.

For eachreported electrical conductivity, 8 resistanoeasurementsere performed and averaged

to calculate théorizonta) vertical, and sheet resistances. Measurements were examined to ensure
minimal anisotropy andonsistent resistances were recorded for eatite 8individualresistance

measurements.

Furthermore, these measurements were performed on a Peltier stage in ambient conditions.
Doping was performed immediately before measurements, both of which occurred after film
casting and contact pad depositidhis sequencing (doping then immediateigasuring)wvas
performed to mitigate ambiemnvironmental or temporal effects on the measured transport
properties.The Peltier stage was used to control the measurement temperature and enabled
electrical condutivities to be calculated as a function of the film temperatuequate time was
provided between measurements so that the film temperature could equilibrate with the Peltier

stage set temperature.

2.22: Seebeck Coefficient

Seebeck coefficientneasurerants we performed on a similar set up as the electrical
conductivity measuremenisHowever, for Seebeck coefficient measurements, films were
suspended between twltierunits, and two electrical probes were used. Velt@gasurements
were performed acss two contact pads that were heated to two different temperatures by the
Peltier units. Ktype thermocouples recorded the temperature aléotrical contact between the
contact pad and micromanipulator tip. The temperatures of each Peltier stageveErsnsa 5
10 K range about the central temperature (usually 298 K), ranging from 3 to 7 steps and unique

voltage and temperature measurements. The slope of the wattegaperature gradiemtas used
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to calculate the Seebeck coeffici¢né. — Y, and linear slopes were ensured for all reported

values.

2.3: Spectroscopic Characterization
2.3.1: Ultraviolet-Visible-Near Infrared (UWVis-NIR) and (Fourier Transform)

Infrared (FTIR)Spectroscopies

UV-Vis-NIR spectroscopy was employed to chagdee the optical and electronic
transitions Depending on the instrument (AvantassCary-5000), theobservable energies ranged
from 0.5 to 4 eV. These measurements were oftentimes performed on thin films on glass substrates
in transmission mode. Ideall§ilms were sufficiently thin so thagreater than 10% of the light
intensity was transmitted. In pristine semiconducting polymers, the optical transitions are
associated with the optical band gap, which is closely related to the energetic differdree in t
FMOs, but not exactlyJpon doping, new electronic states are formed and populated which alters
the wavelengths and intensities transmitted. ThereforeVidWIR measurements can provide
semiguantitative evidence for quantifying the extent of dopirdy elactronic structureThese
references have been exceptionally helpful for understanding optical transitions and how to

interpret these transitions in the context of semiconducting polyfmefs?!8

Explicitly, the transmittances defined as,

Yl —, Eq.88
whereQ is the intensity of the transmitted light after passing through the film and substrate

(oftentimes glass), an®D] is the intensity of the transmitted light after passing through the
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substrate. Therefore, by r e ftrate vathoot ia filg ogatmod fH z er

have 100% transmittang€yx 100%)

The absorbance of the film is defined as,

01 1T Cvs Eq.89
Therefore jf we have 100% transmittancéy( p), theno = 0. If we have 10%ransmittance™YY
= 0.1), therd = 1. If we have 1%esistancé”Y= 0.01), therd = 2. Note that this definition is in
logrithm-basel0as commonly wused with s o,lwhileotleersinthe e mi st
solid-stak physical community use logdum-baseQ (natural logarithms). Additionallygoing
from Eq.110to Eq. 111 assumes that no intensity is loss due to reflection, which is oftentimes a
fair assumption bu it becomes increasingly important if attempting to define the complex
dielectric function. Lastly, note thateasurable andalculabled 7 can be related to material

properties,

61 1 o Eg.90

where] is theextinction coefficientis the concentration, aritis the path length (thickness).

Notably the observable absorbance is a summation of all chemical spatigbeir oscillator§'QR

present in the filmThe intensity{extinction coefficientand peak shape and wide of each oscillator

can be traced back to quantum mechampoakcipals such as the el ectronic
golden rule (see Ref, but in solidstate andnhomogeneousystems, it is challenging assert

peak intensities, shapes, and widths. Therefore, it is advantageous to systematically sweep the
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doping level and measure the evolution of these optical spectra with increased doping level and

use it to corroborate other transport, structural,spettroscopic measurements.

Similar principalsapply to infrared spectroscopy (IR), but notably the infisspectra
(ranging from~0.05 to 0.5 eV) probes lower energy transitions. Typically, these lower energy
transitions are associated with dielectiisorbances, such as bgradarizations, and can be used
to identify chemical species and moieties present in dielectric materials. Homelgle charge
carriers located in an ensemble of electronic states may be able to absorb the infrared frequencies
and experience an intraband transition from one energy level to another energy level within the
same band. This is commonly observed in metals and semiconductors. Furthermore, charge
carriers in chemically doped semiconducting polymers are oftentimesipiclar nature, meaning
that the charge transport is associated with a change or propagation of the vibrational moment.
Therefore, infrared spectroscopy can be useful in elucidating to what extent are the polaronic

charge carriers present and coupled tamfduscating) dielectric moments.

2.32: X-ray PhotoelectrorSpectroscopyXPS)

First, | want to thank Jamie Wooding for embarking on this XPS quest with me back in
2019for the SLoT studyl appreciate your expertise amillingnessto reanalyze the daas we
learred more. Thank you also to Khaled-Kirdi who performed numerous XPS measurements
during 2020 for the P3HPE:studyand | earned from Jamieds met ho
extreme gratitude to Amalie Atassi who has taken these XPS meesuseand deconvolutions
to the next levell am beyond excited to see what you do next, Amaéstly, | want to thank Dr.
Faisal Alamgir for his insights on XP&hd reassurance on our deconvolution assumptions and

methodologies.
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Although optical and infrared spectroscopies can be used to quantify the concentration of
a specific oscillator (perhaps a charge carrier concentration or dopant counterion ion
concentration), thigprocess is challenging because the oscillator intensitydcchange as a
function of the dielectric environment and be convoluted with other oscill&torglevate our
understanding of charge transport in chemically doped semiconducting polymers, | sought a
technique that coul d i xidatdomand iy foundjon muitiplé dangpusesh e e x
Notably, Hall effect measurements are not viabldisordermaterials, due to thenomalougHall

effect (see Reffor greater details)so | pivoted to focusing solely on a chemical technique.

Studies performed bRRatcliff et al used a series of electraahical and spectroscopic
methods to quantify the extent of oxidation in P3HTP8 Explicitly, the extent of doping was
controlled and quantified using cyclic voltammetry (measuring the current, potential, and time),
and then corroborated by deconvoluting the sulfur XPS sp&s#raeral other growghavealso
used XPS to quantify the nt of doping by quantifying the counterion concentration with respect
to the polymer concentration, assuming a countestioichiometry These studies provided a clear
experimental protocol for deconvoluting XPS spectra to quantify the extent of dowistawved
that optical spectra and (thermo)electric properties ought to be commensurate with the XPS
deconvolutions. In other words, the XPS deconvoluted extent of oxidation must-bersatent
with increasing carrier absorbances in the -US-NIR spedra, increasing electrical
conductivities, and decreasing Seebeck coefficients, in gebasdly, Ratcliff et aldemonstrated
that the shifts in the cotanding energies measured using XPS are commensurate with the shifts

in the measured and calculatedrk function and ionization potential (and ergo Fermi energy
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level); this equivalent shift will become a linchpin idea in advancing the utility of XPS and

transport modeling®

X-ray photoelectrospectroscopy is a coetevel xray technique thatadiates the sample
with a characteristic-xay (usuallyy | for Al at 1.886 keV) and measures the kinetic energy of the
photo ejectedore electronBased on the inputsay energy and measured outpungtic energy,

the binding energy of the core electron is calculatemtably, the core binding energy for each

element is characteristic and shifts only by a few eV depending on local chemical environment.

Furthermore, the peak location and shép# width at half max)are well documented for each
elementand their local chemical environmeMy team and | have found these review articles to
be exceptionally helpful when deconvoluting XPS spettfaas well aghe Thermo Scientific

website and the NIST database.

When using XPS to measuthes core orbital (C-1s, N1setc) the XPS peak ought toeb
symmetricaloneif there is only one chemical binding environmenhhis is because the core
electronic states are isolated atmnot form a bandike structure (se&igureb5); therefore,an
ensemble of electronic states (or a band of states or a band of excitzdior)responsible for
theXPSsignal, but rather th&€PSsignal is only a function of the population of isolated core states.

In other words, with XPS only one oscillator is possible if there is only one chemical binding
environment, and this contrasts with otepectroscopic technigs.If we have reason to believe
there are two chemical b i-Is dpeatrayfor acetic acrd,ovhareeve t s
have the acid carbon and the methyl carpth®n there ought to be two peaks with slightly offset
central binding energy lations and fullwidth at half maximumsThe relative area for the acid

and methyl carbon ought to be 1:1, consistent with the molecular stoichiomietrgontrast, if
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you look at the FTIR spectrum for acetic acid, you will have a medley of peaks alatasci

with varying strength.

In elements with @ core orbital (82p, Cl2p etc) or heavier elements (73d), the XPS
peak will be fitted with a single doublet peak if there is one chemical binding envirorifhent.
doublet peak is needed because of -gpbit coupling, whereby the 2@nd 2p energies are
slightly less stable (lower binding energy) with respect to theeRprgy.Therefore,in a S-2p
spectrum with a single chemical binding environment a doublet ought to fit the signal area, where
one part of the doublet has an area 2x greater than the second part of the doublet, consistent with
the spltting of the jorbitals. Furthermore, dependion the elemental chemistry, the energetic
distance between the doublets will shift. For th2pSspectra, the doublet spacing is ~1.18 eV.
Although this spirorbit coupling rules and defined binding energy ranges make XPS
deconvolution more tedioute® rulesenable morguantitativeand pedantic assertions for the

extent of doping compared to other methodologies.

In P3HT, the extent of doping can geantifiedusing the peak shifts in the I3 and &p
spectra with incremental increases in the dopavgl. Because oxidative doping only oxidizes
some of the C and S atoms (and not all), we are certain there are only two chemical species
(excluding the aliphatic carbon side chaipsg@sent in the film responsible for the signal area.
Becausef thesechamical species constraints along with the constrashgpin orbit coupling and
FWHM constraintssimplex algorithms nearly always converge on a reasonable deconvolution.
The area of the oxidized carbon peak, with respect to the total aromatic carb@ndrite, area
of the oxidized sulfur, with respect to the total sulfur area, are averaged to find the total extent of

doping or the carrier ratio. By assuming monomer molecular weights and mass densities, this
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carrier ratio can be converted to a carrienglty. Lastly, if the counteriostoichiometryis fixed
(i.,e. FATCNQ, manyosylateare fixed, PF) XPS can be used to quantify the atomic abundance
of the counterionwith respect to the polymer heteroatom (likely sulfiar)quantify the carrier

ratio 3% 64 7¥4 These procedures are detailed greatly in several of our manuscripts.

2.4: Structural Characterization
2.41: GrazinglncidentWide Angle X-ray Scattering (GIWAXS)

First, Iwant to thank Maddie Gordon and Akanksha Menon for developing the connections
that enabled me (and Amalie and Josh and othettan superb GIWAXS data. Maddie, you
have i mproved the quality of so manyconneetsear ch
Similarly, | want to thank Gregory Su and Guillaume Freychet for twdiingnessto help
measure, deconvolute, analyze, and mentor me (and Amalie) throughout this GIWAXS process.

am excited to see the results of our beamline proposals cdrogitm over the next several years.

GIWAXS measurements were performed at either the Advanced Light Source or National
Synchrotrons Light Sourek. GIWAXS measurements weaglvantageoufor these polymer thin
films because these measurements are aukedthigh fluencest low angleswith 2D detectors
The highfluenceenabled us to obtain an observable sigtadllétopXRDs oftentimes do notjhe
low angles enabled a greater crgsstional interaction volume with the film (and less so with the
substrate),and the 2D detectoenabled us to quantify the extent of orderingaind out of plane
GIWAXS operates on the sarpeincipalsas XRD, where Braggeflections are observed due to
the periodic spacing of atomand constructive interferencéNotably, GIWAXS provides
guantitative information on the quality of ordering (via peak shape) and the spacing of the

crystalline planes (via peak location), buUMRXS provides onlysemiquantitativenformation
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on the extent of ordering or volume fraction (via peak intensity). Additionally, GIWAXS does not
provide information on the spatial percolation of the order dom&h&/AXS measurements
provide unparalleledinsight on the atomic and nasscale ordering, but additional
characterizations are needed (on the nano to micro scales) to fully understand how microstructure
affects transport propertie$hese references have been extremely helpful for contextualizing

GIWAXS data in semiconducting polymer systethg>’’
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CHAPTER 3: DEVELOPING A SEMI -LOCALIZED TRANSPORT (SLoT)
MODEL

3.1: Chapter Overview
Developing the SLoT model cus of thisthesis. Thigs my major contribution to the

organic thermoelectric and charge transport commugtery thermoelectric measurement |
between 2017 and 2021 led to the development of this mdbel heteroatom sty made me
realize thatoping level generally decreased the activation energy for transport, in addition to the
commonly reportedY, relationship$® The ntype dopant study showebat different dopant
chemistriesat nearly identical concentrations can yield different Seebeck coeffi¢ighether

this is an electronic structure or dopant efficacy effect is debafdlee DOTT studies provided
enough data to conclusively show that the activation enbegy a statistically significan
dependence or correlation with the Seebeck coeffiéfetftThe SLoT model was a team effort;
every author played a vital and missicnitical role in this publicationThe subsequent text in this
chapter are largely adapted froine original publication, published hature Materials used with

permission’®

In summary, leading to the SLOT modehacge transport in semiconducting polymers
ranges from localized (hoppifike) to delocalized (metdike), yet no quantitative model exists
to fully capture this transport spectrum and its dependency on charge carrier density. In this study,
using an argetypal polymérdopant system, we measure the temperatapendent electrical
conductivity, Seebeck coefficient and extent of oxidation. We then use these measurements to
develop a serdbcalized transport (SLoT) model, which captures both localized elodalized

transport contributions. By applying the SLoT model to published data, we demonstrate its broad
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utility. We are able to determine syst@l®pendent parameters such as the maximum localization
energy of the system, how this localization energyhgba with doping, the amount of dopant

required to achieve methke conductivity and the conductivity a system could have in the absence
of localization effects. This proposed SLoT model improves our ability to predict and tailor

electronic properties afoped semiconducting polymers.

3.2: Background
Semiconducting polymers are used in a variety of devité$.8°To obtain the requisite

material properties for these devices, these polymers are oftentimes chemically doped. Unlike
inorganic semiconductors, doping semiconducting polymerdvas a chemical reaction, a larger
dopant mass fraction and concomitant microstructure alter&tidh’°Doping semiconducting
polymers often leads to the formation of a polaron, a charge carrier on the polymer backbone that
distorts the polymer bond order is coulombically attracted to the dopant counteffdrolaron
formation and microstructural inhomogeneity in the doped semicondupblymer result in

spatial and energetic localization of charge carriers in potential energy*¥éiZarriers need to
overcome this potential well energy to transport ch&tfeThe charge transport mechanism may
change as a function of the spatial and energetic landscape, and several-likpping metal

like transport models have been propose#f: °¢ 80 889 Charge transport models typically treat
metatlike (delocalized) or hoppinike (localized) transport separately; however in reality, the
transport mechanism likely spans a spectrbiif: 81 87 9Because polaron formation and spatial
inhomogeneity complicate commonly used charge transport assumptions (for example, nearly free
and independent charge carrjedeveloping a holistic model capable of capturing both localized

and delocalized transport simultaneously has been a significant chaftenge.
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3.3: Model Development
The phenomenology of electronic carrier generation, transport, and structure in semiconducting

polymers are summarized figure21. Figure21 depicts polaronic charge carriers, formed by oxidative
doping, in a poly(thiophene) chain. Hee charge carriers are resonance delocalized, but they are
coulombically attracted to the dopant counterion).(Electrostatic interactions, inhomogeneity, defects,
and poor interchain electronic wavefunction overlap may also localize these charge XZaf?iét 8°
Figure 21 illustrates that this localization traps charge carriers in potential wells of cdepthnd these
potential wells are separated by a distaiR®,; 8 ®°As the carrier density increasésdecreases, which
eventually leads to overlap of the wells and loveers In the limit that these wells are sulfficiently close to
one another, localized states become delocafiz&dyith semiconducting polynie achieving metdike
properties (for example, low Seebeck coefficiegt§iM4 0 e V/ K) and el ectrical

independent of and/or decrease with increasing temperéti#fey’

Because polymers exhibit a wide range of transport properties, numerous transport models
have been proposéd 8 8% 23 put these models fail to quantify the extent of localization, the localeed
delocalized transitions, and accurately predict both electrical conductiyipnfl Seebeck coefficierty(
as functions of both temperature atwping. The Kangsnyder model, which builds upon the Boltzmann
transport formalisms, model has come the closest to this goal of quantitatively relating microscopic
parameters to macroscopic observable propéfti#gs®In this model, the electrical conductivity is written
as,

Q"0

; . OfY  goee Eq.91

The transport functionp ‘OR'Y describes electrical conduction at any electron ené@yyafd
temperature”f and is multiplied by 'Q ¥ 'O, where'Qs the FermiDirac distribution function.

This theoretical treatment leads to the following exgitesfor the Seebeck coefficiéht®
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“Q’Q @ Eq.92
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which can be interpreted as an energy weighted average 6HY normalized to thermal
energies defined a'@)nBloplied byfia hasty,Qis the fundamantak (
charge.

Apparent fromEq.91andEq.92is that, and"Yarise from the samg ‘OR'Y, which contains
the underlying physics gewning electron transport in the system of interest. Consequently,
determining a correct expression for ‘OR'Y is necessary to describe charge transport in any
material. The Kangnyder model asserted the following form for the transport function,

5 o ©
. oy Y _— ho 0O Eq.93

where,, Y is an energyndependent prefactor, an® is the energy of the transport edge.

Charge carriers with energies above the transport edge contribute to charge transport with a power

law energy dependence designated.by

The energydependent term irEq. 93, —— , accounts for the increase in electrical
conductivity with increasing carrier concentration. As the carrier concentration increases, the
Fermi energy level increases, increasing the value-ef — , resulting in an increase jn

and a decrease # In inorganic and ordered materidlds related to the power law dependencies
of scattering time, velocity, and the density of electronic stAtédthough the physical

relationships governingis not clear in semiconducting polymers, a main conclusion of the-Kang

89



Sryder model is thad= 1 or 3 fits well. However, severatudies have demonstrated inconsistency
between experimentally measured data and the 4Saygler modet! 48: 91. 92

Two additional concerns exist with the Kasgyder model? First, the KangSnyder model
7 . . .
asserts that © AgD — and that, is a constant for a given material system (and

thereforew ).°2 However, this, Y term captures many physical phenomena, including the
localized to delocalized transition. Thys, “Y is likely a function of carrier concentration
throughow , and® is expected to decrease with increasing carrieceotratiorr 50 85 88, 92,95
Second, rast polymerdopant systems fit an= 3 model!® *3which typically requires ai®

'O 1 eVtoexplain the data at modest carrigraamtrations® % °This is unphysical at moderate
carrier concentrations, considering the full electronic bandwidthsyi€eaducting polymerare
approximately 0.5 to 1 e¥ 9% An s =1 transport function usually exhibits more physically
reasonable Fermilevel®( O 1@ A §, but this results in a poor fit for ti¥ , curve.

To resolve these deficiencies in the charge transport modeling we systematically doped
poly(3-hexylthigphene) (P3HT) with Fe@hnd measured the electrical conductivity and Seebeck
coefficient.Figure21 plots our experimental data and the K&myders = 1 model (blackihe).

We find that the Kangnyder model alone cannot fit our experimental data fosg@imgludings
= 3), and we posit that the discrepancy is because the-Kayder model does not properly

account for localization.
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Figure 21: Depiction of spatial localization in semiconducting polymers and the resulting thermoelectric
propeties. (a) Doped and oxidized poly(thiophene) chains have positive polaronic charge carriers. These
positive carriers can be delocalized and can conduct itinerantly along the conjugated backbone. However,
these carriers are coulombically repulsive to am&lzer, are coulombically attracted to the anior),(@an

polarize the local environment, and result in a borakr perturbation (note the quinoidal bonds). These
listed attributes may contribute to localization. Note, solvating side chains and spaifabgeneity are
omitted for clarity. The size and position of the counter anion is shown only schematically but are known
to vary. (b) Polaronic charge carriers of sizeare localized in potential energy welts (), which are
separated from each othby a distance,Y, which depends on the carrier densi§y) @nd carrier
concentration ratiod). The energy required to hop out of the potential well is expected to decrease with
increasing carrier concentration. (&) , plot showing that a nominél= 1 KangSnyder model (black

line) cannot explain the P3HRFeCI3 experimental data (green squares, each data point represents a unique
sample measurement). The SLoT model (green line) accounts for a localization emergy) (that
decreases with increig carrier concentration.
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Herein, wepresent a model that capdsthe transition in transport behavior in semiconducting
polymers as a function of carrier concentration rat)o\(Ve term this model the setaicalized

transport (SLoT) model. Theansport function for the SLoT model takes the following form:

o ' mho O
ALY V-1 “iQ.,? ‘OTQ.E() ho o ° Eq.94
Notably different fromtheKang ny der model i s that -ndependemtanspo
term,, Yoo , A @B —— , which describes hoppirike transport behavict® 8 82 %s

explicitly defined as a furtion of & & (Eq.94).

For charge transport in disorder inorganic materials, Mott demonstrated thatrelated to
the potential well widthrg), distance betwen wells R), and effective dielectric constant () for
charge carriers localized due to polarization afn®&: ®®However, in semiconducting polymers,
there are additional localization effects due to spatial and energetic disorder, electrostatic
interactions, defects, and more. Despite these differences, we posit thatthe SLoT model

should take a similar funional form, and we define® as

Y
A T- i Y Eq.95

Eqg. 95 expresseso as a function oR, which is not easily measurable. Under the homogenous
medium approximation, the distance between charge carriers can be approxiried ag ©
@ 7 wherenis the charge carrier density, anis the charge carrier coentration ratio that is

measurable using XPS. It is convenient to define a generalized fabm df as
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Because botlh andc areexperimentally measurable, the maximum localization enebgy ()

and the rate at which localization decreases with increasing carrierdatio () can now be

calculated. Additionally¢o is the carrier ratio where delocalized transport is achiewed ( 1.

In the context 0Eq. 95, & is the carrier ratio needed fat [
Subsequently, wewill use the energyndependent term inEq. 94, , "Yo
., A @D —— | to quantify the effects of doping that are not captured in the edeggndent

integralas a single valueSincew changes with doping, "Yib also changes with doping.
Thus, we will refer to this as  "Yoo to delineate it from the  "Y term in the KangSnyder
model.Reevaluating "Y as, “Yto provides a practical method for capturing the change in
transport character and localization effects with doping.

Eqg.94al so defines t he -defpmnaantgoentritugon toitlertranspore ner g

function, — , to be proportional t@®© (i = 1) for charges with energi€® 'O. An O

dependency is commonly observed in inorganic materials, is common inliketaansport
models, and exhibits physicallreasonable Fermi levelfO( O pA 8. Additionally, we
quantify the carrier ratio needed for the Fermi energy level cross the transport eédgeashen
o 0.

Therefore, A @D —— accounts for hoppintike (localized) contributions, while

— — Q'Oaccounts for metdlke (delocalized) contributiondo the observable

transport properties. lthough the SLoT model utilizes the Boltzmann transport formalism, it is
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guantitatively similar to Marcus theory and other hopplikg models(see supplemental of this
section)®!: 82.85.90.99, 100 a4ty is approximated to be a scalar constant for a material system
and is a function of the material s carrier
entire"Y ,, curve® 94 101

To validate the SLoT modeE(. 94), we first measure the thermoelectrioperties of P3HT
doped with FeGlas functions of both temperature and carrier concentration. We then use a four
step analysis to contextualize these transport properties with the SLoT model framework.

3.4: Experimental Approach
To systematically controtarrier densities, P3HT was sequentially doped with Fe€l

increasing concentration (0.38 mM to 50 mM in acetonitrilgure 22 plots the electrical
conductivity and Seebeck coefficients of the P3HICE films, and we observe the common
inverse correlation betweehand, as a function of doping. To quantify the oaiobn ratio and
the carrier density, XPS measurements and peak deconvolutions were perfeiguesl@, see
also the supplemental sect)df? 1°3The oxidation ratio is indicative of the number of charge
carriers per thiophene ring, and it can be interpreted as the carrier ratio (representetivay
this doping rangegtakes on valu from 0.06 to 0.27; thesevalues, the calculated carrier
densities, and the mobilities are consistent with other reports and techsiegissgplemental§*
One important distinction of the SLoT model framework is tlainfluences polymer
microstructures, distances between charge carriers, and localizatiaziesnevhich are not
explicitly captured in the Fermi integralherefore, constructing a generalized Boltzmann

transport theory which captures localization effects requires both evaluating Fermi integrals using

reduced energies-( —) and reduceéermi energy levels{ ——), as well as a treatment of
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» Y, which is uncommon in semiconductor physideevitably,— is required to evaluate the

SLoT model within the Boltzmann transport equations, so we utilize aesapirical relationkip

betweenand— and to evaluates @ and, "Yoo (see supplemental
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Figure 22: Doping P3HT with FeCI3 and the resulting thermoelectric and spectroscopic properties. (a)
Electrical conductivity and Seebedoefficient as a function of the FeClI3 solution concentration (in
millimolar, mM). The electrical conductivity increases from approximately 0.1 S/cm to 100 S/cm with
increasing doping level while the Seebeck coefficient decreases from approximately K46 VV/K.

Error bars represent samyjtiesample standard deviation of at least three films.-@y) Spectra for pristine
P3HT. (c) $2p spectra for P3HT doped with 50 mM FeCl3. Note that sulfur XPS spectra contains a 1/2
and 3/2 doublet peak with axéid energetic distance and area ratio. See methods for deconvolution
procedures. (d) &s spectra for pristine P3HT. (e)1S spectra for P3HT doped with 50 mM FeCl3. Charge
carrier concentration ratio and calculated carrier density measurement uncegaibég/found in Methods

and Figure Sb.

3.5: SLoT Analysis
The first step in implementing the SLoT model is to calculate the reduced Fermi energy level

(-~ —— using Eq. 92 and the measured Seebeck coefficieiis. 92 shows that eachY

corresponds directly to a unique Figure 23 plots S as a function of. As the FE€Ilz molarity
increases, the carrier ratio increases, the Seebeck coefficient decreases, and the Fermi energy level
increases with respect to the transport edge. Notably, the calculated valuasing ans = 1

model are more reasonable compared tas an3 model; the largest is approximately 10
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(signifying thatO 'O is 0.25 eV), which appears to be consistent with electronic bandwidths of
semiconducting polymef§:8°. 98

In the second step, "Yw, is calculated using values fronFigure23and the measured
,  "Yoo is equal to the measured electrical conductivity divided by its integral expression
evaluated at, andFigure23plots, “Yio as a function of. At low carrier ratios (0.06 to 0.22),

. "Yoo consistently increases. In this regime, the experimental data shows lower electrical
conductivities than the Kar§nyder mdel predicts, and this is becayse “Yto is lower than
expected Figure21c). At the highest carrier ratios (0.22 to 0.27), plateaus near 9 S/camd
converges with the Kan§nyders= 1 curve.

Third, we mathematically relate the P3HF€Ck electrical conductivity and changing
(Figure23) tow (Eq. 3).Figure23 shows a series of Arrhenius plots for "Y; the slope of
these plots is proportional ® , and the intercept is1 1, . Notably,w decreases with
increasing doping, byt remains comparatively constant, particularlyder0.09. This indicates
that, is a fundamental parameter for ayokrdopant system, and that converges tq
when localization diminisheg. approaching a constant value,ofis selfconsistent with the
plateau inFigure23; , in this study is near 8/cm

In the fourth step, we evaluate . From the complementary and consistent analyses in the
second and third steps, we know that is both a function of localization energy, temperature,
and carrier concentration ratibigure23 plotsc as a function of anda) and we find thato
decreasewith increasing carrier raticonsistent with prior observatioA85% 5 87At low carrier

ratios € = 0.06) the calculated localization energy is approximately 130 meV, so the observable
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electrical conductivity is lowered by more than two orders of magnitude at 36{ie, the
transport is heavily localized, and this reductionelectrical conductivity is consistent with
experimental electrical conductivity being less than the Kamgders= 1 model values iRigure
21c. In contrast, at high andc values ¢ 8.5, @ 0.27), the localization energies range
from O to 10 meV. Here, the transport is heavily delocalized, and the SLoT model converges with
the KangSnyders =1 model.

Recall that Eq. 5, 6 provide a physical basis to gfiaidicalizationw as a function of

@A T A The green line shown Figure23replicates the measured activation energies using Eq.

5,6 and the measured carrier concentration ratios. We calculat® that ——— 288
h

meV. Additionally,- p ® (wher- isthe permittivity of free space), andg, p TV are
derived from Eq. 5, antthese parameters fall within the physically expected rasymp(emental
The SLoT model explains the lowtranexpected electrical conductivity iRigure 21c,
guantifies the rate which localization energies decrease with increasing carriefHigtiosZ3c),
and predicts the carrier ratio needed for méka transport Figure23d). Additionally, the SLoT

model shows that when the localized energy approacheskigwg23d) and,  “Yio plateaus

(Figure23b), a localized to delocalized transition is likely occurring. Ultimately, the SLoT model

in Figure21c does not contain any freely adjustable parameters.
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Figure23: Quantifying localization in P3HFeCk. (a) The Seebeck coefficient as a function of the reduced
Fermi energy level for a representative dataset spanning from 0.38 to 50 mMTHFeCiorizontal dashed

lines are measures] andthe green dots are the calculatigsing Eq. 2. (b) The transport function prefactor

as a function of the reduced Fermi energy level for a representative dataset spanning from 0.38 to 50 mM
FeCk. (c) Arrhenius plots of the transport function prefactoraainction of inverse thermal energy
(temperature). Individual data points are calculated from measured electrical conductivities and
temperatures, usingq. 94. Blue shaded rectangles are provided to help visualize the change in slope,

corresponding to the change Wi. Note that each subpanel contains the averaged c values
corresponding to that temperature dependent measurement. (d) Localization eadoggtisn of reduced

Fermi energy level for a representative dataset spanning from 0.38 to 50 miMGiegland green shaded

areas correspond to more localized transport, as seen in Figure 1c. The model line is calculated using Eq.
Eq. 94, and the calculated localization parameters obtained from the measured data are listed. Note that on
panels (a,b,d: andcq are labeled, indicating when the Fermi energy levebjisal to the transport edge,

and when localization effects are minimal, respectively.

99



3.6: Literature Validation
Figure24 compares the ability for the Kasghyder and SLoT models to accurately cap&ire

T s behavior in experimentally reported data from literature reports. These literature reports are
selected because they represent a diversity of chemical systems andtencbmpasses a
sufficiently large range oY ,, values to demonstrate the advantages of the SLoT model. Similar
to Figure 21c, the KangSnyders = 1 model (blackihes inFigure 24) overpredicts electrical
conductivity for every system reportedkigure24. In some cases-{gure24b, c, d, and e), the
data does converge with the KaBgyder model at high electrical conductivities (high dopant
densities), indicating transport occurring via primarily delocalized contoibsiti However, the
SLoT model more accurately captures e, curves at all doping levels because it accounts for
both delocalized and localized contributions to the observable transport properties as a function of
the carrier ratioThe SLoT model alsprovides additional physical insights about the electronic
transport phenomena, amdble2 summarizes these SLoT transport parameters. Further insights
are highlighte below with more information included supplemental

First, consider the data figure 24a for P3HT-NOPFs.®® This system is similar to our
data inFigure 21c, except the P3HT is now doped with NQm#stead of FeGl Comparing these data
sets provides insights about the effects of dopant chemistry on transport properties. Notably, the P3HT
NOPFs system never converges with the KeBigyder model. This failure to converge indicates that the

charge carriers never become fully delocalized in the PRBPF system. From the SLoT model and the

& & relationshipsve can tell that at highvalues @ T@®) & remains near 50 meV for P3HNOPF
while in P3HTFFeCk it approaches zerol able2 shows that the smalles and largew for the

NOPFRdopantcohr i butes to this | ocalization. Thus, t he
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that higher localization energies and not lower Fermi energy levels are the physical mechanism for why

NOPF is a less effective dopant than FeCl

Next, consider PBTTT, which oftentimes achieves higher electrical conductivities in
comparison to P3HTRigure24b plots data for PBTTT (PBTT-C16° and PBTTTFC14%). Like
the P3HTFFeCk system ofigure21c, this data set converges with the Ke®igyder model at high
conductivities, indicating delocalized transport at these dopant densities. However, shape of the
“Y , curve at lower conductivities (localized transport) is significantly different from th&@P3H
FeCk data. From the SLoT model, we assert that this curvature in the localized regime is a

consequence 6f @ andw @ (supplementdl Table2 shows that theseBTTT systems have
a smallemw and largew , iIndicating that charge carriers in PBTTT are less localized and

achieve delocalized transport at lower carrier ratios. These differenoes inand large

are likely afforded by the mitctural differences between PBTTT and P3HT, where PBTTT has
increased rigi di tstacking facditatedroy theyusea thignof@Rhiophene
ring** Thus, by understanding thec andc @ functions that are derived from the SLoT
model, it may be possible to quantify the effects of microstructuddring on charge carrier
localization.

Next, we examinePoly(acetylene) (PA), which can obtain remarkably high electrical
conductivities (~20,000 S/cm§® Figure 24c shows PA sequentially doped with Fe&fll
While the™Y ,, curve shape is similar for PArigure 24c) and PBTTT Figure 24b), Table 2
shows that PA requires lower carrier ratios to achieve delocalized transgortafd to
concomitantly have the Fermi energy level greater than the transportc@dde ¢ther words,

doping PA withFeCk is highly effective at both decreasing localization and increasing the Fermi
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energy |l evel. We specul ate this is I|likely bec
linear, planar (no ring torsion) conjugated backbone.

Figure24d shows the data set and model fits for PEDOT doped with ferric tosyA&amilar
to previous studies, this PEDOT system can become delocalized, but this PEDOT system achieves
delocalized transport at comparatively high Seebeck coefficients and low Fermi energy levels
(sumplemental. Convergence of these two models is dependeat on 1, which occurs near the
transport edge in PEDOTable2 shows that PEDOT has a large carrier ratio at the transport edge
(o), and therefore PEDOT can be visualized as having comparatively more potential energy wells
with more overlap at the trapsrt edge and lower potential barriessis comparatively large in
PEDOT because PEDOT is less ordered than P3HT and PBT¥Tand this may result in many
carri ers A t.rAddpignaly becabse PED®T is more electron rich and can be doped
to a greater ext#, there is a large delocalized carrier population alboaedcq. (supplemental®*
39, 114, 115yltimately, this comparison demonstrates that the SLoT model may be useful to
guantifying the effects of the electronic structure on the resulting transporttgeper

To further explore the SLoT model 0s br ea:

phenomena in chemically doped single wall carbon nanotubes (SWQORFs)e4e).9% At high
doping densities, these SWCNTs exhibit delocalized transport consistent with th& kadey
s=1 model, but atdw dopant concentrations, the SLoT model more accurately captures the
transport phenomenon. Using the SLoT model, we calculate a localization potential of about 50

meV (Note S9, consistent with the previous repétCompared to polymeric systems, this

SWCNT system has a notably largerand w , likely due to the more rigid backbone. The
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success of this analysis suggests that the SLoT model may be applicable to many different material
systems in which both localized and delocalized transport is present.

Lastly, in Figure 24f we examine N2200, an-type semiconductot: While all prevbus
systems are-pype, we do not believe the carrier type should affect the efficacy of the SLoT model.
Unlike the previous examples that used chemical doping, carrier densities in this system are
achieved with a fielgeffect gate bias. As such, no courdas are introduced. Similar to P3HT

NOPFs, delocalized transport is never achieved in this N2200 systsing temperature and

doping dependent and"Ydata, we can use the SLoT model determiine andw for this

systenii 150 meV and 220 meV spectively. These values are lower than those observed in
chemically doped systems, suggesting that counterions may both increase localization and increase
the rate which localization diminishes. Lastly, increaghngtemperature from 200 K to 300 K
themally activates the carrier density and carrier mobility in N2200, shifting the data to higher
electrical conductivities. The SLoT model accurately predicts this shift in transport phenomena,

further demonstrating its utility in understanding temperattiegts on transport.
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Figure 24: Comparing the Kan&nyder model (black lines) and SLoT model (colored lines) to
experimental data from literature. (a) Ref. 9 studied pehg®yl thiophene), P3HT. (b) Ref. 13, 22 studied
poly[2,5-bis(3alykl thiophen2-yl)thieno[3,2b]Jthiophene], PBTTT (c) Ref. 3843 studied
poly(acetylene), PA. (d) Ref. 44 studied Poly{8tylenedioxythiophene), PEDOT (e) Ref. 20 studied
single walled carbon nanotubes, SWCNT. (f) Ref. 18 studied poly{fi§{-octyldodecyl}naphthalene
1,4,5,8bis(dicarboximideR 6-diyl] -alt-5,5-(2,2-bithiophene)), N2200. The color of the SLoT model fit
curves corresponds to the colors in Table 1 and is indicative of how well the SLoT model can be applied
based on the experimental data provided. Models with green curves haveustalde]jvariables; all
variables and relationships are calculated from independent experimental data. Models with orange curves
have an unknown and an adjustable relationship (eitheco or — @) that can be estimated using the
SLoT model.
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Table2: Compiled notes and parameters for literature studies analyzed with the SLoT &¢dél) |, d(c),
Wi(c) refers to whether the literature studies provided sufficient data to analy2e, tbharve, thed ( ¢ ) ,
and/orWy(c) relationship. Stdies that have Y (yes) for all three categories have sufficient data to apply the

SLoT model without freely adjustable parameters. Rows are shaelechndorangecorresponding to the

number of AYesd answers which det eandw nearethehne con
maximum localization energy and the rate which localization decays with increasagpectively. See

Refence Note S4 for additional informatian, ¢ refers to the carrier ratio or density (needed to

achievew rtand converge with the Karnyders = 1 model.o refers to the carrier ratio needed to

achieve- TrorequivalentyO ‘O.At® @ the SLoT model indicates that the Fermi levas entered

the band. No#linear regression nominal values, confidence intervals, sswbes are noted in Note S4,

where applicable.

Polymer | Dopant |{ Q |t 3 |57¢ 4 Doping a |t AL | AR
Notes [S/cm]| [meV] | [meV] |* -ulcm™]
P3HT FeCk Y | Y Y [This Study. 9 288 443 0.27, 0.04
FeCk solution 9.9
doping.
P3HT NOPK | Y Y Y |Doping process| 0.5 325 410 0.5, 0.06
releases NO gaj 18
byproduct.
PBTTT TESF Y Y N |Used transistor | 22 240 640 | 0.052, | 0.007
doping methods 0.91
with TFSI gate.
PA FeCk Y | Y Y [Sequentially 10 265 775 | 0.039, (9.4 x10*
& doped with FeG 9.1
More metal halides.

PEDOT Fe Y Y N |Dedoped with 75 700 1200 | 0.20, 0.22
(OTs)k TDAE and then 8.4
removed salts.

CNT OA Y | N N [Oxidatively 250 | 300 | 1100 | 0.02, 0.01
doped SWCNT. 2.5

N2200 FET N | Y Y |Doping 2 150 220 0.32, 0.09
controlled by 1.9

traditional field
effect transistor.
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3.7: Summary and Conclusion
Charge carrier localization is known to limit tekectrical conductivity of chemically doped

polymers, and current models fail to simultaneously: (i) quantify the effects of localization, (ii)
capture the transition from localized to delocalized transport, and (iii) provide an accessible
experimental framework. To this end, we developed the séalized transport (SLoT) model

and experimentally validated it with the P3HECk system and other literature reports. A subtle
yet substantial modification to the Ka&mnyder model results in the SLoT modehieh captures

both hoppingike and metalike transport as a function of temperature and carrier concentration.
The SLoT model quantifies the rate at which localization energy diminishes as a function of
temperature and carrier concentration ratio, a$ agethe carrier concentration ratio required to
achieve metalike transport. Consequently, the SLoT model more accurately fits experimental
data from a wider variety of materials than other leading transport models.

The future implications of the SLoTadel are farreaching. When coupled with chemical and
structural characterization, the SLoT model provides critical links between chemistry, structure,
localization, and transport properties. Furthermore, the parameters quantified in the SLoT model
(@ 0,i 5,0 &,— ®)are relatable to simulations of electronic density of states, polarization
radius, reorganization energy, transfer integrals, and eleplronon coupling. Therefore,
guantifying these parameters provides a critical link betwaolecular simulations and transport
measurements that is currently missing. Ultimately, the SLoT model will accelerate the rational
and quantitative development of chemically doped organic electronics for multiple applications,

including polymer thermdectrics.
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3.8: Supplementary Information
3.8.1Experimental Measurements afdperimental Analysis
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Figure25: Select temperature dependent thermoelectric property plots. Electrical conductivities from 283
to 308 K in air: (ap0 mM, (b) 25 mM, (c) 6.25 mM, (d) 1.5 mM, (e) 0.375 mM. (f) Seebeck coefficients
as a function of temperature.
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XPS measurements were performed on each film at each doping concentration to quantify
the extent of dopind:igure26 shows the atomic percentages of C, S, Fe, Cl as a function of doping
concentration solution. The pristine film showed no Fe no ClI (as expected) and an atomic ratio of
ca.91 % C and 9 % S, wtl is appropriate for the stoichiometry of heityilophene (the monomer
unit). With increasing doping, the atomic concentration of C and S decrease while Fe and ClI

increase. Near 12 mM, the Fe begins to plateau near 1 % and Cl near 4 %.

To better understal the extent of doping, -Fp and Cls spectra were further
deconvolutedFigure26, Figure27, andFigure28 show representative XPS spectra. Clearly seen
in both spectra is that the binding energy peaks shift to higher energies with increasgd dopin
FeCk oxidizes the P3HT, so remaining electrons on the polymer backbone experience a higher
effective nuclear charge and a higher binding energy. Specifically, inilses@ectra, a broad and
large shoulder neama. 286 eV emerges with increased dopfBgeV greater than the pristine 284
eV peak). In the &p spectrum, both doublets shift. 1 eV higher and a broad shoulder near
165.5 eV emerge$? 1%Using XPS peak deconvolution and prior literature, the C peaks were
deconvoluted into C and*Cwhile S was deconvoluted into S antl S$he ratio of ¥St is
measured extent of oxidation, and the rati€UC:multiplied by the ratio of [10 total carbons/4
aromatic carbons] was used to confirm the extent of oxidation. The 10/4 ratio is used because the

aromatic carbons (but not the aliphatic carbons) and sulfur share resonance structures.

The data poits presented inFigure 26 span from pristine films and low dopant
concentrations (left most data points) to highly doped films (right most data points), and all
intermittent doping levels are located between these two points. Additionally, all trend lines shown

in Figure26 are statistically significant with significant slopes and intercepts and 95% confidence
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intervals. We observe a monatomic decrease in the Fe/Cl ratio as the extent of doping increases
(red squares). This decrease indicates that as the extent of dopaagas;rthe stoichiometry of

the counterion changes from being more Fe rich to be more Cl rich. In particular, the Fe/Cl ratio
of 0.5 (near 0.375 mM doping) is indicative of a Fe€bunterion, while the Fe/Cl ratio of 0.25
(near the 100 mM doping) is irgditive of a FeGl counterion. The observation is further
corroborated by an increasing CI/S ratio (as shown in the blue circle data series). It is likely that
there is not just one counterion species present (for example, a blendanmid@eCGJ could
effectively yield a FeGI signal), and further analysis would be needed to robustly support this
claim. Lastly, the extent of oxidation of aromatic carbons as a function of the extent of oxidation
of sulfurs is shown in the purple triangle data serieswafield expect similar values of carbon

and sulfur oxidation because of delocalization within the conjugated ring. We find good agreement

between the extent of oxidation of carbon and sulfur.
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Figure 26: XPS data of P3HT doped thi FeCk. (a) Atomic percentages as a function of doping. (b)
Representative -@s spectra. (c) Representativ@(sspectra. (d) Ratios of atomic species with respect to
the extent of sulfur oxidation.
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Figure27: C-1s XPS spectras a function of doping. Black lines are the raw spectra, red area is the neutral
peak fit, orange area is the oxidized peak fit. (a) pristine, (b) 0.375 mM, (c) 1.5 mM, (d) 6 mM, (e) 25 mM,

(f) 50 mM.

111



b)

- S-2p- Pristine

[S-2p- 0.375 mM C) [5-2p-1.5 mM
| Neutral- 3/ Neutral- 3/2
rOx.-1/2 Ox.-1/2

| Ox.-3/2 Ox.-3/2

169 168 167 166 165 164
Binding Energy (eV)

Ox.-1/2
x.-3/2

1 I !
1
169 168 167 166 165 164 163 162 161 160 159 469 168 1

Binding Energy (eV)

e
S-2p-6 mM |

Neutral-3/2 [

1
163 162 161 160 159 169 168 167 166 165 164 163 162 161 160 159

Binding Energy (eV)

S-2p- 25 mM

Neutral-3/2
Ox.-1/2
Ox.-3/2

67 166 165 164 163 162 161 160 150
Binding Energy (eV)

169 168 167 166 165 164 163 162 161 160 150
Binding Energy (eV)

S-2p- 50 mM

Neutral-3/2
Ox.-1/2
Ox.-3/2

1 1 I 1
169 168 167 166 165 164 163 162 161 160 159

Binding Energy (eV)

Figure28: S-2p XPS spectra as a function of doping. Black lines are the raw spectra, warm colors are the
neutral peak fits, cool colors are the oxidized peak fits. (a) pristine, (b) 0.375 mM, (c) 1.5 mM, (d) 6 mM,
(e) 25 mM, (f) 50 mM.
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If a P3HT-FeCk film has an XPS carrier concentration ratio of 0.2, then the estimated
carrier density is 7 x #0 carriers/cm (see dimensional analysis below). This analysis becomes
increasingly convoluted if more complex monomer units are used (copslymeif spatial
variations in density and dopant distribution are considered. Additionally, the XPS measured
cannot distinguish mobile and sessile carriers, so XPS may be aestveate of the mobile
carriers that meaningfully contribute to transpasstly, XPS is a spatial average, so the carrier

density in highly doped and dense regions may be an underestimate.

0.2 charge 1 site 6.02 x 132thiophene| 1 mole 1 gram
carriers molecules hexyk
thiophene
1 site ’ 1 thiophene ‘ 1 molehexyt ‘ 162 ‘ 1 cm?
molecule thiophene grams
Table3: Charge Carrier concentrations for P3H&Ck
Solution XPS Charge Carrier  Carrier Concentration Carrier Mobility
Concentration (mM)  Concentration Ratio  (polaron, #/cnéx 10679 (cm?/ V 's)
©
50 0.266 9.6 0.58
25 0.229 8.3 0.57
12.5 0.223 8.1 0.32
6.25 0.197 7.1 0.17
3 0.171 6.2 0.15
15 0.131 4.8 0.075
0.75 0.093 3.4 0.028
0.38 0.063 2.3 0.010

With these carrier densities, we estimate the carrier mobility with Drude forkiglae

29 shows the calculated mobility as a function of carrier density. We findtinatarrier densities
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are comparable to those measured in a transistor and Hall effect’St@ixerall, within the
broader P3HT literatur®?’* 1120 we conclude that the calculatedrier mobilities and densities

are reasonable.
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Figure29: Charge carrier mobility as a function of charge carrier concentration
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3.8.2 SLoT Analysis

To build intuition on the SLoT model, consider its behavior at the low ayid darrier

density extremes. At low carrier densities, the charge carriers are spatially isolate®)(lame
@ is large (> 100 meV)Rigure21), A @D — L p, andthe energyindependent localization

term (hoppindike transport)dominates In this hoppinglike transport regime, the electrical
conductivity should have an observalflerhenius temperature dependence. At high carrier

densities, charge carrier potential wells overlap (sRjalleducingw to less tharQ Y resulting
inanA @b —  p; in this regime, the energyependent term will dominate (metide

transport)and the electrical conductivity should not have a strong thermal activation. Since the
energyindependent term becomes invariant within this regime, the SLoT model should coincide

with the KangSnyder model fos =1 at these high carrier concentratioRgy(re21).

As outlined in the main manuscript, the SLoT model requires four steps to relate

localization and charge transport.

In the first step, Seebeck coefficients ased to calculate the reduced Fermi energy levels
as a function of doping. This is accomplished using the Boltzmann Transport expression for the
Seebeck coefficient (Eq. 2 in the main manuscrifigure30a shows the Seebeck coefficient as a
function of the reduced Fermi energy level for ans= 1 model. ThisY - curve is true for any
measured Seebeck coefficient and is independent of localization within the SLoT mgded.
30b shows théY - curve on a semilog scale. Atghi doping levels (largeandn), Sis low and

any small variation irS results in a large change # At S greater than 204 pV/Ks is < 0,
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indicating that the reduced Fermi energy level is outside of the band or density of electronic states

that contibute meaningfully to transport.
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Figure30: Seebeck coefficient as a function of the reduced Fermi level on a (a) linear scale and (b) semi
log scale).

In the second step, the relationship betwgenandc is quantified.Figure 31 shows that

XPS spectra can be deconvoluted to approximate the exteokidation and the carrier

concentration ratioTable 3tabulates the approximate carrier densities. Varyingshifts theS -

, curve left and rightandFigure31 shows that the experimental P3HT/Fe€in be modeled by

a changing . As carrier concentration increases, the Seebeck coeffi@ergakes; increases,

and, increases and then plateaus@iS/cm.
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In the third step, the localization energy () for,, is quantified at each doping level by

measuring the increase,jn with increasing temperature and fittirmgydn Arrhenius relationship
(. Y , A@b—).Figure25andFigure23in the main manuscript show that as doping

increasew decreases and plateaus at a constant value-8fS/cm, similar to the constant

found in step two.

In the fourth stepw is then related t@ and— through,  from steps two and three.

Figure S8ashows that the localization energy decreases with increagorgall measured films.
Figure32b shows that there is a statistically significant negative linear relationship betveen

andc'. Specifically, the yintercept is® ; (274 + 21 meV) and the-intercept is the carrier
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concentration ratio needed for delocalization (0.2 relationship establishedkigure32b is

useful to quickly compare the rate which localiaatdecreases in polymer/dopant systems.
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Figure 32: Localization energy as a function of (a) Reduced Fermi energy level and (b) charge carrier
concentration ratio. Dashed fit line shows a statistically significant linear redbiprwith at 95%

confidence interval.

There is a clear relationship betwaen andc, but in order to properly modeal within

the Boltzmann transport equation, we desire a relationship betward— such that and

118



, can be related te. Since the density of states is still unknown, we take inspiration from the

narrowband approximation whete8? 9

~

w QO

¢

Eq.97

and define a sesgmpirical relationship

~
g

w —— 8 Eq.98

We can describe our data usiag = 0.45,0 = 4.2, and® @ p We note that a
simple polynomial fit could have been used, and the conclusions and results presented in the
primary manuscript would be unchanged, since dhes. — relationship was eerimentally
determined. However, we believe a seamipirical model will perform better if one desires to
extrapolate the model outside the measured Bagare33 plots wvs.— relationship. Note that a
small variation in the Seebeck coefficient results in a large variatignas shown irFigure 30.
Ultimately, the semempirical approach gives some physical rational for the obsesveds. —

relationship.
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Figure33: Experimental XPS carrier concentration, versus-tiextracted from the measuré¢and and
i  ptransport function. The data are used to establish the semi empirical model etatihg

Accounting for localization and using the SLoT model providesnore accurate
understanding of how the electrical conductivity changes as a function of doping in
semiconducting polymerszigure 34 plots the electrical conductivity as a function of reduced
Fermi energy level. The P3HAeCk experimental data is more accurately modeled using the
SLoT formalism, which predicts a lower electrical conductivity at a given reduced Fermi energy
level. Oncelocalization diminishes, the SLoT model and K&mgyders =1 model converge.
Because eacl$ value directly maps to a unigue value, notable changes in the electrical
conductivity can be easily expressed in terms ahd does not require additional sfyescopic

analysis to quantifg, n, and the relationship betweemand-8
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Figure34: Electrical conductivity as a function of reduced Fermi level.

3.8.3 Connection between SLoT and Marcus Theory

We note that semiconducting polyrearan be difficult to analyze solely in the context of
Marcus theory because polymers have significant defect densities, static disorder, span long
distances (compared to many systems commonly studied using Marcus theory), and usually do not
form single cystals® % 121Although meél-like electronic states can form, transport along the
polymer backbone (intrahain) involves resonance delocalization, bond order perturbation, and
electron transfer of the polaronic carrtér?° Additionally, interchain transport is more hopping
like in nature compared totmna-chain because the distance between charge carrier sites is not fixed
by a primary bond. Despite these challenges, ¢
as a function of both carrier density and temperature can elucidate towhatextea n t he pol vy
transport properties be engineered and provide quantitative indications for transport regime

transitions.

Marcus Theory shows that the electron transfer hopping rate forexsalinge is
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Q o — Agp— | Eq.99

0 is the transfer integral (electronic coupling) between the final and initial statek, ands

the nuclear coordinate reorganization energy needed to facilitate the charge transfer. Oftentimes,
—— is defined as the activation energy{— O} ). In a selfexchange transfer, there is no

net change in the free energy of the syst¥®( ), soY'O is omitted from the exponential

term. The Marcus theory clearly shows that as the activation energy term decreaseés the

prefactor increases — . Note that this formalism only accounts for the reaction free energy

and the remanization energy, and as we have previously mentioned, Columbic effects and
spatial/energetic disorder are also present. Marcus theory can be further expanded to account for

some of these localization phenomé&ha?212>

Additionally, the transfer integral has an exponential decay deperdon the spatial

position between the final and initial sites. Explicitly,

6o o0Agp Yy, Eq.100
whereRis the distance between sites a and b| aisdhe decay rate. The hopping carrier mobility

can be expressed &5,

Qy .

— Q
a7y Eq.101

Therefore, the hopping electrical conductivity can be expressed as,
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Eq.102

, £€Q'tQ— 06 —A@D i
By combining similar terms,

Eg.103

i o Agp -t

Eq. S7 is similar to polaron hopping models frequently used and developed by Mott arfh Emin.
82, 85, 90, 1265 ecifically, in the Mott polaron model, where the electrical conductivity activation

energy is the summation of several localization effects (energetic, polariztipft: *°

O
; Aob — :
” » b ) Y Eq.104

Her e, we use the AMotto subscript to clearly

differences between the multiple variables and models analyzed here. From this derivation, we can
clearly see that ;  should increase &}  decreases becse of the_ term in Eq. S3;
however, the extent which contribution toO  is dependent on several other variables

and may not be strongly weighted nor observable. Nonetheless, in many studies analyzed using
the Mott polaron model, incliinlg several of our published and unpublished wé#s; 26: 50. 85, 95,

27 we do indeed find that ;  increases a®y  decreases, consistent with Marcus theory.
Hopping theories oftentimes state that as the hopping activation barrier decreases, the hopping

prefactor increases through the dielectric reorganization gferg’ 122 124

We now show that the SLoT model is consistent with and mathematically similar to Marcus
theory (in a normal, seéxchange regime) and this activation eneggfactor relationship. In

the main tek we state that the electrical conductivity is expressed as:
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oo — — Q0 Agb— Eq.105

Here,A @D —— is similar toA@H —— ,and, ; . — — Q0s similar to
» n BAlthough, remains constant, ——  — '‘QQncreases with carrier density.
Because, —— — 'QGincreases with carrier density adil ¢ decreases with

carrier density,ite SLoT model is quantitatively similar to Marcus theory and the relationship
between the Marcus activation energy and the Marcus exponential prefactor.

The major difference in the SLoT model is that thé @ and
o B —— — Q'O(the activation energy and prefactor) are linked through thezndl

Wh(c) relationships and not simply . The experimentally observable and quantifiadlé ¢ )

and Wh(c) relationships capture the greater localization and transport complexity found i
chemically doped semiconducting polymers (structural and energetic disorder, electrostatic

interaCtionSEtC).z& 122,123, 125, 128, 129

3.8.4 Literature Analysis

Data collected and analyzed in this work is compiled and made available in SLoTModel.xIsx. All
figures and analysis present in the manuscript were computed using Mathematica and MATLAB, which
have the capability to numerically solve the required transptegirals. However, the relationship
betweensS, —, and the electrical conductivity integral value are static. For convenience they have been
computed, tabulated, and implemented using a-lgnkable in SLoTModel.xIsx. This allows the

calculation of, in a simple spreadsheet calculator (SLoTModel.xIsx). We reiterate that these

calculations correspond to an p transport function (Eq. 3 and 4 in the main text). Different transport
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functions will result in differeng, —, and'O- relationships. Théeemperature dependence,of Yo

can be used to compute @. Modeling— & andd @ curves while concomitantly modeling

"Yoh, @RY, provides a high degree of confidence in selected modeling parameters and output

values.

Table4 andTable5provide additional modeling parameters and def&ifS. 8% 91, 92, 106, 112
The only difference between the SLoT model applied to these literature studies and the one
presented imain textis that, ,— @ ando @are sometimes approximated, since they could not
always be determined experimentally due to insufficient data. The color coding in Table 1, Table
S2,3 and the curve fits in Figure 4 indicate the confidence in the modeling fit based upon the
availability ofexperimental data. Green lines and rows indicate that there are no freely adjustable
parameters in the model. Orange lines and rows indicate that eithedthadw @ relationships
were not experimentally determined and were therefore allowedryotowamatch experimental
data. In such cases, the SLoT model can be viewed as extracting estimations of these relationships,
which give insight into chemistrgtructureproperty relationships butmay be difficult to
experimentally obtain (given doping ragnd thermal stability limitations). Future studies should
measure the Seebeck coefficient and electrical conductivity as a function of both temperature and
carrier concentration to eliminate freely adjustable parameters; using this experimental

methodolgy can result in a SLoT analysis with no freely adjustable parameters.
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Table4: SLoT modeling parameters for thed and® @ relationships. The cores for all modeled
0,0,wr andw j values are less than0®, when using a 95% confidence interval for the
nonlinear regression. These lovegores indicate that these model values are significant with the functional
expressions assumed. Confidence interval error bounds (+ values) are provided for systems fiktathve
Bolded values were calculated from experimental data using the SLoT relationships, while normal font (not
bolded) values were adjusted to fit the data and can be thought of as estimations provided by the SLoT

model.

Polymer Dopant = T = = Teh Ho | TFERT T
[-]

P3HT FeCk 0.31 0.45 + 0.04 416+£0.14 | 274+£21| 412+41
P3HT NOPFKs 0.34 0.64 + 0.08 2.3+0.2 325+18| 410+ 37
PBTTT TESF 0.2 0.22 £ 0.01 14.8+£0.94 | 240+ 36| 640 =140

PA FeCk 0.2 0.38 £ 0.04 14.1+£091 | 265+37| 775181
PEDOT Fe(OTs) 0.5 0.12+0.01 1.9+£0.3 678 £ 133| 1197 £ 236
CNT OA 0.2 0.2 15 300 1100
N2200 FET 0.35 1.1 £0.04 0.91+£0.07 | 14914 225+ 7
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Table5: SLoT modeling constants and outputs. Note Eigtire 24 uses both PBTTC14 and PBTTT

C16, which have difference repeat unit molecular weights (692 vs. 750-@)mbis results in small
changes (< 5%) im ; and- p . We modeled both PBTTT studies with the same SLoT parameters
because botfY , data sets have similar curves, and this is notable because side chain-{ehdtirs(-

C16) can affect transport pregies (Table 1). PFmax refers to the maximum thermoelectric power factor,
and the corresponding ¢ and d valwues for this
Lastly, cmax,fit is the largest ¢ value needed to model the literature datase) refers indicates that the
maximum carrier ratio (or carrier density) was measured while (est.) indicates that the maximum carrier
ratio was estimated by the model.

Polymer Dopant Mo Site | z ol il Bt we | AR Lh | Cmaxii
[9 mo"] | Ratio | [g cm?] |[meV] @inm] | [] | [WW/MKZ | |97 wd lai wd [
[-] [-]

P3HT FeCk 166 1 1 25.88 @ 1.0 | 16 8.3 0.27 | 8.8 | 0.27
+0.05

(mes.)

P3HT NOPFs 166 1 1 25.83 @ 0.8 | 17 0.1 0.31| 6.6 | 0.34
(mes.)

PBTTT- TFSIK 692 2 1 25.88 2.2 | 85 17.4 0.05 | 10.2 | 0.2
Cl4 (mes.)
PA FeCk+ 26 1 1 25.83 @ 1.0 | 17 7.7 0.04 | 105 | 0.1
More (mes.)

PEDOT Fe 142 1 1 2583 1.1 | 6.1 230 0.23 | 0.85 | 0.44
(OTsk (mes.)

CNT OA 72 1 15 |25.88 1.6 | 9.5 460 0.02 | 4.1 0.1
(est.)

N2200 FET 986 1 1 25.88 @ 1.7 | 17 4.7 0.3 2.8 | 0.05
(mes.)

Note that for the P3HFeCk system studied hereiny energies are on the order of
hundreds of meV or less, and these values are consistentlegthical conductivity activation
energy in pristine (undoped) poly(acetylen®8)!%® 19disorder localization energies in polymers
measured with OFETE and exciton localizatiorenergies measured spectroscopicillyC
dielectric constants-( 7- ) for polymers typically range frora. 2-10 and ncrease for doped

semiconducting polymerg4. 6 - 100) 13! 132glectroactive metal oxides (D)% and metals
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(infinite), so- p ¢ is plausible. Thiophene ring diametersand hastdr a+' ' n st ac ks ar
the order of 4,3 %soani p mv is plausible and suggests a localization potential well

radius of 2- 3 rings.

Figure 35 plots thed ( lationship for PA® PBTTT,*® P3HT® and PEDOT!? We speculate
that as the planarity and ordering of the polymer increasesso increases. This may be because as the

ordering increases, the charge carriers are increasingly delocalized and have a mdikeerettatronic
structure!! It can be rationalized that the carrier density betpar e fit r appedod and do
contribute to transport unless they are excited &t electronic energy level with energy greater than
Furthermore, we speculate tltaiay be indicative of a transport edge density of electronic states and the

density of states effective mass.
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Figure35: Reducedrermi energy level as a function of the carrier concentration ratio.
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CHAPTER 4: IMPLEM ENTING THE SLoT MODEL :
CONTEXTUALIZING AND QUANTIFYING STRUCTURE-PROPERTY
RELATIONSHIPS

4.1: Chapter Overview and Background
Oftentimes, scientific development is tioearand personalSeparating the scientist from

the science and the linear narrative of personal progressiorbe nontrivial, especially in a
nebulous and personal document like a dissertation. For comtex3L.oT model was originally
developed in @19, heavily revised through 2020, and published in 20220172019 in the
beginning of my PhD, several studies shaped my understanding of charge transport in chemically
doped semiconducting systeriitiese studies are P3RX, PBDPPV, and DOTTs. The R&RXs
showed mdéowchemicaldopng and main chain chemistriean affect charge transport properties
and their temperaturdependenciesAdditionally, the P3RX seriebegan my quest to better
understand and quantify charge transport (and thedrels) for chemically doped semiconducting
polymers. appreciate Akanksha for guiding me through that first project and the Seferos group at
U. Toronto for enabling that studfsBDPPV showed me how doping mechanism and/or
counterionspecies can affect alge transport propertiesthank Hioleng Un and the Marder

group for asking for our help in analyzing the thermoelectric transport data and attempting to make
measurements in the glove box and in R@TTs showed me that a¥decerases, oftentimes

also decreases and becomes less thermally activated. Although these trends were established and
sometimes extremely well presented in literattine experience of making these measurements

and analyzing these trends were necessary for the SLoT .niddahk Sandy Pitelli and the
Reynolds group for involving me on that project; | was in a low point of my PhD, and this project

was asaving graceThese P3RX, FBDPPV, and DOTTs studies will be first presented as originally
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published, but then, these dteiscan be andiill be analyzed using the SLoT model to approximate
» » consistent with the SLoT model framewoBRull studies on the P3RX and DOTTs will be
presented hereimecause | formally led these studies, while only a glimpse on the FBDPPV study

will be provided as | assisted with that stu@lgxt and figures used from publisher with permission.

During and after the SLoT model development, | was able to work on P3HT add el
with varying chemistries (starting in late 2019/ early 2020PBTTT (late 2021) and
P(OERXDOTs (early 2021) all these studies were analyzed within the present SLoT model
framework and therefore do not need to be revisiéettlitionally, | led (celed) the Pk and
PBTTT, so these stories will be presented in whole. The B'OBOT st ory i s Abbyod
so ony a relevant glimpse will be presented hemdote that these works (REPBTTT, and
P(OE3)XDOT) are not yet published, so tteta and analysiserein should be interpreted as

preliminary.

Ultimately, the amalgam of these works, in conjunction withditene studies, shows the
utility of the SLoT model for developing deeper transport insight on chemically doped

semiconducting polymer systems.
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4.2: Case Studies
4.2.1:RevisitingOld Studies: P3RX

We report on the thermoelectric and charge transportpepties of poly(3
alkylchalcogenophene) thiims (500 nm) as a function of heteroatom (sulfur, selenium,
tellurium), and how these properties change with dopant (ferric chloride) concentratidfisUV
NIR spectroscopy shows that polaronic charge carrs@es formed upon doping. Poly(3
alkyltellurophene) (P3RTe) is most easily doped followed by pedjk@lselenophene) (P3RSe)
and poly(3alkylthiophene) (P3RT), where R = Jimethyloctyl chain is the pendant alkyl group.
Thermoelectric properties vary &mctions of the heteroatom and doping level. At low dopant
concentrations (~1 mM), P3RTe shows the highest power factor of 10 AW felectrical
conductivity of 46 S cnh and thermopower of 51 pV-K, while, at higher dopant concentrations
(~5 mM), BRSe shows the highest power factor of 13 uWHK¥ (corresponding to 52 S c¢in
and 50 pVv Kb . Most notably, we find that the meas:!
polaron hopping model and not consistent with other transport momialsonly used for organic
semiconductors. Additionally, temperature dependent conductivity measurements show that for a
given dopant concentration, the activation energies for electronic transport decrease as the
heteroatom is changed from sulfur to salemito tellurium. Overall, this work presents a
systematic study of poly(chalcogenophenes), and indicates the potential of polymers beyond P3HT

by tuning the heteroatom and doping level for optimized thermoelectric performance.

A variety of oxidizing agentBave been used fedope P3HT, including Fe&IFRTCNQ,
I, FeTos, and NORE? 134136 Oxidative doping induces morphological changes in the polymer

that is a function of the doping procedure and the nature of dbiditFor example, Hongt all.

132



showed that P3HT could be solutioopeéd with FeGland then drop cast into a film with a lower
power factor than P3HT that was wire {gaated and then sequentially doped. The difference was
attributed to the degree of crystallinity in the doped films, with aggregation occurring in solution
doped filmst*® 140 Additionally, it was found that thicker films have higher power factors than
thinner films. This is likely because dopants are more easily removed in the thinner films during

the rinse step of the experimental procedtite.

Furthermore, oxidative doping electronically modifies conjugated polymers by abstracting
electrons and forming polaronic charge carriers. These polarons are coulombically coupled with
the oxidant anion, distort the local polymer structure, andterel@ctronic states in the once
forbidden bandgaff! *?At low doping concentrations, polaronic charge carriers are less mobile,
because they are trapped in the coulombic potential well created by dopant counterions. At higher
dopant concentrations, the coulombic wells begin to overlap, thereby decreasingrthebarrier
for polaronic transport and exhibiting a bdile electronic structur&? #3Polaronic species can
be probed by UWis spectroscopy, and the intensity bétoptical transitions may be used as a

qualitative measure of dopirf: 14°

In addition to transporting charge that manifests as the electrical conductivity, mobile
polaronic species also transport entropy under a thermal gradient, and this entropy transport
manifests as the thermopowét However,i andSare inversely correlated and this coupling has
made it challenging to develop thermoelectrictemals with high power factorsSi).
Furthermore, charge transport in doped polyrissitndamentally different than transport in metal
or semiconducting crystalline materials, because conducting polymers consist of spatially and

energetically inhomoge&ous domain&*> 4%4% Inhomogeneous doamins necessitate charge
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carriers to hop from one domain to another where the energy levels can be slightly different. Hence
the DrudeSommerfeld modellEnep, where carriers are free particles in a spatiatiiform
electronic potential) is amaccurate description of transport in doped polymeric systems, where
thermoelectric discussions around mobility, scattering time, and Fermi level break down. For such
disordered systems, there exists a myriad of transport models, including Nearest Neighbo
Hopping (NNH)*° Variable Range Hopping (VRHj}! Efros-Shklovskii Hopping (ESH}®%1%

Mott PolaronHopping and the Mobility Edge (ME) models. Additionally, Kang and Snyder
recently introduced an empirical charge transport model specifically for conducting pofymers,

143 which in a general nmmer, results in prefactors and exponents that capture trends in literature
but do not provide a physical description. A summary of these transport models for disordered

systems and their temperature dependence is sholabla6.

To our knowledge, there has not been a systematic study correlating the identity of the
heteroatom in polyheterocycles with (i) the doping process, (ii) the resulting thermoelectric
properties, and (iii) the charge transport mechanism. Herein, we exaourthd extent of ferric
chloride doping impacts the thermoelectric properties of the regioregular forms of -poly(3
alkylthiophene) (P3RT), polyfalkylselenophene) (P3RSe) and pokg{Ryltellurophene)
(P3RTe), wherd is the alkyl solvating group 3:@imetyloctyl, as shown irFigure 36. Using
UV-Vis, we find that polaronic carriers are formed upon doping that leads to an increase in light
absorption at low energies. Cparing between the three polymers, film-digping for three
minutes in a fixed dopant concentration of 1 mM, the electrical conductivity increases as we
change the heteroatom from S to Se to Te, while the thermopower follows the opposite trend. At

higher doping concentrations of 20 mM, we find that the thermopower of all three polymers
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approaches ~30 pVk with P3RTe and P3RSe appearing to be over ddéjeally, by measuring
thermoelectric properties as a function of temperature, we conclude that thagpert in these
doped poly(3alkylchalcogenophenes) near room temperature, is best described by thermally
activated polaron hoppingé., Mott polaron hopping). Thesgptical and electrical measurements
show that the heteroatom strongly influencedliyi@ng susceptibility, and that the thermoelectric

propertiescan be tuned systematically.

Table6: Summary otharge transport models usedtmtextualizeeharge transport in P3RX series (201
2018). Electrical conductivity and Seebeck coefficient as a function of temperature for various charge
transport models for disordered materials.

Model Electrical Conductivity Seebeck Coefficient

Nearest . v p
. Q Op
Neighbor . AgpOh .. B 2t  E
H . QY Q Q'Y
opping

Variable Range e T R
Hopping . Aop M., Y YR YRTY
Mott Mobility O _ . E 0O O
Edge » ABD T gy Y 5 oy P
E-S Variable . B o
Range Agp ', Y AT 1 OOAT O
Hopping ! Y
Mott Polaron ® Of _ Q 0o .
Kang-Snyder . 00 -
Transport Y c o —Qo|"Y oY © © | Q0
Model @ Qo @
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Figure 36: Poly(3-alkylchalcogenophenes) under study with RB,Zdimethyloctyl side chains. Cuvettes

show pristine chalcogenophenes solvated in chloroform. Films were prepared by blade coating 30 mg/mL
solutions from chlorobenzene and then-dgped in acetonitrile solutions of FeCFilms become
increasingly visily transparent as dopant concentration increases.

UV-Vis spectroscopy was used to provide insight into the extent of charge transfer between
the poly(3alkylchalcogenophenes) upon doping with ferric chlorifiegure 37 shows the
absorbance spectra for P3RT, P3RSe, and P3RTe films at different doping concentrations; insets
show the emerging (bi)polaronic transition as pristine polymers are doped with 5 mM FeCl
solutions In the pristine polymers, we observe a bathochromic (red) shift 6t thabsorbance
peaks as the heteroatom is changed from S to Se to Te. Upon doping witlpB@nic species

are created, as seen by the emergence of an absorbance peakh(@eedipplemental Worth
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noting is that the solvating group on these pebMd/Ichalcogenophenes) is a djimethyloctyl
chain, and not the canonical hexyl group (utilized to enhance overall solubility), yet the P3RT
"* and polaronic absorbance peakghis study are welaligned with previous reports for other

polythiopheneg#5 155 156

The extent of doping manifests as a decrease of the&absorlance intensity, which
becomes more prominent as the heteroatom is changed from S to SeTtoeTextent of doping
also manifests in the emergence of the polaron and (bi)polaron absorbance peaks. Longer
wavelength (bi)polaronic peaks emerge at lower dogancentrations as the heteroatom is
changed from S to Se to Te. Lastly, (bi)polaron peaks in the MIR broaden as the heteroatom is
varied from S to Se to Te, and we hypothesize this is because Te introduces additional electrons
and electronic states in mparison to Se and S, which permits more Haddistribution of

electronic states.
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Figure37: UV-Vis spectra for poly(&lkylchalcogenophene) films at varying dopant concentrations: (a)
P3RT, (b) P3RSe, (c) P3RTe. Insetewithe change in the optical bandgap as each polymer is doped to 5
mM.
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To understand how the dopantuced electronic states impact thermoelectric properties,
electrical conductivity and thermopower for doped polgid/ichalcogenophene) films were
measued at four different dopant concentrations at room temperature, as depietgdraB8. It
has been shown that the electrical conductivity is (exponentially) sentitismall changes in
dopant concentration at very low and at very high dopant concentréfiddepants initially
increase electrical conductivity by homogenizing the electronic landscape, but excess dopants
decrease conductivity by creating scattering sites, microstructural changes, and/or bipbtarons.
157 We found that sequential doping for 3 minutes in 1 mM and 5 mM solutions yielded more
repeatable results than doping in 0.2 mM and 20 mM solutions; we further attribute this
repeaability to the conductivity being exponentially sensitive at low (<0.2 mM) and high doping
(>20 mM) levelsi*® The repeatability of the 1 and 5 mM doped films are shoitmevror bars in

Figure38that represent the samglesample variation.

At a low doping level of 0.2 mM, P3RTe is the only polymer that shows appreciable
electrical conductivity, with a value that is 100x larger than P3RT at the same dopant
concentration. At 1 mM dopant concentration, P3RTe still exhibits the highest electrical
conductivity and the lowest thermopower (46 Sclil pV K1), followed by P3HSe (29 S cin
89 nVv K1), and lastly P3RT shows the lowest electrical conductivity and highest thermopower (4
S cmt, 124 pv KY). The positive thermopower values confirm that these polymers are all hole
transporting materials {fype semiconductors). From S to ®eTte, the electrical conductivity
increases; this aligns with the doping susceptibility data shown in the CV ardidJ{gee
supplemental In contrast, the thermopower decreases from S to Se to Te, likely because the

dopantinduced electronic states dease the asymmetry of electronic states about the chemical
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potential*>® This tradeoff betweerSand( with increasing carrier concentration is consistent with

literature reports on P3HT and other sawinducting polymerg? 143. 159, 160

At a higherdopant concentration of 5 mM, P3RT and P3RSe both show erletgctrical
conductivity and a lower thermopower (17 S5 Vv K for P3RT and 53 cm?, 50 pV K*?
for P3RSe) when compared to the 1 mM doping. This is attributed to a higher dopant concentration
enabling a higher level of doping in the film ané formation of more polaronic carriers. P3RTe
also shows a lower thermopower at 5 mM, but this is accompanied by a decrease in the electrical
conductivity (14 S cm, 29 pV K1). We attribute the decrease in electrical conductivity to the
P3RTe becoming @r-doped. Although more charge carriers are formed as evidenced in the UV
Vis polaronic peaks (see Figure 2c), we hypothesize that the 5 mM doping results in carrier
scattering i(e., decrease in carrier mobility) by either geferentially forming (bi)plarons that
scatter more than polaroHS,or (ii) oversaturating the polymer with dopant species, thereby

creating traps in the morphological and or electronic lampdsiéa

Upon further increasing the doping concentration to 20 mM, both P3RSe and P3RTe films
appear to become ovdoped as evidenced by the simultaneous decrease in electrical conductivity
and thermopower, while P3RT is not oxdaped and atiins the highest conductivity of 50 Stm
1 We note that at this concentration, P3RTe displays a lower electrical conductivity when
compared to the 5 mM sample (which was also -olgred), but the thermopower remains
relatively unchanged (within measurerhemror). We attribute this to the presence of excess
charge carriers at similar energy that hinders charge transport and reduces conductivity but has
little effect on thermopower. This is analogous to impurity scattering (which is an energy

independent sdtering event in crystalline inorganic semiconductors) that reduces conductivity,
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but has no impact on the thermopower because it does not change thedepemyent
landscapé®We also bserve that ovedoped systems begin to deviate from$fed* empirical
trend proposed by Glaudeit al. (see supplementa*® Overdoped systems deviate from tBe
0 coupling because thermopower remains relatively constant while electrical conductivity

exponentially decreases.

Lastly, power factors were calculated with P3RT and P3RSe reaching similar maximum
values of 12u0W m! K2 and 13 pywW mt K2, respectively, at a doping concentration of 5 mM,
where P3RTe reached a maximum power factor of 10 p\iKrhat a 1 mM dopant concentration.

It is expected that thermoelectric properties can be further improved by usingleapay, which
has been shown to have minimal consequences on film morphology in comparison to solution

doping1%°
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Figure 38: Thermoelectric properties for polyé8kylchalcogenophene) films doped with fadifferent
FeCk solutions of 0.2 mM, 1 mM, 5 mM and 20 mM: (a) Electrical conductivity, (b) Thermopower, (c)
Power factor. Error bars capture samglesample variations.
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To understand how the heteroatom affects charge transport in these polymersmeanmperature,
we performed temperatugependent thermoelectric measurements and related them to the transport
models presented iiable 6. By measurig both the electrical conductivity and the thermopower as
functions of temperature, the transport mechanism can be elucidated. However, the heterogeneous nature
(ordered domains connected by amorphous domains) of these-pliylchalcogenophenes) and eth
doped polymeré® 83complicates this analysidlevertheless, the underlying ideas of a-gxponential
factor, Go (which is independent of temperature but depends on morphology) and an activationEnergy,
(also referred to as the transport barrier) are common to all transport models. To extequatae®ters
for each poly(3alkylchalcogenophene), electrical conductivity and thermopower measurements were
performed at different dopant concentrations from 2320 K; Figure39 shows this for the 5 mM doped
polymers. This temperature range was selected to mitigate thermally indudegideg, which was found
to occur above 320 K (ssepplementd] and is weHdocumeted in polythiophene'$+167

We observe that the electrical conductivity for all pola(Bylchalcogenophenes) increases with
temperature, indicating a thermabgtivated mechanism that is expected for semiconducting materials. In
this range, thermopower measurements show a weakdimpee on temperature, which is characteristic of
hopping transport. These trends are suggestive of disorder but do not necessarily describe transport in the
ordered domains of these heterogeneous systems. We also obse8anthashow different activiion
energies indicatinghat thermallyassisted polaronic hopping is a suitable transport framework for these
pol ymer s. I n Mottdbés polaron hopping model , the e
comprises the donor ionization energy ankdmm hopping activation energy, while the Seebeck coefficient
is only related to the donor ionization energy normalizedtgdyplus a relatively large constant tetff.
Fritzsche equated this constant term with the density of electronic states, anet ¥laelated this with
the concentration of (bi)polaronic charggriers; the thermopower valuesHigure 39 andsupplemental

are consistent with their repoffs!®®
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The transport activation enerdys and conductivity prdactor,lo can be extracted fromvs. T plots
for each poly(aalkylchalcogenophene) at a given dopant concentration as shown in Figure 5. Prior work
suggests that the transport barrier is proportional to the energy separating two (bi)polaronic sites located
near tke chemical potentidP. 198 1%Figure40a shows that as P3RT is increasingly doped, more polaronic
states are created, resulting in a decrease in the activation energy. This trend also holds true for P3RSe and
P3RTe, until they becoenoverdoped at 20 mM and concomitantly show a nearly-exiatent” - *
absorbance peak and broad (bi)polaronic peaks (see Figure 2). We hypothesize that at these high doping
levels excessive charge carriers impede electronic transfer, thus increasiaggpert barrier.

Figure 40b shows the conductivity practor as a function of doping for each poly(3
alkylchalcogenophene). This term is dependent on the number of electronic states and hopping probability,
which are dtectly related to the charge carrier concentration and hopping distatféé&or P3RT and
P3RSe, the pr&actor term increases with increasing doping, with a large increase from 0.2 mM to 1 mM
doping. This is likely due to the @moothed energetic landscape,iigreased available states axadriers,
and (iii) larger hopping distances enabled by the smooth landscape.

P3RTe is an interesting case study for char
mM), P3RTe shows the highest geetor factor and the lowest activation energy becauses a
small bandgap and is easily doped. We attribute this large conductivitygboe to the relatively
small interchain and intgrolaron distance in P3RTe as hopping transport dominates at this doping
concentration and temperature. In contradh,atgh dopant concentrations
a relatively small conductivity ptfactor. This may be because P3RTe is either unable to
accommodate the large influx of dopant in its relatively small-iatggr channels (which causes

the film microstruture to swell)}’® "*or becauséess mobile (bi)polarons are formed, as was

hypothesized in the previous section. Although more carriers are created at 5 and 20 mM as
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evidenced from the UWis, thecontribution of these carriers to conductivity may be diminished
by other factors, resutty in a morphologyimited conductivity'4® The thermopower is found to
approach ~+30 y6WKf or doping concentrations of O 5 mM

additional carriers do not participate in transport.
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Figure 39: (a) Electrical conductivity as a function of temperature for 5 mM doped samples, (b)
Thermopever as a function of temperature for 5 mM doped samples.
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Figure40: Calculated thermoelectric properti€a) Activation Energy or transport barriét,, extracted
from electrical conductivity, and (b) Conductivity Hator, so. Activation energies and the conductivity

pref act or are extracted from Mottdés polaron hopping
on temperature.

In this work, we have shown that by systematically varying the heteroatom in foly(3
alkylchalcogenophenes), the thermoelectric properties can be tuned by doping with ferric chloride.
Moving from S to Se to Te, the optical band gap shrinks, and the energy states move closer to the
chemical potential. As a result, the thermopower decreadake the electrical conductivity
increases. Therefore, at low dopant concentrations, P3RTe and P3RSe can achieve power factors
of over 10 pW m' K2, which is comparable to highly doped polythiophenes. The charge transport

mechanism in all threpoly(3al kyl chal cogenophenes) foll ows Mo
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and reflects the inherent disorder in these heterogeneous systems. The observations reported herein
lay the groundwork for understanding thermoelectric transport through doping stfidias

poly(3-alkylchalcogenophene) series, towards the goal of developing high performance

thermoelectric polymers.
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4.2.2: Revisiting Old Studie& Glimpse intoFBDPPV

Molecular doping is a powerful method to finee the thermoelectric propegief
organic semiconductors, in particular to impart the requisite electrical conductivity. The
incorporation of molecular dopants can, however, perturb the microstructure of semicrystalline
organic semiconductors, which complicates developing a detailddrstanding of structure
property relationships. To better understand how the doping pathway and the resulting dopant
counterion influence the thermoelectric performance and transport properties, we developed a new
dimer dopant, (N\DMBI)2. Subsequently, & then rdoped FBDPPV with dimer dopants N
DMBI)2, (RuCp*mes)2, and hydride dopant-DMBI-H. By comparing their UWis-NIR
absorptive spectra and morphological characteristics, we find that not only the doping mechanism,
but also the size and the shapehaf counterion strongly influence the thermoelectric properties
and transport characteristics. -IMBI)2, which is a direct electredonating dopant with a
comparatively small, relatively planar counterion, gives the best power factor among the three
sysems studied here. Additionally, temperatdependent conductivity and Seebeck coefficient
measurements differ between the three dopants wHbNIBI)2 yielding the best thermoelectric
properties. The results of this study of dopant effects on thermaeleaiperties provide insight

into guidelines for future organic thermoelectrics.

Figure41 shows the studied chemical structufdete that(RuCp*mes) and (NDMBI)»
are both ntype dopants thatimerize and donate2to FBDPPV. In contrast, iDMBI-H has a
more convoluted doping method and catype dope via hydride transfeklthough the dimer
dopants have a comparatively straightforward path for doping, ¢bairterion geometries are

significantly different, with both NDOMBI derivatives yielding planar cations while the RU@ps
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cation is not planarTherefore, this study compares to what extent doping mechanism and

counterionplanarity affect the resulting erostructure and thermoelectric properties.
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Figure41l: Chemical structures pertinent to the FBDPPV study.

Figure 42a shows thatthe highest electrical conductivity for FBDPPV doped with
(RuCp*mes)is 1.6 S crrt at 23 mol% dimer. However, FBDPPV reaches an even higher electrical
conductivity of ca. 8 S crhwith N-DMBI-based dopants. The maximum electrical conductivity
observed is with 10.7 mol% (RMBI)2 or 43 mol% NDMBI-H, the data for the latter agreeing
well with our previous reports.To reach highest electrical conductivity, the amourDbBN-H
is considerably more than double that of[@NWBI) >, suggesting that the dimer{DMBI) > dopes
more efficiently thariN-DMBI-H (even when its ability to contribute two rather than one electrons
is taken into account), consistent with the optical .dEt& highe electrical conductivities in N

DMBI™ systems relative to those in the RuCp*megstem further affirms the importance of
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dopant selection for conductivity optimization, and therefore perhaps thermoelectric property

optimization as discussed below.

As dgant species are introduced into the FBDPPV films, the Seebeck coeffigjent (
changes. The Seebeck coefficient is less sensitive to morphologically and more dependent on
transport parameters and energy leveigure42b shows that the Seebeck coefficient of all films
is negative (rtype behavior), as expected and dr&3,-63, and-150 pV K at ca. 12 mol% for
the dimers (RuCp*mespnd (NDMBI)., and at ca. 24 mol%of N-DMBI-H, respectively. For
the dimer dopants, this roughly equates to one electron donated for every 3.7 repeat units. For N
DMBI-H, this roughly equates to one electron donated for every 3.2 repeat units. A smaller
(magnitude) Seebeck coefficient redicative of a higher extent of doping; therefore, based on
Seebeck coefficient measurements and the nearly comparable dopant electron to monomer ratio,

(N-DMBI) 2 is the most efficient dopant in this study.

The dopant concentrations corresponding to agtithermoelectrid®F depend on the
interplay of the trends in conductivity and in the Seebeck coefficient. Dopants initially increase
the electrical conductivity by introducing mobile charge carriers, but at higher dopant
concentrations the electrical camdivity subsequently decreases by deleteriously impacting
morphology and increasing carrier scattering; whereas, as noted above, the magnitude of the
Seebeck coefficient decreasegure42c shows thd’F for the FBDPPV systems; the b&Ft we

obtained for a FBDPPV film is ca. 7 yWhi2 for the case of doping with 9.2 mol%-DMBI) .

150



a) 104 (RuCp*mes),
—&— N-DMBI-H
8- (N-DMBI),

0+
0 10 20 30 40 50 60 70
Dopant /mol %

0 10 20 30 40 50
Dopant /mol %

PF luyw m-' K2

Dopant /mol %

Figure42: Electrical and thermoelectrfwroperties of (RuCp*mes) N-DMBI-H-, and (NDMBI) »-doped
FBDPPYV at varying dopant concentrations. a) Electrical conductivity, b) Seebeck coefficient, and c) power
factor.

Since OTE materials are not perfectly crystalline, charge transport can be aralyzed
using transport formalisms developed for disordered mateAdditional transport parameters
can be extracted through nbnear regression both the temperatdependent electrical
conductivity and Seebeck coefficient measuremdntshis study, weperformed temperature

dependent electrical conductivity and Seebeck coefficient measurements on each dopant system
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at the doping concentrations with the highest electrical conduct{igy, 23 mol% for
(RuCp*mes), 43 mol% for NDMBI-H, and 10.7mol% for (N\DMBI),). We observed that as
temperature increases, electrical conductivity increases in all systemse@3a), but in contrast,

the Seebck coefficients show a less evident temperatigendenceFigure43b). Based on the
aforementioned observations, (specifically,dp&calsignaturesthe charge transport dependence

on the extent of dopind-{gure42), and the temperatwactivated electrical conductivityrigure

43)), we explored the possibility that these materials exhibit characteristics that are

phenomenologically consistent with the Mott polaron model
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Figure43: Temperature dependent thermoelectric properties. (a) Electrical conductivity and (b) Seebeck
coefficients as a function of temperature.

The Mott Polaron model expresses electrical conductivity and Seebetkcient as

functions of material charge transport constants that can be isolated with temperature dependent

measurementd€. 106 andEqg. 107).
. . ADBD—— Eq.106

Eq.107
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e is assumed to bel.6 x 10 C, representing a single negatislearge carrier, is the pre
exponential conductivity that heavily depends on film morphology and hopping distance, and
represents a maximum electrical conductivity achievable (consistent with transport raadel).

the (average) ionization energy of the donor statedMid the energetic spread of donor states.
Collectively,E andW (i.e., E + WH) represent an Arrhenius activation ener@y thatis related

to the energy barrier for charge transport, and could be reduced by optimizing film microstructure
and morpholgy. In Eq. 107, S is a constantin a similar study, Emin, Crispin, and coworkers
attributedS to be a nearly temperatumedependent constant associated with the bipolaron carrier

concentration in doped poly(thiophen&he carrier concentration contribution to the Seebeck
coefficient is often expressed as an entropy of mixing term whose fudétomas™y 1 1— |

wherec is the ratio of transpo#ctive polarons to thermally accessible hopping sites, but the
functional form (admittedly) can vary depending on the polaronic species interactions. Based on

these previous studies, we express3bebeck coefficient as:
Y- — 11— Eq.108

Using this Mott polaromodel,and the data ifigure43, thetransportconstants for these

FBDPPV systems were extracted via Amear regression. Looking &t T, vs.pT'Y the y

intercepts are indicative df 1, ,and the slopes are indioaiof—. Similarly, looking atSvs.

pX’Y the yintercepts are indicative of— JY , and the slopes are indicative ef . Values for

. » O, andS were evaluated for statistical significance usingtests and a 95% confidence
interval. Itwas found that , 'O, andS can be significantly extracted from the collected data with

P-values orders of magnitude lower than the significance level (0.8&)ul for, on the order
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of 10%°to 10%°, for' O on the order of 1& to 10%°, for § on the order of 18to 10 Therefore,

we can reject the null hypothesis that these tramsmwnstants cannot be significantly extracted
from the (arguably sparse) data $egure 7 shows, , O, S constants with their associated 95%
confidence interval represented by the error bars. RuCp*mas a highefO (62.4 meV)
compared to that ith either NDMBI-H (41.7 meV) or (NDMBI)2 (43.4 meV). Additionally, the
RuCp*me$ system shows the lowest (10.1 S crit) compared to that with either-BIMBI-H

(23.8 S cm) or (N-DMBI)2 (27.9 S cmt). The lower, and higherO for the FBDPP\
(RuCp*mes) system relative to what is seen for thddNIBI *-containingsystems may well arise

from the greater disruption of the microstructure observed in the GIWAXS data as illustrated by
thep-p distance.

Extracted S constants were further ewvalted to better understand fractional carrier
occupanciesd). As the amount of doping increaseshould increases should decrease, and the
magnitude of the Seebeck coefficient should decreéhseinverse relationship betweerand §
is well aligred with the observed dopisfseebeck coefficient trends shownRigure42 and is
commonly found in organic thermoelectric literaturggure 7cshowsS values, which should
similarly show an inverse relationship with and is less commonly evaluated in the organic
thermoelectric literatures increases from (NDMBI)2 to (RuCp*mes) to N-DMBI-H (0.72 to
0.93 to 1.32, respectively), implyingshould decrease from {BIMBI)2 to (RuCp*mes)to N-
DMBI-H; however the doping ratio is 10.7, 23, and 43 mol% feDB@BI) ., (RuCp*mes), and
N-DMBI-H respectively. Although we do not know exactly how many carriers each dopant
creates, these relationships lead us to believe thBiBI) 2 is the most effective dopant to create
transportactive polaronic species (carriers) peressible hopping sites in FBDPPV. Additionally,
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the anticipated direct relationship between calcul&eaind measuredy| was not observed
decreases from MBI -H (1.32) to (RuCp*mes)(0.93) to (NDMBI)2 (0.72), but§ decreases

from (N-DMBIl); & (CR*mes) ( 8 5 ¥)% NHOMBI-H ( 5 8 "1).eOvie riason for this
observed difference could be that the polaronic species created in each dopant system could have
different interpolaronic interactionand therefore different ratios of transpactive polarons to
thermally accessible hopping sites. This idea is further exploréteisupporting informatign
comparing different polaronic interaction models. Another reason could be that different doping
counterions could have different impacts on endng)ydependent scattering processes (as seen in
the KangSnyder modelsee supporting informatiprAlthough some uncertainties exist about the
observed qualitative trends betweandS we observe thgiN-DMBI) 2 is the best choice for the

high PF in this study, and that additional temperatdependent thermoelectric property
measurements are needed (broadly) for the organic thermoelectrics community to better

understand the underlying transport chanésties.
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Figure44: Calculatedransport parametefer FBDPPV. (a) Prexponential electrical conductivity (),

(b) Electrical conductivity activation energ® {, (c) and Seebeck coefficient constaiv) extracted from

the temperaturdependent electrical conductivity and Seebeck coefficient measurements. Error bars
represent a 95% confidence intervals in the-liegar regression.

In this work, we have developed a new dimeraapantN-DMBI) > and demostrated the
significance of doping selection on thermoelectric performance and transport characteristics of the

conjugated polymer for OTEs. Dimer dopaf@&uCp*mes) and (NDMBI)> create a unique
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polaronic species due to their much stronger reducingyainilcomparison to the hydride dopant
N-DMBI-H. The higher doping efficiency of @®MBI) 2 relative to NDMBI-H, combined with

the less pronounced effects of the smaller and more plaviBI* on the polymer relative to

those of the bulky RuCp*méscation yield a more ordered microstructure with longer
delocalization length, and hence better thermoelectric performance. Additionally, temperature
dependent electrical conductivity and Seebeck coefficient measurements was used to elucidate that
(N-DMBI)2 has he lowest activation energy for charge transport in this study. These results
suggest that, at least for the doping of ordered polymers, molecular dopants should be designed to
have (i) small size and more planar shape for less perturbation of orderestratures and (ii)

clean and efficient electretnansfer reaction pathways.
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4.2.3: Revisiting Old Studie®OTTs

This study reports on the solgfate charge transport properties of a family of 3,6
dioxythienothiophene copolymer thfitms (referred © as DOTTs) as a function of FATCNQ
sequenti al doping |l evel. The DOTTO6s Seebeck
conductivity, and the Seebeck coefficient is temperature independent from 273 to 310 K. We find
that the DOTTs have unusuallgw Seebeck coefficients for chemically doped semiconducting
pol ymer s. Addi tionalll vy, the Seebeck coefficie
accurately modeled with either polartike or metallike transport models. Furthermore, electrical
conductivities were measured as a function of temperature, and some polymer/dopant systems
demonstrated unusually low activation energies, nearing 4tiletalransport. Specifically, the
polymer consisting of a-2 -diethylenedioxythiophene (biEDOT) copolenized with our soluble
DOTT monomer (termed as DEshows near metdike Seebeck coefficients and activation
energies ¢a. +10 uV/K and 25 meV, respectively). Lastly, the Mott polaron model transport
parameters were further evaluated to quantify the effects of carrier concentration on charge
transport parameters. Overall, this work provides a detailed study on the charge transport
properties of an emerging polymer family (DOTTs) and provides guidance for designing polymer
chemistries.

Two important considerations for advancing semiconducting polymer technologies are
manufacturability and charge transport properties. Many of theaat weltstudied redox doped
semiconducting polymers are not solution processable and are not designed for manufacturability.
This is exemplified by films of poly(acetylene) [(GHproduced by Ziegler Natta polymerization,

and poly(3,4ethylenedioxyiophene) (PEDOT) produced by electrochemical and surface
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confined polymerizatioA’?1# Consideing their doped forms, these polymers have relatively
well-understood charge transport physics and high electrical performance (rti&gllic
conductivities in the thousands of S/cm for PEDOT derivatives and tens of thousands of S/cm for
(CH)x) demonstratig a negative temperature dependence of conductivity with temperatures over
limited ranges/> ™" As such, these polymers can be envi
incorporation of flexible side chains on conjugated polymers is used to improve prddgssabi

both solubility and fusibility, allowing the development of a vast array of materials with controlled
physical, redox and optoelectronic properti&si®® 18!As a result, the synthetic wahcements of
semiconducting polymer chemistries outpaces the understanding of how each
polymer/dopant/processing parameter affects charge transport. For example, the transport
properties of more modern polymer systemas RBTTT 2> % 182 18pppp4T28. 184 FBDP PV

185 pCDTBT % ®"heavy heteroatn analogous® 17 etc) are not as well quantified as the
transport properties of poly(aniline), PEDOT and (CHj "> Therefore, several cursory charge
transport studies (measurements over easily acceasithlémited temperature ranges, fields, and
doping levels) are needed to guide the rational development of modern polymer chemistries and
to select approaches for more extensive transport studies (measurements over wide temperature
ranges and fields).

By measuring electrical conductivity and Seebeck coefficient as a function of dopant
concentration over a limited temperature range, an initial understanding of charge transport
mechanisms can be elucidated, and fundamental charge transport parameteatsofeetiergies,
hypothetical maximum electrical conductivities, hopping ratiey can be compared between

multiple systems more rapidly than thorough studies over extensive temperature ranges (e.g. 10
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300 K) 2318 Our approach is motivated by the fact that numerous charge transport models exist,
and eacmodel has its own phenomenological description of how charge carriers are energetically
(and/or spatially) distribute®: 8% 190 Selecting the proper model to analyze charge transpert dat
is nontrivial, and the most relevant models for this study must account for spatial inhomogeneity,
charge carrier localization, and polaronic charge cart¥éi/e have summarized many of these
models in a prior publicatioff,and recent studies by Wanatatieal.and Tanakat al. show that
the polymer charge transport model may dynamically change as a function of thekdtgihg
and charge carriazrounterion interaction¥: 1&°

The Mott polaron model can describe charge transpomaterial systems where the
carriers are localized due to polaron formation and disd?d&he extent of localization and the
localization mechanisms can be deduced using tempedpendent electrical conductivity and
Seebeck coefficient measurements andinagrthe extent of doping. In the Mott polaron model,
the electrical conductivity, () is a function of the hypothetical maximum electrical conductivity
(, ) and an Arrheniutike activation energy@ ).

yoow QOA—  , QOA—— Eq.109

O is due to carrier localization, which broadly originates from spatial and energetic effects.
Spatial localization ¢ ) is attributed to microstructural inhomogenéityand coulombic
interactins>® 2’Energetic localizatiori®) is attributed to the energy needed excite carriers from
one electronic energy state to another energy state in order for charge transport{t-detur.

The Seebeck coefficient is a measure of the entropy carried by a chargeaatitegithe
voltage response when under a temperature gradiedi ("Yw).YThrough the FerrADirac

distribution and Heikes approximatié?f,the average energetic distribution of polaronic charge
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carriers ©) and the ratio of charge carriers to carrier sitgscan be related to the Seebeck
coefficient:

2 — Ry — Eqg.110

The contribution 0fO and®to “Ycan vary as a function of the polaronic interactions and
energetic distributions as they affect how the sites are occtipiéeFor bipolaronic carriers in
chemically doped semiconducting polymers, Xeaal showed the Seebeck coefficient té®be,

Vo]l e — Eq.111

where @ is the bipolaron carrier concentration ratio. Additional studies have shown that the
Seebeck coefficient generally decreases with increasing carrier concentration ratio, as described
in Eq. 2 and Eq. 3, but may have a larger coefficient in the denomaradoa smaller Seebeck
coefficient than expected at some carrier concentration “faffo 1°¢° Quantifying“"Y"Y from
temperature dependent Seebeck coefficient measurements is not always accurate because of
limited temperature measurement ranges, but quantifif)gs conmonly observed? 2° 185 187
To better understand charge transport in solution processable and chemically doped
semiconducting polymers, we meastie temperature and charge carrier dependent electrical
conductivity and Seebeck coefficient and analyze these measurements in theafagaations
Eq.109Eq.111

With these polymer, dopant, and transport conatttrs in mind, we focus this study on
an emerging solutieprocessable polymer family, copolymers of -8j6xythienothiophenes
(DOTTs) as a function of2,3,5,6tetrafluore7,7,8,8tetracyanoquinodimethane=4TCNQ)
sequential doping concentration, oerear ambient temperature range of 273 to 1.0 We
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have shown these polymers to exhibit appreciable room temperature electrical conductivities (1
to 20 S/cm) in a prior study, motivating this deeper transportstudye r ei n, we fi nd t
Seebeck coefficients have little to no temperature dependence, decrease slightly with increasing
dopantconcentration, and decrease with increasing electrical conductivity. Notably, the DOTTs
can achieve remarkably low Seebeck coefficieass €10 pV/K), which is not commonly seen

with PBTTT nor P3HT doped with FATCNQ. Additionally, the DOTTs doped withGM® can

achieve a wide range of electrical conductivity activation energeed 30 meV to 25 meV) and
hypothetical maximum electrical conductivities (30 S/cm to 150 S/Baged on the electrical
conductivity, optical absorbance, and charge transpodralgmcies on carrier concentration and
temperaturevide infra) we posit that the Mott polaron model is a useful model for interpreting
the DOTT/FATCNQ system. Ultimately, these measurements and analyses quantify how
systematic polymer and dopant chemyistetermine charge transport properties.

In our prior publications, we discussed the synthesis, electrical, and electrochemical
properties of five unique 3;@ioxythienothiophene copolymers (DOTTSs) functionalized with 2
hexyldecyloxy solubilizing chain®. Fig. 1 shows the repeat unit structures of three DOTT
variations that have cyclic dioxythienophene comonomers-di®¥ythienothiophenailt-
ethylenedioxythiophene (DE), (3doxythienothiopherialt-biethylenedioxythiophene (BE
3,6-dioxythienothiophenialt-2,2-dimethy-3,4-propylenedioxythiophene, (DD)] that exhibit -air
stable, ambient temperature, solid state electrical conductivities approaching 20 S/cm when doped
with FATCNQIn propylene carbonate (PClhese electrical conductivities are appreciably large
and warrant additional characterization for future polymer doping and synthesis optimizations. To

expand upon prior characterizations, and better quantify how doping and polymer chemical
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structure affect charge transport, additional Seebeck coefficientekrutrical conductivity

measurements were performed.
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Figure45: Summary of repeat unit structures and electrical conductivities. (a) Repeat unit structures of the
DOTT copolymers relevant to this study. (b) Electrical condugtigis a function of FATCNQ/PC
sequential doping solution concentration of polymer films on glass. Error bars represent the sample to
sample standard deviation from at least three unique films.

Figure46ashows the Seebeck coefficients for DE,.péhd DD as a function of FATCNQ
solution concentration. The Seebeck coefficient decreases with increasing dopant solution
concentration and increasing electricainductivity. The electrical conductivity and Seebeck
coefficient are anticorrelated; as the number of charge carriers increases, the electrical conductivity

generally increases, but the energetic disorder among charge carriers and carrier sites {entropy o
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mixing) decrease¥* 19 1%Additionally, the Seebeck coefficient is positive in all polymer/dopant
systems, indicatigpthat holes are the dominant charge carrier. Notably, the Seebeck coefficient of
DE and DD plateau near +30 uV/K at higher dopant concentrati@end @50 mM), while D&
consistently shows a low Seebeck coefficient near +10 uV/K independent of dopearitration.
Lower Seebeck coefficients are associated with increased carrier concentrations, higher electrical
conductivities, and metdike electronic transport. Ultimately, the trends in the Seebeck
coefficients inFigure46a are consistent with the electrical conductivities

To further understand the trends in the Seebeck coefficients, we measured the Seebeck
coefficient over an especially narrow temperature fromR¥@ 310 K as a means of providing a
rapid property probe. The Seebeck coefficien
energetic distribution of charge carriers in polaronic materials. This temperature range was
selected to mitigate thermal dgilog or polymer degradatici; 2> 127 2%yhile sufficiently large
to elucidate any significant temperagudependence (if present) 818 291 Figure 46b shows a
representative set of Seebeck coefficients as a function of temperature. None of the
polymer/dopant systems in this study have a statistically significant temperature dependence
within this temperature rang&eebeck coefficients that have a weak or unobservable temperature
dependence are commonly observed in chemically doped semiconducting polymers, and it is
oftentimes attributed to hoppidike transport transpofe: 25 85 187

To better quantify the effects of doping on the Sebeeck coeffieemtused xay
photoelectron spectroscopy (XPS) to determine the fluorine:sulfur ratio (F4fGNGQlymer),
which approximates the extentafidation. Although XPS is a surface sensitive technique, prior

reports have shown that sequential doping (with similar procedures) can lead to dopant diffusion
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and oxidation throughout the thickness of the fifnt°?In addition to quantifying the extent of
oxidation, we consider that Seebeck coefficients in polaronic and localized systems are oftentimes
understood in terms of carrier to site oatc, see supporting informati®A> 1%In simple polymer
structure/dopnt systemsi.g., (CH)x/CIO4 and P3HT/PE), dopant counterions are indicative of
charge carriers, and a limited set of conjugated double bonds or thiophene rings can be viewed as
a carrier sité> 1’° The carrier tosite ratio ¢) can be measured using XPS or electrochemical
techniques, and oftentimes solid state P3HT exhibits a maximum carrier rasid0d33 carriers

per ring {.e. one carrier per three rings), which is equal to 0.33 carriers per site b6 x 107
carriers/cm.>" 8 102, 116, 20&imj|arly, several PEDOT studies have reportedIgpeare carrier per

two rings, which is equal to a maximum of 0.5 carriers per sita® x 1! carriers/cm.’* 112

173,174 |In contrast, PBTTT repeat units could hypothetically sustain two charge carriers, but
experimental observations suggest there is a maximum of 0.3 to 0.4 carriers peféréjfeat.
PBTTT monomers contains two thiophene rings and one fused thiesaj{Bi@phene ring and,
assuming the PBTTT monomer consists of three carrier sites, chemically doped PBTTT has a
maximum carrier ratio ota. 0.13 {.e. 0.4/3) and a maximum carrier densityaaf. 3.5 x 13°
carriers/cm, consistent with previous repoffs® Based on these reports on P3HT, PEDOT, and
PBTTT, we posit that the site count for DE, Ddad DD to be 2, 3, and 2, respectively, and we

use this site count with the XPS measurements to calculate thee tasite ratiosgee supporting
information andrigure46c). We further validate these carrier ratios by calculating charge carrier
densities (ranging from 4 x 30to 5 x 13° carriers/cm) and charge carrier mobilities (ranging

from 0.02 to 0.2 cHYV s) that are consistent with semiconducting polymers at comparable doping
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levels and electrical conductivities ésesupporting informatiorfor exact calculations and
sypporting figuresp 117, 184,204

Figure 46c shows the measured Seebeck coefficients as a fundtithre @arrier to site
ratios. As expected, the DOTT Seebeck coefficients decrease with increasing carrier ratio (and
carrier concentration). However, the DOTT Seebeck coefficients are not consistent with the
pol aronic model s06 S e)eTheHelkes madel {Eq.i2xis shawh ia red ik q . 2
Fig. 2c, and it assumes a purely statistical entropy of mixingdm&nsion in a homogenous
microstructure with no carrier interactiol¥8 A bipolaronic model (Eg. 3) is shown in orange in
Figure46c, and it assumes a purely statidtieatropy of mixing in idimension in a homogenous
microstructure with charge carriers that spin p&iBoth the Heikes and bipolaron models
overpredict the Seebeck coefficient. This overprediction could be due to structural
inhomogeneities with charge transport in more than one dimension. Additionally, the polaronic
mo d e | s édicting ther Spabeck coefficient could be due to the charge carriers havékaetal
characteristics. Here, we consider that charge carriers could be sufficiently spatially and
energetically delocalized and close to the Fermi energy level that they rebeckeoefficients

more similar to a metal. A metalés Seé®eck co

"y a4 — Eq.112

whered “ is the effective carrier mass (in kg) aihds the carrier density (in carriersinFigure

46c plotsEqQ.112in blue (assuming an effective mass of one electron), and we finEdhat2

oftentimes underpredicthite DOTTO6s Seebe gikanexwaptionh wherEgeliz s . DE
intercepts DEdata points at = 0.15 and 0.27. These observations suggest that DE and DD may

have Sebeck coefficients that are a combination of poldiom and metalike contributions,
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while the Dk Seebeck coefficients are predominantly due to miélcharge carriers (plausibly
delocalized and near the Fermi energy level). Lastly, the tempedafueadencies of polardike
Seebeck coefficient§’Y® "Y ) and metalike Seebeck coefficients “Y may cancel one
another and result in the seemingly temperature independent coefficient in our measurement

regime inFigure46b and in other literature studiég 8> 185 201
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Figure46: Seebeck coefficient relationships in DOTTSs. (a) Seebeck coefficient as a function of polymer
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coefficient as a function of XPS measured carrier concentration ratio. Solid lines are the Heikes, Bipolaron,

and Mott metallic Seebeck coefficient models.
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While theSeebeck coefficient is dominantly a function of carrier concentrations, electrical
conductivity is also dependent on the carrier:
Through the context of the Mott polaron model, the energetic barrertten hypothetical
maximum electrical conductivity for a polymer/dopant system can be evaluated. To perform this
evaluation, temperature dependent electrical conductivity measurements were collected on DE,
DE,, and DD at 1, 10, 20, and 50 mM FATCN&)ure47) over the same temperature range used
for the Seebeck coefficient measurements. All polymer/dopant systems in this study have a
thermally activated electricalonductivity. On d n (v T plots, the slope is indicative of the
activation energy for electrical conductidf:) (Figure47b) and the mathematicatiytercept §
indicative of the hypothetical maximum conductivifig)((Figure47c).

In the Mott polaron modelka is a function of spatial localizatioW) and energetic
localization Ei). Because the Seebeck coefficients are not statistically significant functions of
temperature (within these temperature ranges and doping ldyedslikely small in comparison
to WH, within the context of the Mott polaron model. This suggests that spatial inhomogeneity and
coulombic attractions are the dominating forces for carrier localization (and not the energetic
distance between electronic stateB)gure47b shows that, tends to increase from REo DD
to DE and decreases with increased doping. As doping increases, the number of polarons and
counterions increase, which enables grgatéaron delocalization and conduction pathw&yé:

8 XPS and Seebeck measurements show that the carrier concentration greatly increases from 1 to
10 mM in all polymers but then plateaus. Additionally, this plateau is also seenkr thkies
and may suggest th8andE; have a similar dependency ocnNatably, DE achieves afa value

near 25 meV at 50 mM FATCNQ doping, which is a remarkably low value for a solution processed,
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chemically doped semiconducting polymier® 2’This low E,, in combination with lows (ca.
+10 pV/K) suggests DEFATCNQ to have metal like electrical transport within more ordered
domains, but thermal activation is needed to hop between these domains. This description and
observations are similar to what Yoon andworkers noted in various semiconducting
poly(thiophenes), poly(pyrroles) and poly(aniline) under a wide temperature range (1.4 to 300 K)
near the metahsulator transitiort/> and what Tanaka and coworkers noted in electrolyte gated
PBTTTS

Figure47c showslio, which is the theoretical maximum electrical conductivity if the charge
carriers were not localized. In this studyy generally increases with increasing dopant
concentration, buhento decreases at the highest doping concentration. This incress low
doping concentration can be attributed to increases both the charge carrier concentration and
carrier mobility, andlo likely decreases at high carrier concentrations dued®ased carrier
scattering events; this has been observed before in other polymer/dopant $¥/stetably, the
S ¢, andEa parameters plateau between 10 mM and 20 mM FATCNip bantinues to increase
from 10 to 20 mM and then decreases from 20 to 50 mM. Although the statistical robustness of
this observation is weakened by the marginal overlap in confidence interval error bars, it is notable
that this trend is present in alr&®e polymer/dopant systems. We speculate that the decraase in
at high doping concentrations is because additional F4ATCNQ molecules swell and reorder the

microstructure without significantly increasing charge carrier concentrations.

171



a) T
o
Z 10 . DE,
(5]
3 Adaa g,
[
© ..
= DE
©
L . _ _ _
w 3.2 33 34 3.5 3.6
Temperature (1000/K)
b) el 1mM
S
o 100
E
w
50
s DE DE, DD
c
) 200
150+
£
-
» 100
[=]
=)
50
0 DE DE, DD

Figure47. Temperature dependent electrical conductivity propeiri€&OTTs (a) Representative plot of

the electrical conductivities as a function of temperature (50 mM doped films shown). Error bars are hidden

by the markers due to lowxgerimental error(b) Activation energy as a function of doping concentration

and polymer chemistry. Errors bars are 95% confidence intefeqlslypothetical maximum electrical
conductivity as a function of doping concentration and polymer chemistor. liars are 95% confidence
interval s. Ea and G40 were both extracted using a
values lower than the significance level (0.05), so we reject the null hypothesis that these parameters (Ea
and 00 )nifieante i nsi
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Charge transport models are needed to thoroughly compare various
polymer/dopant/processing systenfs. v plots ha@ive been used previously to rationalized the
anticorrelation betweer and & by using models such as Kan§nyder and thes & %4
observation’® 88 %3Figure48 shows thes v glat forihe DOT study performed herein, along
with a number of previously reported studies that analyzed solution processable polymers that
systematically varied the extent of doping and reported both the electrical conductivity and
Seebeck coefficertt: 25 38: 42 85, 88,96, 118, 1B|egrly seen irFigure48 is that D&z shows higher
electrical conductivities and smaller Seebeck coefficients in comparison to DE and DD. We find
that the bulk of the DOTB v plat roughly followsS® @ 4before the precipitous drop near
20 S/cm Figure48). S® (94 is notably different thas® (°2°, and thermoelectric scaling laws
are indicative of the transport and scattering phenoiffe#a®® 2°Recent work by Tanaket al.
suggest that as the power law transitions fi®tn (0 > towardsSe (7, the polymer/dopant
system is undergoing an insulator to metal transffofhe observeds® 0 4 power law in
corroboration with the temperatudependent thermoelectric data ahd tvork by Tanaka and
coworkers, suggests that the DOTT/FATCNQ system, primariyH3ECNQ, is approaching the
insulator to metal transition.

The DOTT/FATCNQ series is also analyzed with respect to other polymer/dopant series,
and we have three notalfladings. First, we analyze the DOTTs with respect to other thiophene
derivatives doped with FATCNQ. The DOTTSs solution doped with FATCNQ can achieve higher
electrical conductivities than many other polymers solution doped with FATCNQ &liguee(
48).41:88. 118\ otably, studies that employed vapor dopthgrienting®® 44 *®7and/or adding highly

polar side chairf§ 2°7 report electrial conductivities significantly higher than 10 S/énft 197
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suggesting that these texgues can further increase the DOTT/FATCNQ electrical conductivities.
Second, in comparison to other polymers doped with FATCNQ and at the same electrical
conductivity, DOTTs have notably low Seebeck coefficieligure 48). These low Seebeck
coefficients are |ikely the result of DOTTsb©d
like energetic distribution of charge carrief$ird, DOTTs may achieve higher tingoelectric
performances if doped with a different dopant. Many polymer/dopant series are to the right of the
DOTTs (.e. higher electrical conductivities), and many of these polymers are doped with stronger
oxidants or acids (Fe&INOBFR, EBSA). For example, poly(thiophenes) doped with FATCNQ
commonly reach 0:110 S/cm, but when doped with Fe(30-100 S/cm has been obsenféd

208 However, optimizing polymer/dopant combinations for high electrical conductivities is
nontrivial>* 14for example, these DOTTs exhibit lower electrical conductivities (in general) when

doped with magic blue, despite the fact that magic blue gesenzore charge carriers and is a

stronger oxidant than FATCN®.
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Although S v 9lots @hable broad comparisons between various polymer, dopant,
processing systems, a deeper understanding can be obtained if transport properties are quantified
with respect to the carrier ratio or carrier density. For exanfpigire 46 shows the Seebeck

coefficient as a function of the carrier ratio, d&fidure46 suggests that éhSeebeck coefficients
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in these DOTTs are likely some combination of delocalized and localized transport models. This
new understanding would not have been possible usin§ just gots aldne; analyzing transport
properties with respect to carrier cti(densities) is necessary. In this vein, we now analyze the
Mott polaron electrical conductivity transport parametéigure47) as a function of the carrier

ratio.

Figure49a showsEa(c) as measured from temperature dependent electrical conductivity
(Figure47) and XPS Figure46). We observe that asincreasesEa linearly decreases in these
DOTT systems. Sevar studies have previously shown that the activation energy decreases with
increasing carrier concentratigh 2> 26 56. 85 8yt in this study we have a sufficient number of
measurements to begin modeling the functional relationship betisemmd c. This linear fit is
statistically significant gee supporting information but it currently does not have a
phenomenologically gnificant interpretation, and this is an area of current research. We
hypothesize the slope to be indicative of the extent at which the activation energy for electrical
conductivity decreases with the addition of charge carriers. Tihtercept is the hygthetical
activation energy at approaching zero carrier concentrations and is hypothetically independent of
the dopant used but dependent on the polymer chemistry and structureini&eept is the
hypotheticak needed to achieve meiide charge tragport at the measurement temperature, and
the xintercept is likely dependent on polymer chemistry, polymer structure, doping technique, and
doping chemistry. Interestingly, we find tHat could approach zero whenis near 0.35 (with
one dopant for evgrthree sites).

Figure 4% showsli(c) as measured from temperature dependent electrical conductivity

(Figure47) and XPS Figure46). In this DOTT amalgam, there is not a statistically significant
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slope nor intercept. This insignificance is surprising becguse ¢ Q (n andc are linearly
related), butio(c) does not sow a clear dependence, bringing into questions the applicability of
the Drude model for this material. We speculate that this deviation is because this DOTT data is
an amalgam of three polymer/dopant systems. In this sis{dyis analyzed concomitantlys a
function of both the polymer chemistry and extent of doping.

Lastly, Figure 49c shows Ei(S) measured from temperature dependent electrical
conductivity and Seebeatoefficient measurements. XPS carrier ratio measurements may not
always be feasible if the dopant and polymer have similar atoms, or if there is not good agreement
between Seebeck coefficient measurements and Seebeck models. Independent of the exact
Seebek mechanism and model, the Seebeck coefficient should decrease with increasing carrier
concentration, so the Seebeck coefficient may be used as a transport property proxy for the carrier
concentration. In this context, the slopeFigure49c is similar to the slope ifigure49aand is
also indicative of the extent to which the activation energy for electrical conductivity decreases

with the addition of charge carriers.
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In our studies of this DOTT series, we obser metalike transport with low Seebeck
coefficients ¢a.+10uV/K), appreciable electrical conductivitiesa( 10 S/cm), and low activation
energiesga.25 meV). The Seebeck coefficients and carrier concentration ratios of these polymers
are not well described by either polaronic and metal Seebeck models, but have values that lie
between these two models. This anomaly suggests that the DOTT Seebecieotefiiay have
both polarodike and metalike contributions. We find that the DOTTs are more readily doped
and can achieve surprisingly low Seebeck coefficients, when compared with other similar polymer
and dopant chemistries while still being fully stbn processible. In summary, we find that not
all transport properties (such as the functional dependency of the Seebeck coefficient on carrier
concentration) can be accurately modeled using the Mott polaron model alone, but the Mott
polaron model doesppears useful in quantifying the efficacy of chemical doping to reduce the
activation energy barrier for the electrical conductivity. This suggests that a new transport function
may better describe transport in chemically doped semiconducting polymetesardes further

investigation.
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4.2 4. P3HT, PE and Dopant Chemistry

This study investigates the charge transport properties of P3HT and poly(RadBDOT
biEDOT) (PE) films doped with a set of iron(lHpased dopants and as a functiondopant
concentration. Xay photoelectron spectroscopy measurements show that doping P3HT with 12
mM iron(lll) solutions leads to similar extents of oxidation, independent of the dopant anion;
however, the electrical conductivities and Seebeck coefficiaris significantly (5 S cm and
+ 8 2 ¢'With Kosylate and 56 S ctna n d  + 3 I with Wercldorate). In contrast, PE
thermoelectric transport properties vary less with respect to the iron(lll) anion chemistry, which is
attributed to PEhaving a lover onset of oxidation than P3HT. Consequentially; dRiped with
12 mM iron(lll) perchlorate obtained an electrical conductivity of 315 S and a Seebeck
coef fi ci entl Modeling+tifese shérmdélectric properties with the dendlized
transpot (SLoT) model suggests that tosylate doped P3HT remains mostly in the localized
transport regime, attributed to more disorder in microstructure. In contrast perchlorate doped P3HT
and PE films exhibit thermally deactivated electrical conductivities aretakike transport at
high doping levels over limited temperature ranges. Finally, the SLoT model suggests ttas PE
the potential to be more electrically conductive than P3HT due4# PE abi | ity t o ach

extents of oxidation and largshifts in the reduced Fermi energy levels.

Doped conjugated polymers are used in a range of applications including photo¢®itaics,
211 (electrochemical)transistot$® 22 2* thermoelectric$!* electrochromic$®® 21¢ and
supercapacitors.’ Systematically evaluating polymer and dopant chemistries is a means to obtain
desiral electronic properties for each application. Poly(thiophene) derivatives, such as poly(3

alkylthiophenes) (P3ATs), poly(3gthylenedioxythiophene) (PEDOT), and polyfbis(3
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alkylthiophen2-yl)thieno[3,2b]thiophene] (PBTTT), and derivatives of thesesibastructures,
receive considerable attention because of their tunable properties and high electrical conductivity
when heavily doped.é. from 1¢ to 13 S cm?).*” ?Several studies have evaluated the transport

in doped P3AT3 74 218 pBTTT> 6 96. 2193nd PEDOT derivative$; 213 but more research is
needed on soluble and solution processable dioxythiophene derivatives (X$36¥§$21> 216,

220223 Recent studies have shio that these XDOTs have the ability to achieve high electrical
conductivities ¢a. 200700 S cml), thereby making them a promising candidate for further

optimization®3 216. 221

Additionally, there is extensive research on the effects of dopant redox potrstizd,>
mechanisn?? and doping methdd® 224 22°0n the resulting optical and electronic properties in
conjugated polymers. The thermodynamics kinetics of the dopant solvolysis equilifi&??
influences the doping processes, the residual counterion species, and the resulting electronic
properties™ 87:22%0ne of the most commantype dopants is iron(lll) chloride, but othissn(lIl)
salts, such as the tosylate, triflate, and perchlorate derivatives, are possible alternatives and result
in different charge balancing species being introduced into the polymer films. In the presence of
relatively stronger coordinating anions.d. chloride or bromide), the iron(lll) compound
primarily behaves as a complex, leaving @4¥ye(termed a ferrate complex anicag the charge
balancing anion following polymer dopirgf.In contrast, when weakly or namordinatng anion
ligandsare present, some solvents may substitute nearly all of the ligands around the iron center
to yield a solvenseparated ion pair, leaving only $pecies as the charge balancing anfétg®
231 The thermodynamics and kinetics of the solvolysis equifi#ft& influences the doping

processes, counterion species in the doped polymerdfiiththe resulting electronic propertés.
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87. 229 S0me studies have examined the effects of counterion species on the resulting transport
propertiesy 224 229 232t the prevailing structusproperty relationships are not clear as doping

thermodynamics, kinetics, and spatial incorporation convolute these relationships.

Polymerdopant and polymerounterion iteractions affect optical and electronic transport
properties. Quantifying these properties in the context of a clw@ggport model can lead to
deeper physical insights. Despite their utility, selecting a charge transport model consistent with a
polymerdopantprocessing system is nanvial because charge transport in polymers is sensitive
to carrier density, electrostatic interactions, and structural order, all of which vary as a function of
doping?®® 8" 22%previous studies have utilized either limad (hoppinglike) and delocalized
(metatlike) transport models, but charge transport lies on a speétiimarefore, using a semi
localized transport model (SLoT), which spans this spectrum, one can quantitively compare the
underlying transport parameters and make conclusions regarding the pfeatgven polymer

dopant system to achieve the desired electronic propétties.

Herein, wereport on the chemical, structural, and charge transport properties of-poly(3
hexylthiophene?,5-diyl) (P3HT) sequentially doped with solutions of iron(lll) salts at varying
molarities and counterions, and wee these P3HT properties to benchmark the properties of
poly(bis(2hexyldecyloxymethyl)propang,3-dioxythiophenealt-bi(3,4-
ethylenedioxythiophene) (poly(ProD@lt-biEDOT), PE) (Figure 50).221 222 Using xray
photoelectron spectroscopy (XPS) and grazing incidence wide angjescattering (GIWAXS)
measurements, we meas the extent of oxidation, calculate the quantity of (bi)polaronic charge
carriers Figure50), and quantify the impact of dopant counterion on microstructure. Ifi RBHE

extent of oxidation is weakly dependent on the dopant counterion chemistry, but the dopant
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counterion chemistry strongly affects the final microstructure and resulting thermoelectric
properties. In contrast, the thermoelectric properties inalREhot as sensitive to the specific salt

used, and ultimately PRchievesa. 3-¢ times higher electrical conductivities than P3HT. Using

the SLoT model in conjunction with additional characterization methods, we conclude that PE
can be more electrically conductive than P3HT as it achieves higher extents of oxidation, which
enables both a greater decay in charge carrier localization, and a greater increase in the reduced

Fermi energy level.
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Figure50: Doping reactions of P3HT and PEP3HT and PEare both susceptible to oxidative doping,
where electrons are removed from the conjugated backbone. Oxidative doping leads to the formation of
positively charged polaronic carriers. Depending on the extedbpihg and the chemistries present,
polaron charge carriers (radical cations) can spin pair to form bipolaronic charge carriers (dications).
Polaronic charge carriers are also electrostatically attracted to the counter apjomh@se chemical
identityis a function of the polymer and dopant chemistries.

Our approach to quantifying the effects of dopant countgraymer combination on the
doping process and resulting transport properties consists of three steps. First, spectroscopic and

thermoelectrieneasurements were performed on P3HT sequentially doped at a fixed concentration
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(12 mM), but with varying iron(lll) salts, Fexfor X = -CI, -Br", -CRSGs (OTf), -CH3CsHaSOs

(Tos), andClOas. These polymer and dopant chemistries were chosen beddahs# prevalence

in the literature and commercial availability. Second, Fe¢lagg Fe(ClQ)s dopants were
selected for extensive evaluation because they produced the highest and lowest electrical
conductivities and Seebeck coefficients in the firgi.Stée performed detailed UVis-NIR, XPS,
GIWAXS, and thermoelectric measurements on P3HT films sequentially doped over a wide
concentration range. Similar experiments using Fe¢lag) Fe(ClQ): were performed on BE

and this comparisoaxamines to what extent polymer ordering and oxidation potential may affect
doping and transport properties. Third, the transport properties for all four P3HT goolyEer

dopant combinations were analyzed using the SLoT model. The fundamental trpasgo-ters
extracted from the SLoT model were then related to the chemical and structural properties. Finally,
we note that the naming system used in this study consists of the polymer name followed by the
corresponding iron(lIHbased dopanie(g.P3HT-Fe(Tos}). We use this naming system because

we find that the counterion chemistry and the resulting polymer molecular structure is dependent
on the chemistry and coordination environment of the iron dopant. The naming system used herein
is slightly different than historical precedents. Oftentimes (electro)chemical doping reports use
only the counterion species in the namiegy(P3HT-Tos), but these precedents usually do not

report a complex counterion species and/or molecular changes to the monometrgf&mis

Dopant counterions affect the doping kinetics, thermodynamics, and charge transport
properties’™ ??*|solating the countei onsd rol e in each of these
observable properties result from their convolution. To quantify the role of the dopant counterion,

five iron(lll) compounds were screened, and the resulting carrier density, electricaltootyduc
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and Seebeck coefficient were measured. For an initial evaluation, commercially available P3HT
was used$upporting informatiorshow the P3HT gel permeation chromatography trace, cyclic
voltammogram anéH- nuclear magnetic resonance spectrogramacherizations.)). P3HT thin

films were sequentially doped by drop casting 12 mM acetonitrile solutions of iron(lIl) chloride,
bromide, triflate, tosylate, and perchlorate on top of the films and allowing the dopant to penetrate
the film, as illustrated irsupporting informatiorand demonstrated in previous studi3he
supporting informationshows that these counterions have different volumes and coordination
ability; therefore, they likely have different effects on the residual anions and resulting transport

properties.

First, we examine the electrical conductivity anelt@sk coefficient of P3HT films. In
general, as the extent of doping increases, the carrier density increases, and the electrical
conductivity increases as the Seebeck coefficient decr&4deigure 51a shows the electrical
conductivities of P3HT films sequentially doped with 12 mM solutions of various iron(lll) salts.
P3HT doped with Fe(Clgs is the most electrically conductive (56 S thwhereas the P3HT
films doped with Fe(Tos)are the least electrically conductive (5 S*gnConsistent with this
trend,Figure51b shows that Fe(Clg):-dopedfimsha e t he | owest Seebeck cc
K1), whereas Fe(Tosfoped f il ms have the highé&)sThesSeebec
trends in thermoelectric properties are commensurate with the optical absorbance spectra shown
in supporting information which also show that P3HFe(ClQ)s; has stronger polaronic
absorbances than P3HRe(Tos}. Therefore, these electrical conductivities, Seebeck coefficients,

and optical absorbances are consistent, and together suggest that&{8H®)3 has a greater
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carier density than P3HFe(Tos}. We also note that these observations are consistent with a

similar comparison of P3HT doping by Fe(e(OTf}, and Fe(Tos)reported by Wiet al?3?

To directly quantify the extent of doping and carrier density, we used XPS. Measurements
of S-2p spectra were deconvoluted and used to calculate the ratio of polaronic sulfur signals to
total sulfur signaf® 2%% 234vhich is indicative of the extent of oxidation and carrier rafjd{This
carrier ratio is used to calculated the carrier densijy*°( % 78 Although UV-Vis-NIR and
thermoelectric measurements indirectly suggest that HB#{TIOQy)s may have more charge
carriers than P3HFe(Tos}at 12 mM, XPS calculated carrier ratios actually show that the carrier
ratios are within error for these two salts. Furthermsupporting informatiorshows that the
carrier ratio for this series of salts varies little, with carrier ratiasao®.22-0.30 (corresponding
to 1 carrier for every ~4 thiophene rings) independent of the ferric dopant. Although the carrier
ratios are comparable, there are several differences amongst these dopant systems. FTIR
measurements isupporting informatiorshow that P3HT films doped with Fe(Cl3 uniquely
exhibit thiophene oxide formaticii® Supporting informatioshows that iron was not detected by
XPS in films aped with Fe(Cl@)sz and Fe(OTH, likely because both salts contain weakly
coordinating anions. In contrast, some iron was detected in all the other films, up to a maximum
of 8 atomic percent with Fe€IFeCk having the most residual iron is consisteithvZl being the
most strongly coordinating counterion in this study and is consistent with previous féports.
Finally, Supporting informatiorshows that counterion sizes vary substantially, and the largest

difference is between tosylate anions and chloride anionsvgl68 A3).

It is fully expectedthat the above listed differences affect the electrical conductivity and

Seebeck coefficients, and this is especially apparent between-R3Hds} and P3HT
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Fe(ClQy)s. These two systems have approximately an 11 Zinmes difference irelectrical
conducivity and Seebeck coefficient, respectively, that cannot be explained solely by the small
differences in carrier ratios (carrier densities) nor solely with delocalized transport Afodetd®
Therefore, it is important to acknowledge that the varying dopant counterion coordination ability,
counterion size, and polymecounterion interactions all affect optical and charge transport

propertied 191 23%and requires further investigation.

(a) ©f

Tosylate Bromide Chloride Triflate Perchlorate

Anion, 12 mM

S [V K]

Tosylate Bromide Chloride Triflate Perchlorate
Anion, 12 mM

Figure51: Survey thermoelectric properties of P3HT films sequentially doped with 12 mM solutions of
different iron(lll) salts iracetonitrile. (a) Electrical conductivity and (b) Seebeck coefficients averaged over
at least 3 separate films, with error bars representing sampéenple standard deviation.
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To quantify to what extent counterion identity and concentration affecitoat properties,
we sequentially doped P3HT with Fe(Togind Fe(ClQ)z over a wide range of solution
concentration, 1.5 to 100 mM. Additionally, we sequentially doped With Fe(Tos} and
Fe(ClQy)sfrom 0.1 to 12 mM. Offset doping concentration rangese used because P3HT and
PE have different doping susceptibilities and electrical conductivities, and our instrumentation
necessitates sheet resistances lessaaabhO Mm) for reportable thermoelectric measurements.
Additionally, this offset doping raye is needed for us to capture a sufficiently large rang#, of
values to use the SLoT model for these polymers. Furthermore, the SLoT model uses carrier ratio
(carrier density) as the independent variable, and not dopant molarity, so this offsebtoes

hamper the charge transport analysis.

The extent of doping was first qualified with WWs-NIR spectroscopySupporting
informationshows that with increasing solution concentration, polaronic absorption in the mid
infrared (MIR) increases and neuteddsorption in the visible decreases, and this is indicative of
increasing extent of oxidation. Additionally, these spectra show thasPkore susceptible.¢.,
is oxidized to the same extent at lower dopant molarities) to doping than P3HT. ExghEitly,
pr i s iabs@barices bleach near 3 mM Fe(TosfFe(ClQ)s and remains bleached through
12 mM. | n c¢ont r-4dblegaching?&)irds ageast 25 mM Red¢giCand Fe(Tos)
cannot effect i ve'l'peakbThemhbilityless dorcenpated solutions ® bléach
the ©pri*staleor pisicansisterd Wwith RsHower oxidation potential (onsets of

oxidation are 0.3 V aneD.7 V vs. ferrocene for P3HT and p&21: 232

To quantify the carrier ratio and the doping mechanisms in P3HT anfillR§, we used

XPS.Figureb52a-c shows representative deconvoluted spectra for pristine and 12 mM doped P3HT
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films, andFigure52d-f shows similar spectra for P&l ms. For the P3HT spectraigure52a-c),

pristine and neutral thiophene peaks occur betveaed63 and 164.5 eV, polaronic thiophene
peaks (polaronic charge carriem®cur betweerta. 164.5 and 166 eV, and S=0O peaks (from
tosylate or sulfones) occur betweem 167 and 170 eV. Notably, doping with Fe(G)®yields

sulfur with binding energies aa. 167 eV, consistent with chemically oxidizing thiophenes to
thiophene oxides; this observation is further confirmed with FTIR measurements, has been
previously reported in literature, and is discussed in detaljpporting information®*® 23’ To
approximate the carmeratio, the thiophene-3p feature was deconvoluted into neutral sulfur
contributions and polaronic sulfur (denoted as S*) contributions. The ratio of the S* peak area to
the total thiophene (and thiophene oxide, where applicable) peak area is assbmedual to

the number of holes per thiophene GRit%® 234 238additionally, for Fe(Tos}-doped films, the

extent of oxidation was also quantified using the abundance ratio of tosylate counterions (using
the sulfoxide doubledtca. 168 eV for Fe(Tos)doped films) with respect to thiopheffeFinally,

for P3HT-Fe(ClQy)3 films, the extent of oxidation was also calculated by deconvolutingthe C
spectra Klote S3. The pristine shand sp carbon are convoluted neea. 284.6 eV, but as the
doping level increases a new peak 286.2 eV emerges, increases, and is attributed to oxidized

aromatic carbon&?® 240

The Pk XPS spectraKigure52) show similar features to the P3HT spectra, but the doped
PE films show additional features at binding energies between 166 and 167.5 eV (denoted S** in
Figure52). Previous works on PEDOT and P3HT have attributed {Bp &nergies near 166 eV
to multi-polaronic charge carriers, but the exact assignment is not”tl&¥8r.234 241 242Fgyp

example, Wegneet al. correlated the presence of higher binding energies in P3HT doped with
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borate salts with EPR measurements, and they assigned featwasl&6 eV to bipolaron
formation?*® Similarly, Marrikar et al assigned binding energies near -I68 eV to
heterogeneously doped and oxidized regions in PEDOT #ilfis. contrast, in PEDOT systems
this additional peak area may be ascribed to asymmetric scatéiting ejected photoelectrons
by the more delocalized valence bdAd?® ?#'Ultimately, we recognize that there is uncertainty
regarding this peak, but here we ascribe the peaks near 166 eytom@giaronic charge carriers
(S” in Figure52). Finally, we note that pristine PE susceptible to air oxidation; air oxidation
of the pristine may be responsible for some peaks intensities at higher binding endfgjasein
52 at 166 eV. This aidoping can result in electrically conductiveRiin-films (ca. 15 S crt at

35 nm¥?'and is notably evident in theZ spectra because XPS is a surface sensitive technique;
however, thicker PHilms show lower electrical conductivitiesg. 104 S cm! at 150 nmy?*and
the pristine PEfilms in this study are even thickera 700 nm thick) ad are electrically insulating

(< 10* S cm?), suggesting the PHElms in this study are not substantially air doped.

Now that we deconvoluted and quantified the XPS spectra for P3HT arad PEmM,
we turn to quantifying these changes at each dolewe. For each polymetopant chemistry
dopant molarity combination, we calculate the carrier ratio and the extent of thiophene oxide
formation. The carrier ratio is quantified using the previously described three methods: (1) the
ratio of S* and S** (ptaronic, oxidized thiophenes) abundance to total thiophene abundance, (2)
the ratio of tosylate abundance to total thiophene abundance, and (3) the ratio of oxidized aromatic

carbons to aromatic carbons.

For P3HT(Figure53), as the solution concentration increases, the extent of doping and the

(bi)polaronic abundance increases. Specifically, at high doping levels (> 25 mM), the average
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extent of doping (from atieconvolution methods) begins to saturateaa.35, corresponding to

one charge carrier for every three rings. These trends and values are consistent with previously
reported spectroscopic and electrochemical P3HT doping studies and the optical and
thermoelectric measurements presented hefetf: 116 Additionally, Figure53shows that at most
dopant concentrations, P3HT films doped by Fe@@os)e(ClQ)s have similar carrier ratios

(within error), consistent with the initial analysisHigure51 andsupporting informationFinally,

in the case of Fe(Clg-doped P3HTfilms, there is an increasing amount of chemically oxidized

sulfoxide rings present, reaching a maximum near 35%.

Like P3HT Figure53b shows that with increasing solution molarity, the RlEns become
increasingly doped; however, doping saturates at a greater carrier redcd0Od, or one charge
carrier per two thiophene rings. This carrier ratio is consistent with previous PEDOT fégérts,
213 and this larger maximum carrier rati®@ ( may be because RE more electron rich and
easily oxidized; this is consistent with previous reports that show increasing the eftettn@ss
of thiophene derivatives increases their carrier density (extent of oxidation, carrier ratio) and their
electrical conductivityvhen comparably dopéd.2*® 2*4n contrast, the thiophenes in Pdte less
susceptible to chemical oxidation to sulfoxide by Fe@@d@®an P3HT, reaching a maximum level
of ca.10%vs.35%. We speculate that the Rbanding $ O interactions in the Pbackbone act
as a kinetic barrier to chemical oxidation; the O atoms shield the adjacent S atoms, both sterically
and electronically, due to the O lone pair interaction and the resulting proximity to the $“Gtoms.
Additionally, PR6s hi gher carrier rati os reltansferve t o
oxidation since the increased positive charge per thiophene ring may make the sulfur more difficult

to chemically oxidize. Similar to P3HT, doping P&ith either Fe(Tos)or Fe(ClQ)s result in
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roughly the same carrier ratio at a fixed solution molarity. Ultimately, these trends in carrier ratio
and extent of oxidation, calculated using XPS peak dexdotion, are consistent with the optical
absorbance trendsuypporting informatio)) and these carrier ratios will be used to contextualize

the effects of doping on microstructural and charge transport properties.
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Figure52 Representative XPS S 2p spectra for P3HT and @pristine P3HT. (b) P3HT doped with 12

mM Fe(Tos}. (¢c) P3HT doped with 12 mM Fe(CIR. (d) pristine PE (e) PR doped with 12 mM Fe(Tos)

(f) PE: doped with 12 mM Fe(Clgs. Additional XPS deconvolution procedures aresimpporting
information The range of binding energies used to fit specific chemical species across all polymer and
dopant chemistries is quite narrow (< 0.5 eV for all thiophene speciesupperting infomation),
suggesting that all deconvoluted peaks used here are needed and repeatable.

193



Figure53: Relative ratios calculated from XPS spectra as a function of dopant solution concentration for
(a) P3HT. (b) PE The S* + S** ratiorepresents the charge carrier ratio, calculated from the area ratio of
polaronic thiophenes to total thiophenes. The Tai® represents the charge carrier ratio, calculated from

the area ratio of the tosylate signal to the total thiophene signal. The C* ratio represent the charge carrier
ratio, calculated from the area ratio of oxidized aromatic carbon to total aromdiandrom the €ls

spectra. S=0 ratio represents the area ratio of thiophene oxides to total thiophene rings in films doped with
Fe(ClQ)s.Note that data is presented on a logarithmic horizontal axis for clarity.

To investigate the structural impact dbping, GIWAXS diffractograms and Holane
linecuts of pristine and increasingly doped films are examiRgnife 54). Figure54a showsthe
in-plane linecuts Fe(Clgs-doped P3HT films. As the doping molarity increases, the alkyl side
chain packingds (1dvalles(argamlk pabi hgsi hor salbhl Epac
ss ackingds ( 010 )qgvauesqdmalledspacing s real space.p. Figteermore, the
concomitant expansion of t he stackidgguggesisashatkClOng an
counterions are intercalated in the side chains ramdt i 1 ts ho&Sinkla trends are
observed with P3HFe(Tos} (Figure54b), but there are two distinct differences. Fisstpporting
informations h o ws t -hsiatking rangefom 3.51A to 3.54A in 12 mM and 100 mM

P3HT-Fe(ClQ)sf i | ms , - Istacking rahges from 34 to 3.59A in 12 mM and 100 mM
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