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Introduction

Fine control over the charge carrier density is essential for optimizing the functions of nearly

all modern electronic devices. Carrier densities in inorganic semiconductors are typically con-

trolled by introducing elements of different valency via atomic substitution within the crystal

lattice of the semiconductor to achieve p-/n-type doping, respectively.1,2 The prototypical

inorganic semiconductor, silicon, becomes degenerately doped above a dopant concentration

of ∼ 1018 molecules · cm−3, where it turns essentially metallic.3 Below this limit, the mo-

bile hole/electron density is equal to the p-/n dopant density. Since substitutional doping is

incompatible with semiconducting polymers (SPs) much attention has been given to molecu-

lar doping as a method for controlling carrier density, where molecular acceptors/donors are

intermixed with the polymer host.4–6 The development of sequential solution p-type doping

strategies has led to impressive conductivities in thin films in the range of 100 – 1000 S cm−1

for many polymers because, in contrast to doping from a mixed polymer/dopant solution

blend, the microstructure, and therefore the charge carrier mobility, remains largely unper-

turbed.7–14 However, this approach intrinsically lacks quantification of the active dopant

loading, an issue that we aim to address in the present article by introducing a model to

quantify the dopant induced carrier density in sequentially p-type doped polymer films.

Various research groups have shown that within a sequentially doped polymer film, there

can exist a mixture of neutral polymer sites, singly charged (polaronic) sites, and doubly

charged (bipolaronic) sites in a ratio dependent on the strength, concentration, and the va-

lence state of the dopant.15–20 The assignment of these different species is typically based

directly on ultraviolet-visible- near infrared absorption (UV-vis-NIR) measurements where

spectral features characteristic for the respective charged states are observed. In principle,

the ratio between neutral:polaron:bipolaron sites could also be quantified in this way.21,22 A

major practical challenge for calculating charge density in sequentially doped polymer films

is that the number of polymer sites per volume that are effectively “dopable” is unknown.

This uncertainty arises because the average polaron delocalization length in conjugated poly-
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mers remains speculative and may differ within the same polymer depending on the anion

size, location, and doping density.23 In an undoped (low dielectric constant) film, polarons

induced by field effect delocalize over many monomers.18 In doped films, however, the po-

laron is strongly localized by Coulombic attraction to the dopant counterion.17 Additionally,

the uncertainty in polaron density is greater in sequentially doped films compared to pre-

mixed dopant/polymer solutions because the film dopant density is not determined by the

mixing ratio, but rather, it is controlled by a multi-component equilibrium.24 Finally, not

all molecular dopants induce a charge separated polaron state, but instead may produce

a bound charge transfer state or the dopant may not ionize but remains neutral making

the ratio of neutral to charged dopants difficult to determine.5 While several groups have

presented methods for calculating the charge distributions between polymers and molecu-

lar dopants, direct experimental evidence is limited.5,8,25,26 Typically, in such studies only a

single polymer is probed, either doped with a single molecular dopant, or comparing several

dopants. Overall, this long list of factors, together with the fact that different methods

are employed by different research groups, leads to huge variations in the reported charge

densities. Certain techniques, such as Hall effect measurements, are prone to systematic

uncertainty when probing organic semiconductors and tend to overestimate the total carrier

density and therefore underestimate mobility.27

Accurate quantification of charge density is highly desirable and is the main subject of

this article. Semiconductor band models that are used to characterize electronic devices re-

quire an accurate and reliable determination of the charge carrier density. Any comparison

between different semiconductors requires some knowledge of the doping level and charge

carrier density. We present here a simple method, based on optical measurements, to model

and quantify the carrier density in molecularly doped conjugated polymer films. We vali-

date this method by comparison with density of states (DOS) simulations as a function of

the dopant density that show near quantitative agreement among eleven polymer/dopant

combinations. The methodology presented yields a self-consistent quantitative comparison
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of polaron density between several polymers and dopants with different IE’s and EA’s, re-

spectively.
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Results and Discussion

Optical Carrier Density Model
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Figure 1: Material Properties: a) Molecular structures of the polymer “sites” and dopants.
b) Ionization Energies (IE) of the polymers and the electron affinities (EA) of the dopants
obtained using cyclic voltometry (CV) and plotted with respect to the vacuum level. c)
Increase in site volumes with the addition of an interstitial dopant. d) Maximum theoretical
polaronic charge density with (closed symbols) and without (open symbols) correcting for
the film thickness expansion caused by addition of molecular dopants. e) Illustration of
the sequential solution doping process including solvent swelling and film expansion during
sequential doping followed by film collapse during solvent evaporation.
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In this section, we introduce the molecular formulas of the polymers and dopants. We define

a polymer “site” volume and show how this site volume must necessarily increase as dopant

anions are added to the film. We reintroduce our optical method to calculate the polaron mole

fraction (Θ) from optical measurements. Using relatively simple mass balance calculations

these site volumes enable a reliable calculation of the polaron density as a function of Θ

and the relative ratio of the polymer “site” to anion “site” ratio. We also discuss methods

to reliably compare the electrochemical doping level for pure samples of the polymers and

dopants.

Structural formulas for the cyclopropane-based dopants; trimethyl 2,2’,2”-(cyclopropane-

1,2,3-triylidene)tris(cyanoacetate) (TMCN3-CP), dimethyl 2,2’-(3-(dicyanomethylene) cy-

clopropane -1,2-diylidene)bis(2-cyanoacetate) (DMCN4-CP), and ethyl [bis(dicyanomethylidene)

cyclopropylidene] cyanoacetate (ECN5-CP); and the polymer “sites”; defined as the mini-

mum delocalization length of a polaron along the polymer backbone, are displayed in Fig-

ure 1a. The studied polymers include the regioregular homopolymer, poly-3-hexylthiophene

(P3HT), and a series of donor acceptor (D-A) copolymers composed of a diketopyrrolopyrrole

(DPP) donor and either a 2-thiophene (2T), 3-thiophene (3T), or 4-thiophene (4T) acceptor

groups. For the remainder of the article the molecular dopants, TMCN3-CP, DMCN4-

CP, and ECN5-CP, will be referred to as CN3, CN4, and CN5, respectively, and the three

D-A polymers will be referred to as pDPP-2T, pDPP-3T, and pDPP-4T. As previously re-

ported,28 the minimum polaron delocalization length for D-A co-polymers can be modeled

with a single D-A polymer segment.29 The “site” size for the homopolymer P3HT is more

difficult to define, as the polaron delocalization length is highly dependent on the local di-

hedral disorder of the polymer backbone, which means that the delocalization length may

change with polaron density.30 This is reported to be in the range of 3 to 6 thiophene units

in molecularly doped films.17,23,31–33 For the purpose of this study, we assume a constant

“site” size of 4 thiophene units in the P3HT films as shown by Untilova et. al.34 Figure 1b

depicts the ionization energy (IE) of the highest occupied molecular orbital (HOMO) of the

7
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four polymers (5.10, 5.26, 5.31, and 5.33 eV for P3HT, pDPP-4T, pDPP-3T, and pDPP-

2T, respectively) and the electron affinity (EA) of the lowest unoccupied molecular orbital

(LUMO) of the three dopants (5.50, 5.61, and 5.75 eV for CN3, CN4, and CN5, respectively),

as measured by CV referenced to Ag/AgCl.28,35,36 The energy offset between the polymer

HOMO and dopant LUMO energy levels provides an approximation of the energetic driving

force for charge transfer (∆E = EA − IE) at low doping levels. At high doping levels the

situation is more complex because the Fermi energy lies within the intrinsic polymer band

and the relative energy difference between the polaron and dopant anion must be calculated

using a DOS model. A greater |∆E| typically results in larger polaron mole fractions at a

given dopant solution concentration.28 However, ∆E alone is not enough to quantify the full

extent of the doping efficacy. There are a number of critical variables that affect the doping

density in a sequentially doped polymer film including:

1. the porosity and crystallinity26 of the host film,

2. the free energies of mixing between the polymer, processing solvent, and the molecular

dopants,

3. the dielectric constant of the processing solvent,

4. entropic effects from structural rearrangements, and

5. the width of the DOS for the frontier orbital of the polymer.

Another commonly overlooked factor for accurate quantification of charge density in

molecularly doped polymers is the need to account for the volume of the dopant. Unlike inor-

ganic semiconductors, where dopants are typically substitutional, molecular dopants have sig-

nificant volume and occupy interstitial locations between polymer chains.37,38 We previously

used neutron reflectometry (NR) to demonstrate that P3HT films sequentially doped to mod-

erate doping levels (∼2% by mass) with 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane

(F4TCNQ) undergo a 10% increase in their thickness compared to the pristine films.39 While

8
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film thickness measurements may be used as a proxy for volume expansion, unfortunately

NR experiments were not planned into this study. Future work is needed to directly probe

film expansion as a function of the polaron fraction. As a simple approximation, the vol-

ume increase from the addition of molecular dopants can be modeled using Van der Waals

(VdW) volumes (which is the volume derived from molecular mechanics software ChemAxon

MarvinSketch version 19.21.5.).40 The volume of a doped “site” (VDS) on a polymer is equal

to the sum of the native polymer site and dopant VdW volumes VS and VD, respectively.

Figure 1c illustrates that the VdW volume of the P3HT, pDPP-4T, pDPP-3T, and pDPP-

2T sites increases by 25–40% upon doping with CN3, CN4, and CN5. The VdW volumes

are located in the Supporting Information. We have previously published a non-interacting

site model that utilizes optical UV-vis-NIR absorption data to approximate the fraction of

polymer sites that are occupied by a polaron in a sequentially doped film, i.e. the polaron

mole fraction (Θ).28 Assuming that 100% of the dopants remaining in the film are ionized,

the average site volume (VAve) can be calculated using VS, VDS, and Θ.

VAve(Θ) = VS + ΘVD = (1−Θ) · VS + Θ · VDS (1)

We note that near complete dopant ionization is a reasonable assumption for these sam-

ples, as we previously reported that the neutral CN3, CN4, and CN5 absorption bands are

not detected in any of the UV-vis-NIR spectra for the doped film.28 We clarify that this

optical method limits our detection of neutral dopants to a ≤ 5% neutral to ionized dopant

ratio.28 Therefore, to simplify the model we assume that every dopant molecule remaining in

the film yields one polaron on an ionized polymer site. In a case where there is a significant

population of non-ionized dopant, Equation 1 underestimates the volume expansion, as it

does not take into account the volume of non-ionized dopants within the film.

We now take this optical analysis one step further to obtain an approximation of carrier

density. Figure 1d connects the polaron mole fraction obtained in the non-interacting site

model to a quantifiable carrier density. This approximation begins with calculating the

9
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site density in an undoped polymer (SN = ρ·NA

Ms
), using the polymer mass density (ρ =

∼1.1 mg/mL), Avogadro’s number (NA), and the site mass (MS). The absolute maximum

polaronic carrier density is simply equal to SN . In doped samples, the volume of the dopant

must be accounted for as discussed below and further elaborated upon in the Supporting

Information. Table 1 lists the intrinsic site densities for each polymer depicted in Figure 1a

as well as two other commonly studied polymers. The intrinsic site density for P3HT as a

function of the site size from 1 to 10 thiophene rings is depicted in Supporting Information

Figure S4.

Table 1: Upper limits of polaronic and bipolaronic density calculated using the monomer
density of the undoped polymer assuming no volume change upon doping; asterisked poly-
mers commonly appear in literature and are displayed for comparison, but are not studied
here. The site mass and density for P3HT is calculated for a site composed of four thiophene
monomers.

Polymer Polaronic Maximum Bipolaronic Maximum
IDTBT? 5.1×1020 cm−3 1.2×1021 cm−3

pDPP-4T 7.3×1020 cm−3 1.5×1021 cm−3

pDPP-3T 7.8×1020 cm−3 1.6×1021 cm−3

pDPP-2T 8.8×1020 cm−3 1.8×1021 cm−3

P3HT 9.4×1020 cm−3 1.9×1021 cm−3

PBTTT? 1.0×1021 cm−3 2.0×1021 cm−3

Knowledge of the doping mechanism (i.e., polaron versus bipolaron formation), the neat

site density SN , the polaron mole fraction Θ, the intrinsic site volume, and the average site

volume with respect to Θ, then enables a linear approximation of the carrier density. As

previously reported,28 CN3, CN4, and CN5 dopants undergo integer charge transfer with

all four of the studied polymers forming positive polarons as mobile charge carriers, with no

clear spectral indication of bipolarons being formed. Assuming that each site can either be

unoccupied or occupied by a polaron, the carrier density (P (Θ)) can be approximated using

Equation 2:

P (Θ) = SN ·Θ ·
VS

VAve(Θ)
(2)
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This simplified approach doesn’t consider bipolaron occupancy on the polymers. As we

previously reported,28 the integrated area of near IR polaron P1 absorption peak (also in

Figure S1) increases faster than the sum of the neutral absorbance integrals decrease (for

P3HT only), potentially indicating the presence of polaron-polaron interactions, which might

be an indication of bipolaron formation. While electron spin resonance (ESR) measurements

could be used to deduce the presence of polarons vs bipolarons41,42, the minimum bipolaron

delocalization length with respect to the minimum polaron delocalization length remains

unknown. Does a bipolaron encompass two (or more) neighboring polymer sites or does it

condense two carriers into a single site?19,33 If the latter is true then the intrinsic maximum

bipolaronic charge density is 2× SN and the volume expansion (ie. VAverage) must take into

account the volume of two counterions per site (Supporting Information Figure S3). If the

bipolarons delocalize across two polymer sites then Equation 2 holds true. This is still an

oversimplification, as there may be a distribution of polaron and bipolaron coherence lengths

which is likely dependent on the polaron density. Future studies are needed to address these

questions. For this study, we assume that each site is either neutral or contains one polaron

(one charge carrier) because all of the experimental evidence indicates that no bipolarons

are present in these samples.

Figure 1e illustrates the processes that occur during solution sequential doping and high-

lights the increase in film volume and subsequent decrease in maximum site density as a

result of doping. Starting with a neutral polymer film with film thickness TN , as the film

is exposed to a dopant solution, the dopants undergo charge transfer with intrinsic polymer

sites while solvent molecules (ie. acetonitrile (AN)) and dopant anions diffuse into the film,

resulting in a swollen film with thickness Tswol. Next, the film and substrate are removed

from the doping solution. When the solvent evaporates, the film collapses to a doped film

thickness TD, where Tswol > TD > TN .39 Since the site volume increases and the total number

of sites is fixed, the resulting doped film has a reduced polymer site density (SD).

11
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Thermodynamics of Doping

This section demonstrates that the doping level in a film can be accurately predicted from

the concentration of dopants in the doping solution. The Langmuir doping model reduces

the complexity of the sequential doping process to a single equilibrium constant. Since an

equilibrium constant is a thermodynamic variable, we are able to calculate the free energy

of doping and to compare that to the electrochemical potential difference defined by the

difference between the IE of the neutral polymer and EA of the neutral dopant. Finally,

the optical data shows that the polaron mole fraction reaches a saturation point that is less

than complete doping. We discuss and quantify the implications of doping saturation from

a bulk thermodynamic perspective.
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Figure 2: Langmuir Isotherm: Experimental polaron mole fraction (ΘExp) determined
from our previously reported UV-Vis-NIR analysis.28 Data is fit using the Langmuir doping
model in Equation 3. The low Csol points marked in orange were excluded from the fit.
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Figure 2 shows the measured change in Θ as a function of the dopant solution concentra-

tion (Csol) for all eleven studied polymer/dopant systems. The Θ values are directly deduced

from the UV-vis-NIR absorbance spectra of the doped films, as previously reported.28 All

of the polymers show similar trends. As Csol increases, Θ increases until reaching a satu-

rated polaron mole fraction (Θsat). As the polymer/dopant |∆E| increases from the CN3

to the CN5 dopant, Θsat also increases. Another clear trend is that, for the DPP poly-

mers, Θ reaches saturation at a lower Csol for higher |∆E| dopants. This indicates that the

polymer/dopant combinations with higher |∆E| result in a higher ratio of ionized polymer

sites at identical dopant concentrations. Somewhat unexpectedly, the P3HT film reaches

a lower Θsat than the pDPP-4T film, even though P3HT has the lowest IE of the studied

polymers and the largest |∆E| with each of the studied dopants. We hypothesize that this

may be related to differing entropic effects between the P3HT and pDPP films upon doping,

which is associated with dramatically broader DOS distributions in P3HT compared to the

pDPP polymers. The pDPP polymers are rigid, rod-like co-polymers with significantly less

dihedral disorder than P3HT chains. We note this result is fully consistent with published

observations that reduction of polymer dihedral disorder increases charge mobility in both

neutral and charged polymers.26,43

As previously reported,28 doping with CN3, CN4, or CN5 bleaches the optical absorbance

associated with crystalline P3HT domains, while the broad, blue-shifted absorbance from

amorphous P3HT remains essentially unchanged upon doping. Since P3HT has a signifi-

cantly larger distribution of amorphous domains compared to the DPP polymers, there is a

larger population of P3HT sites that remain neutral after exposure to the dopant solution.

If we consider that amorphous (blue-shifted) sites represent a different DOS distribution,

then the electrons located at the HOMO of the amorphous P3HT sites have a less favorable

energetic potential for charge transfer than the electrons located at the HOMO of the crys-

talline sites. In short, ∆E provides insight into whether charge transfer will occur between

a given polymer/dopant pair, but knowledge of the DOS distribution, that is, of its width,

13
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shape, and gap states, is required to predict the experimental Θ for a given system.44

The presented Langmuir Isotherm model (LIM) is particularly useful because it is ob-

tained independently of DOS parameters and provides thermodynamic equilibrium infor-

mation on the doping reaction. The data in Figure 2 is experimentally obtained using the

non-interacting site model28 and fit using an altered LIM (Equation 3).24,45 The LIM is

conventionally used to account for the filling of a surface with non-interacting particles, for

example N2 on a porous oxide.46 This model translates well to a sequentially doped polymer

film, since the film is formed prior to doping there are a fixed number of polymer sites that

can either be occupied (doped) or unoccupied (neutral) by molecular dopants. Since we have

no spectroscopic evidence of bipolaron formation in these samples, the LIM is simplified to

Npolaron

Nneutral +Npolaron

= Θ = Θsat
KeqCsol

1 +KeqCsol
(3)

where Keq is the equilibrium constant for doping between the solution phase dopant and sol-

vent swollen polymer film. Figure 2 shows that the LIM fits the concentration dependence

of Θ for all the explored polymer/dopant combinations. Thus, the LIM delivers high value

thermodynamic information that is otherwise missing in the literature: It provides a rela-

tively simple means to quantitatively compare the efficacy of solution doping of a particular

polymer with a particular molecular dopant in a particular solvent as a function of concentra-

tion. With the extraction of Keq, the LIM enables direct, quantifiable comparisons between

different polymers and different dopants under different processing conditions. Table 2 lists

the ∆E, Keq, ΘExp
sat , and free energy of doping ∆G◦L.∆G◦L is obtained using Equation 4 with

Keq in units of M−1. Since this model removes ‘undopable’ sites by fitting to a saturation

level, ∆G◦L corresponds to the equilibrium doping between accessible polymer sites and the

dopants.

∆G◦L = RT ln(Keq) (4)

14
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Table 2: Experimental ∆E, Keq, ∆G◦L, and Θsat for each polymer and dopant.

Polymer Dopant ∆E from CV (eV) Keq(mM−1) ∆G◦L (eV) ΘExp
sat

P3HT
CN3 -0.4 1.46 -0.19 0.51 ±0.02
CN4 -0.51 15.33 -0.25 0.66 ±0.02
CN5 -0.65 38.1 -0.27 0.69 ±0.02

pDPP-4T
CN3 -0.24 0.89 -0.17 0.65 ±0.02
CN4 -0.35 2.59 -0.20 0.76 ±0.02
CN5 -0.49 33 -0.27 0.77 ±0.02

pDPP-3T
CN3 -0.18 0.49 -0.16 0.41 ±0.1
CN4 -0.29 1.79 -0.19 0.64 ±0.02
CN5 -0.43 19.8 -0.25 0.68 ±0.02

pDPP-2T
CN4 -0.28 0.83 -0.17 0.45 ±0.1
CN5 -0.42 10.2 -0.24 0.54 ±0.02

To demonstrate that the LIM results in consistent trends between polymers, we plotted

the thermodynamic parameters extracted from the LIM fits in Figure 3. For all four poly-

mers, Θsat saturates with respect to ∆E (Figure 3a). This indicates that simply increasing

the energetic driving force for doping is not an effective strategy for reaching 100% polaron

population (i.e. Θ = 1), and that the upper doping limit for sequential doping is controlled

by additional factors that are not accounted for in the idealized model. For example, poly-

mer end groups, coiled configurations, and dihedral bends can lead to configurations that

cannot support a polaron.26 The group of Brinkmann has demonstrated that alignment of

the polymer chains reduces the defect density, which should increase Θsat significantly.12,47
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Figure 3b shows ∆G◦L vs ∆E for all eleven dopant/polymer pairs. For all measured

polymer/dopant pairs, ∆G◦L is negative, therefore doping is spontaneous. This plot shows

that the magnitude of the free energy of doping increases linearly with increased ∆E, with

a slope of only 0.40, indicating that increasing the EA of the dopant does not yield a one

to one increase in the energetic driving force for doping.48 The grey dashed line represents

the expected change in the free energy assuming that doping is controlled entirely by ∆E

(i.e.: ∆G◦L = ∆E). As alluded to above, this energy loss is associated with a combination
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of mechanisms including the reorganization energy,49 the free energies of mixing (between

the polymer, the processing solvent, and the molecular dopants), and entropic effects from

structural rearrangements. Figure 3c shows the energy loss (β = ∆G◦L −∆E) upon doping,

i.e., the difference between the expected energetic driving force and the free energy change

from the LIM. Interestingly, β also increases linearly, indicating that increasing ∆E leads

to a proportional energy loss in solution sequential doping. It is yet unreported whether

solution doping is an adiabatic or non-adiabatic process and may be dependent on the

doping process, i.e., mixed in solution vs sequential. In addition to the factors mentioned

above, energy loss is likely also related to heat released during the doping reaction, which is

then transferred into the bulk substrate and doping solution. Therefore, β is a function of

the enthalpy of mixing, the entropy of mixing, and the heat produced during the reaction.

Further thermodynamic studies are needed to elucidate the direct relationship between these

parameters. We note that extrapolating the linear relationship between β and ∆E to β = 0

indicates that the energy loss onset is at a value of ∆E = −0.11 ± 0.01eV . This suggests

that the onset of molecular doping can be achieved with a ∆E of ≈ 0.11 eV but will be

limited to a near zero saturated doping level (Θsat ≈ 0). To obtain higher doping levels,

i.e., extracting electrons from deeper within the DOS, a stronger dopant is needed. The

parameter β demonstrates that both homopolymers and alternating co-polymers, despite

their varying levels of crystallinity, require the same increase in chemical doping driving

force ∆E to achieve the same increase in ∆G◦L.

Density of States

The above analysis presents a site model that enables prediction of the doping level in a

polymer controlled by an equilibrium. We determine a thermodynamic equilibrium between

dopants and the “available” polymer sites and present a free energy for doping. If this site

model is correct, then it should be possible to obtain a self-consistent density of states model

that is consistent with semiconductor theory and quantitatively matches both optical and
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electrical measurements. To quantify the importance of considering the full DOS profile, we

computationally modeled the occupation of the DOS in all SP:dopant systems. We followed

the approach demonstrated by Oehzelt et al., who developed a self-consistent electrostatic

model that determines the Fermi level as well as energy level alignments between organic

semiconductors and substrate materials.50 The model describes the organic semiconductor

band edge and gap states, which makes it accurate for multiple applications.5,51,52 A solution

for the position of the Fermi level as well as for the polaron density (occupation of the SP

HOMO) and anion density (occupation of the dopant LUMO) is simultaneously obtained

using an iterative procedure. The procedure assumes a trial value for the Fermi level, then

the occupation of the frontier energy levels is obtained for the SP’s HOMO and the dopant’s

LUMO using the following equations:

ρSP = CSP

∫ +∞

−∞

1

1
2
e
− (E−EF)

kBT + 1
· g(E + V (z))dE, (5)

ρD = CD

∫ +∞

−∞

1

1
2
e
+

(E−EF)

kBT + 1
· g(E + V (z))dE, (6)

where ρSP is the charge density in the SP’s HOMO (the occupation of its LUMO is negligible),

ρD the charge density in the dopant’s LUMO (the occupation of its HOMO is negligible), CSP

and CD are the SP and dopant concentrations respectively, E is the energy corresponding

to an anion or polaron state, EF is the Fermi level, kB is Boltzmann’s constant, and T is

the temperature. The DOS is represented by a Gaussian function, defined by its center and

σ, the full width at half maximum (FWHM). σHOMO locates the SP’s IE and σLUMO the

dopant’s EA at two times σ from the DOS center. For simplicity, we obtained the relative

intensity and width of the Gaussian DOS for each SP in this model directly from the fit to

the 0-0 UV-vis-NIR absorbance band used to determine the polaron mole fraction.28 The

position of the Gaussian edge was determined using CV measurements. For the dopants,

the DOS width is taken to be 0.05 eV, a value which was previously used to model TCNQ
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and its fluorinated derivatives to predict doping levels in solution mixed dopants/SPs44,53.

These assumptions mean that all of the parameters used for the DOS model come directly

from measured data. V (z) describes the electric potential between discretization intervals

in the out-of-plane direction, i.e., along the material thickness, making ρSP and ρdopant also

functions of z. Charges obtained from Equations 5 and 6 are then used to solve the discretized

Poisson equation for the electrostatic potential in one dimension (with mixed Dirichlet and

Neumann boundary conditions):

∇[ε(z)∇V (z)] = −ρ(z)

ε0
, (7)

where ε(z) is the permittivity of the material within each discretization interval and ε0 is the

permittivity of vacuum. The calculated potential is used to shift the Fermi level position,

and the process is iterated until the system is physically accurate, i.e., until it is overall

neutral. Since there are no conducting electrodes accounted for in the modeling, the system

is assumed to be isotropic in z and the discretization parameters do not matter, as the

solution is independent from them.

The model is illustrated in Figure 4. The positions of the data-derived frontier energy

levels of all compounds are plotted in Figure 4a. Figures 4b and 4c show the simulated shift

of the Fermi level as a function of the dopant concentration for pDPP-3T/CN4 and pDPP-

4T/CN5, respectively. These systems were chosen for discussion because they highlight two

cases where the extremum of the dopants unoccupied DOS is located above and below the

extremum of the polymers occupied DOS. The change in Fermi energy is projected inside

the DOS of the pristine SP. When no dopants are present, the Fermi levels are found at

mid-position between the HOMO and LUMO of the SP (above the limits of the figure). As

the dopant concentration increases, the Fermi level is gradually pushed into the occupied

DOS of the SP, leading to increasingly significant ionization levels. For all systems the

dopant density is increased until the dopant concentration reaches one dopant molecule per

SP repeating unit. The theoretical saturated polaron mole fraction (ΘTheory
Sat ) is extracted
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Figure 4: Density of States Model: a) The occupied DOS for the four polymers and the
unoccupied DOS for the three dopants evaluated in this study. b) Evolution of the Fermi level
(purple steps) for pDPP-3T doped with CN4 as a function of the computational polaron mole
fraction (ΘTheory), projected onto the pristine occupied and unoccupied DOS of the pDPP-
3T and CN4. c) Evolution of the Fermi level (purple steps) for pDPP-4T doped with CN5 as
a function of the ΘTheory, projected onto the pristine occupied and unoccupied DOS of the
pDPP-4T and CN5. d) ΘTheory with respect to the number of dopants per polymer site. e)
A linear relationship between the theoretical saturated polaron mole fraction (ΘTheory

Sat ) and
experimentally obtained saturated polaron mole fraction (ΘExp

Sat ). The linear fit of the data
is shown in red, while the dotted black line shows the ideal 1:1 correspondence for reference.

from the calculation where the dopant density matches the SP monomer density, i.e. one

dopant per site. The IE of the SP alone is not a reliable predictor of the saturated doping

levels because, as shown in Figures 4b and 4c, the Fermi level moves within the DOS of the

intrinsic SP. Therefore, the occupation of the DOS at high dopant concentrations depends

on the curvature of the frontier orbital and not solely on its edge position. For this reason,

σHOMO is a crucial parameter describing the filling of the DOS, since, as described above

and illustrated in Figure 4a, the DOS of the SPs all feature different σ values and total

state densities. All parameters used for modelling the occupation of the DOS are provided

in Table 3.
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Table 3: Parameters extracted from modelling the occupation of the DOS in the different
systems in units of eV. CP and CD refer to the Gaussian center of the SP and the dopant
DOS respectively, i.e. to the maximum of the distribution. IE and EA refer to the edge of
the SP and dopant Gaussian DOS respectively, located at 2σ from the maximum. Esat

F is
the solution found for the energy corresponding to the Fermi level at saturation.

Polymer Dopant IE CP σOSC EA CD σdopant Esat
F

P3HT CN3 -5.10 -5.63 0.265 -5.50 -5.40 0.05 -5.40
P3HT CN4 -5.10 -5.63 0.265 -5.61 -5.51 0.05 -5.47
P3HT CN5 -5.10 -5.63 0.265 -5.75 -5.65 0.05 -5.51

pDPP-4T CN3 -5.26 -5.56 0.15 -5.50 -5.40 0.05 -5.40
pDPP-4T CN4 -5.26 -5.56 0.15 -5.61 -5.51 0.05 -5.45
pDPP-4T CN5 -5.26 -5.56 0.15 -5.75 -5.65 0.05 -5.47
pDPP-3T CN3 -5.31 -5.63 0.16 -5.50 -5.40 0.05 -5.44
pDPP-3T CN4 -5.31 -5.63 0.16 -5.61 -5.51 0.05 -5.51
pDPP-3T CN5 -5.31 -5.63 0.16 -5.75 -5.65 0.05 -5.58
pDPP-2T CN4 -5.33 -5.57 0.12 -5.61 -5.51 0.05 -5.52
pDPP-2T CN5 -5.33 -5.57 0.12 -5.75 -5.65 0.05 -5.59

Figure 4d shows the predicted change in Θ as a function of the number of dopants per

monomer site. This is not the same as the data fit in the LIM plots in Figure 2 because the

Langmuir data depends on Csol whereas Figure 4d plots the ratio of monomer sites to dopant

molecules directly. For all of the SP/dopant pairs, the dopant ionization is less than 100% at

high dopant/site ratios because the change in Fermi energy prevents further doping, leading

to a saturation of the ΘTheory
sat . To check the quantitative agreement between the DOS model

the measured data, we plot ΘTheory
sat vs ΘExp

sat in Figure 4e. If the data and theory matched, all

points would lie on the diagonal dotted black line. This shows that the DOS model predicts

ΘExp
sat to within a 32% deviation for worst fit samples, which is exceptionally accurate for

a simplistic Gaussian DOS model with no fit parameters and experimental data that was

solely determined from UV-vis-NIR and CV. A linear fit to the modeled vs experimental

Θsat (red dotted line) yields an intercept of 0.12, which is nearly identical to the onset for

doping predicted from Figure 3c. Both models show a similar required over-potential for

the onset of doping. The slope is slightly higher than 1 (1.28), which we ascribe to the

fact that the modelling of the DOS assumes that all sites are physically identical within a
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Gaussian profile. In a real SP sample, it is well known that certain sites are systematically

more difficult to dope including chain ends and kinks/bends in the polymer. Consideration

of a more realistic DOS would require an asymmetric Gaussian or multiple Gaussian profiles

that included separate populations for chain segments with various degrees of dihedral twist,

i.e. straight segments, kinked segments, and chain ends. Overall, we show that the simple

Gaussian DOS model populated with only measured parameters is remarkably accurate in

quantitatively modeling the saturated doping levels across multiple polymers and dopants.

A second crucial check on the accuracy of the Gaussian DOS model is displayed in Figure

5a, where we plot the predicted polaron mole fraction (ΘTheory) against the predicted polaron

density (PTheory) in units of cm−3. Interestingly, all of the SP/dopant pairs show nearly the

same curve, with the main differences originating from the differing molecular volumes of

the SPs and dopants. Figure 5b shows the experimentally obtained polaron density (P) that

is determined using Equation 2 with the experimentally obtained Θ. A visual inspection

shows the predicted and measured concentration dependent P to be qualitatively the same

within the measured range. The theoretical curve overestimates Θsat because the Gaussian

DOS model ignores inaccessible sites, while in real samples, polymer chain ends and static

disorder produce trap states and reduce the number of ”dopable” sites. These plots show

conclusively that the use of the optically obtained Θ values yield, within uncertainty, the

same result as the DOS model. For both measured and modeled data, accurate determination

of P requires accounting of the monomer density as a function of the changing film volume

with increasing dopant density. The close correspondence of the measured and modeled

concentration-dependent data is a powerful tool that will enable researchers to make direct

and quantitative comparisons between different polymers with different dopants as a function

of the doping level.
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Figure 5: Electronic Transport: a) Hole carrier density (PTheory) calculated from the
occupation of the DOS with respect to the theoretical polaron mole fraction (ΘTheory). b)
Linearly approximated hole carrier density (PExp) from the experimental polaron mole frac-
tion (ΘExp) (Equation 2). c) Measured conductivity and d) calculated mobility (µ) as a
function of the carrier density from part b). The conductivity of sequentially doped PBTTT
film is extracted from Jacobs et al.26
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This section compares the measured electronic properties of the doped films as a function of

the polaron density. The film conductivity and mobility show a greater dependence on the

polaron density than the polymer or dopant identity. This demonstrates the usefulness and

consistency of the presented polaron density model.

One immediate and powerful use of the polaron density model presented here is illus-

trating the measured conductivity, obtained from 4-point sheet resistance, of each poly-

mer/dopant combination as a function of the hole carrier density (Figure 5c). Without

quantifying P, analysis is limited to qualitative conclusions correlating greater ∆E and Csol

values to higher conductivities for each polymer/dopant pair. A consistent measure of P,

reveals insights into the magnitude of effects that morphology, partial dopant ionization,

and/or dopant size have on the electrical conductivity.5,38,54,55

Figure 5c shows that conductivity increases by six orders of magnitude and roughly

linearly on a log/log plot for all SPs. With increased P, the conductivity data converges

for all of the SPs and dopants, indicating that P is the dominant variable. Among the

four polymers studied in this work, neither the polymer chemistry, disorder, or stiffness

has as great of an impact as the carrier density for controlling electrical transport. For all

polymer/dopant pairs, a ∼10× increase in polaron density causes a ∼5000× increase in the

conductivity. At moderate doping levels, in the range of P = 1020 #
cm3 , the pDPP-3T polymer

exhibits the highest conductivity films, which are only ∼10× greater in conductivity than

the least conductive material studied here, P3HT. Since the data converges at higher P,

this means that P3HT has a larger slope compared to pDPP-3T on this plot. Interestingly,

the recent reports26 of highly doped PBTTT with unaligned conductivity of 1000 S/cm

and doping level of 8×1020cm−3 falls on the linear extrapolation of the data shown here.

Designing new polymers and dopants with the goal to achieve further increased polaron

density or bipolaron density is likely to yield further advances in conductivity.

Another important application of polaron density is the ability to determine the hole

mobility (µ) using µ = σ
e·P , where e is the elementary charge (Figure 5d). As the carrier
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concentration increases by an order of magnitude, the µh increases from ∼ 10−4 to ∼ 100

cm2V−1s−1, four orders of magnitude. This is in agreement with the recently developed

Semi-localized Transport Model31, Derewjanko et al.’s Mott-like transport model56, and is

consistent with the increased field effect mobility measured in the active channels of organic

field effect transistors.57 At low doping levels, Coulombic attraction between the positive

polarons in the SP and the negatively charged counterions creates electrostatic potential en-

ergy wells that localize carriers and reduce the observed µ compared to field effect mobility

in which counter charges are located on the other side of the dielectric layer. However, as the

counterion density increases with the polaron density, the distance between nearest neighbor

counterions is reduced and the potential wells overlap. This effectively flattens the energetic

landscape and reduces the effective energy barriers for transport, resulting in an increased

µ with carrier density. Projecting to the highest conductivities for sequentially doped, un-

aligned PBTTT, a charge density of 8×1020cm−3 would result in a µ of 7.8 cm2V−1s−1.

The recent result demonstrating a conductivity of several thousand S/cm in aligned PBTTT

films58 for the a charge density of 8×1020 cm−3 implies that the µ is approaching 25-30

cm2V−1s−1 in highly doped and aligned films.

Conclusions

The main objective of this work is to demonstrate a simple empirical method to quantify the

carrier density in highly doped conjugated polymer films and to enable quantitative com-

parison between different polymers and different dopants. This work builds off our previous

model that determines polaron mole fractions from UV-vis-NIR data. Coupled to molar

volume estimates for dopant anions, maximum carrier densities can be reduced by 25-40%

due to film expansion upon doping. An adapted Langmuir Isotherm model predicts the

change in polaron mole fraction as a function of the solution concentration of the dopants,

demonstrating equilibrium doping levels. Conversion of the equilibrium constants to Gibbs
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free energies for doping enabled determination of a sub-linear relationship between ∆E and

∆G with an offset energy equal to the overpotential needed for the onset of chemical dop-

ing. Simulating the density of states using CV and UV-vis-NIR derived Gaussian energy

distributions demonstrates the same predicted overpotential offset and consistent prediction

of the film polaron density for all polymers and dopants. The close match between empirical

data and predictions for both thermodynamic and DOS models demonstrates that this em-

pirical method can be consistently applied and used for doped and electrochemically doped

semiconducting polymer films.

Secondly, increasing polaron density yields exponential increases in film conductivity and

mobility for all polymer dopant pairs. Polymer identity has a minor affect on conductivity

as polaron densities approach their maximum theoretical limit. We demonstrate up to 80%

polymer sites were doped; higher polaron densities in these polymer/dopant pairs was not

possible because (1) the monomer density is reduced by the addition of dopant anions, (2)

the maximum Fermi energy shift is limited by the DOS distributions of the polymer/dopant

pairs, and (3) the presence of high dihedral-torsion sites and chain ends produce deep energy

trap states that are inaccessible to the dopants and not accounted for using a single Gaussian

DOS model. The hole mobility increases linearly on a log/log plot with increased polaron

density for all polymer/dopant pairs, showing that the mobility is a strong function of carrier

density in organic electronic materials. This result suggests that in order to obtain higher

conductivity films future synthetic efforts should focus on increasing polaron density by

designing (1) monomers with shorter side chains, (2) polymer backbones that have a shorter

minimum polaron (bipolaron) delocalization lengths, (3) and smaller multivalent dopant

counterions.
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