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Abstract 

 

Chemical doping is widely used to manipulate the electrical and thermoelectric properties of 

organic semiconductors, yet intelligent design of polymer-dopant systems remains elusive.  It 

is challenging to predict the electrical and thermoelectric properties of doped organic 

semiconductors due to the large number of variables impacting these properties, including 

film morphology, dopant and polymer energetics, dopant size, and degree of polaron 

delocalization.  Herein, a series of dopants with varying sizes and electron affinities (EAs) are 

combined with polymers of differing ionization energies (IEs) to investigate how the 

difference between polymer IE and dopant EA influences the doping efficiency and electrical 

conductivity, and how the dopant size influences the thermoelectric properties. Our 

experiments demonstrate that at low doping levels the doping efficiency strongly depends on 

the difference between the polymer IE and dopant EA; the effectiveness of doping on 

increasing electrical conductivity drastically decreases at high loadings for the molybdenum 

dithiolene complexes, while FeCl3 remains effective at high loadings; and the large 
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molybdenum complexes lead to more delocalized polarons as compared to FeCl3. To take 

advantage of the complementary doping characteristics of the molybdenum complexes and 

FeCl3, both dopants are employed simultaneously to reach high power factors at relatively 

low dopant concentrations.  

 

1. Introduction 

 

Organic semiconductors are appealing for use in light-emitting diodes (OLEDs),1, 2 

transistors,3-5 photovoltaics,6, 7 and thermoelectrics (TEs)8, 9 due to their readily modified 

electrical and optical properties,10 mechanical flexibility,11 and solution processability.12  

Chemical doping (i.e., introducing free charge-carriers through the addition of a molecule that 

oxidizes or reduces the organic semiconductor) is particularly important in OLEDs, where 

doped transport layers are used in to improve charge injection,13, 14 and in TEs, where dopants 

are used to manipulate both the electrical conductivity (σ) and Seebeck coefficient (α).15, 16 

Controllably altering the electrical properties in chemically doped organic semiconductors is a 

major challenge.  As opposed to doping in inorganic semiconductors, where the crystalline 

structure is largely unaffected by the incorporation of dopant atoms and the high dielectric 

constants and electronic band structures lead to highly delocalized charges, dopant 

incorporation into organic semiconductors significantly disrupts the morphology, alters the 

microstructure, and leads to charge-carriers with varying degrees of localization.17-20  

Furthermore, the doping efficiency (i.e., the fraction of dopants that lead to charge-carriers) in 

organic semiconductors can be significantly less than unity and difficult to quantify.  

Selecting and designing dopants to achieve specific properties in films of organic 

semiconductors is thus a challenging area where more basic understanding is necessary. 

  Since the field of π-conjugated polymers (πCPs) began with the discovery that πCPs 

could be made to have high electrical conductivities through chemical or electrochemical 

doping,21-23 a consistent search for high performing dopants and polymers has continued.  A 
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number of different p-type dopants have received widespread attention due to their ability to 

effectively dope solution processed πCPs and lead to high electrical conductivities, including  

FeCl3,
24, 25 I2,

26, 27 Mo(tfd)3,
28 and F4TCNQ and its derivatives17, 18, 29-31. Many factors that 

influence the electrical properties of doped πCPs are roughly understood. For example, the 

electrical properties are highly dependent on the doping efficiency, film morphology,17, 20, 30, 32, 

33 doping mechanism (ground state charge-transfer complex vs. integer charge transfer)32, 34 

and the polaron-anion coulombic attraction; however, the details and interrelationships 

between these parameters must be further understood to help guide the development of higher 

performing materials. 

   The doping efficiency of a given polymer-dopant system will be determined by two 

primary variables. The first variable expected to influence the doping efficiency is the 

difference between the polymer ionization energy (IE) and dopant electron affinity (EA) for 

p-doped polymers, or the polymer EA and dopant IE for n-doped polymers.35 For p-dopable 

polymers, the doping efficiency should generally increase as the IEpolymer - EAdopant difference 

increases and results in a larger thermodynamic driving force for polymer oxidation.36, 37 For 

example, Karpov et al. showed that when a high IE polymer (IE = 5.49 eV) is doped with a 

high EA dopant, hexacyano-trimethylene-cyclopropane (EA = 5.87 eV), the electrical 

conductivity is more than two orders of magnitude higher than when a lower EA dopant is 

used, F4TCNQ (EA = 5.24eV).32, 35  Another factor determining the doping efficiency is the 

dopant miscibility with the polymer.20, 38-41 As the dopant molecules aggregate and phase 

separate from the polymer, they no longer efficiently dope the polymer.  As a prime example, 

Schlitz et al. showed that σ for an n-doped polymer, poly{N,N′-bis(2octyl-dodecyl)-1,4,5,8-

napthalenedicarboximide-2,6-diyl]-alt-5,5′-(2,2′-bithiophene), is limited by the miscibility of 

the n-type dopants, dihydro-1H-benzoimidazol-2-yl derivatives, with the polymer.39   

   Influential aspects of the morphology on the electrical conductivity include the degree 

of polymer crystallinity,17, 42, 43 the size of the crystalline domains,20, 33 the effect of the dopant 
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on the crystalline packing,30, 32 and the dopant distribution within the film (e.g., whether the 

dopant is primarily in the crystalline or amorphous regions).17, 20, 33  The morphology of the 

doped film will depend largely on the processing conditions, the ability of the polymer to 

crystallize, and the interactions between the polymer and dopant.  In doped regioregular 

poly(3-hexylthiophene) (RR-P3HT), the electrical conductivity can vary by over an order of 

magnitude depending on the degree of crystallinity.17, 42-44  Typically, single-solution doping, 

whereby the polymer and dopant are both mixed together in solution, can lead to more 

disconnected crystallites compared with films of the pure polymer.20  A sequential processing 

strategy, whereby the pure polymer film is first cast and then exposed to a solution of the 

dopant, has recently been explored to maintain highly connected polymer crystalline domains 

upon dopant addition.17, 20, 37 F4TCNQ doped RR-P3HT films prepared through sequential 

doping show electrical conductivities that are approximately an order of magnitude higher 

than films prepared through a standard single-solution doping method at the same doping 

concentrations.17, 20, 34   

           The extent of polaron delocalization will highly impact the electrical conductivity, and 

will be determined by the polymer or oligomer packing, the degree of crystallinity, oligomer 

or polymer molecular weight, and the polaron-anion separation distance.   Comparing 

previous experimentally measured charge-modulated absorbance spectra with the 

theoretically calculated spectra, Ghosh, et al. showed that the degree of polaron delocalization 

in P3HT varies with both molecular weight and the degree of disorder.45  Through using 

optical absorbance measurements in the near-IR region on chemically doped P3HT films of 

varying degrees of crystallinity, it was demonstrated that higher degrees of polaron 

delocalization translate into higher electrical conductivities.17  The effects of polaron 

delocalization are also apparent across different polymer families.  For example, by 

comparing the photoinduced absorption spectra of polarons and the mobility of RRa-P3HT, 

RR-P3HT, methylated ladder-type poly(para-phenylene), poly(9,9-dioctyl)fluorine, and  
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poly(phenylene-vinylene), Wohlgenannt et al. conclude that more delocalized polarons result 

in higher charge-carrier mobility and higher electrical conductivity.46 

   The doping mechanism can also vary based on the organic semiconductor and dopant 

used.32, 36, 47  Here, the doping mechanism refers primarily to whether a charge-transfer 

complex is formed or whether integer charge transfer occurs.  In the case that integer charge 

transfer occurs, the polaron-anion binding energy of the ion pair should influence the 

electrical conductivity, as smaller polaron-anion coulombic interaction energies should lead to 

more delocalized polarons and higher charge-carrier mobilities.46, 48, 49  Although most work 

has focused on how polymer structure and degree of crystallinity affect polaron delocalization, 

we expect that dopant size is one of the key variables that will influence the separation 

between the center of charge on the polymer and dopant, and thus the coulombic interaction 

energy. 

   The above discussion highlights some of the complexities of how dopants influence 

the electrical conductivity in conjugated polymers, but this is only a portion of the required 

knowledge needed to design more efficient thermoelectric polymer-dopant systems. In 

thermoelectrics, the power factor will depend on the product of the electrical conductivity (σ) 

and the Seebeck coefficient squared (α2).  Thus, it must also be understood how the dopant 

influences the Seebeck coefficient.  To create high-performing thermoelectric materials the 

effects of doping on both the electrical conductivity and Seebeck coefficient must be balanced 

to create the highest power factor (P=σα2).  For example, through controlling the degree of 

oxidation in poly(3,4-ethylenedioxythiophene) with tosylate and 

tetrakis(dimethylamino)ethylene, Bubnova et al. were able to reach power factors of 320 µW 

m-1 K-2 at intermediate values of both σ and α.15   

   In this work we investigate the effects of dopant size and EA on the electrical 

conductivity and Seebeck coefficient of p-doped conjugated polymers with varying IEs.  The 

dopants include Mo(tfdCO2Me)3, Mo(tfd)3, and FeCl3.  Mo(tfdCO2Me)3 and Mo(tfd)3 are both 
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relatively large dopants in size (~11-14 Å diameters) with high EAs of 5.30 eV and 5.51 eV 

(as measured with IPES), while FeCl3 is smaller in size (~3 Å diameter) and has a much lower 

EA of 4.65 eV (as determined electrochemically).  As the doping efficiency is expected to 

vary with the difference between the polymer IE and dopant EA, we investigate polymers 

with IEs spanning from 4.56 to 5.08 eV, including RR-P3HT, RRa-P3HT, PDPP-4T and 

PDPP-T-TT-T as shown in Figure 1.  Furthermore, we apply UV-vis-IR absorbance, Raman 

scattering, grazing incidence wide angle X-ray scattering (GIWAXS), and ultraviolet 

photoelectron spectroscopies to understand why the Mo complexes lead to significantly 

higher electrical conductivities and power factors at low doping concentrations.  Finally, we 

show that different dopants can be combined to produce higher power factors than with either 

of the individual dopants alone. 

 

2. Results and Discussion 

 

2.1. Dopant and Polymer Energetics 

 

The dopants shown in Figure 1a are selected for their varying sizes and EAs, while the 

polymers shown are selected for their varying IEs and morphologies (e.g. crystalline vs. 

amorphous).  The similar structure and charge-carrier mobilities of the diketopyrrolopyrrole 

(DPP) containing polymers50-52 further allows us to isolate the influence of the difference 

between the polymer IE and dopant EA on the electrical conductivity.  Polymer IEs were 

measured using low-energy (10.2 eV) ultraviolet photoelectron spectroscopy (UPS), while 

dopant EAs were measured using low-energy inverse photoelectron spectroscopy (IPES) and 

cyclic voltammetry (CV).  The use of lower energies than commonly employed in laboratory-

based photoelectron spectrometers allows us to minimize sample damage and more accurately 

probe the material energetics.53, 54 The measured IEs and EAs for the polymers and dopants 
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are summarized in Figure 1b, with the UPS, IPES, and CV data for the materials shown in 

Figure 1c, SI Figure S2, Figure 1d, and SI Figure S1, respectively. 
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Figure 1. Molecular structures of the polymers and dopants used in this work (a), summary of 

polymer IEs and dopant EAs (b), UPS spectra of the HOMO onset regions of the polymers 

with respect to vacuum (c), and IPES spectra of the LUMO onsets of the dopants with respect 

to vacuum (d).  The filter energy for the IPES measurements is 5.77 eV. 

 The UPS measured IEs correspond well with previously reported literature values.24, 55, 

56  However, the EAs of 5.51 and 5.30 we measure for Mo(tfd)3 and Mo(tfd-CO2Me)3 differ 

slightly from the literature reported values of 5.6 and 5.0 eV.57, 58  We expect that the 

differences in our EA values compared to previous reports arise from the higher resolution 

(~0.3 eV compared to ~0.5 eV) and the reduced sample damage during measurement 

expected with our IPES system.54  Uniform films of FeCl3 for IPES measurements could not 

be prepared through solution processing and FeCl3 appeared to decompose during thermal 

evaporation.  This decomposition led to anonymously high EAs of 5.8 eV measured with 
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IPES, and XPS measured stoichiometries that did not match the expected 1:3 composition of 

FeCl3.  The cyclic voltammetry measurements of FeCl3 on the other hand showed that the 

reduction potential in chloroform was -0.48 V (E1/2) vs. Fc/Fc+, which can be converted to -

4.62 eV vs. vacuum based on Fc/Fc+ at -5.10 eV vs. vacuum.59  The E1/2 values for Mo(tfd)3 

and Mo(tfd-CO2Me)3 vs. Fc/Fc+ are 0.25 V and 0.07 V for the first reductions,28, 57, 60 which 

yield values of -5.35 and -5.17 eV vs. vacuum.  The reduction potentials from the CV 

measurements for Mo(tfd)3 and Mo(tfd-CO2Me)3 are within 0.16 eV of the IPES measured 

EA values, which builds confidence in the accuracy of both the IPES and CV determined 

values. 

 

2.2 Influence of dopant EA - polymer IE difference on the electrical conductivity 

The electrical conductivities of FeCl3, Mo(tfd-CO2Me)3, and Mo(tfd)3 RR-P3HT films 

are shown in Figure 2.  All samples are prepared with single-solution doping unless otherwise 

stated.   One important trend is that at ≤5% doping concentrations (defined in mole percent 

relative to the number of aromatic rings in the polymer) σ is up to 15 times higher for RR-

P3HT doped with the Mo complexes than when doped with FeCl3 at the same concentration.  

As the electrical conductivity depends on the number of charge carriers and the charge-carrier 

mobility, the most likely factors leading to the enhanced electrical conductivity observed for 

the Mo complexes at low doping concentrations are differences in the doping efficiency and 

differences in the charge-carrier mobility.61 To a first approximation, the doping efficiency 

should be related to the difference in polymer IE and dopant EA, while the charge-carrier 

mobility will be primarily influenced by the film morphology and extent of polaron 

delocalization.17, 35, 48  Another important trend evidenced in Figure 2 is that σ plateaus for 

RR-P3HT doped with the Mo complexes at between 5 and 10%, whereas σ continues to 

increase for up to 30% doping with FeCl3.  The most likely explanation here, which will be 

further examined, is that the polaron concentration saturates at between 5 and 10% doping for 
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RR-P3HT doped with the Mo complexes, while FeCl3 continues to lead to additional polarons 

at higher doping concentrations. 
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Figure 2.  Electrical conductivities of FeCl3, Mo(tfd-CO2Me)3, and Mo(tfd)3 single-solution 

doped RR-P3HT as a function of the dopant concentration in mole percent relative to the 

polymer repeat unit.  Each point is the average from 8 films produced from two fabrication 

runs and error bars are the standard deviations from all measurements over these 8 films. 

    UV-vis-Near-IR optical absorbance measurements can be used as a probe of the 

polaron concentrations in the various doped films, as the ratio between the neutral state 

absorbance band at ca. 510 nm and the polaron band at ca. 790 nm will scale directly with the 

concentration of polarons.24, 25 Thus, we use these measurements as a semi-quantitative probe 

of doping efficiency.  Figure 3a shows that the ratio between the polaron and neutral band 

continues to increase for FeCl3 doped RR-P3HT up to 30% FeCl3 concentration, whereas this 

ratio plateaus at 5 to 10% doping for the Mo complexes (Figure 3 and SI Figure S3).  The 

UV-vis spectrum for RR-P3HT processed from chloroform does not show a clear vibronic 

progression due to the lower film crystallinity when processed from this rapidly drying 

solvent.17 This data supports that for the Mo complexes the electrical conductivity at higher 

concentrations is limited by a saturation in the number of polarons.  We suspect that this 

difference in when the polaron band saturates is due to the more limited miscibility of the Mo 

complexes with RR-P3HT. 
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Figure 3.  UV-Vis-near-IR absorbance spectra of single-solution doped RR-P3HT with a) 

FeCl3 and b) Mo(tfd)3 at varying dopant concentrations (by mole). c) UV-Vis-near-IR 

absorbance spectra of RR-P3HT doped with 5% FeCl3, Mo(tfdCO2Me)3, and  Mo(tfd)3. 

    Focusing on the 5% dopant concentration (Figure 3c), where the polaron concentration 

is not saturated for any of the dopants, it is evident that the polaron band to neutral band 

absorbance ratio is largest for the Mo(tfd)3 sample, followed by the Mo(tfdCO2Me)3 sample, 

and lowest for the FeCl3 sample.  This trend in the polaron band to neutral band absorbance 

ratio is consistent with the trend in σ, i.e., σ increases as the polaron band to neutral band 

absorbance ratio increases across the dopant series. The lower polaron band intensity for 

FeCl3 is likely due to the lower EA of FeCl3, which falls at nearly the same value as the IE of 

RR-P3HT.  The lower polaron band absorbance for Mo(tfd-CO2Me)3 relative to Mo(tfd)3 may 

be due to the higher EA of Mo(tfd)3 relative to Mo(tfd-CO2Me)3, although even in the case of 

Mo(tfd-CO2Me)3 the large IE-EA difference of 0.7 eV is expected to be sufficient for 

complete dopant ionization.31, 35, 36 

            Based on the absorbance spectra there are ca. 50% more polarons in RR-P3HT doped 

with Mo(tfd)3 as there are in RR-P3HT doped with FeCl3 at 5% doping; however, σ of 

Mo(tfd)3 doped RR-P3HT is 15 times greater than that of FeCl3 at this same doping 

concentration.  The electrical conductivity is proportional to the product of the charge-carrier 

mobility and the concentration of mobile charge carriers. Considering this relationship, the 

absorbance ratios, and the measured electrical conductivities, it appears that at low doping 
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concentrations the charge-carrier mobility for Mo(tfd)3 doped RR-P3HT is greater than for 

FeCl3 doped RR-P3HT.  These differences in apparent charge-carrier mobilities are attributed 

partly to increased polaron delocalization for Mo(tfd)3 doped RR-P3HT relative to FeCl3 

doped RR-P3HT, as will be further examined in the proceeding section. 

   The doping efficiencies as probed through absorbance measurements agree with 

expectations based purely on the difference between the polymer IE and dopant EA.  That is, 

dopants with higher EAs result in higher doping efficiencies for the same polymer.  To further 

investigate the influence of the dopant EA - polymer IE difference on the electrical 

conductivity, Figure 4a shows the electrical conductivity for all polymers investigated as a 

function of the dopant concentration.  Given that PDPP-4T and PDPP-T-TT-T have more 

aromatic rings in their repeat units as compared to P3HT (6 rings vs. 1 ring), we present the 

dopant concentration as relative to the number of aromatic rings in the polymer backbone to 

allow for more direct comparisons between the polymers.   Figure 4a shows that at low 

doping concentrations of 4 to 5%, Mo(tfd)3 doping leads to electrical conductivities that are 

15 to 800 times higher than for FeCl3 doping with the same polymer.  Furthermore, the 

difference between the electrical conductivity with Mo(tfd)3 doping and FeCl3 doping 

increases as the polymer IE increases. Figure 4b compares the ratio of σ with Mo(tfd)3 doping 

at 1 to 5% to σ with FeCl3 at 1 to 5% for the polymers as a function of polymer IE.  The 

increasing σMo(tfd)3/σFeCl3 ratio with polymer IE shows that the doping efficiency difference 

between Mo(tfd)3 and FeCl3 increases with IE, as expected based on simple energetic 

considerations.  
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Figure 4. Electrical conductivity of Mo(tfd)3 and FeCl3 single-solution doped RR-P3HT, 

RRa-P3HT, PDPP-4T and  PDPP-T-TT-T as a function of the dopant concentration (a) and 

the ratio of σ for Mo(tfd)3 and FeCl3 doped polymers at 1 to 5% dopant concentration as a 

function of the polymer IE (b).  

2.3 Influence of the film morphology on the electrical conductivity 

To a first order approximation the electrical conductivity corresponds with the number 

of polarons present.  However, as discussed in section 2.2, it appears that the charge-carrier 

mobility also varies as a function of dopant.  For example, the polaron band is twice as intense 

for Mo(tfd)3 doped RR-P3HT as compared to FeCl3 doped RR-P3HT, yet σ is 15 times 

greater.  Part of the differences in charge-carrier mobilities may be from where the dopants 

are located and how the different dopants influence film crystallinity. To investigate the 

morphology differences between the solution doped films with varying dopants, grazing 

incidence wide angle X-ray scattering (GIWAXS) was used to probe the crystalline order of 

the doped RR-P3HT films (Table 1 and SI Figure S4, S5). The π-π stacking distance (010) 

contracts upon dopant addition for all three dopants.  At 5% this contraction varies from 0.06 

to 0.09 Å for the three doped samples as compared to undoped RR-P3HT.  As the dopant 

concentration increases further to 15%, the π-π stacking distances are largely unchanged from 

the 5% doped samples for the Mo complex dopants.  By contrast, the 15% FeCl3 doped RR-

P3HT shows an additional 0.09 Å contraction in the π-π stacking distance from the 5% FeCl3 
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doped film.  This comparison between the 5% and 15% doped samples agrees with the UV-

vis absorbance and electrical conductivity data to further support that FeCl3 can continue to 

dope RR-P3HT at concentrations above 10%, whereas the ability of the Mo complexes to 

dope RR-P3HT saturates at between 5 and 10%.  The origin of this decrease in the π-π 

stacking distance is polaron stabilization.17  Essentially, the RR-P3HT backbones are pulled 

closer together, which allows the neighboring chains to more effectively stabilize the 

positively charged polarons. 

Table 1. In and out-plane X-ray scattering peaks of single-solution doped RR-P3HT from 

GIWAXS 

Doped RR P3HT 

Molar fraction                              

d-spacing  

(Å) (010) 

d-spacing  

(Å) (100) 

d-spacing  

(Å) (200) 

d-spacing  

(Å) (300) 

RR-P3HT 

FeCl3 5% 

3.81 

3.72 

16.01 

16.75 

8.02 

8.48 

5.36 

5.65 

FeCl3 15% 3.62 17.69 8.86 5.97 

Mo(tfdCO2Me)3 5% 3.73 18.13 9.19 6.11 

Mo(tfdCO2Me)3 15% 3.75 17.69 9.35 6.12 

Mo(tfd)3 5% 3.75 17.83 9.19 6.07 

Mo(tfd)3 15% 3.75 17.69 9.35 6.12 

 

The lamellar stacking (100) distances increase from 16.01 to between 16.75 and 18.13 

Å as RR-P3HT is doped at 5%.  The lamellar stacking distance continues to increase for FeCl3 

doping as the dopant concentration is further increased from 5 and 15%, but slightly decreases 

as the Mo dopants are increased from 5 to 15%.  The increase in lamellar spacing is only on 

the order of 1.6 to 2.1 Å in all Mo complex doped RR-P3HT samples, which is highly 

unlikely to be large enough to accommodate the Mo complexes (~11-14 Å diameter, SI 

Figure S6). The inability of the Mo complexes to intercalate between the P3HT crystalline 
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sidechains is supported by previous work investigating fullerene intercalation, where the 

similarly large size of C60 prevented intercalation.62 Here, we propose that the Mo complexes 

are located at the edges of the crystalline regions or in the amorphous regions.  If this is 

indeed the case, then the increased lamellar stacking distance may originate partly from 

repulsive Coulombic interactions between the polarons in the crystalline regions, or a slight 

change in side chain angle arising from the polaron structure and π-stacking distance 

reduction.  It is more difficult to hypothesize where the FeCl3
- anions, or potentially Fe2Cl6

- or 

FeCl4
- anions,63, 64 are located, as these are smaller (~3-6 Å diameter, SI Figure S6) and may 

be able to intercalate between the P3HT sidechains within the crystalline regions.   

    In single-solution doped RR-P3HT, the doped polymers may aggregate with the 

anionic dopants,20 with different dopants leading to different extents of solution aggregation 

and film morphologies (SI Figure S7 and S8).  Atomic force microscopy images, displayed 

in SI Figure S7 of the single-solution doped RR-P3HT samples with 5% of the dopants show 

that the root mean squared (RMS) is nearly twice as high with FeCl3 (10.4 nm) as with 

Mo(tfd)3 (4.6 nm) and Mo(tfd-CO2Me) (6.3 nm).  Scanning electron microscopy (SEM) 

images support that FeCl3 leads to more aggregated film morphologies, particularly at higher 

dopant concentrations, as shown in SI Figure S8.  One means of minimizing the 

morphological differences between the films with the varying dopants is to use sequential 

doping.   In this method RR-P3HT films are first spun-cast from chlorobenzene and the film is 

then doped by spin coating a solution of FeCl3 or Mo(tfdCO2Me)3 in acetonitrile on top of the 

film.  Mo(tfd)3 was not used, as it is not soluble in acetonitrile. Acetonitrile is a poor solvent 

for RR-P3HT and causes the amorphous regions to swell and uptake the dopant molecules, 

whereas the crystalline regions stay largely intact.17, 20, 48  These sequentially processed films 

display nearly identical morphologies as probed with AFM and display similar RMS 

roughness values of 0.4 to 0.5 nm, as shown in SI Figure S9. Based on the absorbance 

measurements shown in SI Figure S10, the Mo(tfdCO2Me)3 (σ=56.2±1.1 S/m) doped RR-
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P3HT sample has a doping ratio between the FeCl3 doped RR-P3HT samples that were 

prepared with 0.03 (σ=8.1±1.2 S/m) and 0.05 (σ=34.4±1.4 S/m) mg/mL FeCl3 concentrations. 

This data shows the same trend as with the single-solution doped films, where the Mo 

complexes exhibit higher conductivity than FeCl3 doped samples at similar doping levels.  

The agreement in trends between sequentially doped and single-solution doped films suggests 

that the observed differences in electrical conductivity between FeCl3 and Mo complex doped 

films are not solely due to varying degrees of crystallinity or connectedness of the crystalline 

regions. 

    Absorption measurements in the near-IR to mid-IR regions can shed further light on 

understanding the transport properties of the doped films by providing a probe for the degree 

of polaron delocalization.  As the degree of polaron delocalization increases the polaron band 

in the mid-IR region (P1, peak ~0.4 eV) will shift to lower energies.17, 48 For solution doped 

RR-P3HT at 5% doping concentration, the Mo dopants show similar P1 bands with peaks at 

ca. 0.29 eV, while with FeCl3 the P1 band is shifted to higher energies with a peak at 0.38 eV, 

as shown in Figure 5. The lower energy P1 bands for the Mo complexes suggest that polarons 

are more delocalized than with FeCl3 as the dopant.17, 46 The same trend is evident with the 

sequentially doped samples as shown in SI Figure S10, which suggests that the bathochromic 

shift of the low energy polaron peak is not due to changes in the degree of crystallinity.  Thus, 

we attribute the bathochromic shift in the polaron peak to the presence of a more delocalized 

polaron because of decreased polaron-anion coulombic interactions.  This decreased 

coulombic interaction is expected from the larger size of the Mo complexes relative to the 

FeCl3 ions, which results in a greater average separation between the charge on the Mo 

complex anion and the P3HT polaron.  
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Figure 5.  UV-Vis-IR absorbance spectra of single-solution doped RR-P3HT films. 

  An additional probe of polaron delocalization is the position of the Raman modes 

associated with the π-conjugated polymer backbone.  As the polaron becomes more 

delocalized it weakens the bond strengths and results in lower energy stretching modes.25, 65 

The Raman spectra shown in Figure 6 and SI Figure S11 display distinctly different changes 

based on the dopant.  For Mo(tfd)3 and Mo(tfd-CO2Me)3 doped RR-P3HT the 1420-1450 cm-1 

peak, which is attributed to Cα=Cβ stretching vibrations, shifts from 1447 cm-1 in undoped 

RR-P3HT to 1425 and 1432 cm-1 for 10% doping with Mo(tfd)3 and Mo(tfd-CO2Me)3, 

respectively.  By contrast, the RR-P3HT sample doped with 10% FeCl3 displays a more 

broadened Raman peak with a maximum that is shifted by only 1 cm-1 relative to undoped 

RR-P3HT.  The significant broadening of the FeCl3 doped RR-P3HT may indicate varying 

degrees of polaron delocalization and an overall increase in the disorder of the RR-P3HT 

film.48 The relatively large bathochromic shift in the Mo complex doped RR-P3HT as 

compared to the minimal peak shift observed with FeCl3 doping further supports that both Mo 

complexes lead to more delocalized polarons relative to FeCl3.  Additional support that 

delocalization leads to the observed bathochromic shifts in the Raman modes is obtained 

through an analysis of the Raman spectra of doped RRa-P3HT, as shown in SI Figure S11. 

Here, due to the lack of crystallinity and the increased torsion angles in the polymer backbone, 

the polaron should be more localized than in RR-P3HT.  Comparing Mo(tfd)3 doped RRa-
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P3HT and RR-P3HT we indeed see that the maximum bathochromic shift in Mo(tfd)3 doped 

RRa-P3HT (ca. 10 cm-1) is less than in RR-P3HT (23 cm-1 ). 
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Figure 6.  Raman spectra of single-solution doped RR-P3HT with 10% dopant concentrations.  

Excitation wavelength is 532 nm.  

2.4 Influence of the dopant on the Seebeck coefficient and thermoelectric performance 

The thermoelectric performance parameters for RR-P3HT with the different dopants 

are displayed in Figure 7 as a function of dopant concentration. The Seebeck coefficient and 

electrical conductivity are inversely related, i.e., as the electrical conductivity increases the 

Seebeck coefficient decreases. This trend arises as the Seebeck coefficient is determined by 

the average entropy carried per charge carrier, and the entropy carried is dependent on the 

separation between the transport states and the Fermi energy.66, 67  In general as more charge 

carriers are introduced, the Fermi energy shifts closer towards the transport states (i.e., the 

HOMO edge in a p-type material) and therefore each charge-carrier transports less entropy.  

Figure 7a shows the Seebeck coefficient of the doped RR-P3HT films as a function of doping 

concentration.  With all dopants α decreases by ca. 60% as the dopant concentration increases 

from 1 to 5%.  The Seebeck coefficients largely plateaus between 5 and 15% dopant for the 

Mo complexes, which is consistent with the saturation of the electrical conductivities.  By 

contrast, with FeCl3 doping the Seebeck coefficient continues to decrease as the dopant 

concentration increases. 
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Figure 7: Seebeck coefficient vs. dopant concentration and electrical conductivity (a), and 

power factor vs. dopant concentration (b) for single-solution doped RR-P3HT with FeCl3, 

Mo(tfdCO2Me)3, and Mo(tfd)3. 

The most important difference in terms of thermoelectric performance is that at 5% 

doping the Seebeck coefficients for all dopants are similar (all fall within 20% of the mean), 

despite the electrical conductivities being over an order of magnitude higher for the Mo 

containing dopants.  As shown in Figure 7a, for the 5-15% dopant concentrations the RR-

P3HT films doped with the Mo complexes display higher Seebeck coefficients than RR-P3HT 

doped with FeCl3 at similar electrical conductivity.  As a result, Mo(tfd)3 doping results in a 

power factor that is ca.10 times higher than with FeCl3 doping at 5% and 2.3 times higher at 

10% doping.  The higher power factors at low doping concentrations for the Mo complexes 

relative to FeCl3 is most likely attributed to higher mobility charge-carriers in the Mo doped 

samples.  Our reasoning is as follows: The position of the Fermi energy relative to the 

transport states will exert a large influence on the Seebeck coefficient, as particularly evident 

by models based on a transport edge where α increases directly with the energy separation 

between the Fermi energy and the transport edge. 67, 68  Neglecting changes to the density of 

states distributions imparted by the differing dopants, the position of the transport states 
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relative to the Fermi energy will be determined by the number of charge-carriers present.  If 

the charge-carrier mobilities differ by an order of magnitude upon doping with two different 

dopants, then with the same number of polarons and similar Seebeck coefficients the material 

with the higher charge-carrier mobility will have an order of magnitude higher electrical 

conductivity.  To further investigate this explanation, we turn to UPS measurements. 

Ultraviolet photoelectron spectra of RR-P3HT, as displayed in Figure 8 and SI Figure 

S12, probe the separation between the HOMO onset and the Fermi energy, as well as the 

work function and IEs.  At low concentrations the work function and IE of doped RR-P3HT 

increase with dopant concentration, as shown in SI Figure S12g, S12h. As the dopant 

concentration is increased beyond 10%, the WF and IE of RR-P3HT doped with the Mo 

complexes do not change significantly, while the WF and IE of films doped with FeCl3 

continue increasing up to 30%. These trends in the WF and IE are consistent with the changes 

in electrical conductivity, and further support that FeCl3 continues to further dope RR-P3HT 

at high doping concentrations.  At 5% doping concentration Figure 8b shows that the 

positions of the HOMO onsets relative to the Fermi energies are similar with all dopants.  

With the difference between the transport states and Fermi energy playing a major role in 

determining the Seebeck coefficient, this UPS data supports that the Seebeck coefficients 

should be similar at this 5% doping concentration.  At higher doping concentrations the 

HOMO onset continues to approach the Fermi energy, as shown in Figure 8a, particularly for 

FeCl3 doping.  In general, the continuously decreasing difference between the HOMO onset 

and Fermi energy for FeCl3 doping agrees with the steady drop in the Seebeck coefficient 

with increasing FeCl3 concentration. 
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Figure 8: HOMO onset vs. Fermi energy (a) for RR-P3HT as a function of dopant 

concentration.  Ultraviolet photoelectron spectra showing HOMO onset region (b) of 5% 

single-solution doped RR-P3HT. 

              In addition to RR-P3HT, we also looked at the influence of Mo(tfd)3 and FeCl3 on 

the thermoelectric performance of PDPP-4T, as shown in SI Figure S13.  In PDPP-4T, FeCl3 

at low concentrations is not an effective dopant, as the electrical conductivity is two orders of 

magnitude lower than when Mo(tfd)3 is used at the same dopant concentration.  In support of 

the claim that σ is low for FeCl3 doped PDPP-4T due to inefficient doping, we see that the 

Seebeck coefficient at 4% FeCl3 doping is approximately four times greater than the Seebeck 

coefficient at 4% Mo(tfd)3 doping.  This contrasts with the results observed for the two 

dopants in RR-P3HT, where similar Seebeck coefficients were observed with both dopants at 

low concentrations.  These trends in the Seebeck coefficients are in line with expectations of 

doping based on the dopant EA - polymer IE differences. 

 Like RR-P3HT, the power factor for Mo(tfd)3 doped PDPP-4T also peaks at a 

relatively low dopant concentration of 6.7%, with the power factor reaching a respectable 

value of 15 µW K-2 m-1, which is nearly five times greater than the maximum power factor 

obtained with Mo(tfd)3 doped RR-P3HT.  We attribute this peak in power factor at low 

dopant concentrations to the plateau in electrical conductivity.  As with RR-P3HT, we suspect 

that this saturation in σ results from limited miscibility of Mo(tfd)3 with PDPP-4T. 
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Surprisingly, PDPP-4T doped with FeCl3 does reach high electrical conductivities of 1900 

S/m at a FeCl3 concentration of 20%, as compared to the maximum σ of 310 S/m obtained 

with Mo(tfd)3 doping.  Furthermore, the power factor of PDPP-4T with FeCl3 doping 

surpasses that of PDPP-4T with Mo(tfd)3 doping, reaching a value of 24 µW K-2m-1 at a 

doping concentration of 14.3% .  These results show that despite the low EA of FeCl3, it can 

still be an efficient dopant for higher IE polymers when used at high concentrations. 

2.4 Mixed dopants for improved power factors  

      The power factors for RR-P3HT films doped with Mo(tfd)3 appear limited by the 

saturation of the polaron density in RR-P3HT at only 5 to 10% dopant concentration.  Thus, 

the power factor reaches a maximum at 10% doping with Mo(tfd)3 as opposed to 20% with 

FeCl3. Hypothetically, both Mo(tfd)3 and FeCl3 may be used simultaneously to dope P3HT 

and take advantage of the higher power factors achieved with Mo(tfd)3 and the ability of 

FeCl3 to more heavily dope RR-P3HT.  Furthermore, FeCl3 may intercalate into the 

crystalline regions, whereas Mo(tfd)3 likely remains outside of the crystalline regions as 

discussed previously.  Thus, these dopants present potentially complementary properties. To 

explore whether a mixed FeCl3 and Mo(tfd)3 dopant system may allow for higher 

thermoelectrical performance, we used 5% Mo(tfd)3 with 5 to 25% FeCl3. The electrical 

conductivities, Seebeck coefficients, and power factors of RR-P3HT with this mixed dopant 

system are shown in Figure 9. 
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Figure 9: Electrical conductivity and Seebeck coefficient (a), and power factor (b) of RR-

P3HT single-solution doped with Mo(tfd)3, FeCl3, and both 5% Mo(tfd)3 and FeCl3 combined. 

   At a total doping concentration of 10%, the mixed dopant film shows ca. 80% higher 

electrical conductivity than with only Mo(tfd)3 and 250% higher than with only FeCl3.  

Additionally, the Seebeck coefficient for this mixed dopant film is only 10% lower than with 

only FeCl3.  As a result, the mixed dopant film leads to the highest power factor for RR-P3HT 

observed in our hands. Additionally, relative to FeCl3 as the only dopant, the use of mixed 

dopants reduces the amount of dopant necessary to reach the maximum power factor.  Larger 

amounts of dopants can lead to poor film morphologies and decreased stability due to dopant 

diffusion.  The films with the mixed dopants indeed show increased stability relative to the 

films with only FeCl3, as shown in SI Figure S14. Therefore, lower doping concentrations 

may be advantageous for the future development of stable organic thermoelectrics. 

Conclusion 

   We find that the electrical conductivities of πCPs with low dopant concentrations are 

strongly influenced by the dopant EA – polymer IE difference; however, we find that at 

higher dopant loadings even low EA dopants can lead to high electrical conductivities.  The 

fact that FeCl3, with an EA of 4.6 eV can be used to dope PDPP-4T, which has an IE of 4.98 

eV, and lead to electrical conductivities of nearly 2000 S/m is unexpected and shows that 

dopants with low EAs can still efficiently dope higher IE polymers.  For all the πCPs 

investigated, we find that the electrical conductivity with Mo(tfd)3 doping saturates at 
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relatively low dopant concentrations of between 5 and 10%.  At these low dopant 

concentrations the electrical conductivity of the πCPs with Mo(tfd)3 doping are up to 800 

times greater than the electrical conductivity with FeCl3 doping for the same polymer.  We 

attribute the enhanced electrical conductivity with Mo(tfd)3 to higher doping efficiency owing 

to the high EA, and also to increased polaron delocalization afforded by the larger dopant size 

and thus decreased coulomb interaction energy between the polaron and dopant anion.  

Overall, our results suggest that if the Mo complexes could effectively dope πCPs at higher 

dopant loadings, then superior electrical and thermoelectric properties should be achievable.  

In general, high EA dopants with large sizes that are highly miscible with conjugated 

polymers may provide a route to achieve high doping efficiencies at high dopant loadings.  

However, large dopants may also disrupt the crystallinity of πCPs at high loadings, thus 

further complicating the design of new dopants.  As suggested in this paper, mixing small and 

large dopants may provide an approach that can be finely tuned to improve the thermoelectric 

performance of πCPs. 
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Larger dopants with high electron affinities are found to yield increased electrical 

conductivities and power factors at lower doping concentrations. 
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