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High temperature rubbing can lead to metal-like electrical conductivities.47 (b) The doping 

mechanism (electrochemical vs. field effect) determines the doping mechanism (bulk vs. 

interfacial) and thereby the resulting transport properties.48 (c) In a blend of regioregular and 

regiorandom P3HT, the extent of ordering dramatically increases electrical conductivity.21 (d) 

Doping at different temperature affects the extent of doping and the dopant intercalation in the 

polymers, thereby creating different Ὓ„ curves.27 (e) Polymers processed from different solvents 

can have different electrical conductivities; in the case of P3HT, chlorinated aromatics generally 

led to higher electrical conductivities.41 (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 limitations. 42 All figures used with permission from 

their respective publishers............................................................................................................. 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.52 (b) Dopant size and oxidation strength affect the resulting transport properties; strong 

and bulky oxidants yielded higher conductivities at low doping concentrations, but mild and small 

oxidants yielded the highest conductivity at higher concentrations.29 (c) In a series of dopants with 

similar size, the electron withdrawing group affects the LUMO and thereby the oxidation strength 

and polaron concentration.53 (d) Stronger dopants are not necessarily better; the Ag oxidant yielded 

less polaronic charge carriers compared to the Fe oxidant.54 (e) In some polymer systems, the size 

of the counterion does not matter when ion exchanged.55 (f) The extent of doping, as controlled by 

using a gate potential, determines the conductivity and the temperature where the metal to insulator 

transition occurs. 56  All figures used with permission 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 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 one another, are 

coulombically attracted to the anion (A-), can polarize the local environment, and result in a bond-

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 counter anion is shown only schematically but are known to vary. (b) Polaronic 

charge carriers of size ὶπ are localized in potential energy wells (ὡ(), which are separated from 
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each other by a distance, Ὑ, which depends on the carrier density (ὲ) and carrier concentration 

ratio (ὧ). The energy required to hop out of the potential well is expected to decrease with 

increasing carrier concentration. (c) Ὓ „ plot showing that a nominal ί = 1 Kang-Snyder model 

(black line) cannot explain the P3HT-FeCl3 experimental data (green squares, each data point 

represents a unique sample measurement). The SLoT model (green line) accounts for a localization 

energy (ὡ(ὧ) that decreases with increasing carrier concentration. ........................................ 91 

Figure 22: Doping P3HT with FeCl3 and the resulting thermoelectric and spectroscopic 

properties. (a) Electrical conductivity and Seebeck coefficient as a function of the FeCl3 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 140 µV/K to 30 µV/K. Error bars represent sample-to-sample standard deviation 

of at least three films. (b) S-2p spectra for pristine P3HT. (c) S-2p spectra for P3HT doped with 

50 mM FeCl3. 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 procedures. (d) C-1s spectra for 

pristine P3HT. (e) C-1s spectra for P3HT doped with 50 mM FeCl3. Charge carrier concentration 

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

S5. ................................................................................................................................................. 96 

Figure 23: Quantifying localization in P3HT-FeCl3. (a) The Seebeck coefficient as a 

function of the reduced Fermi energy level for a representative dataset spanning from 0.38 to 50 

mM FeCl3. The horizontal dashed lines are measured S, and the green dots are the calculated ɖ 

using 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 FeCl3. (c) Arrhenius plots of the transport 
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function prefactor as a function of inverse thermal energy (temperature). Individual data points are 

calculated from measured electrical conductivities and temperatures, using Eq. 94. Blue shaded 

rectangles are provided to help visualize the change in slope, corresponding to the change in WH. 

Note that each subpanel contains the average – and c values corresponding 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 mM FeCl3. Grey and 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) ct and cd 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 Kang-Snyder model (black lines) and SLoT model (colored 

lines) to experimental data from literature. (a) Ref. 9 studied poly(3-hexyl thiophene), P3HT. (b) 

Ref. 13, 22 studied poly[2,5-bis(3-alykl thiophen-2-yl)thieno[3,2-b]thiophene], PBTTT. (c) Ref. 

38-43 studied poly(acetylene), PA. (d) Ref. 44 studied Poly(3,4-ethylenedioxythiophene), PEDOT 

(e) Ref. 20 studied single walled carbon nanotubes, SWCNT. (f) Ref. 18 studied poly([N,N-bis(2-

octyldodecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-2,6-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 have no adjustable variables; all variables and relationships are 

calculated from independent experimental data. Models with orange curves have an unknown and 

an adjustable relationship (either ὡ(ὧ or –ὧ) that can be estimated using the SLoT model. 104 
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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. ............................................. 107 

Figure 26: XPS data of P3HT doped with FeCl3. (a) Atomic percentages as a function of 

doping. (b) Representative C-1s spectra. (c) Representative S-2p spectra. (d) Ratios of atomic 

species with respect to the extent of sulfur oxidation. ................................................................ 110 

Figure 27: C-1s 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 

mM, (d) 6 mM, (e) 25 mM, (f) 50 mM. ...................................................................................... 111 

Figure 28: 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. .......................................................................... 112 

Figure 29: Charge carrier mobility as a function of charge carrier concentration .......... 114 

Figure 30: Seebeck coefficient as a function of the reduced Fermi level on a (a) linear scale 
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Figure 31: S- „ curve of P3HT/FeCl3 experimental data (black squares) and transport 
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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 

relationship with at 95% confidence interval. ............................................................................. 118 
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Figure 33: Experimental XPS carrier concentration, versus the – extracted from the 

measured Ὓ and and ί ρ transport function. The data are used to establish the semi empirical 
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Figure 34: Electrical conductivity as a function of reduced Fermi level. ....................... 121 

Figure 35: Reduced Fermi energy level as a function of the carrier concentration ratio.129 

Figure 36: Poly(3-alkylchalcogenophenes) under study with R = 3,7-dimethyloctyl side 

chains. Cuvettes show pristine chalcogenophenes solvated in chloroform. Films were prepared by 

blade coating 30 mg/mL solutions from chlorobenzene and then dip-doped in acetonitrile solutions 

of FeCl3. Films become increasingly visibly transparent as dopant concentration increases. .... 136 

Figure 37: UV-Vis spectra for poly(3-alkylchalcogenophene) films at varying dopant 

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

each polymer is doped to 5 mM. ................................................................................................. 138 

Figure 38: Thermoelectric properties for poly(3-alkylchalcogenophene) films doped with 

four different FeCl3 solutions of 0.2 mM, 1 mM, 5 mM and 20 mM: (a) Electrical conductivity, 

(b) Thermopower, (c) Power factor. Error bars capture sample-to-sample 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) Conductivity pre-factor, s0. Activation energies 

and the conductivity pre-factor are extracted from Mottôs polaron hopping model using the 

dependence of electrical conductivity on temperature................................................................ 146 

Figure 41: Chemical structures pertinent to the FBDPPV study. ................................... 149 
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Figure 42: Electrical and thermoelectric properties of (RuCp*mes)2-, N-DMBI-H-, and (N-

DMBI)2-doped FBDPPV at varying dopant concentrations. a) Electrical conductivity, b) Seebeck 

coefficient, and c) power factor. ................................................................................................. 151 

Figure 43: Temperature dependent thermoelectric properties. (a) Electrical conductivity 

and (b) Seebeck coefficients as a function of temperature. ........................................................ 153 

Figure 44: Calculated transport parameters for FBDPPV. (a) Pre-exponential electrical 

conductivity („π), (b) Electrical conductivity activation energy (ὉÁ), (c) and Seebeck coefficient 

constant (Ὓπ) extracted from the temperature-dependent electrical conductivity and Seebeck 

coefficient measurements. Error bars represent a 95% confidence intervals in the non-linear 
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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 F4TCNQ/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. ................. 164 

Figure 46: Seebeck coefficient relationships in DOTTs. (a) Seebeck coefficient as a 

function of polymer and dopant concentration. Error bars represent sample-to-sample standard 

deviation from at least three unique films. (b) Representative plot of Seebeck coefficientsô 

temperature dependency. (c) Seebeck coefficient as a function of XPS measured carrier 

concentration ratio. Solid lines are the Heikes, Bipolaron, and Mott metallic Seebeck coefficient 
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Figure 47: Temperature dependent electrical conductivity properties in DOTTs. (a) 

Representative plot of the electrical conductivities as a function 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) Hypothetical maximum electrical conductivity as a function of doping 

concentration and polymer chemistry. Error bars are 95% confidence intervals. Ea and ů0 were 

both extracted using a linearized regression analysis. All regressions have p-values lower than the 

significance level (0.05), so we reject the null hypothesis that these parameters (Ea and ů0) are 

insignificant................................................................................................................................. 172 

Figure 48: S vs.ů plot comparing DOTTs and select soluble polymer/dopant literature 

studies. Individual DOTT data points are represented by small filled symbols, while doping-level 

average values are represented by large open symbols. Literature studies were selected with a focus 

on all-donor systems, systems doped with F4TCNQ, and systems that provided a wide range of S 

vs. ů values. Polymer/Dopant/Last Author (reference number) are provided for each data set. 

Reference numbers after the polymer/author system refer to the reference in the original 

manuscript. .................................................................................................................................. 175 

Figure 49: Charge transport modeling for the DOTT system. (a)ὉÁὧ  (b) „πὧ  (c) 

ὉÁὛ. Black dashed lines show fits when statistically significant with a 95% confidence interval. 

DOTT properties are viewed as an amalgam. ............................................................................. 178 

Figure 50: Doping reactions of P3HT and PE2. P3HT and PE2 are 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 the chemistries 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 of the polymer and dopant 

chemistries. ................................................................................................................................. 184 

Figure 51: Survey thermoelectric properties of P3HT films sequentially doped with 12 mM 

solutions of different iron(III) salts in acetonitrile. (a) Electrical conductivity and (b) Seebeck 

coefficients averaged over at least 3 separate films, with error bars representing sample-to-sample 

standard deviation. ...................................................................................................................... 188 

Figure 52: Representative XPS S 2p spectra for P3HT and PE2. (a) pristine P3HT. (b) P3HT 

doped with 12 mM Fe(Tos)3. (c) P3HT doped with 12 mM Fe(ClO4)3. (d) pristine PE2. (e) PE2 

doped with 12 mM Fe(Tos)3. (f) PE2 doped with 12 mM Fe(ClO4)3. 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 
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Figure 53: Relative ratios calculated from XPS spectra as a function of dopant solution 

concentration for (a) P3HT. (b) PE2. The S* + S** ratio represents the charge carrier ratio, 

calculated from the area ratio of polaronic thiophenes to total thiophenes. The Tos- ratio 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 aromatic carbon from the C-1s spectra. S=O ratio represents the area ratio 

of thiophene oxides to total thiophene rings in films doped with Fe(ClO4)3.Note that data is 

presented on a logarithmic horizontal axis for clarity. ............................................................... 194 
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Figure 54: GIWAXS in-plane linecuts and diffractograms for P3HT and PE2 films 

sequentially doped with Fe(Tos)3 and Fe(ClO4)3 at varying solution molarities. (a) P3HT-

Fe(ClO4)3. (b) P3HT-Fe(Tos)3. In these linecuts, the blue arrows and vertical dashed lines help 

guide the eye to show the general trends for the (100) peaks and ˊ-ˊ peaks.   Note that the P3HT 

diffractograms are located left of center and range from 1.5 to 100 mM. (c) PE2-Fe(ClO4)3. (d) 

PE2-Fe(Tos)3. The peaks in PE2 are broader and less commonly reported, so individual diffraction 

peaks are labeled and highlighted. Note that PE2 diffractograms are located right of center and 

range from 0.2 to 12 mM.  Supporting information show nearly out-of-plane linecuts, and tabulates 

Ὠ-spacings. .................................................................................................................................. 196 

Figure 55: SLoT model analysis of P3HT and PE2 doped with Fe(Tos)3 and Fe(ClO4)3 

solution concentrations. Individual data points represent doping level average measurements, error 

bars represent ± one standard deviation from multiple films, and solid lines represent SLoT model 

regressions.  (a) P3HT and (d) PE2 reduced Fermi energy level as a function of the carrier 

concentration. The transport edge is labeled at ɖ = 0 and represents the onset of electronic transport 

within the context of the SLoT model. Note that panels (a) and (d) have the same x-axis but 

different y-axis scales. In panel (d), the P3HT-Fe(ClO4)3  100 mM level is also donated to help 

draw comparisons with panel (a). (b) P3HT and (e) PE2 activation energies as a function of the 

carrier concentration ratio. Activation energy is considered to be minimal when WH < kBT, and 

transport is considered to be thermally deactivated when WH < 0; both of these thresholds are 

labeled and represented by a dashed line. (c) P3HT and (f) PE2 S-ů plots. 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 (Kang-Snyder s = 1 curve), and solid lines represent 



xxx 

 

SLoT model curves, calculated with no freely adjustable parameters. Measured data points and the 

modeled SLoT curve approach collinearity with the delocalized curve when WH < kBT. Source 

data, additional notes for calculating SLoT parameters, and error propagation are in supporting 
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Figure 56: SLoT modeling of PBTTT-C12 sequentially doped with FeCl3. (a) Doping 

schema and representative digital photographs showing pristine and 50 mM doped PBTTT films. 

(b) Electrical conductivity and Seebeck coefficient as a function of FeCl3 concentration. (c) UV-

Vis-NIR attenuation coefficient as a function of photon energy. Inset shows optical features 

associated with the FeCl4
- counterion. (d) SLoT model transport function prefactor and reduced 

Fermi energy as a function of carrier ratio and density. (e) Localization energy as a function of 

carrier ratio. Inset shows representative Arrhenius plots, where the slopes are equal to ὡ(.  (f) 

Ὓ„ curve showing doping level average properties (colored squares, error bars represent 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 PBTTT-SLoT.xlsx for additional details. ........................................................ 214 

Figure 57: PBTTT-FeCl3 GIWAXS measurements and analysis. Representative 

diffractograms for (a) Pristine, (b) 0.88 mM FeCl3 doped, (c) 2.5 mM FeCl3 doped, and (d) 50 mM 

doped PBTTT films. Pristine diffractogram shows annotated indices. (e) Radially integrated 

linecuts. (f) Lamellar and “ “ spacing. (g) Coherence length and paracrystallinity. ............. 218 

Figure 58: SLoT Transport comparisons for P3HT, PE2, and PBTTT. (a) Chemical 

structures and names 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 (dashed line, where 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 same – value, different polymers can 

obtain different carrier densities 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, calculated using an 

analytical technique.101 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 represent ± one standard deviation, measured from at least three 

unique films. ............................................................................................................................... 223 

Figure 59: PBTTT-FeCl3 spectroscopic ellipsometry measurements, B-spline fits, and 

complex dielectric function calculations. (a) Representative ‪ and ɝ measurements for pristine 

and 50 mM FeCl3 doped PBTTT films with comparable thickness (~ 180 nm) on glass substrates. 

One out of every five measured data points are shown for clarity, and line represent the B-spline 

fitting, calculated using known substrate properties, known film thickness, and assumed Kramers-

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

component (‭ς) of the complex dielectric function. ................................................................... 228 

Figure 60: Representative spectroscopic ellipsometry deconvolutions as a function for 

PBTTT-FeCl3 doping level. (a) Pristine PBTTT, modeled using only a Cody-Lorenz oscillator for 

the “ “z  band gap transition. (b) PBTTT doped with 1.25 mM FeCl3, modeled using a compared 

“ “z  band gap transition and a Gaussian polaronic absorption. (c) PBTTT doped with 50 mM 

FeCl3, modeled using a comparable “z  optical transition and polaronic absorption as well as a 
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Drude free electron contribution. Additional deconvolution notes and methodologies are found in 
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Figure 62: (a) XPS plot of P(OE3)-E in a pristine state, (b) XPS plot of P(OE3)-E doped 

with 5 mM Fe(Tos)3/ACN, (c) average and standard deviations of S 2p3/2 peak fits for each 
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Figure 63: Radially integrated GIWAXS profiles of (a) P(OE3)-D, (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 dopant concentration.
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Figure 64: (a) Ὓ „ plot comparing P(OE3) series. Points left to right indicate increasing 

doping concentrations with FeTos3 (0.125 mM, 0.25 mM, 0.375 mM, 0.5 mM, 1 mM, 5 mM, 50 

mM). Error bars represent  one standard 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 labeled at ɖ = 0 and represents the onset of electronic transport within the 

context of the SLoT model. (c) „π distributions for each P(OE3) system. Boxes represent  one 

standard deviation, whiskers represent  two standard deviations, the middle lines are the average, 
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Figure 66: a) UV-vis spectra of polymer films on glass in the pristine state (P(BOE)-D), 

FeTos3 doped P(BOE)-D, hydrolyzed (P(OH)-D), and FeTos3 doped P(OH)-D. Absorbance of 

the pristine P(BOE)-D film 1, and doped film 1, normalized to the pristine P(BOE)-D film 2 (prior 

to hydrolysis) for clarity of spectral changes. b) Cyclic voltammograms and c) differential pulse 

voltammograms of a polymer film before and after hydrolysis in a 0.5 M TBAPF6/PC electrolyte 
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Figure 67: The effects of removing side chains on the charge transport properties. a) 

Measured electrical conductivities and Seebeck coefficients of blade-coated P(BOE)-D and 
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across at least 3 unique films. b) Reduced Fermi energy level (– and localization energy (ὡ(), 

calculated using temperature dependent thermoelectric measurements and Eq. 1, 2. Note that at 
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wells. ὡ( is visualized as the distance from the bottom of the potential energy wells to their 

intercept with the neighboring potential well. Note that there are the same number of potential 
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Figure 74: Electro-thermal 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 ɖ values. All microgeometries require only a phase fraction 

to be defined. Parallel cylinders and perpendicular slabs provide estimations for physical bounds 

of potential microstructures, whereas the coated spheres microgeometry is thought to better 

represent a realistic isotropic microstructure. Non-Wiedemann-Franz behavior can be observed 

even though each phase obeys the Wiedemann-Franz law at the microscopic level. This results in 

an effective Lorenz number (ὒÅÆÆ) that can be far from the Sommerfeld value (ὒπ), even though 

the standard expression, ‖ ὒ„Ὕ‖ÖÉÂ, is used to compute the thermal conductivity of each 
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Figure 75: Analysis of the electro-thermal transport of PEDOT at 250 K. Experimental data 

was initially reported by Weathers et al. The sample labels are consistent with the original 

publication. (a) Conventional Weidmann-Franz analysis of the measured ‖ and „. (b) Analysis 
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LIST OF SYMBOLS AND ABBREVIATIONS  

Angular frequency (Hz)   ‫ 

ὥ  Bohr radius (0.0529 nm) 

Ὧ  Boltzmannôs constant (1.38 x 10-23 J K-1) 

CB(M) Conduction Band (Minimum) 

‭  Dielectric function 

Ὁ   Electric field (V cm-1) 

ὐ  Electric current density (A cm-2) 

„  Electrical conductivity (S cm-1) 

ά   

ά ȟ
ᶻ   

Electron mass, rest (9.11 x 10-31 kg) 

Effective electron mass, x = inertial, band, Seebeck 

Ὑ  

ςὙ  

Electronic bandwidth radius (meV) 
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SUMMARY  

Semiconducting polymers are a class of materials 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. Oftentimes, pristine semiconducting polymers are electrically insulative („

ρͯπ  S cm-1) with comparatively few mobile charge carriers with low mobilities. The charge 

carrier density and mobility can be increased via chemical doping, and chemical doping oftentimes 

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 parameters, including 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 establishment of charge transport models, and fundamental process-

structure-property relationships.   

In this thesis, I developed and compiled experimental methods, which are used to 

create and substantiate novel charge transport models, which are then used to contextualize 

the charge transport properties of chemically doped semiconducting polymers. This thesis 

begins by reviewing the electronic structure of materials, solid-state charge transport physics, and 

state of the art literature in organic electronics and thermoelectrics. Afterwards, a novel charge 

transport model (semi-localized transport, SLoT) is derived and applied to literature studies. The 

utility of the SLoT model is its ability to quantify both localized (hopping-like) and delocalized 
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(metal-like) contributions to the observable transport properties and quantify key transport 

parameters such as the localization energy in the dilute doping limit, the carrier density need for 

delocalized transport, and the maximum hypothetical electrical conductivity.  The SLoT model is 

then used to contextualize the 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 model captures the transport properties of several systems, it has 

shortcomings with electro-thermal transport modeling, so one chapter is devoted to developing 

models that capture this phenomena. This work is concluded by detailing future experimental 

methods, transport models, and material systems that ought to be explored for the rational 

advancement of organic electronics and thermoelectrics. 
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CHAPTER 1: INTRODUCTION  

Semiconducting polymers are oftentimes solution processible and mechanically compliant 

like traditional polymers, but semiconducting polymers oftentimes have optical and electronic 

properties more akin to traditional inorganic semiconductors and metals. This unique combination 

of mechanical, chemical, optical, and electronic properties is enabled by the semiconducting 

polymersô chemical moieties, doping chemistries, and processing techniques. This introduction 

starts from a fundamental solid-state physical and quantum mechanical perspective, which 

explains how semiconducting polymers can obtain electronic structures with delocalized and 

metal-like charge carriers. From this foundation, this introduction transitions to using the 

Boltzmann transport equation to quantify how the distribution of charge carriers in the electronic 

structure affect the resulting transport properties. Although the focus is on the electrical 

conductivity „ and Seebeck coefficient Ὓ, additional transport properties are noted, such as the 

thermal conductivity, optical absorption coefficient. These electronic and transport properties are 

then related to semiconducting polymer moieties, and general trends are provided on how one 

moiety may affect the resulting electronic structure and transport properties. Furthermore, a 

detailed review on chemical doping is provided, which affects the distribution and filling of 

electronic states. This introduction finishes by reviewing the organic electronic and thermoelectric 

literature and stating the purpose of the thesis.   

Although numerous references are cited throughout this document, the following textbooks 

have been excellent resources. Electronic Processes in Non-crystalline Materials by Mott,1 Solid 

State Physics by Ashcroft,2 Principals of Electronic Materials and Devices by Kasap,3 Solid State 
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Properties: From Bulk to Nano by Dresselhaus,4 Handbook of Conducting Polymers by Reynolds.5 

Modern Physical Organic Chemistry, by Anslyn.6 Introduction to Quantum Mechanics by 

Griffiths.7 Condensed Phase Molecular Spectroscopy and Photophysics by Kelley.8 I want to 

acknowledge the lecture notes and videos from Prof. G. Jeffery Snyderôs course, MSE 485-Spring 

2020 at Northwestern University.9 Lastly, I want to acknowledge LibreTexts, an open textbook 

program supported by the Department of Education, National Science Foundation, University of 

California, that contains redistributable information, derivations, and figures under a Attribution-

NonCommercial-ShareAlike 3.0 United States (CC BY-NC-SA 3.0 US).10 

1.1: Electronic Structure of Materials  

1.1.1: Atomic Orbitals and the Schrodinger Equation  

Atoms generally consist of protons, neutrons, and electrons, with protons and neutrons 

located at the nucleus and electrons orbiting the nucleus. The distribution of these electrons in real 

space and energy is a function of the number of electrons and protons. Ultimately, this distribution 

dictates the propensity for an atom to (inter)react with other atoms and/or energy (e.g. light, heat). 

Here, we first seek a physical and mathematical picture that describes this spatial 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 wave-particle duality and that they can modeled as traveling 

plane waves (like a series of waves in the ocean steadily crashing upon the beach), their electric 

field is, 

Ὁ Ὁ  ÓÉÎ Ὧὼ ‫ὸ  Eq. 1 
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Where Ὁ  is the amplitude of the electric field, Ὧ is the wavenumber (which is equal to , 

where ‗ is the wavelength), ὼ is the spatial coordinate, is the angular frequency (ς“’), and ὸ is ‫ 

time. As experimentalists, we observe, measure, and contextualize the intensity of these traveling 

waves as ȿὉὼȟὸȿ, and this can be thought of as measuring the intensity of the light of a lamp or 

the intensity of the ocean waves crashing into your body. Notably, Eq. 1 describes the 

wavefunction for the electric field due to a moving electron, but it does not describe the position 

nor energy (i.e. wavefunction) of the electron itself. This electron wave function, ɰὼȟὸ, describes 

the energy and position of the electron itself (not its resulting electric field), and ȿɰ ὼȟώȟᾀȟὸȿ 

is the observable probability of finding an electron in some unit volume ὼȟώȟᾀ at some time. 

Returning to the ocean analogy, Ὁ  is akin to feeling and measuring the waves, while ɰ is more 

akin to quantifying and modeling position of the water molecules and their reaction to the wind 

and the position of the moon.  

 The mathematical and physical representation for an electron wavefunction can be 

evaluated by considering how it interacts with its environment (akin to the position and 

gravitational force of the moon with respect to earth and the ocean of interest). If we consider that 

the electron only has an electrostatic potential field (due to the nucleus), then the electron has an 

electrostatic potential energy of,   

ὠὶ    , Eq. 2 

Where ὶ is the distance between the electron and proton (nucleus), Ὡ is the fundmanetal charge 

constant, and ‭ is the permittivity of free space. Given that the electrostatic potential of the 

electron is time independent, then we can simplify the wavefunction and only examine the spatial 
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dependent wavefunction (time-independent), ‪ὼ. In addition to this electrostatic potential 

energy, the electrons have kinetic energy. The time-independent Schrödinger equation relates these 

potential and kinetic energies to the electron wavefunction through a second order differential 

equation,  

ᴐ
 Ὁ ὠ‪ π,  Eq. 3 

where ά is the electron mass, ᴐ is the angular Planckôs constant, and Ὁ is the kinetic energy. Note 

that Eq. 3 is analogous to that time-dependent second order differential equation used to describe 

the position and energy of a mass-spring system (ά Ὧὼ π, where Ὧ here is the spring 

constant). From Eq. 3, we will now consider the wavefunction of the electron in an infinite 

potential well, in a box, and then in a more realistic atomic situationé extrapolating to the rest of 

the periodic table.  

 If we assume an electron to be trapped in a potential energy well, with some width, ὥ , then 

the electron is trapped in some span from 0 to ὥ (Figure 1a). This well is infinitely deep, so ȿ‪ȿ 

is zero where ὼ ὥ or where ὼ <  0; the electron cannot be found outside of the well. Inside the 

well, the electron has zero potential energy, akin to how an apple rolling on the earthôs surface has 

no gravitational potential energy. However, this electron (rolling apple) still has some kinetic 

energy, so Eq. 3 is now, 

ᴐ
 Ὁ‪ π,  Eq. 4 

A general solution to a 2nd order differential equation is, 
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‪ὼ ὃὩὼὴὮὯὼὄ ὮὯὼ  Eq. 5 

And with the potential well boundary conditions, the Euler formula, and the de Broglie relation, it 

can be shown that the wavefunction of the electron is (Figure 1b), 

‪ ὼ ςὃ ÓÉÎ  . Eq. 6 

By substituting Eq. 6 back into Eq. 4, the energy of the electron in this potential energy well is 

(Figure 1c), 

Ὁ
ᴐ

 , Eq. 7 

where ὲ is known as the quantum number and is some integer (1,2,3é), and ὥ is the width of the 

well. Here, ‪ ὼ for each ὲ is a state which the electron can occupy, and each state has a 

corresponding energy, Ὁ. As the number of electrons increase, the number of states occupied 

increases (ὲ increases), and the energy of the electron increases (Ὁ increases). Note that in Eq. 7, 

Ὧ , and the wavelength of the traveling particle is limited by width of the well; Kasap does an 

excellent derivation and evaluation of the boundary conditions. When ὲ ρ, the electron is in the 

ground state, the state with the lowest possible energy. Upon excitation (light, heat, reaction, etc.) 

this electron could occupy a higher energy state, perhaps ὲ ς. Upon relaxation, the charge carrier 

would fall from ὲ ς to ὲ ρ and release the corresponding amount of energy. Eq. 7 has two 

key findings: (1) The energy levels which charge carriers occupy are quantized and discrete; only 

integer values of ὲ are permitted (clearly seen in the full derivation). (2) The energetic distribution 

of these charge carriers depends on the width of the well, the electron mass (or effective mass, vide 

infra), and their quantum number. Ultimately, Eq. 7 provides us quantitative means to begin 

engineering the electronic structure in atoms or potential well structures. 
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Figure 1: Illustrations of a particle trapped in a potential energy well. (a) The electron has zero potential 

energy inside the well, but it still has some kinetic energy. (b) By solving the Schrödinger equation, Eq. 3, 

for this zero potential case, it can be shown that the wavefunction obtains a sinusoidal behavior, where the 

number of nodes and harmonic increases as the energy of the particle increases, Eq. 6. The energy of each 

harmonic can be calculated using Eq. 7. Figure adapted from Ref.10, used and adapted under a Creative 

Commons 3.0 license.  

 

 If this potential energy well is extended to three dimensions (i.e. a box), then 

‪ ȟ ȟ ὼȟώȟᾀ ὃ ÓÉÎ  ÓÉÎ  ÓÉÎ  , Eq. 8 

and the energy of the electron in this potential energy box is, 

Ὁ ȟ ȟ  , Eq. 9 

where ὥȟὦȟὧ are the lengths of the box. Note here that multiple electrons can have the same energy 

but reside in different states. For example, if ὲ ψ, ὲ σ, and ὲ ς, corresponding to ‪ȟȟ, 

then Ὁ = 77 units. However, ‪ȟȟ and ‪ȟȟ and even ‪ȟȟ wavefunctions have energies that can 

also populate this energy level.  

 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 electrons in the quantized atomic wells have some potential. Therefore, 

ὠὶ ought to be reevaluated, considering the effective nuclear charge of the atom of interest (ὤ), 

ὠὶ    , Eq. 10 

Where ὤ ρ for the hydrogen atom, ὤ ς for  He+, ὤ = 3 for Li++é etc. Note that analysis is 

only considering a single electron system. Because ὠὶ has spherical symmetry, ‪ is oftentimes 

evaluated as a function of radial coordinations, ‪ȟȟ. From here, several additional steps are 

needed to further evaluate the Schrödinger equation for a hydrogenic system, but here I highlight 

the key findings: 

1. The principal quantum numbers from general chemistry are derived, ὲ being the principal 

quantum number (shell, 1, 2, 3, etc.), ὰ being the angular quantum number (s, p, d, f), and 

ά  being the magnetic quantum number. Akin to how ‪ȟȟ describes the state of the 

electron, ὲȟὰȟÁÎÄ ά  are used to describe the quantum state of the electron, also known as 

its orbital.  

2. Normalizing ‪ and normalizing the probability of ‪ᶻ‪ to be equal to 1 when integrated 

over all space, with the boundary condition of ‪ᶻ‪ π when ὶ  Њ, yields the Bohr 

radius, ὥ πȢπυςω nm, which is the most probable distance between the 1s electron and 

the nucleus.  

3. Once ‪ȟȟ ὶȟ—ȟ‰  is normalized, it can be shown that ionization energy is dominantly a 

function of ὲ and approximately, 

Ὁ
  

  ρσȢφ Å6, Eq. 11 
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Therefore, the energetic distances between principal energy levels can be quantified, and these 

energetic distances (and nominal energy levels) are a function of the nuclear charge, ὤ. Ultimately, 

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

This analysis becomes increasingly complicated as we increase the number of available 

electrons and account for how they affect each otherôs potential. If two electrons are present, and 

we consider the wavefunction of a single electron, then the potential expression must account for 

the distance between the two electrons (ὶȟ  and the distance between the electron of interest and 

the nucleus.  

ὠὶ  
ȟ
  . Eq. 12 

Another complication is that electrons can have spin up or spin down characteristics (not 

exceptionally germane to this thesis). These two features (multibody interactions and spin) lead 

the splitting of the primary energy levels and the systematic filling of electronic states, known as 

Hundôs rule. Ultimately, this step shows us that having multiple electrons in a single atomic system 

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

1.1.2: Linear Combination of Atomic Orbitals and Molecular Orbitals 

 In the previous section, we built upwards from a wave equation to particle in a defined 

potential energy well and then leaped to asserting conclusions on the distribution of electronic 

states in a multi-electron atom. Additionally, we examined how quantized electronic states are 

responsible for discrete energy absorptions and emissions. Here in this section, we turn to 

examining the changes to the electronic structure when two atoms interact with one another and 

form bonds. We will first begin with simple bond-energy and position diagrams for two-atom 
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systems and then expand into analyzing the frontier molecular orbitals formed by bonding between 

molecules and moieties.  

 If two hydrogen atoms are infinitely distanced from one another, then ‪ὼ for the first 

atom cannot ñfeelò or ñinteractò with the ‪ὼ of the second atom (Figure 2). In other words, the 

probability that both wavefunctions would be ñat the same placeò is effectively zero. Eventually 

at some distance, the electrons begin to interact with one another and each otherôs nucleus. This 

interaction alters the potential and kinetic operators of the electrons in the Schrödinger equation, 

and the interaction of these two wavefunctions can be envisioned as the superposition of two 

waves- constructively and destructively. This superposition leads to the generation of new 

wavefunctions which describes the molecular orbitals, the orbitals shared between each hydrogen 

nuclei. The number of atomic electrons, atomic states, and atomic wavefunctions is equal to the 

number of electrons in the molecular bonds, molecular states, and molecular wavefunctions. The 

constructive interference and constructive linear combination of the atomic wavefunctions 

(orbitals, LCAO) leads to the formation of molecular states at a lower energy with respect to the 

atomic states, at some idealized distance. In contrast, the destructive interface and linear 

combination of atomic wavefunctions leads to the formation of molecular states at a higher energy 

with respect to the atomic states. Moving beyond hydrogen, as we examine other divalent species, 

such as Cl2, the orbitals of greatest interest are the frontier molecular orbitals (FMOs). FMOs are 

the highest occupied molecular orbitals (HOMO) and lowest unoccupied molecular orbital 

(LUMO). These FMOs are involved with chemical reactions and are most susceptible to interact 

with energy (e.g., light, heat). Although Cl has 1s2, 2s2, 2p6, 3s2 electrons, it is the 3p5 electrons 

and orbitals and the 4s orbitals that are most involved with the divalent Cl2
 bond and subsequent 
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chemical reactions. These core orbitals (1s2 through 3s2 in this example) are localized, in a 

quantum mechanical picture, to an individual Cl nucleus, while the FMOs are localized between 

the two nuclei. Although the chemical oxidation or reduction (removal or addition) of valence 

electrons most apparently affect the energies and fillings of these FMOs,  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.  

 

Figure 2: Illustrations of the linear combination of two hydrogen 1s atomic orbitals to form a single 1s „ 

bonding molecular orbital. (a) Illustration of the wavefunctions from two individual hydrogen atoms 

interacting in phase, forming a bond with a probable (large ‪ value) and shared electron density between 

both individual atoms. (b) Illustration of a the wavefunction from two individual hydrogen atoms interacting 

out of phase, where the there is a low probability of obtaining electron density between the individual atoms. 

Note that the low ‪  value is associated with a node. (c) These atomic wavefunctions are associated with 

energetic states and the linear combination yields a molecular wavefunction, whose energies are derived 

from the linear combination of the atomic energy states. Note that the bonding, in phase, combination is 

lower in energy than the antibonding, out of phase contribution. (d) Bond 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 another; therefore, the potential energy of the system is not 

lowered by forming a bond. In contrast, if the nuclei are at an ideal distance, then the LCAO yields a 

chemical bond which lowers the total energy of the system. Figure used adapted from Ref.10, under a 

Creative Commons 3.0 license.  

 Now, we turn to examining the molecular orbitals formed by two different elements. In 

this example, we examine the H-Cl bond. Cl contributes the three 3p orbitals (3px 3py and 3pz) 

while H contributes the 1s orbital. The LCAO forms four new MOs. The lowest filled orbital is 

responsible the sigma bond between H and Cl, and there are two sets of nonbonding orbitals that 

do not participate. Note that the HOMO is more similar in energy to the Cl because Cl is more 
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electronegative and has a greater affinity for electrons in comparison to H. Note that the LUMO is 

more similar in energy to H. Overall, the newly formed MOs have characteristics most like the 

AOs that are similar in energy, and this phenomena can explain bond polarity and ionicity.  

 

Figure 3: Molecular orbital diagrams for heteronuclear bonds with varying electronegativity. (a) General 

schema showing that the more electronegative atomic orbitals are at lower energy, more stable, with respect 

to the less electronegative atomic orbitals. Therefore, the bonding molecular orbitals have characteristics 

more akin to the electronegative element, while the antibonding molecular orbitals have characteristics 

more akin to the electropositive element. (b) MO example for HCl. Figure used and adapted from Ref.10, 

under a Creative Commons 3.0 license.  

 

 Lastly, we now examine the electronic structure of a “-conjugated and aromatic molecules. 

“-conjugated and aromatic molecules are generally planar molecules, afforded by the sp2 

hybridization of the carbon framework. Additionally, these molecules have electronic structures 

and “ bonding electrons, located in the double bonds, that can be resonance delocalized over 

multiple atoms. In these molecules, we are primarily concerned about the frontier molecule orbitals 

(FMOs), which includes the highest occupied molecular orbitals (HOMO), and the lowest 

unoccupied molecular orbitals (LUMO). Therefore, when considering the LCAO and the 
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formation of molecular orbitals, we eschew the electrons that contribute to the „ bonding 

framework, whose electron density is localized between two carbons, and focus on the 

combination of the 2p electrons not used in the „ bonding framework.  

In the case of 1,3 butadiene (Figure 4), we are primarily concerned with the “ bonding 

structure. Each carbon has four valence electrons that contribute to bonding, and we do not concern 

ourselves with the 1s2 electrons that do not partake in bonding. Of these four electrons, three are 

used for form the „ bonding framework with the neighboring carbons and hydrogens, so only one 

electron is considered for the electronic structure of the delocalized “ bonds, which constitute the 

FMOs. For this “ network, we only consider a single pz electron and atomic orbital from each 

carbon (four orbitals and four electrons), therefore the “ network MOs will only have four 

electrons and four MOs. Again, recall from the Schroodinger equation that each electronic state 

can be thought as a wavefunction, interacting with the other wavefunctions contrastively or 

destructively. The lowest lying (most stable) MO formed with when all four pz orbitals linearly 

combine in phase (no nodes), and this is denotated by “. If the wavefunctions combine and have 

a single node, this is the second most stable MO, detonated by “. Note that “ is the highest 

occupied molecular orbital (HOMO). If the wavefunctions combine 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. Therefore, the “ᶻ orbital is considered antibonding 

and the lowest unoccupied molecular orbital (LUMO). Note that most chemistry and photophysics 

occur at the LUMO and HOMO levels; for example the HOMO-LUMO energetic distance is 

comparable to the wavelengths of light absorbed by the molecule.   
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Benzene is a slightly different case than 1,3 butadiene because the arrangement of the AOs 

is cyclic and planar. This cyclic and planar nature enables more (and different) combinations of 

the atomic orbitals in the “ network that are not accessible in the linear analogs (e.g. 1,3,5 

hexatriene). In fact, any molecule that is cyclic, planar, and has a 4n+2 set of electrons (e.g. 6, 10, 

14 electrons, Huuckles rule) that contribute to the “ network is considered to be aromatic, which 

has additional resonance and energetic stability compared to simply conjugated molecules.  Note 

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).  
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Figure 4: MO theory for conjugated and aromatic molecules. (a) AOs for 1,3-butadiene. (b) MOs for 1,3-

butadiene. (c) AOs for benzene. (d) MOs for benzene. (e) MO structure showing the nodes possible for 

benzene that are not possible for linear conjugated analogs. Note the two degenerate HOMOs with a single 

nodal plane. Figure used and adapted from Ref.10, under a Creative Commons 3.0 license.  

1.1.3: Band Theory and the Solid-State Electronic Structure 

Up to this point, we have primarily focused on individual atoms and small molecules. The 

LCAO becomes increasingly complicated in the solid state because individual AO wavefunctions 

can increasingly interact with multiple other AO wavefunctions. While the LCAO of individual 

atoms leads to the formation of discrete bonds, discrete MOs, and isolated electronic states, the 

LCAO of solid-state ensembles can lead to the formation of bands of electronic states. In these 

electronic bands, the energetic difference between one state and the next state is effectively 

indiscernible. In this section, we first examine the electronic structure of inorganic materials and 

develop formalisms for quantifying the electronic structure. Second, we examine how these 

(a) (b) (d)(b) (c)

(e)
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electronic structures 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) by doping. After quantitatively 

describing and 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 equation.  

In the solid state, individual AOs 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 another.  Consistent with the Pauli exclusion principal, no two electrons can 

have the same exact quantum numbers, so as these AOs interact with one another, and form MOs. 

If there are enough AOs and MOs in the bulk, then individual electronic states are no longer easily 

observed as discrete states, but rather, this combination is observed as a band. Note in Figure 5 the 

non-interacting, core states/inner orbitals, are still discrete. In contrast, the valence states, and 

electrons, located further from the nuclei, have a greater propensity to interact with other 

wavefunctions at some distance away from their original nuclei.  
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Figure 5: Linear combination of atomic orbitals in a solid and forming band-like electronic energy levels. 

Figure used and adapted from Ref.10, under a Creative Commons 3.0 license.  

 

Figure 6 shows a series of illustrations further exemplifying the 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 bands. The highest energy band 

(states) that are occupied with electrons is known as the valence band (VB, with an upper most 

edge of energy Ὁ akin to HOMO). The lowest unoccupied band (states) are known as the 

conduction band (CB, with a lower most edge of energy Ὁ, akin to LUMO). The separation 

between VB and CB and their filling will depend on the exact chemistries and atomic 

wavefunctions combined. In electrical insulators (for example quartz, PET, etc.) the valence band 

is filled with electrons while the conduction band is completely empty. These bands are sufficiently 

far apart (with a band gap, Ὁ on the order of > 1 eV) so that electrons from the VB cannot 

thermally populate the CB. In order to transport charge, there must be a partial filling of electron 

states, or a partial occupancy, so that charges can transport between states (i.e. move or conduct) 

when under an applied external electrical field. Semiconductors have an energetic distance 



17 

 

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 occur. In metal, the CB and VB 

overlap (see Figure 6c,d); therefore electrons in occupied states can easily transport into vacant 

states under an applied electric field.  

 

Figure 6: Several illustrations showing how the LCAO yields to band formation. (a) Illustration showing 

the LCAO transitions from discrete states to continuous bands in the solid state. (b) The LCAO of Li-2s 

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

3p orbitals leads to a partially filled band, where the valence (occupied) and conduction (unoccupied) states 

are energetically close to one another. (d) Band structures of metals, semiconductors, and insulators. Note 

that the LCAO on the atomic scale leads to solid-state electronic structures and macroscale transport 

properties. (e) Brief summary illustrating the comparable jargon and formalisms used in chemical and 

atomic systems with physical and solid-state systems. Figure used and adapted from Ref.10, 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 CB. While Figure 6 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 solid-state electronic 

structure.  

Previously, we asserted that each electron is in a state with a specific wavevector, 

momentum, and energy. This is defined in Eq. 7, and reiterated here, 

Ὁ
ᴐ

 . Eq. 13 

Here, the ground state or first state of an electron has a momentum of Ὧ ρ , where ὥ is the 

width of the potential energy well.  In the second state, or first excited state, Ὧ ς . The k-

space distance between these states is . Therefore, volume per state in k-space is .  If we 

imagine that these states are occupying in 3-dimensional k-space, we can quantify the states in the 

first octant of a sphere; we choose an octant because ὲ ρ for each cartesian coordinate. The 

number of states in a shell of sphere (ὔὯ) with some shell thickness of ὨὯ is thereby, 

ὔὯ   
Eq. 14 

Note that the numerator has units of k-space volume while the numerator has the units of k-space 

volume per state; therefore Eq. 14 has units of number of states. Lastly, note that the number of 

states on the surface of a spherical shell is τ“Ὧ; this will be useful later when we discuss how 

electric fields perturb the outermost electronic states.  

 Admittedly, thinking in k-space is a challenge. Therefore, we seek an expression that gives 

us the density of states per unit energy per unit volume, ὫὉ. First, we note that ὔὯ is just the 



19 

 

total number of state as a function of wavevector, but rather we need a total number of states per 

unit volume. Therefore, we divide Eq. 14 by ὥ and simplify to yield  

ὫὯ  . Eq. 15 

From Eq. 13, we can evaluate Ὧ and ὨὯ in term of energy. Namely, Ὧ
ᴐ

 and that 

ᴐ
 . Evaluating these expressions for Ὧ and ὨὯ in Eq. 15 yields,  

ὫὉ  Ὁ. Eq. 16 

Lastly, we must account for two spin per state, so ultimately ὫὉ is, 

ὫὉ  Ὁ ψ“ς
Ⱦ

Ὁ . Eq. 17 

Note that ά  here can be referred as the density of states effective mass, which ought to be constant 

for a single parabolic band with constant curvature. This mass clearly arises from the Ὁ Ὧ 

relationship, shown in Eq. 13.  To calculate the number of states per unit volume between two 

energies,  

ὔ  ὫὉὨὉ Eq. 18 

where bottom 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 per cm3 per eV, and Eq. 18 quantifies the 

total number of states per cm3 within some energy range; however, we are also needing to know 



20 

 

the filling of these electronic states. To do so, we define a probability function that tells us the 

likelihood of finding an electronic state filled at some energy, 

ὪὉ . 
Eq. 19 

This is known as the Fermi-Dirac distribution, and it quantifies the probability (between zero and 

one) of finding an electronic state filled at some energy level (Ὁ). Here, Ὁ is defined as the Fermi 

energy level, and this is the energy level where there is a 50% probability of finding a state at Ὁ 

occupied. Note that in the dilute carrier limit, Ὁ is not in the band of interest, and the Boltzmann 

distribution function can be used in place of the Fermi-Dirac distribution. As the band of interest 

becomes degenerately occupied (doped), then Fermi-Dirac statistics are needed to account for spin 

degeneracy in each state. Ultimately, for the band of interest, the total number of carriers per cm3 

is quantified using,  

ὲ  ᷿ ὫὉὪὉὨὉ.  Eq. 20 

In the dilute carrier limit (where Ὁ Ὁ or Ὁ Ὁ > ςὯὝ), Boltzmann statistics can be 

employed, and Eq. 45 can be evaluated to quantify the density of states as the band edge,  

ὔ ς
Ⱦ

 .    Eq. 21 
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Figure 7: Illustration 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 and Fermi-Dirac functions. Image 

from Ref.3 Used with permission from McGraw-Hill.  

 

1.1.4: Engineering Electronic Structure in Inorganic and Polymer Semiconductors 

We now turn to thinking about how to engineer the density of electronic states and the 

filling of these electronic states. This section is based on Ref.11, which succinctly explains how to 

engineer the electronic structure of inorganic materials for thermoelectric applications. These ideas 

will be later applied to the transport models that I develop for polymer semiconductors. In a binary 

solid-state semiconductor, with components ñXò and ñYò a tight binding electronic model can 

calculate the width (ὡ) of the conduction and valence bands, the number of states in each band, 

and the energy-momentum ὉὯ relationship for charge carriers in those bands (note that this tight 

binding approach is complementary to the nearly-free electron and delocalized Bloch wave 

E
v

E
c

0

E
c
+c

E
F

VB

CB

nE(E) or pE(E)

E

n
E
(E)

p
E
(E)

Area= p

E
c

E
v

f(E)

E
F

E

For electrons

For holes

[1- f(E)]

(c)

E

g(E)

(b)

g(E) (E-E
c
)
1/2

(a) (d)

Area= n



22 

 

approach2). Figure 8a shows the AO for atoms ñXò and atom ñYò, where the AO from ñYò are 

more electronegative and at lower energy. These AO are separated by some energy, 2ὃ, and the 

center of the MO (or bands) are decreases (or increased) by some energy ὄ with respect to the 

closest AO. Therefore, the bandgap (Ὁ) from the top of the valence (Ὁ) to the bottom of the 

conduction band (Ὁ) is 2ὃ+2ὄ. The energy term ὃ is the energetic difference between the two 

AOs. Therefore, as the electronegativity difference between X and Y and their respective AOs 

increase, ὄ and Ὁ will also increase. Notably, as this electronegativity difference increases, the 

bond overlap will decrease and the bond will become more polar. Furthermore, as the bond overlap 

decease, the bond distance will increase, so the bond potential, ὠ, will also decrease (ὠᶿ , like 

any electrostatic interaction). Lastly, ὡᶿτὠ in simple 1 dimensional homonuclear systems, but 

this scaling is expected to hold true for higher dimensions and binuclear compounds. Ultimately, 

Figure 8a shows that from a LCAO perspective, as the difference in AO electronegativity 

increases, the bond becomes more polar, the band gap increases, the bond strength weakens, and 

the width of the electronic bands decreases.  

Figure 8b the dispersion relationship for electrons in two different systems. The grey curve 

shows the dispersion relationship for electrons in a band dominated by s orbitals. The lowest 

energy states are from the linear combination of s-orbitals all in phase (bonding, no nodes) forming 

„ bonds. The ὉὯ relationship initially increase parabolic, as expected from Eq. 13. In the middle 

of the dispersion curve, there is an inflection point associated with linear combination of the ὉὯ 

relationship from the antibonding and higher energy states. As the wavevector continues to 

increase, the slope becomes more shallow as it approaches the antibonding states. Here, we can 
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see that deviations from the parabolic ὉὯ relationship is to be expected in the solid state with 

molecules and atom with complex electronic structures. Furthermore, the middle and top black 

curves show the ὉὯ relationship for p orbitals forming “ or „ bonds. Compared to the ί orbital 

curve, these black curves have a shallower ὉὯ relationship. A shallower ὉὯ relationship 

indicates that as charge carriers occupy higher wavevectors, the energy of subsequent harmonics 

does not increase nearly as much. This can visualize as a large potential energy well width, larger 

ὥ values (Eq. 13). However, this shallower ὉὯ relationship indicates that the k-space distance 

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

Figure 8c visually summarizes 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, the ὉὯ relationship becomes more dispersed, which leads to 

increased bandwidth (ὡ) and fewer states at each energy level (ὫὉ). Conversely, as the 

difference in electronegativity between two AO increases, and the extent of bonding between two 

AOs decreases, the ὉὯ relationship becomes shallower, which leads to decreases bandwidth (ὡ) 

and an increased number of states at each energy level (ὫὉ . From Eq. 17 and Eq. 21, we see 

that as the number of states as each energy level increases, this is consistent with an increased 

electron effective mass, άᶻ.  Additionally, Eq. 13, the ὉὯ relationship, shows that ά  increases, 

the ὉᶿὯ parabola becomes shallower. Therefore, by quantifying the carrier density and/or the 

density of states at the band edge, we now have fundamental insight on the dispersion relationship 

at the band edge.   
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Figure 8: Illustration show how the LCAO can be used to engineer electronic structure and density of states. 

(a) The LCAO of a binuclear compound, ñXYò. (b) The resulting ὉὯ relationship, and (c) the resulting 

density of electronic states. Figures used and adapted from Ref.11, with permission from WILEY VCH 

Verlag GmbH & Co. KGaA, Weinheim. 

Lastly, we turn to analyzing real inorganic semiconducting systems. Figure 9 shows the 

electronic structure properties of several inorganic semiconductors. As the difference in 

electronegativity increases, the effective mass increases. These effective mass differences can be 

directly related to the dispersion curve, where the ὉὯ for GaAs is much steeper in comparison 

to ZnSe.  Therefore, GaAs ought to have a smaller effective mass and a narrower density of states 

with a larger width. This type of effective mass formalism and effective mass electronic 

engineering as not been applied widely to polymeric semiconductors. In almost any inorganic 

semiconductor transport manuscript, you will find effective mass calculations; however, effective 

mass calculations are sparsely reported for organics, and even more seldomly supported by 

measurements.   
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Figure 9: Electronic structure and effective masses from inorganic semiconductors. (a) Effective mass as a 

function of the difference in electronegativity. (b) Dispersion curve for GaAs. (c) Dispersion curve for 

ZnSe. (d) Comparison of the ὫὉ. Figures used from Ref.11, with permission from WILEY VCH Verlag 

GmbH & Co. KGaA, Weinheim. 

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

affect the resulting electronic structure. Here, we pivot to examining 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 the resulting electronic structure 

and then return to account for microstructural effects. Furthermore, because effective masses are 

commonly measured and calculated, we will primarily focus on FMO energies and Ὁ.  

Figure 10 shows the evolution and tunability of conjugated and semiconducting polymersô 

electronic structure. Figure 10a shows that as the degree of polymerization increases, the electronic 

structure evolves due to the LCMO. The FMOs linearly combine, and new states are formed and 

evolve as the degree of polymerization increase. After sufficient polymerization and in the solid 
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state, these discrete electronic states effectively form a band of electronic states, akin to inorganic 

semiconductors. Depending on the density and filling of the electronic states, an optical band gap 

in the visible region may be observable. Figure 10b shows a variety of polymer chemistries. Note 

that the structure of the conjugated backbone and the heteroatoms will dictate the monomersô MOs 

and therefore the LCMO and resulting electronic structure for the polymers. Figure 10c shows the 

resulting FMOs or band edges for the polymers. Note that the thiophene examples (P3HT, PBTTT 

highlighted in blue), have all donor atoms that are electron-rich and have higher energy FMOs 

(less stable, closer to vacuum energy level). In contrast, the acceptor containing polymers, 

highlighted in red, are more electronegative moieties and electron withdrawing. Therefore, these 

acceptor containing moieties lower the FMOs. 

. 
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Figure 10: Electronic structure in polymers. (a) Illustration 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 band gap decreases, so 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 electronic states and the resulting polymerized band structure. (c) FMO energies of 

several polymers. P3HT and PBTTT are p-type, PCDTBT is generally p-type but can be ambipolar. 

P(NDIOD-T2) is colloquially known at N-2200 and is generally n-type. FBDPPV is n-type. F4TCNQ is a 

molecular oxidant, used to generate hole charge carriers. Figured used and adapted from Ref.12 under a 

Creative Commons Attribution 3.0 License. 

 

Figure 11 illustrates the ὉὯ diagram for poly(acetylene) in an ideal case, and Figure 11b-

e illustrates the measurements and results from a photoelectron study on small conjugated 

molecular crystals needed to measure and assert the ὉὯ relation. Figure 11a is a powerful 
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illustrative reminder that the bands and ὫὉ shown in Figure 10 are calculated and resulting from 

the dispersion relation and the linear combination of the wavefunctions. Note that 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 responsible for charge transport (see the doping section). Using 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 polymers. This assertion, that the electronic total 

bandwidth is ~ 1 eV or less for conjugated polymers, is consistent with several other measurements 

and calculations.13-17 

 

Figure 11: Electronic structure of conjugated polymers and small molecules. (a) Dispersion curve 

illustration for poly(acetylene). Adapted and used from Ref.18 with permission from Royal Society of 

Chemistry. (b-e) Quantifying the electronic structure of conjugated molecular crystals, used, and adapted 

from Ref.19 with permission from the American Chemical Society. (b) Small molecule studied. (c) Angle-

resolved photoelectron experiment scheme. (d) Measured ὉὯ. (e) Measured and calculated electronic 

structure 
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Lastly, we want to illustrate the effects of polymer microstructure on the resulting 

electronic properties. Primarily, we have focused on the LCMO within a polymer chain between 

monomer units. However, the LCMO can also occur between polymer chains, primarily in 

between the conjugated stacks of the polymer. Although the coupling and LCMO is not as strong 

inter-chain, compared to intra-chain, it is notable that the extent of ordering and packing can 

dramatically affect the resulting electronic structure. Figure 12 shows that decreasing 

regioregularity can increase microstructural disorder and thereby increase the optical bandgap. 

Furthermore, this is modeled to broaden a parabolic ὫὉ into a gaussian distribution of electronic 

states. This example illustrates that in addition to engineering the atomic and molecular structure, 

one most also consider the microstructural contributions to the observable electronic structure.  

 

Figure 12: Regio-regular (RR) and regio-random (RRa) P3HT electronic structures. (a) Cartoon illustration 

of RR-P3HT microstructure. (b) Cartoon illustration of RRa-P3HT microstructure. (c) Photoluminescence 

(a)

(b)

(c)

(d)

(e) (f) (g) (h)
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(PL) spectrum showing that the optical band gap of RRa-P3HT is blue shifted, indicating a larger Ὁ. (d) 

Electroluminescence spectra showing that initially, at low currents, emission is only due to RR-P3HT, but 

with increasing current RRa-P3HT contributes more to the signal. (e-h) modeled density of electronic states 

as a function of the electron energy, normalized by 150 meV (ὸ), assigned to be the transfer integral, 

indicating a full bandwidth of ~ 600 meV. As the paracrystallinity (Ὣ, structural disorder) increases, a 

parabolic DoS is modeled to increasingly broadened into a Gaussian distribution of tail states. Each line in 

plots (e-h) represents an increasing energetic disorder (Gaussian standard deviation) of 0, 50, 100, or 200 

meV. Adapted and used from Ref.20, with permission from Springer Nature.  

1.1.5: Extrinsic Doping in Inorganic and Polymer Semiconductors 

Extrinsic doping involves the incorporation of chemical defects to change the density 

and/or filling of electronic states, which consistently shifts the position of the Fermi energy level. 

These chemical defects and changes in the electronic structure significantly alter the electronic and 

optical properties- enabling wide ranges of optical absorbance/emissions as well as wide ranges of 

electrical conductivities ranging from insulator to conductor. With inorganic materials, we will 

reference the substitutional defect doping of Si, but we also recognize that more complex doping 

schema exist. This simplification of simply analyzing silicon doping will serve as a stark contrast 

for the oxidative doping of the archetypal conjugated polymer, P3HT. Furthermore, this stark 

contrast will serve as the basis for revaluating the Boltzmann transport equation for charge 

transport in chemically doped semiconducting polymers.  

Silicon is oftentimes doped with substitutional defects. These substitutional defects replace 

silicon lattice sites with a different element. Silicon can be doped with electron donors, which have 

one extra valence electron with respect to silicon; common examples are P, As, and Sb. These 

donors donate electrons into the CB and form negative charge carriers and n-type semiconductors. 

Additionally, silicon can be doped with electron acceptors, which have one less valence electron 

with respect to silicon; common examples are B, Al, and Ga. The acceptors accept electrons from 

the VB and for positive charge carriers (holes) and p-type semiconductors. Donors have orbitals 
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which are near the CB minimum and acceptors have orbitals near the VB maximum. Oftentimes, 

these dopants are incorporated on the ppb to ppm scale, so these occasional dopants do not 

significantly alter the microstructure, crystallinity, or bond order. Furthermore, these dopants 

oftentimes do not form an impurity band in the electronic structure; in other words, the dopants 

are thought as isolated electronic states that do not affect the ὫὉ of silicon, but rather only affect 

the filling of the electronic states, (ὪὉ and ὲ.). Although these dopants contain one extra (or one 

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

of protons are also present.  

Upon doping Si with a donor (or acceptor) the two important criteria are: (i) is this charge 

carrier spatially delocalized away from the dopant atom and able to transport throughout the Si 

lattice, and (ii) can this dopant energetically donate an electron into the CB (accept an electron 

from the VB) at this temperature? If these dopant atoms can generate spatially delocalized 

electrons (holes) that are in the silicon electronic band structure, then these dopants can 

dramatically influence the optical and electrical properties.  

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

ionization of the dopant (hydrogen atom) is shown by Eq. 11 and simplified as, 

Ὁ
ᶻ

ρσȢφ Å6 
ᶻ

 .    Eq. 22 

Therefore, in As, where 
ᶻ

 and ‭ is 11.9, Ὁ is equal to 0.032 eV. At room temperature, 

0.026 eV, the As binding energy is sufficiently small and within ὯὝ of thermal fluctuations that 

the As extra electron can be thought as spatially delocalized in the Si lattice, akin to a free electron 

in a metal (Figure 13).  
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Secondly, we must consider if the As atom with is valence electron in the 4p state can 

donate an electron in the bulk Si CB. Again, note that generally the As atoms are sufficiently dilute 

that there is not a percolation of As atoms not a band of As donor states, so all transport occurs in 

the Si lattice and Si CB. The As 4p states are 0.054 eV below the Si CBM, therefore at 300 K, 

these donor states are sufficiently close to the CB that the As 4p electrons can be thermally ionized 

and donated in the Si CB (Figure 14).  

For reference, in Si, doping usually occurs on the order of 1018 dopants cm-3 (therefore 1018 

carriers cm-3), with carrier mobilities on the order of 103 cm2 V-1 s-1, with an electrical conductivity 

on the order of ~100 S cm-1. In contrast, Cu has a carrier density of 1.2 x 1023 carriers cm-3, a 

mobility of 32 cm2 V-1 s-1 and an electrical conductivity of 6 x 105 S cm-1.   

 

Figure 13: Cartoon showing that the 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 Si lattice.  Image 

from Ref.3 Used with permission from McGraw-Hill.  

 

As+

e-

Arsenic doped Si crystal. The four valence electronsof As allow it to
bond just likeSi but the fifth electron is left orbiting theAssite. The
energy required to release to free fifth-electron into theCB isvery
small.
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Figure 14: As atoms can thermally ionize and donate electrons into the Si CB.  Image from Ref.3 Used with 

permission from McGraw-Hill.  

 

  Doping polymer semiconductors is notably different than doping inorganic semiconductors 

for three primary reasons, (i) the doping quantity, (ii) the doping mechanism and electrostatic 

interactions, and (iii) the spatial distribution and inhomogeneity (Figure 15).  

To achieve appreciably high mobilities and electrical conductivities in chemically doped 

semiconducting polymers, doping oftentimes occurs on the order of mol%. Some polymer 

chemistries are susceptible to one dopant for every two heterocycles, or a carrier to site ratio of 

0.5. Given that polymers have a mass density on the order of 1 g cm-3, a heterocycle molecular 

weight on the order of 100 g mol-1 , and Avogadroôs number (6.023 x 1023 particles mol-1), there 

are ca. 6 x 1021 carrier sites cm-3 in semiconducting polymers, with the most doped systems having 

carrier densities on the order of 3 x 1021 carriers cm-3. Of course, these carrier and site densities 

will slightly fluctuate (increase with increasing mass density, decrease with increasing 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 different. Figure 15b illustrates that to n-type 

dope a semiconducting polymer, an electron must be added to the LUMO (CB) via a reducing 

agent.  To p-type dope a semiconducting polymer, an electron must be removed from the HOMO 

(VB) via an oxidizing agent. Therefore, for n-type doping, the HOMO of the reducing agent must 

be of greater energy than the LUMO of the semiconductor (vice versa for p-type), and this is the 

opposite of n-type doping whereby the donor states were lower than the CB edge (see Figure 14). 

Also note that these chemical doping reactions are reactions and not substitution defects. The 

bottom panel of Figure 15b shows a poly(thiophene) segment that has been oxidative (p-type) 

doped. Note that the doping process generates a positive charge on the thiophene backbone, 

perturbs the bond order (benzoid to quinoid), generates a resonance delocalized radical, 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 (phonon, the bond order perturbation).  

In the dilute doping limit, Eq. 22 can be used to calculate where the charge carrier is 

electrostatically delocalized spatially from the dopant site. Assuming that the effective mass of the 

charge carrier is on the order of 1ά  and that the local dielectric environment is 5‭, both of which 

can be reasonable, then the binding energy of that charge carrier to the site is 0.54 eV (Figure 16a). 

In this dilute case, the charge can be thought as trapped at the site. Eq. 22 is 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, decreasing the electrostatic barrier to transport spatially. Therefore, 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 carriers are in a band or series 

of electronic states that are conducive for charge transport (Figure 16b). Pristine polymers 

generally have a single a optical transition from the HOMO to LUMO in the UV-Vis-NIR spectra, 

as shown by transition a in Figure 16b.  Chemical doping perturbs the bond order, the extent of 

electronic delocalization, and the polymer electronic structure. Optical measurements indicate that 

chemical doping forms new electronic states (or bands) in the pristine polymer band gap 

(transitions b through e in Figure 16b). 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 filling of these electronic 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 consideration. However, in polymers, 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 more well-

ordered, so they are kinetically more difficult to dope (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 0.1-10 nanometers, but oftentimes electrical 

conductivity measurements are performed on the order of 10 ‘m 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 microscopic properties. 
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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 the polymer 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.  

  

 

Figure 15: Three main differences when doping polymers vs. inorganic semiconductors. (a) Polymers 

generally require orders of magnitude more dopants. (b) Polymers dope via chemical reactions, whose 

resulting charge carrier perturb 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 resulting carrier densities and mobilities. Figure is 

adapated from Ref.18, Ref.12, and Ref.21, with permission. 
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Figure 16: 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 function of doping 

level and chemistries employed; the labels a-e in panel (b) represent different polymer and doping scenarios. 

Note that the optical transitions shown in (b) are not necessarily the same states responsible for solid-state 

charge transport. Adapted and used from Ref.18 with permission from the Royal Society of Chemistry. 

 

 

1.2: Charge Transport Models and the Boltzmann Transport Equation 

1.2.1: Preliminary Introduction to Charge Transport Properties, using the Drude 

Model and Sommerfeld Theory 

The pedagogy for teaching the basics of electrical and thermal transport is based the Kasap3 

and the Ashcroft/Mermin references.2 For conduction by electrons in metal, the Drude model starts 

by considering the motion of nearly-free and independent electrons that are gas-like. Using a 

kinematic theory of gasses approach, the Drude model asserts that the current density in the j-

direction is expressed as,   
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ὐ , Eq. 23 

where ή is the net quantity of charge passing through some cross sectional area, A, during some 

time, t. Assuming the fundamental charge constant, and a volumetric carrier density, Eq. 38 can 

be evaluated as,  

ὐ Ὡὲὺ ,  Eq. 24 

where ὺ  is the arithmetic average drift velocity of the charge carriers in the j direction under an 

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

of the charge carriers can be calculated as,  

Ὂ ὩὉ   Eq. 25 

Assuming that under no electrical field, the drift velocity is initially zero,  

ὺ † . Eq. 26 

Here, † 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 mobility as,  

‘  ,  Eq. 27 

and resulting intensive electrical conductivity as,  

ὐ

Ὁ
„ Ὡὲ‘ 

Eq. 28 

Eq. 43 is 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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properties. However, the Drude model and Eq. 43 have several shortcomings, as Ashcroft and 

Mermin explicitly outline in Chapter 3, ñFailures of the Free Electron Modelò.2 One key 

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 captured by the temperature dependence of the 

mobility, and ergo scattering time, 

†
 

,  Eq. 29 

where ί is the scattering cross sectional area, ὺ  is the thermal velocity of the carrier, under no 

applied bias, and ὔ is the density of scattering sites. The scattering cross section area can be 

approximated to be circular and therefore proportional to the scattering radius squared, ὥ. If the 

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

theory of gasses, then †θ
 

 θ Ὕ Ⱦ. Therefore, as the temperature increases, the relaxation 

time between scattering events decreases, the mobility decreases, and 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 Ohmôs law and the electrical conductivity expression, we start by asserting Fourierôs law, 

ή ‖ .   Eq. 30 
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Analogous to the electrical conductivity in one dimension, the thermal conductivity, ‖, is related 

to the carrier density, relaxation time, and velocity,  

ή ὲὺ† ,  Eq. 31 

where the additional term of  is needed to account for the change in the charge carriersô energy 

as a function of the thermal gradient. Clearly, a spatial difference in temperature will be a driving 

for charge carriers to diffuse from the hot side to the cold side. If we are to account for thermal 

transport in three dimensions and apply the kinetic theory of gasses, then a factor of 1/3 must be 

included. Additionally, ὲ  is defined as the electronic volumetric heat capacity, ὧ, so the final 

expression for thermal conductivity is,  

‖ ὺ†ὧ  Eq. 32 

When analyzing the Weidmann-Franz law, or the electronic contribution to thermal conductivity, 

the Drude model predicts,  

,  
Eq. 33 

and by applying the ideal gas law άὺ ὯὝȟ   

Ὕ ρȢρρ  Ὕ . 
Eq. 34 

Note that ρȢρρ  is incorrect by a factor of ~2 because Fermi-Dirac statistics were not applied to 

the average thermal velocities of the charge carriers, but this was accounted in the Sommerfeld 

model ( ςȢττ  ). Additionally, Sommerfeld model shows that Fermi-Dirac 
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statistics would increase 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 for this thesis but note 

that the Drude model was fortuitous because the 100x differences in heat capacity 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 carriers to diffuse. 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 (Ὓ), 

Ὁ  Ὓ  . 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,  

Ὓ τσ ‘6 +  . Eq. 36 

This is clearly inconsistent with experimental measurements for metals, which have Seebeck 

coefficients on the order of 0.4 to 4 ‘6 +  (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 observations. By using 

Fermi-Dirac statistics to quantify the carrier velocity and heat capacity distributions, the 

Sommerfeld theory shows that the Seebeck coefficient is, 

Ὓ ρτς ‘6 +   . Eq. 37 
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At room temperature, ὯὝ is 0.026 eV and Ὁ for many metals is on the order of 5 eV, yielding a 

Seebeck coefficient on the order of - 0.1 ‘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 dispersion curve (ὉὯ) 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.  

1.2.2: Boltzmann Transport Equation 

The pedagogy for teaching the Boltzmann transport equation herein is based on Dr. G. 

Jeffery Snyderôs MSE 485-Spring 2020 at Northwestern University, which concisely connects 

Hamiltonian mechanics, band theory, and the Boltzmann transport equation to generalize charge 

transport. Additional reference texts were used to develop this approach. Although the Drude and 

Sommerfeld models provide a solid foundation for understanding transport properties, these 

models neglect the electron-energy dependent contributions to the observable transport properties. 

One important and neglected example includes the effective mass and group velocities calculated 

from ὉὯ diagrams, which explains n-type and p-type charge transport, depending on the sign of 

the effective mass.  

Assume that the material has charge carriers with a definable E-k relationship where E is 

the energy of the charge carrier and k is the wave vector. For ease of refencing, recall here the 

following relationships between energy (E), moment (p), mass (m), frequency (f), wavelength ( )˂, 

Planckôs constant (h), the speed of light (c) and velocity (v): 
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The energy of a particle can be quantified as: 
 

Ὁ άὺ   Eq. 38 

 

The energy of a wave can be quantified as: 

Ὁ ὬὪ  Eq. 39 

 

If the particle has the velocity approaching the speed of light, then 

ὴ άὧ  Eq. 40 

 

Recognizing that Ὁ άὧȟ ά  , and that  , then 

ὴ ᴐὯ . Eq. 41 

 

Eq. 92 describes the relationship between energy and momentum for a nearly-free charge carrier. 

Note that the k-vector and energy of the charge carrier is dependent on the crystallographic plane, 

Ὁ άὺ
ᴐ

 . Eq. 42 

 

 

On an E-k diagram, the charge carrier group velocity is defined as, 

ὺ
ᴐ

 . Eq. 43 

Which is the instantaneous slope on an E-k diagram. 

 

Taking the second derivative of energy with respect to wavevector, the band-momentum effective 

mass is defined as, 

άᶻ ᴐ   . 
Eq. 44 

Which is the curvature of the E-k diagram. 

 

Now consider the significance of the E-k 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 the same quantities needed to solve the Boltzmann transport equation. 

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

 

Ὄ Ὗὼ . Eq. 45 

 

Where  Is the kinetic term, and U(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. 

Hamiltonôs first equation relates the charge carriersô change in spatial position with respect 

to time to the change in the Hamiltonian with respect to momentum, 

 . Eq. 46 

Recognizing that the change in velocity (v) with respect to time can be viewed in a classical picture 

or a quasiparticle picture,  

ὺ
ᴐ

 . Eq. 47 

Rearrangement leads to, 

άᶻ ᴐὯ   ᴐ  . 
Eq. 48 

Which is a contradiction to the band-momentum effective mass commonly calculated from the 

curvature of an E-k diagram. Here, the Hamiltonian derivative momentum effective mass is 

preferred because not all E-k diagrams have a definable second derivative over all k-space.  

Hamiltonôs second equation relates the change in momentum with respect to time to the 

change in the Hamiltonian with respect to position, 
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 . Eq. 49 

Because momentum is mass multiplied by velocity, the time 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 differentiating 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 k-vector with respect to time, 

άὥ Ὂ ᴐ  . Eq. 50 

If a force (electromotive) is applied to the charge carriers for some time (Ű), the then k-vectors will 

shift by ЎὯ, 

ЎὯ
ᴐ
 Ὂ†

ᴐ
Ὁ † . Eq. 51 

The Fermi-surface of a material is the k-space (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 highest energy charge carriers is 

Ὧ
ᴐ ᴐ

 . 
Eq. 52 

By applying an electromotive force, the Fermi energy level is shifted which is consistent 

with shifting the k-vector of the Fermi surface. In electrical conductors, this electromotive 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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ὲ  ḁ ὫὯὪὉὨὯȠὫὯ ,   Eq. 53 

and the density of states in k-space is constant. Note that the shift 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 normal. In the 

surface integral, is the number of states on the Fermi surface, Ὧ is the wave vector perpendicular 

to the surface, and FS is the entire Fermi surface. 

ὲ  Ḃ᷿ ὨὛὪὉ ὨὯ   Eq. 54 

Using the chain rule, ὨὯ  can be replaced by ὨὉ and the integral bounds are now defined 

with energies. Additionally, if at zero Kelvin, the Fermi-Dirac distribution of charge carriers 

(ὪὉ) is irrelevant.  

ὲ   ᷿ Ḃ ὨὛ ὨὉ  
Eq. 55 

Additionally, because of this zero Kelvin assumption, the total number of states from zero energy 

to EF is quantified as, 

Ὣ   Ḃ ὨὛ   
Eq. 56 

Recall here that  is linearly related to the group velocity and the dispersion 

relationship. Therefore, as  increases (less state per energy, greater bandwidth, faster group 

velocities), Ὣ decreases. As  decreases (more states per energy, lower bandwidth, slower 

group velocities), Ὣ increases.  Additionally, as the Fermi surface area increases (larger k-vectors 
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and more states) the total number of states increases. Recall here that the effective mass also 

depends on Ƞ as  increases, the effective mass decreases.  

A net current density (J) occurs when an electrical field shifts the energetic distribution of 

the charge carriers. The current density in the j direction can be expressed as a function of the 

carriersô charge, the carrier density, and the drift velocity. The total current density is the 

summation of the velocity of each particle in the j direction. This summation can be expressed as 

an integral in k-space. Furthermore, only the charge carriers that reside on the shifted Fermi surface 

have a net contribution to the observable current density.  

ὐ Ὡὲὺ ὩВ ὺ ḁ ὺὪὉὨὯ ᷿ ὺὨὠ
 Ȣ

     Eq. 57 

The shifted volume, Ὠὠ, is related to the normal direction (i) of the shifted Fermi surface and the 

shifted wavevector. Recall here that the Fermi surface is defined by the k-vector, momentum, and 

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

in the i- direction can be normalized by the velocity unit vector in the i - direction.  

Ὠὠ ὨὛЎὯ ὨὛ
ȿȿ
ЎὯ  Eq. 58 

By combining these equations assuming zero Kelvin (therefore no need for the Fermi-Dirac 

distribution), and relating the k-vector shift to the applied EMF 

ὐ
Ὡ

τ“
ὺ 
ὺ

ȿὺȿ
 
Ὡ

ᴐ
Ὁ †  ὨὛ „Ὁ  

Eq. 59 

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

velocity, relaxation time and Fermi surface. Lastly, note that 
ȿȿᴐ
 is equal to  (see Eq. 43) and 
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that  is related to the density of electronic states (Eq. 108) , so Eq. 111 has 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 charge transport. ЎὪ is the change in the 

filling of the electronic states, 

ЎὪ  †  . Eq. 60 

The time-dependent Fermi-Dirac distribution is not commonly evaluated, so the chain rule is used 

to obtain commonly evaluated differentials, 

ЎὪ  † † †  ὺ ὩὉ .  Eq. 61 

Now the observable current density is evaluated as a change in the carrier distribution, 

ḁ ὺЎὪὨὠ ᷿ ὺ †  ὺ ὩὉ
 Ȣ

 Ὠὠ . Eq. 62 

Recalling that Ὠὠ  ὨὛ ὨὯ ὨὛ  ὨὉ,  and that Ḃ
Ⱦ
 ὫὉ, 

„  Ὡ ὺ᷿ ὺ † Ὣ   ὨὉ.  Eq. 63 

Resulting the in the charge transport function („ ὉȟὝ) and the electrical conductivity charge 

transport equation, 

„  ᷿„ ὉȟὝ   ὨὉ . Eq. 64 
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Note here that no assumptions regarding band structure were made. Additionally, there are not 

explicit temperature dependence assumed (other than in the Fermi-Dirac distribution). This is like 

the Sommerfeld model, where the temperature-dependent mobility had to be semi-empirically 

incorporated after the fact. Lastly, note that in the context of this dissertation, „ ὉȟὝ ḳ

ÅὫὉὺ Ὁ†Ὁ. 

Now turning to the Seebeck coefficient, recall that the current density is equal to the 

electrical conductivity multiplied by the applied field. If the field is a thermal gradient, then an 

additional term (the Seebeck coefficient) is included, 

ὐ  „​ὠ „Ὓ​Ὕ.  Eq. 65 

An expression that relates the current density to the applied electric field using the 

relaxation time approximation was previously used (Ὁ ὠɳ  in Eq. 113, but now the 

relaxation time approximation needs to contain the  ÏÒ ɳὝ  partial derivative. Therefore, the 

relaxation time approximation for Eq. 117 is 

ЎὪ  †
ὨὪ

Ὠὸ
†
ὨὪ

ὨὉ
 ὺ ὩὉ †

ὨὪ

ὨὝ

ὨὝ

Ὠὼ 

Ὠὼ

Ὠὸ

†
ὨὪ

ὨὉ
 ὺ ὩὉ †

ὨὪ

ὨὝ
 
ὨὝ

Ὠὼ
ὺ  Ȣ 

Eq. 66 

 is the first derivative of the Fermi-Dirac distribution with respect to temperature. To clearly 

evaluate , consider the following change of variable,  

ὪὉ
 
Ὢᾀ

 
 Ƞᾀ ȟ  Eq. 67 



50 

 

and,  

 Ȣ  Eq. 68 

Assuming that the Fermi energy level does not change with space ȿ π  ,  

ὯὝ  .  Eq. 69 

Therefore, the Seebeck contribution to the shifted population density is, 

ЎὪ †  ὺ .  Eq. 70 

And the Seebeck contribution to the shifted Fermi surface and current density is,  

Ὦ ᷿ ὺ  †  ὺ
 Ȣ

 ὨὠȢ  Eq. 71 

Recalling that Ὠὠ  ὨὛ ὨὯ ὨὛ  ὨὉ,   and that Ḃ
Ⱦ
 ὫὉ,  

Ὦ Ὡ᷿ ὺ  †  ὺὫὉὨὉ. Eq. 72 

Considering only the Seebeck contribution to Eq. 117, 

Ὓ„ Ὡ᷿ ὺ  † ὺ ὫὉὨὉ. Eq. 73 

By now inserting the transport function („ ὉȟὝ) into the previous integral, we obtain, 

Ὓ„ „᷿ ὉȟὝ ὨὉ.  Eq. 74 

By dividing the electrical conductivity contribution, we isolate the Seebeck contribution as, 

Ὓ
᷿ ȟ  

᷿ ȟ
. 

Eq. 75 
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Lastly, under open circuit conditions the current density is evaluated as, 

π Ὦ „ ὠɳ  „Ὓ Ὕɳ Eq. 76 

and the measured Seebeck coefficient is, 

Ὓ
ᶯ

ᶯ
. Eq. 77 

 Lastly, we consider the heat flow (ή). The heat flow due to charge carriers can be expressed 

using the Boltzmann transport equation as,  

ή ḁ Ὁ Ὁ ὺὪὨὯ.  Eq. 78 

Similarly, the change in the distribution function ought to be revaluated in terms of energy and 

temperature gradient, rather than k-space and charge, 

ЎὪ  † ὺ†  ὩὉ ȿ  . Eq. 79 

Evaluation of this distribution and relaxation time approximate yields,  

ή ὝὛὮ‖ .  Eq. 80 

By normalizing for geometric constraints, we obtain, 

‖ ‖ Ὕ„Ὓ. Eq. 81 

Here, Ὧ  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 gradient. In contrast, the Peltier term, Ὕ„Ὓ, is the thermal conductivity 

due to charge carriers drifting under the evolved electrical potential gradient, created by the drifting 

charge carriers. By evaluating Eq. 79-Eq. 81, we can quantify ‖  as, 
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‖ Ὕ᷿ „ ὉȟὝ ὨὉ. 
Eq. 82 

If the material is homogenous and well-described by nearly free and independent electrons, it can 

be shown that Eq. 81 is linearly related to the electrical conductivity via the Lorenz number, ὒ. 

‖ ὒ„Ὕ. Eq. 83 

1.2.3: Analyzing the transport function using the Boltzmann Transport Equation 

and the resulting transport properties.  

This section demonstrates how the observable „ὲȟὝ and ὛὲȟὝ properties can be related 

to the fundamental electronic structure and properties through the Boltzmann transport equation. 

Specifically, the Ὓ„ anticorrelation, commonly referred as a Jonker plot, is a function of transport 

function, „ Ὁ. This transport function is dependent on the electronic structure, as detailed in the 

previous section.  The exact functional form of „ Ὁ and its energy dependence is solvable 

because „ Ὁ will yield a Ὓ„ model curve that ought to be consistent with the Ὓ„ 

experimental data, as detailed by the Boltzmann transport equation (BTE). Ultimately, this 

iterative process of solving and modeling Ὓ„ᴾ„ Ὁ can be used to better understand the 

transport mechanisms and electronic structure of semiconducting materials. The examples 

provided in this section are based upon Ref., which is a seminal work for quantitatively and 

fundamentally improving our understanding of thermoelectric charge transport in chemically 

doped semiconducting polymers.  

To reiterate, the BTE for the electrical conductivity and Seebeck coefficient are,  

„ „ Ὕ ᷿ „ Ὁ ὨὉ  Eq. 84 

and 
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Ὓ
᷿  

᷿  
 . Eq. 85 

The transport function is equal to „ Ὕ „ Ὁ, but here we have separated the electron-energy 

independent and dependent contributions. Note that the BTE integrals are evaluated with respect 

to electron energy, so only „ Ὁ needs to be located and evaluated within the integral. These two 

equations are extremely useful because they show the Ὓ„ anticorrelation and show that the 

Seebeck coefficient is only a function of the electron energy-dependent integrals. Therefore, once 

the Seebeck coefficient is measured, the energy-dependent integral values can be calculated. Then, 

„ Ὕ for the electrical conductivity can also be calculated using the calculated integral values 

and the measured electrical conductivity. Recall here that „ Ὁ ᶿὺ Ὁ†ὉὫὉ and that 

„ Ὕ can be related to energy-independent mobility prefactor and the effective mass (assuming 

it is constant with respect to the filling of electronic states). Notably, „ Ὕ can be related 

temperature dependence of the scattering time through the thermal velocity and thermal cross 

section of scattering sites. 

 In experimental practice, it advantageous to assert some assumptions so that evaluating 

these integrals and relating them to the transport properties is more straightforward. Because 

„ Ὁ ᶿὺ Ὁ†ὉὫὉ, we asserted a transport edge energy, Ὁ, which is fixed and set to the 

zero-energy reference level. Ὁ can be thought as the conduction band minimum or valence band 

maximum as the positive energy direction is ñdeeper in the bandò. Therefore, states that are 

ñoutside the bandò are located at energies  Ὁ Ὁ, and these states are assumed not to have a 

sufficient density to contribute to charge transport. Additionally, it is mathematically convenient 

to set Ὁ π as the lower integral bound, and it is useful to declare reduced energy variables with 
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respect to the transport edge, ‭  (the reduced electron energy level) and –  (the 

reduced Fermi energy level). Note that in the SLoT manuscript, we declare ‒ as the reduced energy 

level because ‭ is used for the dielectric constant. With these assertions and reduced energy 

variables, we now express the electrical conductivity and Seebeck coefficient as,  

„ „ Ὕ ᷿ „ ‭ Ὠ‭  Eq. 86 

and 

Ὓ
᷿  

᷿  
 . Eq. 87 

Computationally, Eq. 108 and Eq. 109 can now be easily computed. First, assert an – value, 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 infinity over all reduced 

energy levels. Third, assert a „  and calculate „. Fourth, repeat this loop by sweeping –. 

Therefore, at any given – value, Ὓ is calculated and then „ is calculated. Ultimately, the calculated 

relationship between –ȟὛȟand „ are dependent on asserted transport function and ought to be 

consistent with the experimentally measured Ὓ„ὲȟὝ .  

 Kang and Snyder explored several transport functions for chemically doped 

semiconducting polymers, with a focus on the energy-dependent contribution, „ Ὁ. 22 In their 

main text and supplemental information, they explored how the „ Ὁ functional form affects the 

Ὓ– and Ὓ„ relationships, and the physical significance of the „ Ὁ functional form (). In X, 

we summarize the physical significance for each transport function. A key finding from their study 

is that „ Ὁ ‭ fits most semiconducting polymer systems (except for some PEODTs, where 
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„ Ὁ ‭, like most inorganic semiconductors). An ‭ transport function is oftentimes 

associated with ionized impurity scattering. Although a „ Ὁ ‭ transport model fits the Ὓ„ 

data for many semiconducting polymers, it can lead to an unreasonably large – values and with 

not well explained „ Ὕ as a function of doping level. These knowledge gaps serve as the 

motivation for the Semi-localized transport (SLoT) model. I truly 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 doped semiconducting polymers. I hope 

that my work- the SLoT model, electro-thermal SLoT model, and finite bandwidth models- 

exemplify their work and progress the field of organic electronics.  
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Figure 17: Kang-Snyder transport modeling, from Ref.. Adapted from the main text and supporting 

information, with permission from Springer Nature. (a-d) How to evaluate the transport function. (a) As the 

Fermi energy level increases, the transport function increases, an ‭ function is shown. At each 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 curve shape, 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 transport functions and experimental data for 

P3HT that is most consistent with a power law transport function. (f) PEDOT datasets that are most 

consistent with a linear transport function dependency. (g) Comparison of a power law (s =3), empirical 

power law, and narrow band transport function. 
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Table 1: Energy dependent transport functions explored by Kang and Snyder 

Name Energy 

Dependence 

ⱭἏ  

Physical Significance Relevance in Literature 

Linear 

ί ρ 
‭ Energy dependence of velocities 

increases with initial dispersion 

relationship. Energy dependence of 

density of states and relaxation time 

cancel one another- Fermiôs Golden 

Rule (see Ashcroft). 

Commonly employed for 

most inorganic 

semiconductors. Yields 

smaller – values. 

Power- 

Law 

ί σ 

‭ Energy dependence of velocities 

increases with initial dispersion 

relationship. Parabolic density of 

states. Relaxation time increases with 

ὉȾ , consistent with ionized impurity 

scattering. 

Commonly employed for 

semiconducting polymers. 

Yields large – values. 

Mobility 

Edge 

ί π 

‭ Constant energy dependence for 

carriers above the transport edge. 

Heavily used in 

disordered/amorphous 

inorganic semiconductor 

literature. 

Narrow 

Band 
 ‭ Only one narrow energy level or set of‏

states contribute to charge transport in 

the vicinity of the transport edge. Can 

use the Fermi-Dirac distribution to 

calculate the carrier density of number 

of occupied states (denoted as ὧ). 

Heavily used for polaronic 

transport and transport in 

narrow band inorganic 

semiconductors with poor 

orbital overlap. 

Empirical 

Power 

Law 

Ὓθ „ Ⱦ Empirical relationship between these 

transport properties, as qualitatively 

predicted by the BTE. 

Heavily cited/ leading 

model in the organic 

semiconductor literature 

before the Kang-Snyder 

model. 

 

 

1.3: Semiconducting Polymers, Doping, and their Thermoelectric Properties 

 

In the previous sections, we examined the electronic structure of materials, how to engineer 

the electronic and transport properties, and how to rationalize the electronic structure using charge 
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transport measurements. In 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 the BTE has not been extensively used to quantitively determine why one 

system performs differently than another. Although transport modeling and the BTE will likely 

not replace chemist and material scientist intuition in the near term, transport modeling with the 

BTE provides a quantitative language for more advanced and future predictive models. Here in 

this section, we pivot to provide specific literature examples of how engineering the polymer-

dopant-processing system can affect the resulting transport properties in hopes to further our 

chemical intuition.  

1.3.1: Effects of main chain engineering on thermoelectric performance 

This section highlights the 6 systematic studies that demonstrate main chain engineering 

effects on charge transport. (1) Heteroatom substitutions are potent in controlling energetic, 

structural, and charge transport properties.23 Specifically, 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 decreases, the susceptibility to doping 

increases, ů increases, S decreases, Ea decreases, ů0 increases, and the lamellar d-spacing 

decreases. (2) Copolymerizing thienothiophenes with various thiophene moieties also effects 

charge transport.24 The thiophene moiety was systematically varied, and changes in structural 

ordering upon doping 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 solution-processible polymer with 
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significant air stability (70 % conductivity retention in air over 2+ weeks) and appreciable 

electrical conductivity (ca. 20 S/cm) was developed. (3)  Li et al. studied the effects introducing 

spacer thiophene groups into the polymer backbone without alkyl side chains to provide additional 

volume for dopant incorporation near the main chain.25, 26 They found that increasing the free 

volume for dopant incorporation generally increased the electrical conductivity (ca. 330+ S/cm 

with NOBF4). The findings in studies (2) and (3) are in good agreement; main chains need to be 

engineered for dopant incorporation. (4) Boyle and coworkers studied the effects of doping 

temperature and polymer main chain structure on charge transport properties. They vapor doped 

P3HT and PDPP4T with I2 for 2 hours at either 25  or 75  and then measured the change in S 

and ů as a function of dedoping time.27, 28 When doped at 25 , both P3HT and PDPP4T have the 

same electrical conductivity (10 S/cm). In contrast, PDPP4T has a much higher Seebeck 

coefficient compared to P3HT (200 vs 80 µV/K). I postulate that PDPP4T has a higher Seebeck 

coefficient at the 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 contribution to the Seebeck 

coefficient. (5) Liang et al. also compared the charge transport properties of P3HT and PDPP4T, 

but also included PD-T-TT-T, which has a fused thiophene ring.29 They found that PD-T-TT-T 

has a much lower (103 lower) electrical conductivity in comparison to P3HT and PDPP4T under 

the same doping conditions. I speculate that the fused ring forced planarity in one part of the 

backbone which may have resulted in torsion and poor orbital lap in other parts of the chain or 

between chains. (6) Lastly, hydrogens on the main chain can be substituted for other chemical 

moieties, and this can effect transport.30-34 Pei and coworkers systematically substituted a pair of 
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protons on a BDPPV with F or Cl to yield poly(F- or Cl- BDPPV). They reported that both F- and 

Cl- derivatives have a high susceptibility to n-type doping in comparison to H-, and that these 

halogenated polymers can reach electrical conductivities up to 10 S/cm. This high n-type electrical 

conductivity is afforded by the low-lying LUMO energy levels (further from vacuum level). The 

low-lying LUMO levels increase the energetic favorability for electron donation into the polymer 

molecular orbitals. 

1.3.2: Polymer side chain engineering 

This section highlights 4 studies that demonstrate the effects of side chain engineering on 

charge transport properties. (1) poly(3-hexyl thiophene) (P3HT) is significantly more conductive 

than poly(3- 3,7dimethyloctyl thiophene) (P3DMOT) when doped with FeCl3 using similar 

sequential processing techniques (ca. 100 S/cm vs. 50 S/cm).23 I speculate that the differences here 

are because of microstructural ordering and the ability for FeCl3 dopants to diffuse and intercalate 

in the microstructure. (2) Vijayakumar and coworkers studied the effects of side chain length on 

the electrical conductivity of PBTTT.35 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 spacing. (3) Multiple works have now shown that polar sides chains 

can improve the thermoelectric performance of chemically doped semiconducting polymers.36-38 I 

specifically want to highlight the work by Kroon, Kiefer, Muller, and coworkers who showed that 

a glycol-based side chain on poly(thiophene) can improve the charge transport properties in 

comparison to P3HT. Specifically, they found that the glycolated poly(thiophene) can easily 

achieve 100 S/cm when doped with F4TCNQ, while P3HT oftentimes reaches only ca. 10 S/cm. 
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The authors claim that the improved transport properties are likely because the glycolated side 

chain increase electron density in 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 separation. (4) Lastly, note that 

additional side chain moieties could be explored- such as thiolated side chains. For example, the 

work by Li and coworkers showed that a thio-alkyl side chain can improve inter-chain stacking 

and doping susceptibility.25  
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Figure 18: Examples of main chain and side chain engineering for thermoelectric performance. (a) 

Heteroatom influences doping susceptibility.23 (b) Donor-acceptor motifs affect the Ὓὲ trends.26 (c) 

Increased electron richness and planarity increases conductivity.39 (d) Side chain sterics influence the 

doping mechanism and the resulting transport properties.40 (e) In n-type polymers, adding electron 

withdrawing groups increases the electrical conductivity.34 (f) In p-type polymers, adding electron donating 

groups increases the electrical conductivity and the ambient stability.38 All figures used with permission 

from their respective publishers.  

 

1.3.3: Microstructure engineering 

This section highlights 6 studies that demonstrate the effects of microstructure and 

processing on the resulting charge transport properties. (1) Thomas and coworkers showed that in 

physical blends of regioregular (RR) and regiorandom (RRa) P3HT, the electrical conductivity 

increases (103 increase) with increasing RR volume fraction but the Seebeck coefficient was not 

largely affected (all within 10%).21 (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 F4TCNQ. Keifer and 

coworkers showed that the processing solution determined the P3HT ordering, and that the 

ordering determined the electrical conductivity. Electrical conductivity ranged from ca. 10-1 when 

processed in cyclohexanone up to ca. 101 when processed in p-xylene.41 Chabinyc and coworkers 

further showed that by vapor doping in glass vials that the electrical conductivity could be 

bolstered to ca. 50 S/cm because vapor doping disrupted the microstructure less than solvent 

doping.42 Brinkmann and coworkers then showed that F4TCNQ sequential solution doping and 

high temperature rubbing could lead to electrical conductivities near ca. 160 S/cm because the 

rubbing oriented the polymer microstructure.43, 44 (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 insulative.45, 46 Poly(aniline)/DNNSA originally has electrical conductivities near ca. 

10-6 S/cm because the DNNSA insulated the conductive poly(aniline) domains. After performing 

a dopant exchange, with smaller sulfonic acids, 102 S/cm have been observed. (6) Lastly, 

Brinkmann and coworkers have now shown several times that high-temperature rubbing and 

orienting polymer films can greatly increase the electrical conductivity- up to nearly 105 S/cm in 

PBTTT doped with FeCl3.
44  
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Figure 19: Effects of microstructure and ordering on the resulting transport properties. (a) High temperature 

rubbing can lead to metal-like electrical conductivities.47 (b) The doping mechanism (electrochemical vs. 

field effect) determines the doping mechanism (bulk vs. interfacial) and thereby the resulting transport 

properties.48 (c) In a blend of regioregular and regiorandom P3HT, the extent of ordering dramatically 

increases electrical conductivity.21 (d) Doping at different temperature affects the extent of doping and the 

dopant intercalation in the polymers, thereby creating different Ὓ„ curves.27 (e) Polymers processed from 

different solvents can have different electrical conductivities; in the case of P3HT, chlorinated aromatics 

generally led to higher electrical conductivities.41 (f) Doping from the vapor phase vs. solution phase can 

affect the thermoelectric properties. Vapor doping usually leads to higher properties but may only be 

applicable to thin films due to diffusion limitations. 42 All figures used with permission from their respective 

publishers.  

1.3.4: Dopant engineering 

This section highlights 5 p-type doping studies. (1) In the DOTT studies, both F4TCNQ 

and Magic Blue oxidants were utilized. Magic Blue has a lower electrochemical onset of oxidation 

in comparison to F4TCNQ and likely a lower-lying (more stable) LUMO level. Therefore, Magic 

Blue should be a stronger oxidant that F4TCNQ, create more charge carriers, and lead to higher 

electrical conductivities in comparison to F4TCNQ. In all 5 DOTTs, it was observed that F4TCNQ 
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gives higher electrical conductivities because F4TCNQ disrupts the microstructure to a lesser 

extent. The dopant counterion with magic blue is a octahedral SbCl6
- while the F4TCNQ anion is 

planar.39 (2) Two separate studies have shown that P3HT doped with FeCl3 yields electrical 

conductivities near ca. 100 S/cm while P3HT doped with F4TCNQ yields electrical conductivities 

near ca. 10 S/cm. FeCl3 is a stronger oxidant and generates more charge carriers (evident in 

Seebeck measurements) without significantly disrupting the microstructure.23 These 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 optimizing electrical 

conductivity. (3) Boyle and coworkers found that the doping temperature affects the spatial 

distribution of dopants and the resulting electrical properties.27, 28 Specifically, Boyle found that in 

both P3HT and PDPP4T that I2 vapor doping at higher temperature (75  vs. 25 ) yielded more 

homogenous dopant distributions and electrical conductivities. (4) Graham and coworkers showed 

at low doping concentrations, the extent of doping and electrical conductivity is dictated by the 

energetic difference between the polymer HOMO and the oxidant LUMO.29 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 factors. (5) Muller and coworkers demonstrated that F4TCNQ 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 100%.49 

This section highlights 4 n-type doping studies. N-type dopants are more limited in 

comparison to p-types because n-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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polymersô LUMO levels. (1) In an n-type comparison study, it was found that bulkier n-type 

dopants and n-type 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 electrical conductivity.31 (2) In this second 

study, it was found that the bulkier and hydride dopants would not generate measurable electrical 

conductivities- further reinforcing the findings from the first study.50 (3) In a study by Kemerink 

and coworkers, benzimidazoline derivatives SOMO energies were compared and used to dope 

p(NDI-2OD-T2). Their study systematically evaluated how substituent moieties on dopant 

affected the doping sterics and energetics and the resulting electronic properties.51  Recently, Yang 

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

activation to dope.30 FBDPPV doped with TAM presents uniquely air-stable n-type 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 properties; planar dopants were more effective.52 (b) Dopant size and 

oxidation strength affect the resulting transport properties; strong and bulky oxidants yielded higher 

conductivities at low doping concentrations, but mild and small oxidants yielded the highest conductivity 

at higher concentrations.29 (c) In a series of dopants with similar size, the electron withdrawing group affects 

the LUMO and thereby the oxidation strength and polaron concentration.53 (d) Stronger dopants are not 

necessarily better; the Ag oxidant yielded less polaronic charge carriers compared to the Fe oxidant.54 (e) 

In some polymer systems, the size of the counterion does not matter when ion exchanged.55 (f) The extent 

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

the metal to insulator transition occurs. 56  All figures used with 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 the Kang-Snyder model (built upon 

the BTE) enables polymer-dopant-processing system comparisons, but these methods do not 

provide quantitative parameters that capture the fundamental spatial and energetic distribution of 

charge carriers. Notably, most doped semiconducting polymer thermoelectric studies do not 

attempt to quantify the carrier density. Quantifying the energetic and spatial distribution of carriers 

as a function of doping level is needed to define the effects of chemical structure, electronic 

structure, and microstructure on the resulting transport properties. Using charge transport 

parameters, calculated from an appropriate transport model, in conjunction 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 

techniques. Therefore, the purpose of this thesis is to (i) develop and execute combinations of 

experimental methods that can be used to define the transport function and fundamental transport 

properties, (ii) use these experimental methods to assert and validate the transport function, (iii) 

use the transport function to contextualize the transport properties in polymer-dopant-processing 

system with respect to the chemical structure, electronic structure, and microstructure.  

1.4.1: Objective 1: Develop Experimental Methods to Quantify the Transport 

Function 

If it cannot be measured (or calculated from measurement interpolations, extrapolation, or 

regressions), then it cannot be quantifiably defined. The experimental protocol needed to assert 
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and validate transport functions for chemically doped semiconducting polymers is not thoroughly 

presented in literature. Although the Kang-Snyder model shows that „Ὕ and ὛὝ are needed 

and the semiempirical Glaudell Ὓθ „ Ⱦ model shows that a range of Ὓ„ values are needed, 

this is not sufficient to validate the transport function. Here, I develop a protocol that involves 

sequentially doping polymer films from serially diluted dopant solutions (in 2019). The serial 

dilution enables a wide range of Ὓ„ values that are highly controlled and repeatable. 

Furthermore, at each dopant dilution level, the ὛὝ and „Ὕ properties are measured, consistent 

with the Kang-Snyder model. However, these methods do not provide insight on the spatial and 

energetic distribution of the charge carriers. Therefore, I adapt an x-ray photoelectron spectroscopy 

(XPS) protocol57, 58 to measure the polymer extent of oxidation at each serial dilution doping level. 

This extent of oxidation can be related to the carrier ratio (ὧ) and the carrier density (ὲ) through 

simple and judicious assumptions (e.g. molecular weights and volumetric mass densities). Several 

years later in 2022, I adapted and developed a protocol that relates the shifts in the XPS intensities 

to the shifts in the Fermi energy levels, as calculated from a transport function and Seebeck 

coefficient. Ultimately, it is this unique combination of measuring „ὲȟὝȟὉ  and ὛὲȟὝȟὉ  that 

enables one to assert and validate a transport function.  

1.4.2: Objective 2: Assert and Validate the Transport Function 

Historically, transport functions, „ ὉȟὝ have been evaluated with a doping-independent 

transport function prefactor, „ Ὕ, and a doping-dependent and electron energy-dependent 

transport function term, „ Ὁ. Although this protocol has worked well for inorganic 

semiconductors, this protocol fails to concomitantly capture the Ὓ„, ὛὝ,„Ὕ, and Ὁ ὲ 

trends for polymer semiconductors. I asserted that „ Ὕ ought to have an Arrhenius-like 
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functional form and a dependence on the carrier density: „ Ὕ „ÅØÐ . I validated 

this assertation by measuring „ὲȟὝ and ὛὲȟὝ and positing that the Arrhenius-like activation 

energy ought to be spatially dependent on the percolation of charge carriers localized in 

electrostatic potential energy wells. I measured and validated this assertion in a P3HT system, and 

then more accurately modeled published P3HT, PBTTT, PEDOT, CNT, N2200, and PA studies. 

From these studies, we can quantify fundamental transport parameters. Some examples include ὲ, 

the carrier density needed to reach the transport edge and degenerate doping, ὲ the carrier density 

needed for delocalized and metal-like Ὓ„ and „Ὕ properties, and „ the prefactor electrical 

conductivity that determines the highest achievable electrical conductivity for a system.   Later, in 

2022, I demonstrate that „ Ὕ „ÅØÐ  may not always be needed; for example, „  

is constant in PDPP-2T-TT doped with magic blue but „ is modeled using a sine transport 

function rather than a linear. Overall, I demonstrate how to validate a transport model and how to 

interpret a transport model to gain deeper physical understandings.   

1.4.3: Objective 3: Establish Design Rules for Optimized Charge Transport 

Now that we established means to quantify the most fundamental transport parameters in 

semiconducting polymers (e.g. ὲ, ὲ, „), we can turn to evaluating these parameters as a function 

of polymer chemistry, dopant chemistry and processing. Since developing the experimental 

protocols and validation methods, I have retroactively modeled or measured over 20 unique 

polymer-dopant-processing systems, tabulated in final chapter. In the bulk of this thesis, in the 

middle chapters, I draw transport parameter- 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 system. Before these experimental methods and transport 

modeling protocols, conjecture was used to determine why performance is improving, now we 

have quantitative and physical answers. For p-type transport, we can say with certainty that 

XDOTs increase „ by increasing the doping susceptibility and increasing the Fermi energy levels, 

bithienothiophenes increase „ by increasing the ordering and „, and side chain removal increases 

both „, the reduced Fermi energy level, and decreases localization, ὡ . 

Furthermore, I demonstrate how transport modeling can be used to quantify the effects of 

inhomogeneity on thermal conductivity, how to calculate the electronic contribution to thermal 

conductivity in polymeric systems and explain why polymers can achieve Lorenz numbers (ὒ ) 

that are seemingly greater than the metal-like limit. These insights can be used to design improve 

thermal transport in polymeric systems Lastly, I develop a transport model that can explain the 

inversion in the Seebeck coefficient and calculate and compare the carrier density needed for the 

Seebeck coefficient inversion, ὲ. This model can be used to rationally design p-n junctions 

developed with a single polymer and dopant chemistry, but with a spatial gradient in doping level. 
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CHAPTER 2: EXPERIMENTAL METHODS  

Here, I detail the experimental methods used and the most pertinent operating principals. 

In addition to these listed, I have extensive experience developing techniques for vapor 

functionalization of polymers, vapor doping, and in situ electrical conductance measurements, but 

these techniques are not germane to the purpose of this thesis.59-61 Additionally, I also have varying 

levels of exposure and expertise with AC impedance spectroscopy, thermoreflectance techniques, 

3thermal conductivity, Hall effect, x-ray diffraction, resonant tender x-ray diffraction, atomic ‫ 

force microscopy, scanning electron microscopy, spectroscopic ellipsometry, x-ray emission 

spectroscopy, elemental dispersive x-ray spectroscopy, and scanning tunneling electron 

microscopy, but again these are not germane to the work in this thesis. Lastly, I want to note that 

I am not an expert in all these techniques, and oftentimes, I collaborated extensively with subject 

matter experts. I will mention pertinent individuals, references, and equipment manufacturers 

where possible.  

2.1: Polymer Synthesis, Processing, and Doping 

2.1.1: Polymer Synthesis  

I did not synthesize my own polymers, but I am familiar with the polymerization 

mechanisms. I appreciate the several organic and polymer chemistry courses offered by Dr. 

Marder, France, and Reynolds because these courses made me comfortable and competent when 

interfacing with synthetic chemists and polymerists. To obtain these conjugated polymers, I 

collaborated with either the Seferos group,23, 62 Reynolds group,39, 63, 64 or Marder group,52, 65 or I 

purchased the polymers from Sigma-Aldrich.59, 60 Most of the conjugated polymers reported or 

analyzed in this thesis were polymerized using oxidative polymerization (solution chemical, vapor 
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chemical, or electrochemical), Stille coupling, Suzuki coupling, or direct heteroarylation 

polymerization (DHAP).66 I appreciate the work of all the polymerists that I worked with- thank 

you to Shuyang Ye, Garion Hicks, Khaled Al-Kurdi, Hio-Ieng Un, James Ponder.  

 

2.2.2: Polymer Characterization 

The resulting electronic properties of conjugated polymers are a function of the degree of 

polymerization, regioregularity, and chemical structure. Therefore, it is best to characterize the 

pristine monomer and polymer properties before doping and performing transport measurements. 

1H-NMR can be used to determine the monomer and polymer chemistries, based on the proton 

chemical environments. For example, the 1H chemical environment of the protons on a 

tellurophene monomer will be located at a different chemical shift compared to the protons on a 

thiophene monomer.23 Additionally, regioregular P3HT shows different chemical shifts compared 

to regiorandom P3HT due the head-head vs. head-tail vs. tail-tail interactions. In addition to 

verifying the chemical identity of the polymer and monomers, it is useful to quantify the degree of 

polymerization. Gel permeation chromatography (GPC) can be used to quantify the molecular 

weight of the synthesized conjugated polymer with respect to a known molecular weight 

poly(styrene) reference. GPC is a size exclusion chromatography technique, whereby the solvated 

polymer is passed through a porous media and eventually detected when eluted from the porous 

media. As the molecular weight increases, 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 the eluting molecular weight as a function of time; however, this 

standard inherently is imperfect because the PS solvated conformation and interaction with the 
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porous media will inherently be different compared to that of a conjugated polymer. Lastly, 

techniques are needed to quantify the frontier molecular orbitals of the polymer. Typically, cyclic 

voltammetry and/or differential pulse voltammetry can quantify the onset of oxidation and/or 

reduction of the polymer in an electrolyte. As a function of the applied bias (quantified with respect 

to a reference electrode), a large change in current may be observed and associated with an 

oxidation or reduction process. Furthermore, these techniques may be used to quantify the total 

extent of oxidation or reduction (i.e., number of charge carriers per ring). Although these 

electrochemical techniques 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 techniques are 

arguably less common and accessible compared to CV and DPV. I appreciate the work of Dr. 

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

2.1.3: Solution Based Thin 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 temperature and 

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 deposited.  In this thesis, several deposition methods 

were employed, including blade coating, spin coating, spray-casting, drop casting, and wire bar 

coating. With each of these techniques, the solution properties, deposition temperature, and 
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deposition rate (e.g. coating velocity and height, spin rpm and time) are important parameters that 

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

2.1.4: Solution Based Doping Methods 

Doping semiconducting polymers is a chemical reaction, and 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 added to the same solution and 

permitted to react. The permitted reaction may vary depending on the concomitant processing 

system. After sufficient time, the solution (solvent + polymer + dopant) is deposited onto the 

substrate as a thin film. Notably, polymers (and dopants) can precipitate out of solution when 

doped, so the film quality can vary significantly. Furthermore, excess unreacted dopants are always 

present when concomitantly processed, so rinsing with excess solvent is necessary, however it may 

not full rinse all unreacted dopants. Lastly, with concomitant 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 dried. Afterwards, 

the film is exposed to a solvent that will swell the polymer, but not dissolve, and dopants are in 

this swelling solvent. While swollen, the free volume is increased and the interface of the polymer 

and dopant solution increases and permits for doping chemical 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 well. After rinsing with solvent, films were 
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oftentimes heated and/or vacuum dried to remove residual solvent. Although 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. Most studies presented herein 

were performed using a sequential doping process.  

2.2: Charge Transport Measurements 

I want to thank Akanksha Menon for building the thermoelectric set up that I 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 using the van der Pauw technique. 

Thin polymer films were cast onto electrically insulative substrates, with thicknesses generally 

ranging from 100 nm to 1 ‘m, depending on the system. These substrates are oftentimes glass and 

are ca. 1 cm2 squares. Electrically insulative substrates were used to unequivocally isolate the 

charge transport in the polymer film. Pt or Au contact pads were deposited either prior to film 

casting (bottom contact) or after film casting (top contact), and noble metals were chosen to 

mitigate any chemical reactions with the dopant. These contact pads were ~ 1mm2 squares, 

arranged on the outer diameter of the film, and deposited through a shadow masking either using 

electron beam thermal evaporation or sputtering.  These contact pads were deposited as a square 

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

Electrical measurements were performed using a Keithley 2450 sourcemeter, controlled 

using a LabView program. The Keithley sourcemeter made electrical contact to the film via copper 

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

For each reported electrical conductivity, 8 resistance measurements were performed and averaged 

to calculate the horizontal, vertical, and sheet resistances. Measurements were examined to ensure 

minimal anisotropy and consistent resistances were recorded for each of the 8 individual resistance 

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 deposition. This sequencing (doping then immediately measuring) was 

performed to mitigate ambient environmental or temporal effects on the measured transport 

properties. The Peltier stage was used to control the measurement temperature and enabled 

electrical conductivities to be calculated as a function of the film temperature. Adequate time was 

provided between measurements so that the film temperature could equilibrate with the Peltier 

stage set temperature.  

2.2.2: Seebeck Coefficient 

Seebeck coefficient measurements we performed on a similar set up as the electrical 

conductivity measurements. However, for Seebeck coefficient measurements, films were 

suspended between two Peltier units, and two electrical probes were used.  Voltage measurements 

were performed across two contact pads that were heated to two different temperatures by the 

Peltier units. K-type thermocouples recorded the temperature at the electrical contact between the 

contact pad and micromanipulator tip. The temperatures of each Peltier stage were swept in a 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 voltage vs. temperature gradient was used 
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to calculate the Seebeck coefficient (i.e. Ὓ), and linear slopes were ensured for all reported 

values.   

2.3: Spectroscopic Characterization 

2.3.1: Ultraviolet-Visible-Near Infrared (UV-Vis-NIR) and (Fourier Transform) 

Infrared (FTIR) Spectroscopies 

UV-Vis-NIR spectroscopy was employed to characterize the optical and electronic 

transitions. Depending on the instrument (Avantes vs. Cary-5000), the observable energies ranged 

from 0.5 to 4 eV. These measurements were oftentimes performed on thin films on glass substrates 

in transmission mode. Ideally, films were sufficiently thin so that greater 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 difference in the 

FMOs, but not exactly. Upon doping, new electronic states are formed and populated which alters 

the wavelengths and intensities transmitted. Therefore, UV-Vis-NIR measurements can provide 

semiquantitative evidence for quantifying the extent of doping and electronic structure. These 

references have been exceptionally helpful for understanding optical transitions and how to 

interpret these transitions in the context of semiconducting polymers. 4, 5, 8, 18 

Explicitly, the transmittance is defined as,  

Ὕ‫  ,  Eq. 88 

where Ὅ‫  is the intensity of the transmitted light after passing through the film and substrate 

(oftentimes glass), and Ὅ‫  is the intensity of the transmitted light after passing through the 
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substrate. Therefore, by referencing and ñzeroingò the glass, a substrate without a film ought to 

have 100% transmittance (Ὕ x 100%).  

The absorbance of the film is defined as, 

ὃ‫ ÌÏÇὝ Ȣ Eq. 89 

Therefore, if we have 100% transmittance (Ὕ ρ), then ὃ = 0. If we have 10% transmittance (Ὕ 

= 0.1), then ὃ = 1. If we have 1% resistance (Ὕ = 0.01), then ὃ = 2. Note that this definition is in 

logrithm-base-10 as commonly used with solution chemistry and Beerôs Law, while others in the 

solid-state physical community use logarithm-base-Ὡ (natural logarithms). Additionally, going 

from Eq. 110 to Eq. 111 assumes that no intensity is loss due to reflection, which is oftentimes a 

fair assumption, but it becomes increasingly important if attempting to define the complex 

dielectric function. Lastly, note that measurable and calculable ὃ‫  can be related to material 

properties,  

ὃ‫ ‭‫ὧ ὰ Eq. 90 

where ‭ is the extinction coefficient, ὧ is the concentration, and ὰ is the path length (thickness). 

Notably the observable absorbance is a summation of all chemical species and their oscillators (Ὥ) 

present in the film. The intensity (extinction coefficient) and peak shape and wide of each oscillator 

can be traced back to quantum mechanical principals, such as the electronic structure and Fermiôs 

golden rule (see Ref. ), but in solid-state and inhomogeneous systems, it is challenging to assert 

peak intensities, shapes, and widths. Therefore, it is advantageous to systematically sweep the 



80 

 

doping level and measure the evolution of these optical spectra with increased doping level and 

use it to corroborate other transport, structural, and spectroscopic measurements.  

 Similar principals apply to infrared spectroscopy (IR), but notably the infrared spectra 

(ranging from ~0.05 to 0.5 eV) probes lower energy transitions. Typically, these lower energy 

transitions are associated with dielectric absorbances, such as bond polarizations, and can be used 

to identify chemical species and moieties present in dielectric materials. However, mobile 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 oftentimes polaronic in 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 to (or obfuscating) dielectric moments.   

2.3.2: X-ray Photoelectron Spectroscopy (XPS) 

First, I want to thank Jamie Wooding for embarking on this XPS quest with me back in 

2019 for the SLoT study. I appreciate your expertise and willingness to reanalyze the data as we 

learned more. Thank you also to Khaled Al-Kurdi who performed numerous XPS measurements 

during 2020 for the P3HT-PE2 study and learned from Jamieôs methodologies. I want to express 

extreme gratitude to Amalie Atassi who has taken these XPS measurements and deconvolutions 

to the next level. I am beyond excited to see what you do next, Amalie. Lastly, I want to thank Dr. 

Faisal Alamgir for his insights on XPS and 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), this process is challenging because the oscillator intensity could change as a 

function of the dielectric environment and be convoluted with other oscillators. To elevate our 

understanding of charge transport in chemically doped semiconducting polymers, I sought a 

technique that could ñeasilyò quantify the extent of oxidation and is found on multiple campuses. 

Notably, Hall effect measurements are not viable on disorder materials, due to the anomalous Hall 

effect (see Ref.1 for greater details), so I pivoted to focusing solely on a chemical technique.  

Studies performed by Ratcliff et al. used a series of electrochemical and spectroscopic 

methods to quantify the extent of oxidation in P3HT.57, 58 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 spectra. Several other groups have also 

used XPS to quantify the extent of doping by quantifying the counterion concentration with respect 

to the polymer concentration, assuming a counterion stoichiometry. These studies provided a clear 

experimental protocol for deconvoluting XPS spectra to quantify the extent of doping and showed 

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 be self-consistent 

with increasing carrier absorbances in the UV-Vis-NIR spectra, increasing electrical 

conductivities, and decreasing Seebeck coefficients, in general. Lastly, Ratcliff et al. demonstrated 

that the shifts in the core binding energies measured using XPS are commensurate with the shifts 

in the measured and calculated work function and ionization potential (and ergo Fermi energy 



82 

 

level); this equivalent shift will become a linchpin idea in advancing the utility of XPS and 

transport modeling.58  

X-ray photoelectron spectroscopy is a core-level x-ray technique that radiates the sample 

with a characteristic x-ray (usually ὑ‌ for Al at 1.486 keV) and measures the kinetic energy of the 

photo ejected core electrons. Based on the input x-ray energy and measured output kinetic energy, 

the binding energy of the core electron is calculated. Notably, 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 shape (full width at half max) are well documented for each 

element and their local chemical environment. My team and I have found these review articles to 

be exceptionally helpful when deconvoluting XPS spectra,67-70 as well as the Thermo Scientific 

website and the NIST database. 

When using XPS to measure the s core orbital, (C-1s, N-1s etc.) the XPS peak ought to be 

symmetric alone if there is only one chemical binding environment. This is because the core 

electronic states are isolated and do not form a band-like structure (see Figure 5); therefore, an 

ensemble of electronic states (or a band of states or a band of excitations) cannot responsible for 

the XPS signal, but rather the XPS signal 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 other spectroscopic techniques. If we have reason to believe 

there are two chemical binding environments (letôs say the C-1s spectra for acetic acid, where we 

have the acid carbon and the methyl carbon), then there ought to be two peaks with slightly offset 

central binding energy locations and full-width at half maximums. The relative area for the acid 

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

with varying strength. 

In elements with a p core orbital (S-2p, Cl-2p etc.) or heavier elements (Te-3d), the XPS 

peak will be fitted with a single doublet peak if there is one chemical binding environment. The 

doublet peak is needed because of spin-orbit coupling, whereby the 2px and 2py energies are 

slightly less stable (lower binding energy) with respect to the 2pz energy. 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 p-orbitals. Furthermore, depending on the elemental chemistry, the energetic 

distance between the doublets will shift. For the S-2p spectra, the doublet spacing is ~1.18 eV. 

Although this spin-orbit coupling rules and defined binding energy ranges make XPS 

deconvolution more tedious, these rules enable more quantitative and pedantic assertions for the 

extent of doping compared to other methodologies.  

In P3HT, the extent of doping can be quantified using the peak shifts in the C-1s and S-2p 

spectra with incremental increases in the doping level. 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 chains) present in the film responsible for the signal area. 

Because of these chemical species constraints along with the constraints of spin orbit coupling and 

FWHM constraints, simplex algorithms nearly always converge on a reasonable deconvolution. 

The area of the oxidized carbon peak, with respect to the total aromatic carbon area, and the 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 carrier density. Lastly, if the counterion stoichiometry is fixed 

(i.e. F4TCNQ, many tosylate are fixed, PF6
-) XPS can be used to quantify the atomic abundance 

of the counterion with respect to the polymer heteroatom (likely sulfur) to quantify the carrier 

ratio.39, 64, 71-74 These procedures are detailed greatly in several of our manuscripts.  

2.4: Structural Characterization  

2.4.1: Grazing Incident Wide Angle X-ray Scattering (GIWAXS) 

First, I want to thank Maddie Gordon and Akanksha Menon for developing the connections 

that enabled me (and Amalie and Josh and others) to obtain superb GIWAXS data. Maddie, you 

have improved the quality of so many researchersô work because of your willingness to connect. 

Similarly, I want to thank Gregory Su and Guillaume Freychet for their willingness to help 

measure, deconvolute, analyze, and mentor me (and Amalie) throughout this GIWAXS process. I 

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

GIWAXS measurements were performed at either the Advanced Light Source or National 

Synchrotrons Light Source-II. GIWAXS measurements were advantageous for these polymer thin 

films because these measurements are operated at high fluences, at low angles, with 2D detectors. 

The high fluence enabled us to obtain an observable signal (tabletop XRDs oftentimes do not), the 

low angles enabled a greater cross-sectional interaction volume with the film (and less so with the 

substrate), and the 2D detectors enabled us to quantify the extent of ordering in- and out of- plane. 

GIWAXS operates on the same principals as XRD, where Bragg reflections are observed due to 

the periodic spacing of atoms and constructive interference. Notably, GIWAXS provides 

quantitative information on the quality of ordering (via peak shape) and the spacing of the 

crystalline planes (via peak location), but GIWAXS provides only semiquantitative information 
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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 domains. GIWAXS measurements 

provide unparalleled insight on the atomic and nano-scale ordering, but additional 

characterizations are needed (on the nano to micro scales) to fully understand how microstructure 

affects transport properties. These references have been extremely helpful for contextualizing 

GIWAXS data in semiconducting polymer systems.20, 75-77 
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CHAPTER 3: DEVELOPING A SEMI -LOCALIZED TRANSPORT (SLoT) 

MODEL  

3.1: Chapter Overview  

Developing the SLoT model is focus of this thesis. This is my major contribution to the 

organic thermoelectric and charge transport community. Every thermoelectric measurement I 

between 2017 and 2021 led to the development of this model. The heteroatom study made me 

realize that doping level generally decreased the activation energy for transport, in addition to the 

commonly reported Ὓ„ relationships.23 The n-type dopant study showed that different dopant 

chemistries at nearly identical concentrations can yield different Seebeck coefficients (whether 

this is an electronic structure or dopant efficacy effect is debatable).52 The DOTT studies provided 

enough data to conclusively show that the activation energy has a statistically significant 

dependence or correlation with the Seebeck coefficient.39, 64 The SLoT model was a team effort; 

every author played a vital and mission-critical role in this publication. The subsequent text in this 

chapter are largely adapted from the original publication, published in Nature Materials, used with 

permission.78  

In summary, leading to the SLoT model, charge transport in semiconducting polymers 

ranges from localized (hopping-like) to delocalized (metal-like), yet no quantitative model exists 

to fully capture this transport spectrum and its dependency on charge carrier density. In this study, 

using an archetypal polymerïdopant system, we measure the temperature-dependent electrical 

conductivity, Seebeck coefficient and extent of oxidation. We then use these measurements to 

develop a semi-localized transport (SLoT) model, which captures both localized and delocalized 

transport contributions. By applying the SLoT model to published data, we demonstrate its broad 
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utility. We are able to determine system-dependent parameters such as the maximum localization 

energy of the system, how this localization energy changes with doping, the amount of dopant 

required to achieve metal-like 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 of doped semiconducting polymers. 

3.2: Background 

 Semiconducting polymers are used in a variety of devices.18, 79, 80 To obtain the requisite 

material properties for these devices, these polymers are oftentimes chemically doped. Unlike 

inorganic semiconductors, doping semiconducting polymers involves a chemical reaction, a larger 

dopant mass fraction and concomitant microstructure alteration.18, 23, 79 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 counterion.18, 80 Polaron 

formation and microstructural inhomogeneity in the doped semiconducting polymer result in 

spatial and energetic localization of charge carriers in potential energy wells.80-82 Carriers need to 

overcome this potential well energy to transport charge.83-85 The charge transport mechanism may 

change as a function of the spatial and energetic landscape, and several hopping-like and metal-

like transport models have been proposed.13, 23, 56, 80, 86-89 Charge transport models typically treat 

metal-like  (delocalized) or hopping-like (localized) transport separately; however in reality, the 

transport mechanism likely spans a spectrum.56, 80, 81, 87, 90 Because polaron formation and spatial 

inhomogeneity complicate commonly used charge transport assumptions (for example, nearly free 

and independent charge carriers), developing a holistic model capable of capturing both localized 

and delocalized transport simultaneously has been a significant challenge.91  
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3.3: Model Development 
The phenomenology of electronic carrier generation, transport, and structure in semiconducting 

polymers are summarized in Figure 21. Figure 21 depicts polaronic charge carriers, formed by oxidative 

doping, in a poly(thiophene) chain. These charge carriers are resonance delocalized, but they are 

coulombically attracted to the dopant counterion (A-). Electrostatic interactions, inhomogeneity, defects, 

and poor interchain electronic wavefunction overlap may also localize these charge carriers.11, 80, 81, 85  

Figure 21 illustrates that this localization traps charge carriers in potential wells of depth ὡ , and these 

potential wells are separated by a distance, R.81, 82, 90 As the carrier density increases, R decreases, which 

eventually leads to overlap of the wells and lowers ὡ . In the limit that these wells are sufficiently close to 

one another, localized states become delocalized,81, 82 with semiconducting polymers achieving metal-like 

properties (for example, low Seebeck coefficients (ȿὛȿṂ 40 ɛV/K) and electrical conductivities that are 

independent of and/or decrease with increasing temperature).80, 86, 87  

 Because polymers exhibit a wide range of transport properties, numerous transport models 

have been proposed,23, 85, 89, 91-93 but these models fail to quantify the extent of localization, the localized-to-

delocalized transitions, and accurately predict both electrical conductivity („) and Seebeck coefficient (Ὓ) 

as functions of both temperature and doping. The Kang-Snyder model, which builds upon the Boltzmann 

transport formalisms, model has come the closest to this goal of quantitatively relating microscopic 

parameters to macroscopic observable properties.48, 81, 93 In this model, the electrical conductivity is written 

as,  

„ „ ὉȟὝ
ὨὪ

ὨὉ
ὨὉȢ Eq. 91 

The transport function „ ὉȟὝ describes electrical conduction at any electron energy (Ὁ) and 

temperature (Ὕ) and is multiplied by ὨὪȾὨὉ, where Ὢ is the Fermi-Dirac distribution function. 

This theoretical treatment leads to the following expression for the Seebeck coefficient81, 93 
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Ὓ
ρ

„

Ὧ

Ὡ
 „ ὉȟὝ

Ὁ Ὁ

ὯὝ

ὨὪ

ὨὉ
ὨὉ

Њ

ȟ Eq. 92 

which can be interpreted as an energy weighted average of „ ὉȟὝ  normalized to thermal 

energies defined as Boltzmannôs constant (Ὧ) multiplied by T.  Lastly, Ὡ is the fundamental 

charge. 

 Apparent from Eq. 91 and Eq. 92 is that „ and Ὓ arise from the same „ ὉȟὝ, which contains 

the underlying physics governing electron transport in the system of interest. Consequently, 

determining a correct expression for „ ὉȟὝ is necessary to describe charge transport in any 

material. The Kang-Snyder model asserted the following form for the transport function, 

„ ὉȟὝ
πȟὉ Ὁ

„ Ὕ ȟὉ Ὁ
, Eq. 93 

where „ Ὕ is an energy-independent prefactor, and  Ὁ 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 s.  

 The energy-dependent term in Eq. 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 of , resulting in an increase in „ 

and a decrease in S. In inorganic and ordered materials, ί is related to the power law dependencies 

of scattering time, velocity, and the density of electronic states.94 Although the physical 

relationships governing ί is not clear in semiconducting polymers, a main conclusion of the Kang-
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Snyder model is that s = 1 or 3 fits well. However, several studies have demonstrated inconsistency 

between experimentally measured data and the Kang-Snyder model.27, 48, 91, 92  

 Two additional concerns exist with the Kang-Snyder model.93 First, the Kang-Snyder model 

asserts that „ ᶿÅØÐ
Ⱦ

 and that „  is a constant for a given material system (and 

therefore ὡ ).93 However, this „ Ὕ term captures many physical phenomena, including the 

localized to delocalized transition. Thus, „ Ὕ is likely a function of carrier concentration 

through ὡ , and ὡ  is expected to decrease with increasing carrier concentration.23, 50, 85, 88, 92, 95   

Second, most polymer-dopant systems fit an s = 3 model,48, 93 which typically requires an Ὁ

Ὁ 1 eV to explain the data at modest carrier concentrations.48, 96, 97 This is unphysical at moderate 

carrier concentrations, considering the full electronic bandwidths of semiconducting polymers are 

approximately 0.5 to 1 eV.13, 93, 98  An s = 1 transport function usually exhibits more physically 

reasonable Fermi levels (Ὁ Ὁ πȢυ Å6), but this results in a poor fit for the Ὓ „ curve.  

 To resolve these deficiencies in the charge transport modeling we systematically doped 

poly(3-hexylthiophene) (P3HT) with FeCl3 and measured the electrical conductivity and Seebeck 

coefficient. Figure 21 plots our experimental data and the Kang-Snyder s = 1 model (black line). 

We find that the Kang-Snyder model alone cannot fit our experimental data for any s (including s 

= 3), and we posit that the discrepancy is because the Kang-Snyder model does not properly 

account for localization.   
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Figure 21: Depiction of spatial localization in semiconducting polymers and the resulting thermoelectric 

properties. (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 one another, are coulombically attracted to the anion (A-), can 

polarize the local environment, and result in a bond-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 counter anion is shown only schematically but are known 

to vary. (b) Polaronic charge carriers of size ὶ are localized in potential energy wells (ὡ ), which are 

separated from each other by a distance, Ὑ, which depends on the carrier density (ὲ) and carrier 

concentration ratio (ὧ). The energy required to hop out of the potential well is expected to decrease with 

increasing carrier concentration. (c) Ὓ „ plot showing that a nominal ί = 1 Kang-Snyder model (black 

line) cannot explain the P3HT-FeCl3 experimental data (green squares, each data point represents a unique 

sample measurement). The SLoT model (green line) accounts for a localization energy (ὡ ὧ) that 

decreases with increasing carrier concentration. 
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 Herein, we present a model that captures the transition in transport behavior in semiconducting 

polymers as a function of carrier concentration ratio (c). We term this model the semi-localized 

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

„ ὉȟὝȟὧ

πȟὉ Ὁ

„ÅØÐ
ὡ ὧ

ὯὝ

Ὁ Ὁ

ὯὝ
ȟὉ Ὁ

Ȣ Eq. 94 

Notably different from the Kang-Snyder model is that the transport functionôs energy-independent 

term, „ Ὕȟὧ „ÅØÐ , which describes hopping-like transport behavior,23, 81, 82, 90 is 

explicitly defined as a function of ὡ ὧ (Eq. 94).  

 For charge transport in disorder inorganic materials, Mott demonstrated that ὡ  is related to 

the potential well width (r0), distance between wells (R), and effective dielectric constant (‐ ) for 

charge carriers localized due to polarization alone.81, 82, 90 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 that ὡ  in the SLoT model 

should take a similar functional form, and we define ὡ  as 

ὡ

Ὡ

τ ‐

ρ

ὶȟ

ρ

Ὑ
ȟὙ  Òȟ

                  πȟ                  Ὑ ὶȟ

 Eq. 95 

Eq. 95 expresses ὡ  as a function of R, which is not easily measurable. Under the homogenous 

medium approximation, the distance between charge carriers can be approximated as Ὑᶿὲ Ⱦ ᶿ

ὧ Ⱦ where n is the charge carrier density, and c is the charge carrier concentration ratio that is 

measurable using XPS. It is convenient to define a generalized form of ὡ ὧ as  
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ὡ ὧ
ὡ ὡ ὧȾȟὧ  ὧ

                  πȟ                    ὧ ὧ
Ȣ Eq. 96 

Because both ὡ  and c are experimentally measurable, the maximum localization energy (ὡ ) 

and the rate at which localization decreases with increasing carrier ratio (ὡ ) can now be 

calculated. Additionally, ὧ is the carrier ratio where delocalized transport is achieved (ὡ π). 

In the context of Eq. 95, ὧ is the carrier ratio needed for Ὑ ὶȟ  .  

 Subsequently, we will use the energy-independent term in Eq. 94, „ Ὕȟὧ

„ÅØÐ , to quantify the effects of doping that are not captured in the energy-dependent 

integral as a single value.  Since ὡ  changes with doping, „ Ὕȟὧ also changes with doping. 

Thus, we will refer to this as „ Ὕȟὧ to delineate it from the „ Ὕ term in the Kang-Snyder 

model. Reevaluating „ Ὕ as  „ Ὕȟὧ provides a practical method for capturing the change in 

transport character and localization effects with doping.   

 Eq. 94 also defines the charge carrierôs energy-dependent contribution to the transport 

function, , to be proportional to Ὁ  (ί = 1) for charges with energies Ὁ Ὁ. An Ὁ  

dependency is commonly observed in inorganic materials, is common in metal-like transport 

models, and exhibits physically reasonable Fermi levels (Ὁ Ὁ  ρ Å6). Additionally, we 

quantify the carrier ratio needed for the Fermi energy level cross the transport edge as ὧ ὧ when 

Ὁ Ὁ. 

 Therefore, ÅØÐ  accounts for hopping-like (localized) contributions, while 

᷿ ὨὉ accounts for metal-like (delocalized) contributions to the observable 

transport properties. Although the SLoT model utilizes the Boltzmann transport formalism, it is 
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quantitatively similar to Marcus theory and other hopping-like models (see supplemental of this 

section).81, 82, 85, 90, 99, 100  Lastly, „ is approximated to be a scalar constant for a material system 

and is a function of the materialôs carrier mobility and effective mass; this term laterally shifts the 

entire Ὓ „ curve.93, 94, 101  

 To validate the SLoT model (Eq. 94), we first measure the thermoelectric properties of P3HT 

doped with FeCl3 as 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 control carrier densities, P3HT was sequentially doped with FeCl3 of 

increasing concentration (0.38 mM to 50 mM in acetonitrile). Figure 22 plots the electrical 

conductivity and Seebeck coefficients of the P3HT-FeCl3 films, and we observe the common 

inverse correlation between S and „ as a function of doping. To quantify the oxidation ratio and 

the carrier density, XPS measurements and peak deconvolutions were performed (Figure 22, see 

also the supplemental section).102, 103 The oxidation ratio is indicative of the number of charge 

carriers per thiophene ring, and it can be interpreted as the carrier ratio (represented by ὧ). Over 

this doping range, ὧ takes on values from 0.06 to 0.27; these c values, the calculated carrier 

densities, and the mobilities are consistent with other reports and techniques (see supplemental).104   

 One important distinction of the SLoT model framework is that ὧ influences polymer 

microstructures, distances between charge carriers, and localization energies, which are not 

explicitly captured in the Fermi integral. Therefore, constructing a generalized Boltzmann 

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

reduced energies (‒ ) and reduced Fermi energy levels (– ), as well as a treatment of 
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„ Ὕ, which is uncommon in semiconductor physics.  Inevitably, – is required to evaluate the 

SLoT model within the Boltzmann transport equations, so we utilize a semi-empirical relationship 

between ὧ and – and to evaluate ὡ ὧ  and „ Ὕȟὧ (see supplemental).  
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Figure 22: Doping P3HT with FeCl3 and the resulting thermoelectric and spectroscopic properties. (a) 

Electrical conductivity and Seebeck coefficient as a function of the FeCl3 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 140 µV/K to 30 µV/K. 

Error bars represent sample-to-sample standard deviation of at least three films. (b) S-2p spectra for pristine 

P3HT. (c) S-2p spectra for P3HT doped with 50 mM FeCl3. 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 

procedures. (d) C-1s spectra for pristine P3HT. (e) C-1s spectra for P3HT doped with 50 mM FeCl3. Charge 

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

and Figure S5. 

 

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 coefficients. Eq. 92 shows that each Ὓ 

corresponds directly to a unique –. Figure 23 plots S as a function of –. As the FeCl3 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 values of – using an s = 1 

model are more reasonable compared to an s = 3 model; the largest – is approximately 10 
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(signifying that Ὁ Ὁ is 0.25 eV), which appears to be consistent with electronic bandwidths of 

semiconducting polymers.86, 89, 98  

  In the second step, „ Ὕȟὧ, is calculated using – values from Figure 23 and the measured „. 

„ Ὕȟὧ is equal to the measured electrical conductivity divided by its integral expression 

evaluated at –, and Figure 23 plots „ Ὕȟὧ as a function of –. At low carrier ratios (0.06 to 0.22), 

„ Ὕȟὧ consistently increases. In this regime, the experimental data shows lower electrical 

conductivities than the Kang-Snyder model predicts, and this is because „ Ὕȟὧ is lower than 

expected (Figure 21c). At the highest carrier ratios (0.22 to 0.27), „  plateaus near 9 S/cm and 

converges with the Kang-Snyder s = 1 curve. 

 Third, we mathematically relate the P3HT-FeCl3 electrical conductivity and changing „  

(Figure 23) to ὡ   (Eq. 3). Figure 23 shows a series of Arrhenius plots for „ Ὕ; the slope of 

these plots is proportional to ὡ , and the intercept is ÌÎ„ . Notably, ὡ  decreases with 

increasing doping, but „ remains comparatively constant, particularly for c > 0.09. This indicates 

that „ is a fundamental parameter for a polymer-dopant system, and that „  converges to „ 

when localization diminishes. „  approaching a constant value of „ is self-consistent with the 

plateau in Figure 23; „ in this study is near 9 S/cm.  

 In the fourth step, we evaluate ὡ ὧ. 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 ratio. Figure 23 plots ὡ  as a function of – and ὧ, and we find that ὡ  

decreases with increasing carrier ratioȟ consistent with prior observations.23, 56, 85, 87 At low carrier 

ratios (c = 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 300 K. Here, the 

transport is heavily localized, and this reduction in electrical conductivity is consistent with 

experimental electrical conductivity being less than the Kang-Snyder s = 1 model values in Figure 

21c. In contrast, at high – and c values (– 8.5, ὧ ὧ  0.27), the localization energies range 

from 0 to 10 meV. Here, the transport is heavily delocalized, and the SLoT model converges with 

the Kang-Snyder s = 1 model.  

 Recall that Eq. 5, 6 provide a physical basis to quantify localization ὡ  as a function of 

ὧ ÁÎÄ –. The green line shown in Figure 23 replicates the measured activation energies using Eq. 

5,6 and the measured carrier concentration ratios. We calculate that ὡ ȟ   ȟ
 288 

meV. Additionally, ‐ ρφ ‐ (where ‐ is the permittivity of free space), and ὶȟ ρπ  ᴠ are 

derived from Eq. 5, and these parameters fall within the physically expected range (supplemental).  

 The SLoT model explains the lower-than-expected electrical conductivity in Figure 21c, 

quantifies the rate which localization energies decrease with increasing carrier ratios (Figure 23c), 

and predicts the carrier ratio needed for metal-like transport (Figure 23d). Additionally, the SLoT 

model shows that when the localized energy approaches zero (Figure 23d) and „ Ὕȟὧ plateaus 

(Figure 23b), a localized to delocalized transition is likely occurring. Ultimately, the SLoT model 

in Figure 21c does not contain any freely adjustable parameters.  
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Figure 23: Quantifying localization in P3HT-FeCl3. (a) The Seebeck coefficient as a function of the reduced 

Fermi energy level for a representative dataset spanning from 0.38 to 50 mM FeCl3. The horizontal dashed 

lines are measured S, and the green dots are the calculated ɖ using 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 

FeCl3. (c) Arrhenius plots of the transport function prefactor as a function of inverse thermal energy 

(temperature). Individual data points are calculated from measured electrical conductivities and 

temperatures, using Eq. 94. Blue shaded rectangles are provided to help visualize the change in slope, 

corresponding to the change in WH. Note that each subpanel contains the average – and c values 

corresponding 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 mM FeCl3. Grey and 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) ct and cd are labeled, indicating when the Fermi energy level is equal to the transport edge, 

and when localization effects are minimal, respectively.  
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3.6: Literature Validation  

 Figure 24 compares the ability for the Kang-Snyder and SLoT models to accurately capture S 

ï s behavior in experimentally reported data from literature reports. These literature reports are 

selected because they represent a diversity of chemical systems and their data encompasses a 

sufficiently large range of Ὓ „ values to demonstrate the advantages of the SLoT model.  Similar 

to Figure 21c, the Kang-Snyder s = 1 model (black lines in Figure 24) overpredicts electrical 

conductivity for every system reported in Figure 24. In some cases (Figure 24b, c, d, and e), the 

data does converge with the Kang-Snyder model at high electrical conductivities (high dopant 

densities), indicating transport occurring via primarily delocalized contributions.  However, the 

SLoT model more accurately captures the Ὓ „ 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 ratio. The SLoT model also provides additional physical insights about the electronic 

transport phenomena, and Table 2 summarizes these SLoT transport parameters.  Further insights 

are highlighted below with more information included in supplemental. 

 First, consider the data in Figure 24a for P3HT-NOPF6.85 This system is similar to our 

data in Figure 21c, except the P3HT is now doped with NOPF6 instead of FeCl3. Comparing these data 

sets provides insights about the effects of dopant chemistry on transport properties. Notably, the P3HT-

NOPF6 system never converges with the Kang-Snyder model. This failure to converge indicates that the 

charge carriers never become fully delocalized in the P3HT-NOPF6 system. From the SLoT model and the 

ὡ ὧ relationships we can tell that at high c values (ὧ πȢσ) ὡ  remains near 50 meV for P3HT-NOPF6 

while in P3HT-FeCl3 it approaches zero.  Table 2 shows that the smaller ὡ  and larger ὡ  for the 

NOPF6 dopant contributes to this localization. Thus, the SLoT modelôs derived parameters provide insight 
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that higher localization energies and not lower Fermi energy levels are the physical mechanism for why 

NOPF6 is a less effective dopant than FeCl3.  

 Next, consider PBTTT, which oftentimes achieves higher electrical conductivities in 

comparison to P3HT. Figure 24b plots data for PBTTT (PBTTT-C1656 and PBTTT-C1448). Like 

the P3HT-FeCl3 system of Figure 21c, this data set converges with the Kang-Snyder model at high 

conductivities, indicating delocalized transport at these dopant densities.  However, shape of the 

Ὓ „ curve at lower conductivities (localized transport) is significantly different from the P3HT-

FeCl3 data. From the SLoT model, we assert that this curvature in the localized regime is a 

consequence of –ὧ and ὡ ὧ  (supplemental). Table 2 shows that these PBTTT systems have 

a smaller ὡ  and larger ὡ , indicating that charge carriers in PBTTT are less localized and 

achieve delocalized transport at lower carrier ratios. These differences in ὡ  and larger ὡ  

are likely afforded by the structural differences between PBTTT and P3HT, where PBTTT has 

increased rigidity, planarity and closer ˊ-stacking, facilitated by the fused thieno[3,2-b]thiophene 

ring.44  Thus, by understanding the –ὧ and ὡ ὧ functions that are derived from the  SLoT 

model, it may be possible to quantify the effects of microstructural ordering on charge carrier 

localization.  

 Next, we examine Poly(acetylene) (PA), which can obtain remarkably high electrical 

conductivities (~20,000 S/cm).105 Figure 24c shows PA sequentially doped with FeCl3.
106-111 

While the Ὓ „ curve shape is similar for PA (Figure 24c) and PBTTT  (Figure 24b), Table 2 

shows that PA requires lower carrier ratios to achieve delocalized transport (cd)  and to 

concomitantly have the Fermi energy level greater than the transport edge (ct). In other words, 

doping PA with FeCl3 is highly effective at both decreasing localization and increasing the Fermi 
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energy level. We speculate this is likely because of PAôs lack of insulating side chains and the 

linear, planar (no ring torsion) conjugated backbone.  

 Figure 24d shows the data set and model fits for PEDOT doped with ferric tosylate.112 Similar 

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 

(supplemental). Convergence of these two models is dependent on ὡ π, which occurs near the 

transport edge in PEDOT. Table 2 shows that PEDOT has a large carrier ratio at the transport edge 

(ὧ), and therefore PEDOT can be visualized as having comparatively more potential energy wells 

with more overlap at the transport edge and lower potential barriers. ὧ is comparatively large in 

PEDOT because PEDOT is less ordered than P3HT and PBTTT56, 113 , and this may result in many 

carriers ñtrappedò below ct. Additionally, because PEDOT is more electron rich and can be doped 

to a greater extent, there is a large delocalized carrier population above ct and cd. (supplemental).24, 

39, 114, 115 Ultimately, this comparison demonstrates that the SLoT model may be useful to 

quantifying the effects of the electronic structure on the resulting transport properties.   

To further explore the SLoT modelôs breadth of applicability, we model transport 

phenomena in chemically doped single wall carbon nanotubes (SWCNTs) (Figure 24e).92 At high 

doping densities, these SWCNTs exhibit delocalized transport consistent with the Kang-Snyder 

s=1 model, but at low 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 S4), consistent with the previous report.92 Compared to polymeric systems, this 

SWCNT system has a notably larger „ and ὡ , 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 n-type semiconductor.91 While all previous 

systems are p-type, 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 field-effect gate bias. As such, no counterions are introduced. Similar to P3HT-

NOPF6, delocalized transport is never achieved in this N2200 system. Using temperature and 

doping dependent „ and Ὓ data, we can use the SLoT model determine ὡ  and ὡ  for this 

systemï150 meV and 220 meV respectively.  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, increasing the temperature from 200 K to 300 K 

thermally 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 temperature effects on transport.   
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Figure 24: Comparing the Kang-Snyder model (black lines) and SLoT model (colored lines) to 

experimental data from literature. (a) Ref. 9 studied poly(3-hexyl thiophene), P3HT. (b) Ref. 13, 22 studied 

poly[2,5-bis(3-alykl thiophen-2-yl)thieno[3,2-b]thiophene], PBTTT. (c) Ref. 38-43 studied 

poly(acetylene), PA. (d) Ref. 44 studied Poly(3,4-ethylenedioxythiophene), PEDOT (e) Ref. 20 studied 

single walled carbon nanotubes, SWCNT. (f) Ref. 18 studied poly([N,N-bis(2-octyldodecyl)-naphthalene-

1,4,5,8-bis(dicarboximide)-2,6-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 have no adjustable variables; all 

variables and relationships are calculated from independent experimental data. Models with orange curves 

have an unknown and an adjustable relationship (either ὡ ὧ or –ὧ) that can be estimated using the 

SLoT model. 
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Table 2: Compiled notes and parameters for literature studies analyzed with the SLoT model. S(ů), ɖ(c), 

WH(c) refers to whether the literature studies provided sufficient data to analyze the S-„ curve, the ɖ(c), 

and/or WH(c) relationship. Studies that have Y (yes) for all three categories have sufficient data to apply the 

SLoT model without freely adjustable parameters. Rows are shaded green and orange corresponding to the 

number of ñYesò answers which determines the confidence of the model.  ὡ  and ὡ  are the 

maximum localization energy and the rate which localization decays with increasing c, respectively. See 

Refence Note S4 for additional information. ὧ, ὲ refers to the carrier ratio or density (x1020) needed to 

achieve ὡ π and converge with the Kang-Snyder s = 1 model. ὧ refers to the carrier ratio needed to 

achieve – π or equivalently Ὁ Ὁ. At ὧ ὧ the SLoT model indicates that the Fermi level has entered 

the band. Non-linear regression nominal values, confidence intervals, and p-scores are noted in Note S4, 

where applicable.   

Polymer Dopant ╢Ɑ  Ɫ╬ ╦ἒ╬ Doping  

Notes 

Ɑ  

[S/cm] 

╦ἒ
ἵἩὀ 

[meV] 
╦ἒ
ἻἴἷἸἭ

 

[meV] 

╬Ἤ [-],  
▪Ἤ [cm-3]  

╬Ἴ [-] 

P3HT FeCl3 Y Y Y This Study. 

FeCl3 solution  

doping.  

9 288 443 0.27,  

9.9 

0.04 

P3HT NOPF6 Y Y Y Doping process 

releases NO gas 

byproduct. 

0.5 325 410 0.5,  

18 

0.06 

PBTTT TFSI- Y Y N Used transistor 

doping methods 

with TFSI- gate. 

22 240 640 0.052,  

0.91 

0.007 

PA FeCl3 

&  

More 

Y Y Y Sequentially 

doped with FeCl3 

metal halides. 

10 265 775 0.039,  

9.1 

9.4 x 10-4 

PEDOT Fe- 

(OTs)3 

Y Y N Dedoped with 

TDAE and then 

removed salts. 

75 700 1200 0.20,  

8.4 

0.22 

CNT OA Y N N Oxidatively 

doped SWCNT. 

250 300 1100 0.02,  

2.5 

0.01 

N2200 FET N Y Y Doping  

controlled by 

traditional field 

effect transistor.  

2 150 220 0.32,  

1.9 

0.09 
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3.7: Summary and Conclusion 

 Charge carrier localization is known to limit the electrical 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 semi-localized transport (SLoT) model 

and experimentally validated it with the P3HT-FeCl3 system and other literature reports. A subtle 

yet substantial modification to the Kang-Snyder model results in the SLoT model, which captures 

both hopping-like and metal-like 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, as well as the carrier concentration ratio required to 

achieve metal-like 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 SLoT model are far-reaching. 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 

(ὧ, ὧ, ὶȟ , ὡ ὧ, –ὧ) are relatable to simulations of electronic density of states, polarization 

radius, reorganization energy, transfer integrals, and electron-phonon coupling. Therefore, 

quantifying these parameters provides a critical link between molecular 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 thermoelectrics. 
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3.8: Supplementary Information 

3.8.1 Experimental Measurements and Experimental Analysis 

 

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. 
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XPS measurements were performed on each film at each doping concentration to quantify 

the extent of doping. Figure 26 shows the atomic percentages of C, S, Fe, Cl as a function of doping 

concentration solution. The pristine film showed no Fe no Cl (as expected) and an atomic ratio of 

ca. 91 % C and 9 % S, which is appropriate for the stoichiometry of hexyl-thiophene (the monomer 

unit). With increasing doping, the atomic concentration of C and S decrease while Fe and Cl 

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

To better understand the extent of doping, S-2p and C-1s spectra were further 

deconvoluted. Figure 26, Figure 27, and Figure 28 show representative XPS spectra. Clearly seen 

in both spectra is that the binding energy peaks shift to higher energies with increased doping. 

FeCl3 oxidizes the P3HT, so remaining electrons on the polymer backbone experience a higher 

effective nuclear charge and a higher binding energy. Specifically, in the C-1s spectra, a broad and 

large shoulder near ca. 286 eV emerges with increased doping (2 eV greater than the pristine 284 

eV peak). In the S-2p spectrum, both doublets shift ca. 1 eV higher and a broad shoulder near 

165.5 eV emerges.102, 103 Using XPS peak deconvolution and prior literature, the C peaks were 

deconvoluted into C and C+, while S was deconvoluted into S and S+. The ratio of S+/Stot is 

measured extent of oxidation, and the ratio of C+/Ctot
 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 points presented in Figure 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 Figure 26 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 doping increases, the 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 FeCl2
- counterion, while the Fe/Cl ratio of 0.25 

(near the 100 mM doping) is indicative of a FeCl4
- counterion. The observation is further 

corroborated by an increasing Cl/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 blend of Cl- and FeCl3
- could 

effectively yield a FeCl2
- 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 series. We would 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 with FeCl3. (a) Atomic percentages as a function of doping. (b) 

Representative C-1s spectra. (c) Representative S-2p spectra. (d) Ratios of atomic species with respect to 

the extent of sulfur oxidation. 
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Figure 27: C-1s 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 mM, (d) 6 mM, (e) 25 mM, 

(f) 50 mM. 

  



112 

 

 

 

Figure 28: 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-FeCl3 film has an XPS carrier concentration ratio of 0.2, then the estimated 

carrier density is 7 x 1020 carriers/cm3 (see dimensional analysis below). This analysis becomes 

increasingly convoluted if more complex monomer units are used (copolymers) or if spatial 

variations in density and dopant distribution are considered. Additionally, the XPS measured c 

cannot distinguish mobile and sessile carriers, so XPS may be an over-estimate of the mobile 

carriers that meaningfully contribute to transport. Lastly, XPS is a spatial average, so the carrier 

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

 

 

  
0.2 charge 

carriers 

1 site 6.02 x 1023 thiophene 

molecules 

1 mole 

hexyl-

thiophene 

1 gram 

1 site 1 thiophene 

molecule 

1 mole hexyl-

thiophene 

162 

grams 

1 cm3 

 
 

Table 3: Charge Carrier concentrations for P3HT-FeCl3 

Solution 

Concentration (mM) 

XPS Charge Carrier 

Concentration Ratio 

(c) 

Carrier Concentration  

(polaron, #/cm3 x 1020) 

Carrier Mobility  

(cm2/ 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 

1.5 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 formula. Figure 

29 shows the calculated mobility as a function of carrier density. We find that our carrier densities 
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are comparable to those measured in a transistor and Hall effect study.116 Overall, within the 

broader P3HT literature,104, 117-120 we conclude that the calculated carrier mobilities and densities 

are reasonable.  

 

Figure 29: 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 and high carrier 

density extremes.  At low carrier densities, the charge carriers are spatially isolated (large R), so 

ὡ  is large (> 100 meV) (Figure 21), ÅØÐ Ḻρ, and the energy-independent localization 

term (hopping-like transport) dominates. In this hopping-like transport regime, the electrical 

conductivity should have an observable Arrhenius temperature dependence.  At high carrier 

densities, charge carrier potential wells overlap (small R), reducing ὡ  to less than ὯὝ, resulting 

in an ÅØÐ ρ; in this regime, the energy-dependent term will dominate (metal-like 

transport) and the electrical conductivity should not have a strong thermal activation.  Since the 

energy-independent term becomes invariant within this regime, the SLoT model should coincide 

with the Kang-Snyder model for s =1 at these high carrier concentrations (Figure 21). 

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

localization and charge transport. 

In the first step, Seebeck coefficients are used 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 manuscript). Figure 30a shows the Seebeck coefficient as a 

function of the reduced Fermi energy level (–) for an s = 1 model. This Ὓ – curve is true for any 

measured Seebeck coefficient and is independent of localization within the SLoT model. Figure 

30b shows the Ὓ – curve on a semilog scale. At high doping levels (large c and n), S is low and 

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

that contribute meaningfully to transport.  

 

Figure 30: 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 between „  and c is quantified. Figure 31 shows that 

XPS spectra can be deconvoluted to approximate the extent of oxidation and the carrier 

concentration ratio. Table 3tabulates the approximate carrier densities. Varying „  shifts the S -

 „ curve left and right, and Figure 31 shows that the experimental P3HT/FeCl3 can be modeled by 

a changing „ . As carrier concentration increases, the Seebeck coefficient decreases, – increases, 

and „  increases and then plateaus at ~9 S/cm. 
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Figure 31: S- „ curve of P3HT/FeCl3 experimental data (black squares) and transport models with a varying 

„ȟ term.  

 

In the third step, the localization energy (ὡ ) for „  is quantified at each doping level by 

measuring the increase in „  with increasing temperature and fitting to an Arrhenius relationship 

(„ Ὕ „ÅØÐ ). Figure 25 and Figure 23 in the main manuscript show that as doping 

increase, ὡ  decreases and „ plateaus at a constant value of ~9 S/cm, similar to the constant „  

found in step two. 

In the fourth step, ὡ  is then related to c and – through „  from steps two and three. 

Figure S8a shows that the localization energy decreases with increasing – for all measured films. 

Figure 32b shows that there is a statistically significant negative linear relationship between ὡ  

and c1/3. Specifically, the y-intercept is  ὡ ȟ  (274 ± 21 meV) and the x-intercept is the carrier 
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concentration ratio needed for delocalization (0.27). The relationship established in Figure 32b  is 

useful to quickly compare the rate which localization decreases in polymer/dopant systems.  

 

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 relationship with at 95% 

confidence interval. 

 

There is a clear relationship between ὡ  and c, but in order to properly model ὡ  within 

the Boltzmann transport equation, we desire a relationship between ὧ and – such that ὡ  and 
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„ can be related to –. Since the density of states is still unknown, we take inspiration from the 

narrow-band approximation where81, 82, 93  

ὧ ὪὉ   ȟ  Eq. 97 

 

and define a semi-empirical relationship  

ὧ    Ȣ  Eq. 98 

We can describe our data using ὃ = 0.45, ὃ = 4.2, and ὧ πȢσρ. 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 the ὧ vs. – relationship was experimentally 

determined. However, we believe a semi-empirical model will perform better if one desires to 

extrapolate the model outside the measured data. Figure 33 plots ὧ vs. – relationship.  Note that a 

small variation in the Seebeck coefficient results in a large variation in ɖ, as shown in Figure 30. 

Ultimately, the semi-empirical approach gives some physical rational for the observed ὡ  vs. – 

relationship. 
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Figure 33: Experimental XPS carrier concentration, versus the – extracted from the measured Ὓ and and 

ί ρ transport function. The data are used to establish the semi empirical model relating ὧ and –. 

 

Accounting for localization and using the SLoT model provides a more accurate 

understanding of how the electrical conductivity changes as a function of doping in 

semiconducting polymers. Figure 34 plots the electrical conductivity as a function of reduced 

Fermi energy level. The P3HT-FeCl3 experimental data is more accurately modeled using the 

SLoT formalism, which predicts a lower electrical conductivity at a given reduced Fermi energy 

level. Once localization diminishes, the SLoT model and Kang-Snyder s =1 model converge. 

Because each S value directly maps to a unique – value, notable changes in the electrical 

conductivity can be easily expressed in terms of – and does not require additional spectroscopic 

analysis to quantify c, n, and the relationship between c and –Ȣ  
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Figure 34: Electrical conductivity as a function of reduced Fermi level. 

 

3.8.3 Connection between SLoT and Marcus Theory 

We note that semiconducting polymers can 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 crystals.13, 99, 121 Although metal-like electronic states can form, transport along the 

polymer backbone (intra-chain) involves resonance delocalization, bond order perturbation, and 

electron transfer of the polaronic carrier.18, 80 Additionally, inter-chain transport is more hopping-

like in nature compared to intra-chain because the distance between charge carrier sites is not fixed 

by a primary bond. Despite these challenges, quantifying charge carriersô transfer rates (mobilities) 

as a function of both carrier density and temperature can elucidate to what extent can the polymersô 

transport properties be engineered and provide quantitative indications for transport regime 

transitions.  

Marcus Theory shows that the electron transfer hopping rate for a self-exchange is, 
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Ὧ ὸ
̯

 ÅØÐ  , Eq. 99 

ὸ  is the transfer integral (electronic coupling) between the final and initial states, and ʇ  is 

the nuclear coordinate reorganization energy needed to facilitate the charge transfer. Oftentimes, 

 is defined as the activation energy ( Ὁȟ ). In a self-exchange transfer, there is no 

net change in the free energy of the system (ЎὋ π), so ЎὋ is omitted from the exponential 

term. The Marcus theory clearly shows that as the activation energy term decreases (‗ ), the 

prefactor increases 
ʇ

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

and the reorganization 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 phenomena.99, 122-125 

Additionally, the transfer integral has an exponential decay dependence on the spatial 

position between the final and initial sites. Explicitly, 

ὸ  ὸÅØÐ‌Ὑ,  Eq. 100 

where R is the distance between sites a and b, and ‌ is the decay rate. The hopping carrier mobility 

can be expressed as,13 

‘
ὩὙ

ὯὝ
Ὧ  Eq. 101 

Therefore, the hopping electrical conductivity can be expressed as, 
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„ ὲὩ‘ὲ Ὡ ὸ
̯ ȟ

ÅØÐ
ȟ

  
Eq. 102 

 

By combining similar terms,  

„ ὸ
̯ ȟ

 ÅØÐ
ȟ

   
Eq. 103 

 

Eq. S7 is similar to polaron hopping models frequently used and developed by Mott and Emin.81, 

82, 85, 90, 126 Specifically, in the Mott polaron model, where the electrical conductivity activation 

energy is the summation of several localization effects (energetic, polarization, etc.),81, 90 

„ „ȟ ÅØÐ
Ὁȟ
ὯὝ

 Eq. 104 

Here, we use the ñMottò subscript to clearly define the phenomenological assumptions and 

differences between the multiple variables and models analyzed here. From this derivation, we can 

clearly see that „ȟ  should increase as Ὁȟ  decreases because of the ‗  term in Eq. S3; 

however, the extent which ‗  contribution to Ὁȟ  is dependent on several other variables 

and may not be strongly weighted nor observable. Nonetheless, in many studies analyzed using 

the Mott polaron model, including several of our published and unpublished works,23, 25, 26, 50, 85, 95, 

127 we do indeed find that „ȟ  increases as Ὁȟ  decreases, consistent with Marcus theory. 

Hopping theories oftentimes state that as the hopping activation barrier decreases, the hopping 

prefactor increases through the dielectric reorganization energy.99, 100, 122, 124  

We now show that the SLoT model is consistent with and mathematically similar to Marcus 

theory (in a normal, self-exchange regime) and this activation energy- prefactor relationship.  In 

the main text, we state that the electrical conductivity is expressed as:  
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„ „ȟ ᷿  ὨὉ ÅØÐ    Eq. 105 

Here, ÅØÐ  is similar to ÅØÐ ȟ
, and „ȟ ᷿  ὨὉ is similar to 

„ȟ Ȣ Although „ȟ  remains constant, ᷿  ὨὉ increases with carrier density. 

Because „ȟ ᷿  ὨὉ increases with carrier density and ὡ ὧ decreases with 

carrier density, the 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 the ὡ ὧ and 

„ȟ ᷿  ὨὉ   (the activation energy and prefactor) are linked through the ɖ(c) and 

WH(c) relationships and not simply ʇ . The experimentally observable and quantifiable ɖ(c) 

and WH(c) relationships capture the greater localization and transport complexity found in 

chemically doped semiconducting polymers (structural and energetic disorder, electrostatic 

interactions, etc.).28, 122, 123, 125, 128, 129  

3.8.4 Literature Analysis 

Data collected and analyzed in this work is compiled and made available in SLoTModel.xlsx. All 

figures and analysis present in the manuscript were computed using Mathematica and MATLAB, which 

have the capability to numerically solve the required transport integrals. However, the relationship 

between S, –, and the electrical conductivity integral value are static. For convenience they have been 

computed, tabulated, and implemented using a look-up table in SLoTModel.xlsx. This allows the 

calculation of „  in a simple spreadsheet calculator (SLoTModel.xlsx). We reiterate that these 

calculations correspond to an ί ρ transport function (Eq. 3 and 4 in the main text). Different transport 
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functions will result in different S, –, and Ὅ– relationships. The temperature dependence of „ Ὕȟὧ 

can be used to compute ὡ ὧ. Modeling –ὧ and ὡ ὧ curves while concomitantly modeling 

Ὓὧȟ„ὧȟὛ„ provides a high degree of confidence in selected modeling parameters and output 

values.  

Table 4 and Table 5provide additional modeling parameters and details.48, 56, 85, 91, 92, 106, 112 

The only difference between the SLoT model applied to these literature studies and the one 

presented in main text is that „, –ὧ and ὡ ὧare 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 of experimental data. Green lines and rows indicate that there are no freely adjustable 

parameters in the model. Orange lines and rows indicate that either the –ὧ and ὡ ὧ relationships 

were not experimentally determined and were therefore allowed to vary to match experimental 

data. In such cases, the SLoT model can be viewed as extracting estimations of these relationships, 

which give insight into chemistry-structure-property relationships but may be difficult to 

experimentally obtain (given doping range and 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 

methodology can result in a SLoT analysis with no freely adjustable parameters.  
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Table 4: SLoT modeling parameters for the –ὧ and ὡ ὧ relationships. The p-scores for all modeled 

ὃ , ὃ, ὡ ȟ  and ὡ ȟ  values are less than 0.05, when using a 95% confidence interval for the 

nonlinear regression. These low p-scores indicate that these model values are significant with the functional 

expressions assumed. Confidence interval error bounds (± values) are provided for systems that were fitted. 

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 ╬ἵἩὀ 
[-] 

═  ═  ╦ἒȟἵἩὀ ╦ἒȟἻἴἷἸἭ 

P3HT FeCl3 0.31 0.45 ± 0.04 4.16 ± 0.14 274 ± 21 412 ± 41 

P3HT NOPF6 0.34 0.64 ± 0.08 2.3 ± 0.2 325 ± 18 410 ± 37 

PBTTT TFSI- 0.2 0.22 ± 0.01 14.8 ± 0.94 240 ± 36 640 ± 140 

PA FeCl3 0.2 0.38 ± 0.04 14.1 ± 0.91 265 ± 37 775 ± 181 

PEDOT Fe(OTs)3 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 ± 0.07 149 ± 14 225 ± 7 
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Table 5: SLoT modeling constants and outputs. Note that Figure 24 uses both PBTTT-C14 and PBTTT-

C16, which have difference repeat unit molecular weights (692 vs. 750 g mol-1); this results in small 

changes (< 5%) in ὶȟ  and ‐ȟ . We modeled both PBTTT studies with the same SLoT parameters 

because both Ὓ „ data sets have similar curves, and this is notable because side chain length (-C14 vs. -

C16) can affect transport properties (Table 1). PFmax refers to the maximum thermoelectric power factor, 

and the corresponding c and ɖ values for this maximum thermoelectric power factor are also tabulated. 

Lastly, cmax,fit is the largest c value needed to model the literature data set; (mes.) 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 M0 

[g mol-1] 
Site 

Ratio 

ⱬ 
[g cm-3] 

▓Ἄ╣ 

[meV] 

- ►ȟἭἮἮ 
[nm] 

ⱠȟἭἮἮ 
[-] 

╟╕ἵἩὀ 
[µW/mK 2] 

╬ȟ  
╟╕ἵἩὀ 

[-] 

Ɫȟ 
╟╕ἵἩὀ 

[-] 

cmax,fit 

[-] 

P3HT FeCl3 166 1 1 25.88  1.0 16 8.3 0.27 8.8 0.27 

±0.05 

(mes.) 

P3HT NOPF6 166 1 1 25.88  0.8 17 0.1 0.31 6.6 0.34 

(mes.) 

PBTTT-

C14 

TFSI- 692 2 1 25.88  2.2 8.5 17.4 0.05 10.2 0.2  

(mes.) 

PA FeCl3+ 

More 

26 1 1 25.88  1.0 17 7.7 0.04 10.5 0.1 

(mes.) 

PEDOT Fe 

(OTs)3 

142 1 1 25.88  1.1 6.1 230 0.23 0.85 0.44  

(mes.) 

CNT OA 72 1 1.5 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 P3HT-FeCl3 system studied herein, ὡ  energies are on the order of 

hundreds of meV or less, and these values are consistent with electrical conductivity activation 

energy in pristine (undoped) poly(acetylenes),106, 109, 110  disorder localization energies in polymers 

measured with OFETs130 and exciton localization energies measured spectroscopically.8 DC 

dielectric constants (‐ Ⱦ‐) for polymers typically range from ca. 2-10 and increase for doped 

semiconducting polymers (ca. 6 - 100),131, 132 electroactive metal oxides (10-2000),133 and metals 
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(infinite), so ‐ ρφ‐ is plausible. Thiophene ring diameters and inter-chain ˊ-ˊ stacks are on 

the order of 4 ᴠ,39, 44 so an ὶȟ ρπ  ᴠ is plausible and suggests a localization potential well 

radius of 2 - 3 rings. 

Figure 35 plots the ɖ(c) relationship for PA,106 PBTTT,48 P3HT,85 and PEDOT.112 We speculate 

that as the planarity and ordering of the polymer increases,  also increases. This may be because as the 

ordering increases, the charge carriers are increasingly delocalized and have a more metal-like electronic 

structure.11 It can be rationalized that the carrier density below ct are ñtrappedò and do not significantly 

contribute to transport unless they are excited into an electronic energy level with energy greater than Et. 

Furthermore, we speculate that ct may be indicative of a transport edge density of electronic states and the 

density of states effective mass. 
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Figure 35: Reduced Fermi 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 nonlinear and personal. Separating the scientist from 

the science and the linear narrative of personal progression can be nontrivial, especially in a 

nebulous and personal document like a dissertation. For context, the SLoT model was originally 

developed in 2019, heavily revised through 2020, and published in 2021. In 2017-2019, in the 

beginning of my PhD, several studies shaped my understanding of charge transport in chemically 

doped semiconducting systems. These studies are P3RX, PBDPPV, and DOTTs. The P3RX series 

showed me how chemical doping and main chain chemistries can affect charge transport properties 

and their temperature dependencies. Additionally, the P3RX series began my quest to better 

understand and quantify charge transport (and their models) for chemically doped semiconducting 

polymers. I appreciate Akanksha for guiding me through that first project and the Seferos group at 

U. Toronto for enabling that study. FBDPPV showed me how doping mechanism and/or 

counterion species can affect charge transport properties. I thank Hio-Ieng 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 air. DOTTs showed me that as Ὓ decerases, oftentimes  

also decreases and becomes less thermally activated. Although these trends were established and 

sometimes extremely well presented in literature, the experience of making these measurements 

and analyzing these trends were necessary for the SLoT model. I thank Sandy Pitelli and the 

Reynolds group for involving me on that project; I was in a low point of my PhD, and this project 

was a saving grace. These P3RX, FBDPPV, and DOTTs studies will be first presented as originally 
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published, but then, these studies can be and will be analyzed using the SLoT model to approximate 

„, consistent with the SLoT model framework. Full studies on the P3RX and DOTTs will be 

presented herein because I formally led these studies, while only a glimpse on the FBDPPV study 

will be provided as I assisted with that study. Text and figures used from publisher with permission. 

During and after the SLoT model development, I was able to work on P3HT and PE2 doped 

with varying chemistries (starting in late 2019/ early 2020), PBTTT (late 2021), and 

P(OE)3XDOTs (early 2021); all these studies were analyzed within the present SLoT model 

framework and therefore do not need to be revisited. Additionally, I led (co-led) the PE2 and 

PBTTT, so these stories will be presented in whole. The P(OE)3XDOT story is Abbyôs to share, 

so only a relevant glimpse will be presented here.  Note that these works (PE2, PBTTT, and 

P(OE3)XDOT) are not yet published, so the data and analysis herein should be interpreted as 

preliminary. 

Ultimately, the amalgam of these works, in conjunction with literature 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: Revisiting Old Studies: P3RX 

We report on the thermoelectric and charge transport properties of poly(3-

alkylchalcogenophene) thin-films (500 nm) as a function of heteroatom (sulfur, selenium, 

tellurium), and how these properties change with dopant (ferric chloride) concentration. UV-Vis-

NIR spectroscopy shows that polaronic charge carriers are formed upon doping. Poly(3-

alkyltellurophene) (P3RTe) is most easily doped followed by poly(3-alkylselenophene) (P3RSe) 

and poly(3-alkylthiophene) (P3RT), where R = 3,7-dimethyloctyl chain is the pendant alkyl group. 

Thermoelectric properties vary as functions of the heteroatom and doping level. At low dopant 

concentrations (~1 mM), P3RTe shows the highest power factor of 10 µW m-1 K-2 (electrical 

conductivity of 46 S cm-1 and thermopower of 51 µV K-1), while, at higher dopant concentrations 

(~5 mM), P3RSe shows the highest power factor of 13 µW m-1 K-2 (corresponding to 52 S cm-1 

and 50 µV K-1). Most notably, we find that the measured properties are consistent with Mottôs 

polaron hopping model and not consistent with other transport models commonly 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 selenium to 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 agents have been used to p-dope P3HT, including FeCl3, F4TCNQ, 

I2, FeTos, and NOPF6.
12, 134-136 Oxidative doping induces morphological changes in the polymer 

that is a function of the doping procedure and the nature of dopant.137, 138 For example, Hong et al. 
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showed that P3HT could be solution doped with FeCl3 and then drop cast into a film with a lower 

power factor than P3HT that was wire bar-coated and then sequentially doped. The difference was 

attributed to the degree of crystallinity in the doped films, with aggregation occurring in solution 

doped films.139, 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 procedure.139  

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, and create electronic states in the once 

forbidden bandgap.141, 142 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 decreasing the energy barrier 

for polaronic transport and exhibiting a band-like electronic structure.142, 143 Polaronic species can 

be probed by UV-Vis spectroscopy, and the intensity of the optical transitions may be used as a 

qualitative measure of doping.144, 145 

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 thermopower.146 However, ů and S are inversely correlated and this coupling has 

made it challenging to develop thermoelectric materials with high power factors (S2ů). 

Furthermore, charge transport in doped polymers is fundamentally different than transport in metal 

or semi-conducting crystalline materials, because conducting polymers consist of spatially and 

energetically inhomogeneous domains.142, 147-149 Inhomogeneous domains necessitate charge 
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carriers to hop from one domain to another where the energy levels can be slightly different. Hence 

the Drude-Sommerfeld model (ů=neµ, where carriers are free particles in a spatially-uniform 

electronic potential) is an inaccurate 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 Neighbor 

Hopping (NNH),150 Variable Range Hopping (VRH),151 Efros-Shklovskii Hopping (ESH),152-154 

Mott Polaron Hopping and the Mobility Edge (ME) models. Additionally, Kang and Snyder 

recently introduced an empirical charge transport model specifically for conducting polymers,93, 

143 which in a general manner, 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 shown in Table 6.  

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 examine how the extent of ferric 

chloride doping impacts the thermoelectric properties of the regioregular forms of poly(3-

alkylthiophene) (P3RT), poly(3-alkylselenophene) (P3RSe) and poly(3-alkyltellurophene) 

(P3RTe), where R is the alkyl solvating group 3,7-dimethyloctyl, as shown in Figure 36. Using 

UV-Vis, we find that polaronic carriers are formed upon doping that leads to an increase in light 

absorption at low energies. Comparing between the three polymers, film dip-doping 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 µV K-1, with P3RTe and P3RSe appearing to be over doped. Finally, by measuring 

thermoelectric properties as a function of temperature, we conclude that charge transport in these 

doped poly(3-alkylchalcogenophenes) near room temperature, is best described by thermally 

activated polaron hopping (i.e., Mott polaron hopping). These optical and electrical measurements 

show that the heteroatom strongly influences the doping susceptibility, and that the thermoelectric 

properties can be tuned systematically. 

 Table 6: Summary of charge transport models used to contextualize charge transport in P3RX series (2017-

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 
Neighbor 
Hopping 

„ „ÅØÐ
Ὁȟ

ὯὝ  Ὓ
Ὧ

Ὡ

Ὁȟ
ὯὝ

ὃ  

Variable Range 
Hopping „ „ÅØÐ

Ὕȟ
Ὕ  Ὓ ὛȟὝȟὝ

Ⱦ  

Mott Mobility 
Edge „ „ÅØÐ

Ὁȟ
ὯὝ  Ὓ

Ὧ

Ὡ

Ὁ Ὁ

ὯὝ
ρ 

E-S Variable 
Range 
Hopping 

„ „ÅØÐ
Ὕȟ
Ὕ  Ὓ ÃÏÎÓÔÁÎÔ 

Mott Polaron 
Hopping „ „ÅØÐ

ὡ Ὁȟ
ὯὝ  Ὓ

Ὧ

Ὡ

Ὁȟ
ὯὝ

ὅ  

Kang-Snyder 
Transport 
Model 

 

„ „ Ὕ
Ὁ Ὁ

ὯὝ
ὨὪ

ὨὉ
ὨὉ 

 

Ὓ
Ὧ

„Ὡ
„ ὉȟὝ

Ὁ Ὁ
ὯὝ

ὨὪ

ὨὉ
ὨὉ 
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Figure 36: Poly(3-alkylchalcogenophenes) under study with R = 3,7-dimethyloctyl side chains. Cuvettes 

show pristine chalcogenophenes solvated in chloroform. Films were prepared by blade coating 30 mg/mL 

solutions from chlorobenzene and then dip-doped in acetonitrile solutions of FeCl3. Films become 

increasingly visibly transparent as dopant concentration increases. 

 

UV-Vis spectroscopy was used to provide insight into the extent of charge transfer between 

the poly(3-alkylchalcogenophenes) upon doping with ferric chloride. Figure 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 FeCl3 

solutions. In the pristine polymers, we observe a bathochromic (red) shift of the -́ˊ* absorbance 

peaks as the heteroatom is changed from S to Se to Te.  Upon doping with FeCl3, polaronic species 

are created, as seen by the emergence of an absorbance peak in the NIR (see supplemental). Worth 
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noting is that the solvating group on these poly(3-alkylchalcogenophenes) is a 3,7-dimethyloctyl 

chain, and not the canonical hexyl group (utilized to enhance overall solubility), yet the P3RT -́

ˊ* and polaronic absorbance peaks in this study are well-aligned with previous reports for other 

polythiophenes.145, 155, 156  

The extent of doping manifests as a decrease of the -́ˊ* absorbance intensity, which 

becomes more prominent as the heteroatom is changed from S to Se to Te.  The extent of doping 

also manifests in the emergence of the polaron and (bi)polaron absorbance peaks. Longer 

wavelength (bi)polaronic peaks emerge at lower dopant concentrations 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 comparison to Se and S, which permits more band-like distribution of 

electronic states.  
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Figure 37: UV-Vis spectra for poly(3-alkylchalcogenophene) films at varying dopant concentrations: (a) 

P3RT, (b) P3RSe, (c) P3RTe. Insets show the change in the optical bandgap as each polymer is doped to 5 

mM. 
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To understand how the dopant-induced electronic states impact thermoelectric properties, 

electrical conductivity and thermopower for doped poly(3-alkylchalcogenophene) films were 

measured at four different dopant concentrations at room temperature, as depicted in Figure 38. It 

has been shown that the electrical conductivity is (exponentially) sensitive to small changes in 

dopant concentration at very low and at very high dopant concentrations.145 Dopants initially 

increase electrical conductivity by homogenizing the electronic landscape, but excess dopants 

decrease conductivity by creating scattering sites, microstructural changes, and/or bipolarons.145, 

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 

repeatability to the conductivity being exponentially sensitive at low (<0.2 mM) and high doping 

(>20 mM) levels.145 The repeatability of the 1 and 5 mM doped films are shown with error bars in 

Figure 38 that represent the sample-to-sample 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 S cm-1, 51 µV K-1), followed by P3HSe (29 S cm-1, 

89 µV K-1), and lastly P3RT shows the lowest electrical conductivity and highest thermopower (4 

S cm-1, 124 µV K-1). The positive thermopower values confirm that these polymers are all hole-

transporting materials (p-type semiconductors). From S to Se to Te, the electrical conductivity 

increases; this aligns with the doping susceptibility data shown in the CV and UV-Vis (see 

supplemental). In contrast, the thermopower decreases from S to Se to Te, likely because the 

dopant-induced electronic states decrease the asymmetry of electronic states about the chemical 
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potential.158 This trade-off between S and ů with increasing carrier concentration is consistent with 

literature reports on P3HT and other semi-conducting polymers.74, 143, 159, 160  

At a higher dopant concentration of 5 mM, P3RT and P3RSe both show a higher electrical 

conductivity and a lower thermopower (17 S cm-1, 75 µV K-1 for P3RT and 52 S cm-1, 50 µV K-1 

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 and the 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-1, 29 µV K-1). We attribute the decrease in electrical conductivity to the 

P3RTe becoming over-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 (i) preferentially forming (bi)polarons that 

scatter more than polarons,145 or (ii) over-saturating the polymer with dopant species, thereby 

creating traps in the morphological and or electronic landscape.161  

Upon further increasing the doping concentration to 20 mM, both P3RSe and P3RTe films 

appear to become over-doped as evidenced by the simultaneous decrease in electrical conductivity 

and thermopower, while P3RT is not over-doped and attains the highest conductivity of 50 S cm-

1. We note that at this concentration, P3RTe displays a lower electrical conductivity when 

compared to the 5 mM sample (which was also over-doped), but the thermopower remains 

relatively unchanged (within measurement error). 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 scattering event in crystalline inorganic semiconductors) that reduces conductivity, 
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but has no impact on the thermopower because it does not change the energy-dependent 

landscape.162 We also observe that over-doped systems begin to deviate from the S θ  ů-1/4 empirical 

trend proposed by Glaudell et al.  (see supplemental).143 Over-doped systems deviate from the S-

ů 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 12 µW m-1 K-2 and 13 µW m-1 K-2, respectively, at a doping concentration of 5 mM, 

where P3RTe reached a maximum power factor of 10 µW m-1 K-2 at a 1 mM dopant concentration. 

It is expected that thermoelectric properties can be further improved by using vapor doping, which 

has been shown to have minimal consequences on film morphology in comparison to solution 

doping.140 
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Figure 38: Thermoelectric properties for poly(3-alkylchalcogenophene) films doped with four different 

FeCl3 solutions of 0.2 mM, 1 mM, 5 mM and 20 mM: (a) Electrical conductivity, (b) Thermopower, (c) 

Power factor. Error bars capture sample-to-sample variations. 

  



143 

 

To understand how the heteroatom affects charge transport in these polymers near room temperature, 

we performed temperature-dependent thermoelectric measurements and related them to the transport 

models presented in Table 6. By measuring 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 poly(3-alkylchalcogenophenes) and other 

doped polymers143, 163 complicates this analysis. Nevertheless, the underlying ideas of a pre-exponential 

factor, ů0 (which is independent of temperature but depends on morphology) and an activation energy, EA 

(also referred to as the transport barrier) are common to all transport models. To extract these parameters 

for each poly(3-alkylchalcogenophene), electrical conductivity and thermopower measurements were 

performed at different dopant concentrations from 270 ï 320 K; Figure 39 shows this for the 5 mM doped 

polymers. This temperature range was selected to mitigate thermally induced de-doping, which was found 

to occur above 320 K (see supplemental), and is well-documented in polythiophenes.164-167 

We observe that the electrical conductivity for all poly(3-alkylchalcogenophenes) increases with 

temperature, indicating a thermally-activated mechanism that is expected for semiconducting materials. In 

this range, thermopower measurements show a weak dependence 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 observe that S and ů show different activation 

energies indicating that thermally-assisted polaronic hopping is a suitable transport framework for these 

polymers. In Mottôs polaron hopping model, the electrical conductivity has an activation energy that 

comprises the donor ionization energy and polaron hopping activation energy, while the Seebeck coefficient 

is only related to the donor ionization energy normalized by kBT plus a relatively large constant term.168 

Fritzsche equated this constant term with the density of electronic states, and Xuan et al. related this with 

the concentration of (bi)polaronic charge carriers; the thermopower values in Figure 39 and supplemental 

are consistent with their reports.85, 158  
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The transport activation energy, EA and conductivity pre-factor, ů0 can be extracted from ̀ vs. T plots 

for each poly(3-alkylchalcogenophene) 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 the chemical potential.85, 168, 169 Figure 40a 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 become over-doped at 20 mM and concomitantly show a nearly non-existent ́ -ˊ* 

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 increasing the transport barrier.  

Figure 40b shows the conductivity pre-factor 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 directly related to the charge carrier concentration and hopping distance.85, 168 For P3RT and 

P3RSe, the pre-factor term increases with increasing doping, with a large increase from 0.2 mM to 1 mM 

doping. This is likely due to the (i) smoothed energetic landscape, (ii) increased available states and carriers, 

and (iii) larger hopping distances enabled by the smooth landscape.  

P3RTe is an interesting case study for charge transport. At low dopant concentrations (Ò1 

mM), P3RTe shows the highest pre-factor factor and the lowest activation energy because it has a 

small bandgap and is easily doped. We attribute this large conductivity pre-factor to the relatively 

small interchain and inter-polaron distance in P3RTe as hopping transport dominates at this doping 

concentration and temperature. In contrast, at high dopant concentrations (Ó 5mM), P3RTe shows 

a relatively small conductivity pre-factor. This may be because P3RTe is either unable to 

accommodate the large influx of dopant in its relatively small inter-layer channels (which causes 

the film microstructure to swell),170, 171 or because less 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 UV-Vis, the contribution of these carriers to conductivity may be diminished 

by other factors, resulting in a morphology-limited conductivity.143 The thermopower is found to 

approach ~ +30 µV K-1 for doping concentrations of Ó 5 mM, which further suggests that these 

additional carriers do not participate in transport. 

 

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. 

 

  



146 

 

 

Figure 40: Calculated thermoelectric properties. (a) Activation Energy or transport barrier, EA, extracted 

from electrical conductivity, and (b) Conductivity pre-factor, s0. Activation energies and the conductivity 

pre-factor are extracted from Mottôs polaron hopping model using the dependence of electrical conductivity 

on temperature. 

 

In this work, we have shown that by systematically varying the heteroatom in poly(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 decreases, while the electrical conductivity 

increases. Therefore, at low dopant concentrations, P3RTe and P3RSe can achieve power factors 

of over 10 µW m-1 K-2, which is comparable to highly doped polythiophenes. The charge transport 

mechanism in all three poly(3-alkylchalcogenophenes) follows Mottôs polaron hopping transport 
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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 studies of this 

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

thermoelectric polymers. 
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4.2.2: Revisiting Old Studies: A Glimpse into FBDPPV 

Molecular doping is a powerful method to fine-tune the thermoelectric properties of 

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 detailed understanding 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, we then n-doped FBDPPV with dimer dopants (N-

DMBI)2, (RuCp*mes)2, and hydride dopant N-DMBI-H. By comparing their UV-vis-NIR 

absorptive spectra and morphological characteristics, we find that not only the doping mechanism, 

but also the size and the shape of the counterion strongly influence the thermoelectric properties 

and transport characteristics. (N-DMBI)2, which is a direct electron-donating dopant with a 

comparatively small, relatively planar counterion, gives the best power factor among the three 

systems studied here. Additionally, temperature-dependent conductivity and Seebeck coefficient 

measurements differ between the three dopants with (N-DMBI)2 yielding the best thermoelectric 

properties. The results of this study of dopant effects on thermoelectric properties provide insight 

into guidelines for future organic thermoelectrics. 

Figure 41 shows the studied chemical structures. Note that (RuCp*mes)2 and (N-DMBI)2 

are both n-type dopants that dimerize and donate 2Ὡ  to FBDPPV. In contrast, N-DMBI-H has a 

more convoluted doping method and can n-type dope via hydride transfer. Although the dimer 

dopants have a comparatively straightforward path for doping, their counterion geometries are 

significantly different, with both N-DMBI derivatives yielding planar cations while the RuCp*mes 
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cation is not planar. Therefore, this study compares to what extent doping mechanism and 

counterion planarity affect the resulting microstructure and thermoelectric properties.  

 

Figure 41: Chemical structures pertinent to the FBDPPV study.  

 

Figure 42a shows that the highest electrical conductivity for FBDPPV doped with 

(RuCp*mes)2 is 1.6 S cm-1 at 23 mol% dimer. However, FBDPPV reaches an even higher electrical 

conductivity of ca. 8 S cm-1 with N-DMBI-based dopants. The maximum electrical conductivity 

observed is with 10.7 mol% (N-DMBI)2 or 43 mol% N-DMBI-H, the data for the latter agreeing 

well with our previous reports.To reach highest electrical conductivity, the amount of N-DMBI-H 

is considerably more than double that of (N-DMBI)2, suggesting that the dimer (N-DMBI)2 dopes 

more efficiently than N-DMBI-H (even when its ability to contribute two rather than one electrons 

is taken into account), consistent with the optical data. The higher electrical conductivities in N-

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

optimization as discussed below.  

As dopant species are introduced into the FBDPPV films, the Seebeck coefficient (S) 

changes. The Seebeck coefficient is less sensitive to morphologically and more dependent on 

transport parameters and energy levels. Figure 42b shows that the Seebeck coefficient of all films 

is negative (n-type behavior), as expected and are -113, -63, and -150 µV K-1 at ca. 12 mol% for 

the dimers (RuCp*mes)2 and (N-DMBI)2, and at ca. 24 mol% for 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 is indicative 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 optimal thermoelectric PF 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 conductivity subsequently decreases by deleteriously impacting 

morphology and increasing carrier scattering; whereas, as noted above, the magnitude of the 

Seebeck coefficient decreases. Figure 42c shows the PF for the FBDPPV systems; the best PF we 

obtained for a FBDPPV film is ca. 7 µW m-1 K-2 for the case of doping with 9.2 mol% (N-DMBI)2.  
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Figure 42: Electrical and thermoelectric properties of (RuCp*mes)2-, N-DMBI-H-, and (N-DMBI) 2-doped 

FBDPPV 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 analyzed by 

using transport formalisms developed for disordered materials. Additional transport parameters 

can be extracted through non-linear regression both the temperature-dependent electrical 

conductivity and Seebeck coefficient measurements. In this study, we performed temperature-

dependent electrical conductivity and Seebeck coefficient measurements on each dopant system 
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at the doping concentrations with the highest electrical conductivity (i.e., 23 mol% for 

(RuCp*mes)2, 43 mol% for N-DMBI-H, and 10.7 mol% for (N-DMBI)2). We observed that as 

temperature increases, electrical conductivity increases in all systems (Figure 43a), but in contrast, 

the Seebeck coefficients show a less evident temperature-dependence (Figure 43b). Based on the 

aforementioned observations, (specifically, the optical signatures, the charge transport dependence 

on the extent of doping (Figure 42), and the temperature-activated electrical conductivity (Figure 

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

phenomenologically consistent with the Mott polaron model.  
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Figure 43: Temperature dependent thermoelectric properties. (a) Electrical conductivity and (b) Seebeck 

coefficients as a function of temperature. 

The Mott Polaron model expresses electrical conductivity and Seebeck coefficient as 

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

measurements (Eq. 106 and Eq. 107).  

„ „ÅØÐ   Eq. 106 

Ὓ Ὓ   Eq. 107 
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e is assumed to be -1.6 x 10-19 C, representing a single negative charge 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 model). E is 

the (average) ionization energy of the donor states and WH is the energetic spread of donor states. 

Collectively, E and WH (i.e., E + WH) represent an Arrhenius activation energy Ὁ  that is related 

to the energy barrier for charge transport, and could be reduced by optimizing film microstructure 

and morphology. In Eq. 107, S0 is a constant. In a similar study, Emin, Crispin, and coworkers 

attributed S0 to be a nearly temperature-independent constant associated with the bipolaron carrier 

concentration in doped poly(thiophene). The carrier concentration contribution to the Seebeck 

coefficient is often expressed as an entropy of mixing term whose functional form is Ὓ ÌÎ , 

where c is the ratio of transport-active 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 express the Seebeck coefficient as: 

Ὓ ÌÎ   Eq. 108 

Using this Mott polaron model, and the data in Figure 43, the transport constants for these 

FBDPPV systems were extracted via non-linear regression. Looking at ÌÎ „ vs. ρȾὝ, the y-

intercepts are indicative of ÌÎ „ ,and the slopes are indicative of . Similarly, looking at S vs. 

ρȾὝ, the y-intercepts are indicative of ϽὛ , and the slopes are indicative of . Values for 

„, Ὁ, and S0 were evaluated for statistical significance using a t-tests and a 95% confidence 

interval. It was found that „, Ὁ, and S0 can be significantly extracted from the collected data with 

P-values orders of magnitude lower than the significance level (0.05); P-value for „ on the order 
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of 10-29 to 10-20, for Ὁ on the order of 10-29 to 10-25, for S0 on the order of 10-5 to 10-4. Therefore, 

we can reject the null hypothesis that these transport constants cannot be significantly extracted 

from the (arguably sparse) data set. Figure 7 shows „, Ὁ, S0 constants with their associated 95% 

confidence interval represented by the error bars. RuCp*mes+ has a higher Ὁ (62.4 meV) 

compared to that with either N-DMBI-H (41.7 meV) or (N-DMBI)2 (43.4 meV). Additionally, the 

RuCp*mes+ system shows the lowest „ (10.1 S cm-1) compared to that with either N-DMBI-H 

(23.8 S cm-1) or (N-DMBI) 2 (27.9 S cm-1). The lower „ and higher Ὁ for the FBDPPV-

(RuCp*mes)2 system relative to what is seen for the N-DMBI+-containing systems may well arise 

from the greater disruption of the microstructure observed in the GIWAXS data as illustrated by 

the p-p distance.  

Extracted S0 constants were further evaluated to better understand fractional carrier 

occupancies (c). As the amount of doping increases, c should increase, S0 should decrease, and the 

magnitude of the Seebeck coefficient should decrease; this inverse relationship between c and |S| 

is well aligned with the observed doping-Seebeck coefficient trends shown in Figure 42 and is 

commonly found in organic thermoelectric literature. Figure 7c shows S0 values, which should 

similarly show an inverse relationship with c, and is less commonly evaluated in the organic 

thermoelectric literature. S0 increases from (N-DMBI)2 to (RuCp*mes)2 to N-DMBI-H (0.72 to 

0.93 to 1.32, respectively), implying c should decrease from (N-DMBI)2 to (RuCp*mes)2 to N-

DMBI-H; however the doping ratio is 10.7, 23, and 43 mol% for (N-DMBI)2, (RuCp*mes)2, and 

N-DMBI-H respectively. Although we do not know exactly how many carriers each dopant 

creates, these relationships lead us to believe that (N-DMBI)2 is the most effective dopant to create 

transport-active polaronic species (carriers) per accessible hopping sites in FBDPPV. Additionally, 
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the anticipated direct relationship between calculated S0 and measured |S| was not observed. S0 

decreases from N-DMBI-H (1.32) to (RuCp*mes)2 (0.93) to (N-DMBI)2 (0.72), but |S| decreases 

from (N-DMBI)2 å (RuCp*mes)2 (85 ɛV K
-1) to N-DMBI-H (58 ɛV K-1). One reason for this 

observed difference could be that the polaronic species created in each dopant system could have 

different inter-polaronic interactions and therefore different ratios of transport-active polarons to 

thermally accessible hopping sites. This idea is further explored in the supporting information, 

comparing different polaronic interaction models. Another reason could be that different doping 

counterions could have different impacts on energy-(in)dependent scattering processes (as seen in 

the Kang-Snyder model, see supporting information). Although some uncertainties exist about the 

observed qualitative trends between S0 and S, we observe that (N-DMBI)2 is the best choice for the 

high PF in this study, and that additional temperature-dependent thermoelectric property 

measurements are needed (broadly) for the organic thermoelectrics community to better 

understand the underlying transport characteristics.  
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Figure 44: Calculated transport parameters for FBDPPV. (a) Pre-exponential electrical conductivity („), 

(b) Electrical conductivity activation energy (Ὁ), (c) and Seebeck coefficient constant (Ὓ) extracted from 

the temperature-dependent electrical conductivity and Seebeck coefficient measurements. Error bars 

represent a 95% confidence intervals in the non-linear regression. 

 

In this work, we have developed a new dimeric n-dopant (N-DMBI)2 and demonstrated the 

significance of doping selection on thermoelectric performance and transport characteristics of the 

conjugated polymer for OTEs. Dimer dopants (RuCp*mes)2 and (N-DMBI) 2 create a unique 
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polaronic species due to their much stronger reducing ability in comparison to the hydride dopant 

N-DMBI-H. The higher doping efficiency of (N-DMBI)2 relative to N-DMBI-H, combined with 

the less pronounced effects of the smaller and more planar N-DMBI+ on the polymer relative to 

those of the bulky RuCp*mes+ cation 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 the 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 ordered microstructures and (ii) 

clean and efficient electron-transfer reaction pathways.  
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4.2.3: Revisiting Old Studies: DOTTs 

This study reports on the solid-state charge transport properties of a family of 3,6-

dioxythienothiophene copolymer thin-films (referred to as DOTTs) as a function of F4TCNQ 

sequential doping level. The DOTTôs Seebeck coefficients decrease with increasing electrical 

conductivity, and the Seebeck coefficient is temperature independent from 273 to 310 K. We find 

that the DOTTs have unusually low Seebeck coefficients for chemically doped semiconducting 

polymers. Additionally, the Seebeck coefficientô carrier concentration dependency could not be 

accurately modeled with either polaron-like or metal-like transport models. Furthermore, electrical 

conductivities were measured as a function of temperature, and some polymer/dopant systems 

demonstrated unusually low activation energies, nearing metal-like transport. Specifically, the 

polymer consisting of a 2-2ô-biethylenedioxythiophene (biEDOT) copolymerized with our soluble 

DOTT monomer (termed as DE2) shows near metal-like Seebeck coefficients and activation 

energies (ca. +10 µV/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 the early and well-studied redox doped 

semiconducting polymers are not solution processable and are not designed for manufacturability.  

This is exemplified by films of poly(acetylene) [(CH)x] produced by Ziegler Natta polymerization, 

and poly(3,4,-ethylenedioxythiophene) (PEDOT) produced by electrochemical and surface 
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confined polymerization.172-174  Considering their doped forms, these polymers have relatively 

well-understood charge transport physics and high electrical performance (metallic-like 

conductivities in the thousands of S/cm for PEDOT derivatives and tens of thousands of S/cm for 

(CH)x) demonstrating a negative temperature dependence of conductivity with temperatures over 

limited ranges.172, 175-179  As such, these polymers can be envisioned as ñmetals on the edgeò.  The 

incorporation of flexible side chains on conjugated polymers is used to improve processability, 

both solubility and fusibility, allowing the development of a vast array of materials with controlled 

physical, redox and optoelectronic properties.172, 180, 181 As a result, the synthetic advancements 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 systems (ie. PBTTT,35, 96, 182, 183 PDPP4T,29, 184 FBDPPV,30, 

185 PCDTBT,186, 187 heavy heteroatom analogous,23, 117, 188 etc.) are not as well quantified as the 

transport properties of poly(aniline), PEDOT and (CH)x.
172, 175 Therefore, several cursory charge 

transport studies (measurements over easily accessible and limited 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 parameters  (activation energies, 

hypothetical maximum electrical conductivities, hopping rates etc.) can be compared between 

multiple systems more rapidly than thorough studies over extensive temperature ranges (e.g. 10 ï 
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300 K) .23, 185  Our approach is motivated by the fact that numerous charge transport models exist, 

and each model has its own phenomenological description of how charge carriers are energetically 

(and/or spatially) distributed.27, 189, 190  Selecting the proper model to analyze charge transport data 

is nontrivial, and the most relevant models for this study must account for spatial inhomogeneity, 

charge carrier localization, and polaronic charge carriers.191 We have summarized many of these 

models in a prior publication,23 and recent studies by Wanatabe et al. and Tanaka et al. show that 

the polymer charge transport model may dynamically change as a function of the extent of doping 

and charge carrier-counterion interactions.56, 189   

The Mott polaron model can describe charge transport in material systems where the 

carriers are localized due to polaron formation and disorder.192 The extent of localization and the 

localization mechanisms can be deduced using temperature-dependent electrical conductivity and 

Seebeck coefficient measurements and varying the extent of doping. In the Mott polaron model, 

the electrical conductivity („) is a function of the hypothetical maximum electrical conductivity 

(„) and an Arrhenius-like activation energy (Ὁ).  

„  „ Ὡὼὴ „ Ὡὼὴ      Eq. 109 

Ὁ is due to carrier localization, which broadly originates from spatial and energetic effects. 

Spatial localization (ὡ ) is attributed to microstructural inhomogeneity191 and coulombic 

interactions.53, 127 Energetic localization (Ὁ) is attributed to the energy needed excite carriers from 

one electronic energy state to another energy state in order for charge transport to occur.192, 193  

The Seebeck coefficient is a measure of the entropy carried by a charge and quantifies the 

voltage response when under a temperature gradient (ῳὠ ὛῳὝ). Through the Fermi-Dirac 

distribution and Heikes approximation,194 the average energetic distribution of polaronic charge 
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carriers (Ὁ) and the ratio of charge carriers to carrier sites (ὧ) can be related to the Seebeck 

coefficient:  

Ὓ   ÌÎ     Eq. 110 

 

The contribution of Ὁ and ὧ to Ὓ can vary as a function of the polaronic interactions and 

energetic distributions as they affect how the sites are occupied.85, 195 For bipolaronic carriers in 

chemically doped semiconducting polymers, Xuan et al. showed the Seebeck coefficient to be,85  

Ὓ ÌÎ  ḙ ÌÎ     Eq. 111 

where ὧ 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 denominator and a smaller Seebeck 

coefficient than expected at some carrier concentration ratio.44, 88, 196-198 Quantifying ὛὝ from 

temperature dependent Seebeck coefficient measurements is not always accurate because of 

limited temperature measurement ranges, but quantifying S(c) is commonly observed.23, 25, 185, 187 

To better understand charge transport in solution processable and chemically doped 

semiconducting polymers, we measure the temperature and charge carrier dependent electrical 

conductivity and Seebeck coefficient and analyze these measurements in the context of equations 

Eq. 109-Eq. 111 

With these polymer, dopant, and transport considerations in mind, we focus this study on 

an emerging solution-processable polymer family, copolymers of 3,6-dioxythienothiophenes 

(DOTTs) as a function of 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4TCNQ) 

sequential doping concentration, over a near ambient temperature range of 273 to 310 oC.  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 transport study.39  Herein, we find the DOTTôs 

Seebeck coefficients have little to no temperature dependence, decrease slightly with increasing 

dopant concentration, and decrease with increasing electrical conductivity. Notably, the DOTTs 

can achieve remarkably low Seebeck coefficients (ca. +10 µV/K), which is not commonly seen 

with PBTTT nor P3HT doped with F4TCNQ. Additionally, the DOTTs doped with F4TCNQ can 

achieve a wide range of electrical conductivity activation energies (ca. 130 meV to 25 meV) and 

hypothetical maximum electrical conductivities (30 S/cm to 150 S/cm). Based on the electrical 

conductivity, optical absorbance, and charge transport dependencies on carrier concentration and 

temperature (vide infra), we posit that the Mott polaron model is a useful model for interpreting 

the DOTT/F4TCNQ system.  Ultimately, these measurements and analyses quantify how 

systematic polymer and dopant chemistry determine charge transport properties. 

In our prior publications, we discussed the synthesis, electrical, and electrochemical 

properties of five unique 3,6-dioxythienothiophene copolymers (DOTTs) functionalized with 2-

hexyldecyloxy solubilizing chains.39 Fig. 1 shows the repeat unit structures of three DOTT 

variations that have cyclic dioxythienophene comonomers [3,6-dioxythienothiophene-alt-

ethylenedioxythiophene (DE), (3,6-dioxythienothiopheneïalt-biethylenedioxythiophene (DE2), 

3,6-dioxythienothiopheneïalt-2,2-dimethy-3,4-propylenedioxythiophene, (DD)] that exhibit air-

stable, ambient temperature, solid state electrical conductivities approaching 20 S/cm when doped 

with F4TCNQ in propylene carbonate (PC). These 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 coefficient and electrical conductivity 

measurements were performed.  

 

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 F4TCNQ/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. 

 

Figure 46a shows the Seebeck coefficients for DE, DE2, and DD as a function of F4TCNQ 

solution concentration. The Seebeck coefficient decreases with increasing dopant solution 

concentration and increasing electrical conductivity. 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 of 
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mixing) decreases.194, 195, 199 Additionally, the Seebeck coefficient is positive in all polymer/dopant 

systems, indicating that holes are the dominant charge carrier. Notably, the Seebeck coefficient of 

DE and DD plateau near +30 µV/K at higher dopant concentrations (i.e. 10-50 mM), while DE2 

consistently shows a low Seebeck coefficient near +10 µV/K independent of dopant concentration. 

Lower Seebeck coefficients are associated with increased carrier concentrations, higher electrical 

conductivities, and metal-like electronic transport. Ultimately, the trends in the Seebeck 

coefficients in Figure 46a 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 from 273 K to 310 K as a means of providing a 

rapid property probe. The Seebeck coefficientôs temperature dependence is indicative of the 

energetic distribution of charge carriers in polaronic materials. This temperature range was 

selected to mitigate thermal dedoping or polymer degradation,23, 25, 127, 200 while sufficiently large 

to elucidate any significant temperature dependence (if present).59, 85, 189, 201 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 range.  Seebeck coefficients that have a weak or unobservable temperature 

dependence are commonly observed in chemically doped semiconducting polymers, and it is 

oftentimes attributed to hopping-like transport transport.23, 25, 85, 187  

To better quantify the effects of doping on the Sebeeck coefficent, we used x-ray 

photoelectron spectroscopy (XPS) to determine the fluorine:sulfur ratio (F4TCNQ-to-polymer), 

which approximates the extent of oxidation. 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 film.54, 202 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 ratios (c, see supporting information).85, 195 In simple polymer 

structure/dopant systems (i.e., (CH)X/ClO4 and P3HT/PF6), dopant counterions are indicative of 

charge carriers, and a limited set of conjugated double bonds or thiophene rings can be viewed as 

a carrier site.85, 179 The carrier to site ratio (c) can be measured using XPS or electrochemical 

techniques, and oftentimes solid state P3HT exhibits a maximum carrier ratio of ca. 0.33 carriers 

per ring (i.e. one carrier per three rings), which is equal to 0.33 carriers per site or ca. 1.5 x 1021 

carriers/cm3.57, 85, 102, 116, 203 Similarly, several PEDOT studies have reported nearly one carrier per 

two rings, which is equal to a maximum of 0.5 carriers per site or ca. 3 x 1021 carriers/cm3.71, 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 per repeat.48, 202 

PBTTT monomers contains two thiophene rings and one fused thieno[3,2-b]thiophene ring and, 

assuming the PBTTT monomer consists of three carrier sites, chemically doped PBTTT has a 

maximum carrier ratio of ca. 0.13 (i.e. 0.4/3) and a maximum carrier density of ca. 3.5 x 1020 

carriers/cm3, consistent with previous reports.48, 96 Based on these reports on P3HT, PEDOT, and 

PBTTT, we posit that the site count for DE, DE2 and DD to be 2, 3, and 2, respectively, and we 

use this site count with the XPS measurements to calculate the carrier to site ratios (see supporting 

information and Figure 46c). We further validate these carrier ratios by calculating charge carrier 

densities (ranging from 4 x 1019 to 5 x 1020  carriers/cm3) and charge carrier mobilities (ranging 

from 0.02 to 0.2 cm2 /V s) that are consistent with semiconducting polymers at comparable doping 
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levels and electrical conductivities (see supporting information for exact calculations and 

supporting figures).53, 117, 184, 204  

Figure 46c shows the measured Seebeck coefficients as a function of the carrier 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 

polaronic modelsô Seebeck coefficients (Eq. 2, 3). The Heikes model (Eq. 2) is shown in red in 

Fig. 2c, and it assumes a purely statistical entropy of mixing in 1-dimension in a homogenous 

microstructure with no carrier interactions.195 A bipolaronic model (Eq. 3) is shown in orange in 

Figure 46c, and it assumes a purely statistical entropy of mixing in 1-dimension in a homogenous 

microstructure with charge carriers that spin pair.195 Both 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 

modelsô overpredicting the Seebeck coefficient could be due to the charge carriers have metal-like 

characteristics. Here, we consider that charge carriers could be sufficiently spatially and 

energetically delocalized and close to the Fermi energy level that they have Seebeck coefficients 

more similar to a metal. A metalôs Seebeck coefficient in a single parabolic band is given by:205 

Ὓ άᶻ   Eq. 112 

where άᶻ is the effective carrier mass (in kg) and ὲ is the carrier density (in carriers/m3). Figure 

46c plots Eq. 112 in blue (assuming an effective mass of one electron), and we find that Eq. 112 

oftentimes underpredicts the DOTTôs Seebeck coefficients. DE2 is an exception where Eq. 112 

intercepts DE2 data points at c = 0.15 and 0.27. These observations suggest that DE and DD may 

have Seebeck coefficients that are a combination of polaron-like and metal-like contributions, 
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while the DE2 Seebeck coefficients are predominantly due to metal-like charge carriers (plausibly 

delocalized and near the Fermi energy level). Lastly, the temperature dependencies of polaron-like 

Seebeck coefficients (Ὓθ Ὕ ) and metal-like Seebeck coefficients (Ὓθ Ὕ) may cancel one 

another and result in the seemingly temperature independent coefficient in our measurement 

regime in Figure 46b and in other literature studies.25, 85, 185, 201   
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Figure 46: Seebeck coefficient relationships in DOTTs. (a) Seebeck coefficient as a function of polymer 

and dopant concentration. Error bars represent sample-to-sample standard deviation from at least three 

unique films. (b) Representative plot of Seebeck coefficientsô temperature dependency. (c) Seebeck 

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 the Seebeck coefficient is dominantly a function of carrier concentrations, electrical 

conductivity is also dependent on the carrierôs ability to be transported through the microstructure. 

Through the context of the Mott polaron model, the energetic barrier and the 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, 

DE2, and DD at 1, 10, 20, and 50 mM F4TCNQ (Figure 47) over the same temperature range used 

for the Seebeck coefficient measurements. All polymer/dopant systems in this study have a 

thermally activated electrical conductivity. On a ln(ů) vs. T-1
 plots, the slope is indicative of the 

activation energy for electrical conduction (Ea) (Figure 47b) and the mathematical y-intercept is 

indicative of the hypothetical maximum conductivity (ů0) (Figure 47c).  

In the Mott polaron model, Ea is a function of spatial localization (WH) and energetic 

localization (Ei). Because the Seebeck coefficients are not statistically significant functions of 

temperature (within these temperature ranges and doping levels), Ei is likely 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 states).  Figure 47b shows that Ea tends to increase from DE2 to DD 

to DE and decreases with increased doping. As doping increases, the number of polarons and 

counterions increase, which enables greater polaron delocalization and conduction pathways.25, 26, 

85 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 seen in the Ea values 

and may suggest that S and Ea have a similar dependency on c. Notably, DE2 achieves an Ea value 

near 25 meV at 50 mM F4TCNQ doping, which is a remarkably low value for a solution processed, 
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chemically doped semiconducting polymer.25, 26, 127 This low Ea, in combination with low S (ca. 

+10 µV/K) suggests DE2/F4TCNQ 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 and coworkers noted in various semiconducting 

poly(thiophenes), poly(pyrroles) and poly(aniline) under a wide temperature range (1.4 to 300 K) 

near the metal-insulator transition,175 and what Tanaka and coworkers noted in electrolyte gated 

PBTTT.56 

Figure 47c shows ů0, which is the theoretical maximum electrical conductivity if the charge 

carriers were not localized. In this study, ů0 generally increases with increasing dopant 

concentration, but then ů0 decreases at the highest doping concentration.  This increase in ů0 at low 

doping concentration can be attributed to increases both the charge carrier concentration and 

carrier mobility, and ů0  likely decreases at high carrier concentrations due to increased carrier 

scattering events; this has been observed before in other polymer/dopant systems.23 Notably, the 

S, c, and Ea  parameters plateau between 10 mM and 20 mM F4TCNQ, but ů0 continues 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 all three polymer/dopant systems. We speculate that the decrease in ů0 

at high doping concentrations is because additional F4TCNQ molecules swell and reorder the 

microstructure without significantly increasing charge carrier concentrations. 
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Figure 47: Temperature dependent electrical conductivity properties in DOTTs. (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 low experimental error. (b) Activation energy as a function of doping concentration 

and polymer chemistry. Errors bars are 95% confidence intervals. (c) Hypothetical maximum electrical 

conductivity as a function of doping concentration and polymer chemistry. Error bars are 95% confidence 

intervals. Ea and ů0 were both extracted using a linearized regression analysis. All regressions have p-

values lower than the significance level (0.05), so we reject the null hypothesis that these parameters (Ea 

and ů0) are insignificant. 
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Charge transport models are needed to thoroughly compare various 

polymer/dopant/processing systems.  S vs. ů plots have been used previously to rationalized the 

anticorrelation between S and ů by using models such as Kang- Snyder and the S  θů -1/4 

observation.79, 88, 93 Figure 48 shows the S vs. ů plot for the DOTT 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 coefficent.23, 25, 38, 42, 85, 88, 96, 118, 183 Clearly seen in Figure 48 is that DE2 shows higher 

electrical conductivities and smaller Seebeck coefficients in comparison to DE and DD. We find 

that the bulk of the DOTT S vs. ů plot roughly follows S θ ů -0.4 before the precipitous drop near 

20 S/cm (Figure 48). S θ ů -0.4  is notably different than S θ ů -0.25 , and thermoelectric scaling laws 

are indicative of the transport and scattering phenomena.88, 89, 93, 206 Recent work by Tanaka et al.  

suggest that as the power law transitions from S θ ů -0.25 towards S θ ů -1, the polymer/dopant 

system is undergoing an insulator to metal transition.56 The observed S θ ů -0.4 power law in 

corroboration with the temperature-dependent thermoelectric data and the work by Tanaka and 

coworkers, suggests that the DOTT/F4TCNQ system, primarily DE2/F4TCNQ, is approaching the 

insulator to metal transition.    

The DOTT/F4TCNQ series is also analyzed with respect to other polymer/dopant series, 

and we have three notable findings. First, we analyze the DOTTs with respect to other thiophene 

derivatives doped with F4TCNQ. The DOTTs solution doped with F4TCNQ can achieve higher 

electrical conductivities than many other polymers solution doped with F4TCNQ alone (Figure 

48).41, 88, 118 Notably, studies that employed vapor doping,42 orienting,35, 44, 197 and/or adding highly 

polar side chains38, 207  report electrical conductivities significantly higher than 10 S/cm,35, 42, 197 
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suggesting that these techniques can further increase the DOTT/F4TCNQ electrical conductivities. 

Second, in comparison to other polymers doped with F4TCNQ and at the same electrical 

conductivity, DOTTs have notably low Seebeck coefficients (Figure 48). These low Seebeck 

coefficients are likely the result of DOTTsô increased doping susceptibility and plausible metal-

like energetic distribution of charge carriers. Third, DOTTs may achieve higher thermoelectric 

performances if doped with a different dopant. Many polymer/dopant series are to the right of the 

DOTTs (i.e. higher electrical conductivities), and many of these polymers are doped with stronger 

oxidants or acids (FeCl3, NOBF4, EBSA). For example, poly(thiophenes) doped with F4TCNQ 

commonly reach 0.1- 10 S/cm, but when doped with FeCl3, 50-100 S/cm has been observed.23, 41, 

208  However, optimizing polymer/dopant combinations for high electrical conductivities is 

nontrivial;54, 114 for example, these DOTTs exhibit lower electrical conductivities (in general) when 

doped with magic blue, despite the fact that magic blue generates more charge carriers and is a 

stronger oxidant than F4TCNQ.39 
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Figure 48: S vs.ů plot comparing DOTTs and select soluble polymer/dopant literature studies. Individual 

DOTT data points are represented by small filled symbols, while doping-level average values are 

represented by large open symbols. Literature studies were selected with a focus on all-donor systems, 

systems doped with F4TCNQ, and systems that provided a wide range of S vs. ů values. 

Polymer/Dopant/Last Author (reference number) are provided for each data set. Reference numbers after 

the polymer/author system refer to the reference in the original manuscript.  

 

Although S vs. ů plots enable 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 example, Figure 46 shows the Seebeck 

coefficient as a function of the carrier ratio, and Figure 46 suggests that the Seebeck 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 using just S vs. ů plots alone; analyzing transport 

properties with respect to carrier ratios (densities) is necessary. In this vein, we now analyze the 

Mott polaron electrical conductivity transport parameters (Figure 47) as a function of the carrier 

ratio.    

Figure 49a shows Ea(c) as measured from temperature dependent electrical conductivity 

(Figure 47) and XPS (Figure 46). We observe that as c increases, Ea linearly decreases in these 

DOTT systems. Several studies have previously shown that the activation energy decreases with 

increasing carrier concentration,23, 25, 26, 56, 65, 85 but in this study we have a sufficient number of 

measurements to begin modeling the functional relationship between Ea and c. This linear fit is 

statistically significant (see supporting information), but it currently does not have a 

phenomenologically significant 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. The y-intercept is the hypothetical 

activation energy at approaching zero carrier concentrations and is hypothetically independent of 

the dopant used but dependent on the polymer chemistry and structure. The x-intercept is the 

hypothetical c needed to achieve metal-like charge transport at the measurement temperature, and 

the x-intercept is likely dependent on polymer chemistry, polymer structure, doping technique, and 

doping chemistry.  Interestingly, we find that Ea could approach zero when c is near 0.35 (with 

one dopant for every three sites).  

Figure 49b shows ů0(c) as measured from temperature dependent electrical conductivity 

(Figure 47) and XPS (Figure 46). In this DOTT amalgam, there is not a statistically significant 



177 

 

slope nor intercept. This insignificance is surprising because „ ὲὩ‘ (n and c are linearly 

related), but ů0(c) does not show 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 study ů0(c) is analyzed concomitantly as a 

function of both the polymer chemistry and extent of doping.  

Lastly, Figure 49c shows Ea(S) measured from temperature dependent electrical 

conductivity and Seebeck coefficient 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 

Seebeck 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 slope in Figure 49c is similar to the slope in Figure 49a and 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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Figure 49: Charge transport modeling for the DOTT system. (a)Ὁ ὧ  (b) „ ὧ  (c) Ὁ Ὓ. Black dashed 

lines show fits when statistically significant with a 95% confidence interval. DOTT properties are viewed 

as an amalgam.  
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In our studies of this DOTT series, we observed metal-like transport with low Seebeck 

coefficients (ca. +10 µV/K), appreciable electrical conductivities (ca. 10 S/cm), and low activation 

energies (ca. 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 Seebeck coefficients may have 

both polaron-like and metal-like 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 solution 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 does appears 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 polymers and deserves further 

investigation.  
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4.2.4: P3HT, PE2 and Dopant Chemistry 

This study investigates the charge transport properties of P3HT and poly(ProDOT-alt-

biEDOT) (PE2) films doped with a set of iron(III)-based dopants and as a function of dopant 

concentration. X-ray photoelectron spectroscopy measurements show that doping P3HT with 12 

mM iron(III) solutions leads to similar extents of oxidation, independent of the dopant anion; 

however, the electrical conductivities and Seebeck coefficients vary significantly (5 S cm-1 and 

+82 ɛV K-1 with tosylate and 56 S cm-1 and +31 ɛV K-1 with perchlorate). In contrast, PE2 

thermoelectric transport properties vary less with respect to the iron(III) anion chemistry, which is 

attributed to PE2 having a lower onset of oxidation than P3HT. Consequentially, PE2 doped with 

12 mM iron(III) perchlorate obtained an electrical conductivity of 315 S cm-1 and a Seebeck 

coefficient of +7 ɛV K-1. Modeling these thermoelectric properties with the semi-localized 

transport (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 PE2 films exhibit thermally deactivated electrical conductivities and metal-like transport at 

high doping levels over limited temperature ranges. Finally, the SLoT model suggests that PE2 has 

the potential to be more electrically conductive than P3HT due to PE2ôs ability to achieve higher 

extents of oxidation and larger shifts in the reduced Fermi energy levels. 

Doped conjugated polymers are used in a range of applications including photovoltaics,209-

211 (electrochemical)transistors,116, 212, 213 thermoelectrics,214 electrochromics,215, 216 and 

supercapacitors.217 Systematically evaluating polymer and dopant chemistries is a means to obtain 

desired electronic properties for each application. Poly(thiophene) derivatives, such as poly(3-

alkylthiophenes) (P3ATs), poly(3,4-ethylenedioxythiophene) (PEDOT), and poly[2,5-bis(3-
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alkylthiophen-2-yl)thieno[3,2-b]thiophene] (PBTTT), and derivatives of these basic structures, 

receive considerable attention because of their tunable properties and high electrical conductivity 

when heavily doped (i.e. from 102 to 105 S cm-1).47, 72 Several studies have evaluated the transport 

in doped P3AT,23, 74, 218  PBTTT,5, 56, 96, 219 and PEDOT derivatives,72, 213 but more research is 

needed on soluble and solution processable dioxythiophene derivatives (XDOTs).39, 63, 64, 215, 216, 

220-223 Recent studies have shown that these XDOTs have the ability to achieve high electrical 

conductivities (ca. 200-700 S cm-1), thereby making them a promising candidate for further 

optimization.63, 216, 221 

Additionally, there is extensive research on the effects of dopant redox potential,216 size,55 

mechanism,52 and doping method118, 224, 225 on the resulting optical and electronic properties in 

conjugated polymers. The thermodynamics and kinetics of the dopant solvolysis equilibria226-228 

influences the doping processes, the residual counterion species, and the resulting electronic 

properties.55, 87, 229 One of the most common p-type dopants is iron(III) chloride, but other iron(III) 

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 (e.g. chloride or bromide), the iron(III) compound 

primarily behaves as a complex, leaving a FexXy
- (termed a ferrate complex anion) as the charge 

balancing anion following polymer doping.230 In contrast, when weakly or non-coordinating anion 

ligands are present, some solvents may substitute nearly all of the ligands around the iron center 

to yield a solvent-separated ion pair, leaving only X- species as the charge balancing anions.226-228, 

231  The thermodynamics and kinetics of the solvolysis equilibria226-228 influences the doping 

processes, counterion species in the doped polymer film, and the resulting electronic properties.55, 
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87, 229 Some studies have examined the effects of counterion species on the resulting transport 

properties,55, 224, 229, 232  but the prevailing structure-property relationships are not clear as doping 

thermodynamics, kinetics, and spatial incorporation convolute these relationships. 

Polymer-dopant and polymer-counterion interactions affect optical and electronic transport 

properties. Quantifying these properties in the context of a charge-transport model can lead to 

deeper physical insights. Despite their utility, selecting a charge transport model consistent with a 

polymer-dopant-processing system is non-trivial because charge transport in polymers is sensitive 

to carrier density, electrostatic interactions, and structural order, all of which vary as a function of 

doping.48, 87, 229 Previous studies have utilized either localized (hopping-like) and delocalized 

(metal-like) transport models, but charge transport lies on a spectrum.1 Therefore, using a semi-

localized transport model (SLoT), which spans this spectrum, one can quantitively compare the 

underlying transport parameters and make conclusions regarding the potential for a given polymer-

dopant system to achieve the desired electronic properties.78  

Herein, we report on the chemical, structural, and charge transport properties of poly(3-

hexylthiophene-2,5-diyl) (P3HT) sequentially doped with solutions of iron(III) salts at varying 

molarities and counterions, and we use these P3HT properties to benchmark the properties of 

poly(bis(2-hexyldecyloxymethyl)propane-1,3-dioxythiophene-alt-bi(3,4-

ethylenedioxythiophene) (poly(ProDOT-alt-biEDOT), PE2) (Figure 50).221, 222 Using x-ray 

photoelectron spectroscopy (XPS) and grazing incidence wide angle x-ray scattering (GIWAXS) 

measurements, we measure the extent of oxidation, calculate the quantity of (bi)polaronic charge 

carriers (Figure 50), and quantify the impact of dopant counterion on microstructure. In P3HT, the 

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 in PE2 are not as sensitive to the specific salt 

used, and ultimately PE2 achieves ca. 3-φ  times higher electrical conductivities than P3HT. Using 

the SLoT model in conjunction with additional characterization methods, we conclude that PE2 

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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Figure 50: Doping reactions of P3HT and PE2. P3HT and PE2 are 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 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 anion (A-), whose chemical 

identity is a function of the polymer and dopant chemistries. 

 

Our approach to quantifying the effects of dopant counterion-polymer combination on the 

doping process and resulting transport properties consists of three steps. First, spectroscopic and 

thermoelectric measurements were performed on P3HT sequentially doped at a fixed concentration 
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(12 mM), but with varying iron(III) salts, FeX3, for X =  -Cl-, -Br-, -CF3SO3
- (OTf), -CH3C6H4SO3

- 

(Tos), and -ClO4. These polymer and dopant chemistries were chosen because of their prevalence 

in the literature and commercial availability. Second, Fe(Tos)3 and Fe(ClO4)3 dopants were 

selected for extensive evaluation because they produced the highest and lowest electrical 

conductivities and Seebeck coefficients in the first step. We performed detailed UV-vis-NIR, XPS, 

GIWAXS, and thermoelectric measurements on P3HT films sequentially doped over a wide 

concentration range. Similar experiments using Fe(Tos)3 and Fe(ClO4)3  were performed on PE2, 

and this comparison examines to what extent polymer ordering and oxidation potential may affect 

doping and transport properties. Third, the transport properties for all four P3HT and PE2 polymer-

dopant combinations were analyzed using the SLoT model. The fundamental transport parameters 

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(III)-based dopant (e.g. P3HT-Fe(Tos)3). 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 naming (e.g. P3HT-Tos), but these precedents usually do not 

report a complex counterion species and/or molecular changes to the monomer chemistry.233  

Dopant counterions affect the doping kinetics, thermodynamics, and charge transport 

properties.55, 224 Isolating the counterionsô role in each of these processes is difficult because the 

observable properties result from their convolution. To quantify the role of the dopant counterion, 

five iron(III) compounds were screened, and the resulting carrier density, electrical conductivity, 
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and Seebeck coefficient were measured. For an initial evaluation, commercially available P3HT 

was used (Supporting information show the P3HT gel permeation chromatography trace, cyclic 

voltammogram and 1H- nuclear magnetic resonance spectrogram characterizations.)). P3HT thin-

films were sequentially doped by drop casting 12 mM acetonitrile solutions of iron(III) chloride, 

bromide, triflate, tosylate, and perchlorate on top of the films and allowing the dopant to penetrate 

the film, as illustrated in supporting information and demonstrated in previous studies.54 The 

supporting information shows 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 and Seebeck 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 decreases.214 Figure 51a shows the electrical 

conductivities of P3HT films sequentially doped with 12 mM solutions of various iron(III) salts. 

P3HT doped with Fe(ClO4)3 is the most electrically conductive (56 S cm-1) whereas the P3HT 

films doped with Fe(Tos)3 are the least electrically conductive (5 S cm-1). Consistent with this 

trend, Figure 51b shows that Fe(ClO4)3-doped films have the lowest Seebeck coefficients (+31 ɛV 

K-1), whereas Fe(Tos)3-doped films have the highest Seebeck coefficients (+82 ɛV K
-1). These 

trends in thermoelectric properties are commensurate with the optical absorbance spectra shown 

in supporting information, which also show that P3HT-Fe(ClO4)3 has stronger polaronic 

absorbances than P3HT-Fe(Tos)3. Therefore, these electrical conductivities, Seebeck coefficients, 

and optical absorbances are consistent, and together suggest that P3HT-Fe(ClO4)3 has a greater 
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carrier density than P3HT-Fe(Tos)3. We also note that these observations are consistent with a 

similar comparison of P3HT doping by FeCl3, Fe(OTf)3, and Fe(Tos)3 reported by Wu et al.232  

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 signal,58, 209, 234 which is indicative of the extent of oxidation and carrier ratio (c).74 This 

carrier ratio is used to calculated the carrier density (n).39, 64, 78 Although UV-Vis-NIR and 

thermoelectric measurements indirectly suggest that P3HT-Fe(ClO4)3 may have more charge 

carriers than P3HT-Fe(Tos)3 at 12 mM, XPS calculated carrier ratios actually show that the carrier 

ratios are within error for these two salts. Furthermore, supporting information shows that the 

carrier ratio for this series of salts varies little, with carrier ratios of ca. 0.22-0.30 (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 in supporting information show that P3HT films doped with Fe(ClO4)3 uniquely 

exhibit thiophene oxide formation.235 Supporting information shows that iron was not detected by 

XPS in films doped with Fe(ClO4)3 and Fe(OTf)3, 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 FeCl3; FeCl3 having the most residual iron is consistent with Cl being the 

most strongly coordinating counterion in this study and is consistent with previous reports.78 

Finally, Supporting information shows that counterion sizes vary substantially, and the largest 

difference is between tosylate anions and chloride anions (154 vs. 66 Å3). 

It is fully expected that the above listed differences affect the electrical conductivity and 

Seebeck coefficients, and this is especially apparent between P3HT-Fe(Tos)3 and P3HT-
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Fe(ClO4)3. These two systems have approximately an 11 and 3 times difference in electrical 

conductivity and Seebeck coefficient, respectively, that cannot be explained solely by the small 

differences in carrier ratios (carrier densities) nor solely with delocalized transport models.22, 78, 236  

Therefore, it is important to acknowledge that the varying dopant counterion coordination ability, 

counterion size, and polymer-counterion interactions all affect optical and charge transport 

properties8, 101, 236 and requires further investigation.   

 

Figure 51: Survey thermoelectric properties of P3HT films sequentially doped with 12 mM solutions of 

different iron(III) salts in acetonitrile. (a) Electrical conductivity and (b) Seebeck coefficients averaged over 

at least 3 separate films, with error bars representing sample-to-sample standard deviation.   

 

(a)

(b)
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To quantify to what extent counterion identity and concentration affect transport properties, 

we sequentially doped P3HT with Fe(Tos)3 and Fe(ClO4)3 over a wide range of solution 

concentration, 1.5 to 100 mM. Additionally, we sequentially doped PE2 with Fe(Tos)3 and 

Fe(ClO4)3 from 0.1 to 12 mM. Offset doping concentration ranges were used because P3HT and 

PE2 have different doping susceptibilities and electrical conductivities, and our instrumentation 

necessitates sheet resistances less than ca. 10 Mɱ  for reportable thermoelectric measurements. 

Additionally, this offset doping range is needed for us to capture a sufficiently large range of Ὓȟ„ 

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 offset does not 

hamper the charge transport analysis. 

The extent of doping was first qualified with UV-Vis-NIR spectroscopy. Supporting 

information shows that with increasing solution concentration, polaronic absorption in the mid-

infrared (MIR) increases and neutral absorption in the visible decreases, and this is indicative of 

increasing extent of oxidation. Additionally, these spectra show that PE2 is more susceptible (i.e., 

is oxidized to the same extent at lower dopant molarities) to doping than P3HT. Explicitly, PE2 

pristine ˊ-ˊ* absorbances bleach near 3 mM Fe(Tos)3 or Fe(ClO4)3 and remains bleached through 

12 mM. In contrast, P3HT pristine ˊ-ˊ* bleaching requires at least 25 mM Fe(ClO4)3, and Fe(Tos)3 

cannot effectively bleach the pristine ˊ-ˊ* peak. The ability of less concentrated solutions to bleach 

the pristine ˊ-ˊ* absorption of PE2 is consistent with its lower oxidation potential (onsets of 

oxidation are 0.3 V and -0.7 V vs. ferrocene for P3HT and PE2).
221, 232  

To quantify the carrier ratio and the doping mechanisms in P3HT and PE2 films, we used 

XPS. Figure 52a-c shows representative deconvoluted spectra for pristine and 12 mM doped P3HT 
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films, and Figure 52d-f shows similar spectra for PE2 fil ms. For the P3HT spectra (Figure 52a-c), 

pristine and neutral thiophene peaks occur between ca. 163 and 164.5 eV, polaronic thiophene 

peaks (polaronic charge carriers) occur between ca. 164.5 and 166 eV, and S=O peaks (from 

tosylate or sulfones) occur between ca. 167 and 170 eV. Notably, doping with Fe(ClO4)3 yields 

sulfur with binding energies at ca. 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 detail in supporting information. 235, 237 To 

approximate the carrier ratio, the thiophene S-2p 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 assumed to be equal to 

the number of holes per thiophene unit.58, 209, 234, 238 Additionally, for Fe(Tos)3-doped films, the 

extent of oxidation was also quantified using the abundance ratio of tosylate counterions (using 

the sulfoxide doublet at ca. 168 eV for Fe(Tos)3 doped films) with respect to thiophene.72 Finally, 

for P3HT-Fe(ClO4)3 films, the extent of oxidation was also calculated by deconvoluting the C-1s 

spectra (Note S3). The pristine sp3 and sp2 carbon are convoluted near ca. 284.6 eV, but as the 

doping level increases a new peak 286.2 eV emerges, increases, and is attributed to oxidized 

aromatic carbons.239, 240 

The PE2 XPS spectra (Figure 52) show similar features to the P3HT spectra, but the doped 

PE2 films show additional features at binding energies between 166 and 167.5 eV (denoted S** in 

Figure 52). Previous works on PEDOT and P3HT have attributed the S-2p energies near 166 eV 

to multi-polaronic charge carriers, but the exact assignment is not clear.71, 209, 234, 241, 242 For 

example, Wegner et al. correlated the presence of higher binding energies in P3HT doped with 
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borate salts with EPR measurements, and they assigned features at ca. 166 eV to bipolaron 

formation.218 Similarly, Marrikar et al. assigned binding energies near 166-168 eV to 

heterogeneously doped and oxidized regions in PEDOT films.238 In contrast, in PEDOT systems 

this additional peak area may be ascribed to asymmetric scattering of the ejected photoelectrons 

by the more delocalized valence band.72, 239, 241 Ultimately, we recognize that there is uncertainty 

regarding this peak, but here we ascribe the peaks near 166 eV in PE2 to polaronic charge carriers 

(S**  in Figure 52). Finally, we note that pristine PE2 is susceptible to air oxidation; air oxidation 

of the pristine may be responsible for some peaks intensities at higher binding energies in Figure 

52 at 166 eV. This air doping can result in electrically conductive PE2 thin-films (ca. 15 S cm-1 at 

35 nm)221 and is notably evident in the S-2p spectra because XPS is a surface sensitive technique; 

however, thicker PE2 films show lower electrical conductivities (ca. 10-4 S cm-1 at 150 nm),221 and 

the pristine PE2 films in this study are even thicker (ca. 700 nm thick) and are electrically insulating 

(< 10-4 S cm-1), suggesting the PE2 films in this study are not substantially air doped.    

Now that we deconvoluted and quantified the XPS spectra for P3HT and PE2 at 12 mM, 

we turn to quantifying these changes at each doping level. For each polymer-dopant 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** (polaronic, 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 (Figure 53), 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 all deconvolution methods) begins to saturate at ca. 0.35, 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 herein.58, 104, 116  Additionally, Figure 53 shows that at most 

dopant concentrations, P3HT films doped by Fe(Tos)3 or Fe(ClO4)3 have similar carrier ratios 

(within error), consistent with the initial analysis in Figure 51 and supporting information. Finally, 

in the case of Fe(ClO4)3-doped P3HT- films, there is an increasing amount of chemically oxidized 

sulfoxide rings present, reaching a maximum near 35%.  

Like P3HT, Figure 53b shows that with increasing solution molarity, the PE2 films become 

increasingly doped; however, doping saturates at a greater carrier ratio of ca. 0.5, or one charge 

carrier per two thiophene rings. This carrier ratio is consistent with previous PEDOT reports,71, 72, 

213 and this larger maximum carrier ratio (ὧ  may be because PE2 is more electron rich and 

easily oxidized; this is consistent with previous reports that show increasing the electron-richness 

of thiophene derivatives increases their carrier density (extent of oxidation, carrier ratio) and their 

electrical conductivity when comparably doped.64, 243, 244 In contrast, the thiophenes in PE2 are less 

susceptible to chemical oxidation to sulfoxide by Fe(ClO4)3 than P3HT, reaching a maximum level 

of ca. 10% vs. 35%. We speculate that the non-bonding SðO interactions in the PE2 backbone 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 S atoms.245  

Additionally, PE2ôs higher carrier ratios relative to P3HT may also hinder oxygen-transfer 

oxidation since the increased positive charge per thiophene ring may make the sulfur more difficult 

to chemically oxidize. Similar to P3HT, doping PE2 with either Fe(Tos)3 or Fe(ClO4)3 result in 



193 

 

roughly the same carrier ratio at a fixed solution molarity. Ultimately, these trends in carrier ratio 

and extent of oxidation, calculated using XPS peak deconvolution, are consistent with the optical 

absorbance trends (supporting information), and these carrier ratios will be used to contextualize 

the effects of doping on microstructural and charge transport properties.  

 

Figure 52: Representative XPS S 2p spectra for P3HT and PE2. (a) pristine P3HT. (b) P3HT doped with 12 

mM Fe(Tos)3. (c) P3HT doped with 12 mM Fe(ClO4)3. (d) pristine PE2. (e) PE2 doped with 12 mM Fe(Tos)3. 

(f) PE2 doped with 12 mM Fe(ClO4)3. 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 repeatable. 
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Figure 53: Relative ratios calculated from XPS spectra as a function of dopant solution concentration for 

(a) P3HT. (b) PE2. The S* + S** ratio represents the charge carrier ratio, calculated from the area ratio of 

polaronic thiophenes to total thiophenes. The Tos- ratio 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 aromatic carbon from the C-1s 

spectra. S=O ratio represents the area ratio of thiophene oxides to total thiophene rings in films doped with 

Fe(ClO4)3.Note that data is presented on a logarithmic horizontal axis for clarity. 

 

To investigate the structural impact of doping, GIWAXS diffractograms and in-plane 

linecuts of pristine and increasingly doped films are examined (Figure 54). Figure 54a shows the 

in-plane linecuts Fe(ClO4)3-doped P3HT films. As the doping molarity increases, the alkyl side 

chain packingôs (100) peak shifts to smaller q values (larger d spacing in real space,)) and the ˊ-ˊ 

stackingôs (010) peak shifts to larger q values (smaller d spacing in real space.)). Furthermore, the 

concomitant expansion of the alkyl packing and contraction of the ˊ-ˊ stacking suggests that ClO4
 

counterions are intercalated in the side chains and not in the ˊ-ˊ stacks.62 Similar trends are 

observed with P3HT-Fe(Tos)3 (Figure 54b), but there are two distinct differences. First, supporting 

information shows that the ˊ-ˊ stacking ranges from 3.51 Å to 3.54 Å in 12 mM and 100 mM 

P3HT-Fe(ClO4)3 films, but the ˊ-ˊ stacking ranges from 3.6 Å to 3.59 Å in 12 mM and 100 mM 
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