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Abstract 

While molecular doping is ubiquitous in all branches of organic electronics, little is known 

about the spatial distribution of dopants, especially at molecular length scales. Moreover, a 

homogeneous distribution is often assumed when simulating transport properties of these 

materials, even though the distribution is expected to be inhomogeneous. In this study, 

electron tomography is used to determine the position of individual molybdenum dithiolene 

complexes and their three-dimensional distribution in a semiconducting polymer at the sub-

nanometre scale. A heterogeneous distribution is observed, the characteristics of which 

depend on the dopant concentration. At 5 mol% of the molybdenum dithiolene complex, 

the majority of the dopant species are present as isolated molecules or small clusters up to 

five molecules. At 20 mol% dopant concentration and higher, the dopant species form larger 

nanoclusters with elongated shapes. Even in case of these larger clusters, each individual 

dopant species is still in contact with the surrounding polymer. The electrical conductivity 

first strongly increases with dopant concentration and then slightly decreases for the most 

highly doped samples, even though no large aggregates can be observed. The decreased 

conductivity is instead attributed to the increased energetic disorder and lower probability 

of electron transfer that originates from the increased size and size variation in dopant 

cluster. This study highlights the importance of detailed information concerning the dopant 

spatial distribution at the sub-nanometre scale in three dimensions within the organic 

semiconductor host. The information acquired using electron tomography may facilitate 

more accurate simulations of charge transport in doped organic semiconductors. 
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Introduction 

Molecular doping allows the adjustment of the energy levels of organic semiconductors and 

tuning of the electrical conductivity by several orders of magnitude, which is cruical for 

enhancing the performance of organic electronic devices.1 Advantageous aspects of organic 

semiconductors include cost-effective processing, light-weight and mechanical flexibility;2-4 

although traditional organic electronic devices have historically underperformed their 

inorganic conterparts, considerable progress has been made in recent years and the 

performance of organic electronic devices, such as solar cells, light-emitting diodes and 

thermoelectric generators, is now approaching or surpassing that of their inorganic 

counterparts.5-9 However, the ionisation and dissociation steps, as well as charge transport, 

are still not fully understood.10 Knowledge of the position of individual dopants with respect 

to other dopants and the surrounding polymer is critical for developing a complete 

understanding of the doping process.11  

 

It has been argued that the structural details of the fine-scale distribution of dopants, and of 

the dopant ions formed after electron transfer, affect the organic semiconductor 

performance.12-18 At dopant concentrations of a few mol% the conductivity increases with 

the dopant concentration, often by several orders of magnitude. The relationship between 

dopant concentration and conductivity changes at higher concentrations where the 

conductivity increases less strongly and eventually the conductivity may start to decrease. It 

has been suggested that this decrease may be due to aggregation of the dopants, giving rise 

to a disruption of the organic semiconductor nanostructure.19,20 There is, however, no direct 

evidence that such aggregates prevent dopants from being in molecular contact with the 

organic semiconductor since it is challenging to determine the spatial distribution of the 
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dopants in the host matrix,21 in part due to small dimensions of the molecules, which are 

commonly less than 1 nm3.22 Moreover, because of this lack of detailed knowledge, a 

homogeneous distribution of dopants is typically assumed in simulation models for 

electrical transport properties,23 although a recent study has shown that incorporating 

experimental data relating to the detailed nanostructure of organic semiconductors can 

significantly improve the accuracy of such simulations.24 

 

In this study we determine and visualise the position of individual dopant species of Mo(tfd-

COCF3)3  within films of the semiconducting polymer p(g42T-T) (oxidation potential E!" ≈

−0.44	V vs. Fc/Fc+; estimated ionisation energy IE = 4.7 eV, according to IE = 5.1	eV + E!"; 

see Fig. 1 for chemical structures).25,26 We chose to work with Mo(tfd-COCF3)3 since the 

dopant contains molybdenum,25 which we expect to enhance contrast in electron 

microscopy images when embedded in the polymer matrix. The matrix polymer p(g42T-T) 

was selected because it features excellent solubility in polar solvents, which facilitates 

coprocessing with the dopant. Moreover, Mo(tfd-COCF3)3 (E#$% = +0.39 V vs. 

ferrocene/ferrocenium, FeCp2/FeCp2+) readily oxidizes p(g42T-T) (oxidation potential E#$% =

+0.39 V); indeed Mo(tfd-COCF3)3 monoanion can be further reduced to a dianion at –0.16 

V, suggesting that transfer of two electrons from p(g42T-T) to each dopant molecule is 

possible.27 

 

The distribution of Mo(tfd-COCF3)3 is studied as a function of dopant concentration. The 

distance between dopant clusters is on the order of a few up to 10 nanometres. We have 

performed electron tomography with sub-nanometre resolution to quantitatively determine 

the spatial distribution of individual Mo(tfd-COCF3)3 species in three dimensions, paying 
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attention to the position of the individual dopant species with respect to other dopant 

species and to the surrounding polymer. A gradual change in distribution is observed. 

Individual species and clusters of few dopants dominate at low concentrations. As the 

dopant concentration increases, the dopant species form larger clusters. It is important to 

note that even though the cluster size increases, each individual dopant species is still in 

close contact with the surrounding polymer due to the elongated morphology of the 

clusters. The structural observations are correlated with UV-Vis-NIR absorption 

spectroscopy and electrical measurements. The observed changes in dopant distribution 

and cluster morphology as well as ionisation efficiency, as a function of concentration, are 

consistent with the expected increase in energetic disorder with increasing dopant 

concentration. 
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Experimental 

 

Materials 

Previously reported procedures were used to prepare Mo(tfd-COCF3)3 28 and p(g42T-T) 29 

(𝑀&= 24 kg mol-1, PDI = 3.3). Special care was taken during synthesis of p(g42T-T) to purify 

the material from any high Z-number elements such as Pd (see ESI for further details). 

Poly(diallyldimethylammonium chloride) (PDADMAC, Mw=400-500 kg mol-1, 20 wt.% in 

H2O) and anhydrous acetonitrile (AcN, purity >99.8 %) were purchased from Sigma Aldrich. 

Chloroform (CHCl3, purity >99.8 %) was obtained from Fisher Scientific.  All commercial 

solvents were used as received without further purification. 

 

Sample preparation 

Thin films were prepared by co-processing p(g42T-T) and Mo(tfd-COCF3)3. Stock solutions 

were prepared by dissolving p(g42T-T) and Mo(tfd-COCF3)3 in AcN:CHCl3 (1:1, v:v) at 

concentrations of 10 g L−1 and 4 g L−1, respectively. The solutions were mixed by adding 

appropriate volumes of AcN:CHCl3 (1:1, v:v) to the p(g42T-T) solutions before addition of the 

Mo(tfd-COCF3)3 solution to maintain a polymer concentration of 1 g L−1 (TEM) and  3 g L−1 

(optical spectroscopy) in each polymer:dopant solution, while varying the concentration of 

Mo(tfd-COCF3)3. The dopant concentration in mol% is calculated based on the molar mass of 

the polymer repeat unit and the molar mass of the dopant. 

 

Samples for TEM analysis were prepared by spin casting (1000 rpm, 500 rpm s-1, 40 s) an 

initial layer of PDADMAC (diluted to 1 wt% in MiliQ H2O) onto microscopy glass slides, 

followed by spin casting of the polymer:dopant solution. This yielded a polymer:dopant film 
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thickness of 10-20 nm. The TEM samples were immersed in MilliQ water resulting in the 

dissolution of the PDADMAC layer and the p(g42T-T):Mo(tfd-COCF3)3 films subsequently 

floated to the surface. 400 Cu mesh TEM grids (TED Pella) were used to extract the films. To 

ensure complete solvent evaporation, the films were stored in a dry and dark environment.  

 

Thin films for optical- and electrical characterisation were prepared by spin casting p(g42T-

T):Mo(tfd-COCF3)3 solutions onto microscopy glass slides, yielding a film thickness of 40-90 

nm. 

 

All samples for TEM analysis, optical- and electrical characterisation were prepared at the 

same time to minimise sample batch-to-batch variations. 

 

Scanning Transmission Electron Microscopy 

Analysis using scanning transmission electron microscopy (STEM) was performed with a FEI 

Titan 80-300 TEM, with a corrector for spherical aberration of the condenser lens system, 

using an acceleration voltage of 300 kV. The high-angle annular dark field (HAADF) signal 

was used to form the images. Elemental analysis using energy dispersive X-ray spectroscopy 

(EDX) was performed with an Oxford X-sight spectrometer attached to the microscope. 

 

Tomography reconstructions and analysis 

Tilt series for electron tomography were acquired with the software Xplore 3D (FEI 

Company). The tilt series used a Saxton scheme spanning angles of ±70° with a tilt step 

varying from 0.9° to 2.5°, for a total of 79 images per tilt series.30 Reconstructions were 

done using the software IMOD (University of Colorado).31 The series were aligned using 
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cross-correlation, and the simultaneous iterative reconstruction tomography (SIRT) 

algorithm (run for 25 iterations) was used to reconstruct the volumes. The final 

reconstructions were visualised using the software Visualizer-evo (System In Frontier Inc.). 

3D meshes representing the dopant clusters were created by applying intensity thresholds 

on the reconstructions. The threshold values for each sample were optimised relative to 

each other by keeping a ratio of 5:20:40 dopant voxels for the samples with concentrations 

of 5 mol%, 20 mol% and 40 mol% Mo(tfd-COCF3)3. A red colour in the volumes was chosen 

to represent the position of the dopant molecule and a slightly lower intensity threshold 

was added as a semi-transparent yellow colour to the figures to represent potential wobble 

of dopant fluorinated pendant groups during acquisition of the tilt series. The positions of 

individual dopant species were fit to data by adding correctly sized markers to the 

reconstructions. 

 

Quantitative image analysis 

The reconstructed volumes of the samples with Mo(tfd-COCF3)3 concentrations of 5 mol%, 

20 mol%, and 40 mol% were all cropped to an in-plane size of 150 nm x 150 nm. The 

thickness of each cropped volume was selected independently for each sample, based on an 

estimate of the film thickness from the image data. The image data were segmented 

(separating clusters and background) by Gaussian smoothing (𝜎 = 0.5 voxels) and intensity 

thresholding, followed by another Gaussian smoothing (𝜎 = 0.5 voxels) and a final intensity 

thresholding. The threshold values were selected to ensure that the number of voxels 

identified as dopant clusters adhered to the ratio of 5 to 20 to 40 between the different 

samples to accurately reflect the relative amount of dopant. The second iteration of 

smoothing and intensity thresholding helped to reduce noise in the segmentation. 
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Individual clusters were identified, keeping only the clusters with 3 voxels (approximately 

the volume of a single molecule) or more. Three different characteristics were computed 

from the clusters: Volume, aspect ratio, and nearest-neighbour distance. The volume was 

computed in a straightforward manner from the volume of a single voxel. The aspect ratio 

was computed by approximating the cluster with an ellipsoid having the same second 

moments as the cluster itself, defining the aspect ratio as the ratio of the major and the 

minor axes. The nearest-neighbour distance is simply the Euclidean distance to the nearest 

cluster based on centroid coordinates. To account for the finite size of the volume, mirror 

boundary conditions were used in the latter case. The analysis was implemented using the 

software Matlab (MathWorks). 

 

UV-Vis-NIR absorption spectroscopy 

Measurements were performed with a PerkinElmer Lambda 1050 spectrometer. 

 

Electrical characterisation 

The electrical resistivity was measured with a four-point probe setup from Jandel 

Engineering (cylindrical probe head, RM3000) using collinear tungsten carbide electrodes 

with equidistant spacing of 1 mm that were held down with a constant weight of 60 g. The 

electrical conductivity (𝜎) was then calculated according to 𝜎 = 3(𝑉 𝐼⁄ )𝑘𝑡;'(  where 𝑉 is 

the voltage, 𝐼 is the current, 𝑘 = 4.53 is a geometrical correction factor and 𝑡 is the 

thickness.   
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Results and discussion 

 

Structural Analysis 

Initial HAADF-STEM experiments yielded overview images of how the doped polymer thin-

film structure varies as a function of composition (Figs. 2a-c). All images show bright areas 

on a darker continuous background. The HAADF-STEM imaging technique provides atomic 

number contrast (Z-contrast), where the intensity increases with the atomic number (Z-

number).32 The bright areas in Figs. 2a-c thus correspond to regions with higher Z-number. 

The average Z-number of the dopant Mo(tfd-COCF3)3 is 20.0 while the corresponding Z-

number of the the surrounding polymer p(g42T-T) is 7.7; the brighter areas, therefore, show 

the position of Mo(tfd-COCF3)3 species. Elemental analysis using EDX confirmed that the 

only high Z-number element present in the samples is Mo, and that the relative Mo signal 

increased for samples with higher dopant concentration (Figure S1). The appearance of the 

film structures is similar for all studied samples in these two-dimensional projection images, 

showing a relatively even distribution of the bright areas in the polymer.  

 

In another set of experiments, the 3D structures of the films, including the size and the 3D 

morphology of the individual dopant regions, were determined. Electron tomography was 

performed for three different dopant levels (see Figs. 2d-f). Care was taken to obtain 

sufficient spatial resolution in the 3D reconstructions to resolve individual dopant species in 

the films. A voxel size of 0.5 nm was chosen for all reconstructions, which is smaller than the 

size of one dopant molecule (ca. 1.2 nm along the long axis and 0.6 nm along the short 

axis).25 The red intensity areas in Figs. 2d-f represent the positions of dopant molecules. The 

yellow colour represents a slightly lower intensity value. Regions showing the yellow 
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intensity interval are seen surrounding the dopant volumes with red intensity. The yellow 

regions can be interpreted to correspond to the fluorinated pendant groups due to their 

higher Z-number compared to the surrounding p(g42T-T), and likely conformational changes 

during the acquistion of the tilt series giving rise to a slight smearing of the regions. Videos 

of rotating reconstructed volumes are included in ESI Video S1-3 where inspection from all 

angles is provided. For each sample, a volume equivalent to an in-plane area of 2 600 µm2 is 

reconstructed and analysed to ensure that the observations are representative of the films. 

A significant difference in nanostructure of the three films is evident in the 3D 

reconstructions. The data show the presence of both isolated individual dopant species 

(molecules, or molecular mono- or dianions) as well as clusters of dopant species. The size 

of the clusters increases with increasing dopant level. In addition, the distance between the 

clusters decreases with increasing dopant level (see Table 1). 

 

We observe that some dopant species are individually dispersed in the polymer matrix while 

others form clusters (Figs. 3a-c). Based on the information of the distribution of individual 

Mo(tfd-COCF3)3 species obtained from the tomography reconstructions, markers were used 

to visualise the 3D position of each Mo(tfd-COCF3)3 species in the sub-volumes (Figs. 3d-f ). 

The markers in the figures are spherical with diameters corresponding to the largest 

dimension of the dopant molecule. The size of the dopant clusters increases with dopant 

concentration. In case of the film containing 5 mol% Mo(tfd-COCF3)3 the dopant species are 

present either as isolated species or in clusters of only a few species. The clusters start to 

form elongated chains as the concentration increases.  
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The average number of Mo(tfd-COCF3)3 species per cluster was determined by analysing the 

size distributions of 50 clusters in each sample (ESI Fig. S2), resulting in values of 3.4, 4.6, 

and 11 species for dopant concentrations of 5 mol%, 20 mol%, and 40 mol%, respectively 

(see Table 1). This is a quantitative confirmation of the visual impression of the effect of 

concentration on the cluster size distribution obtained from the data in Fig. 3. The next step 

was to further refine the statistical analysis. An analysis was performed using the Matlab 

software procedure described in the Experimental section. The average cluster volumes 

were estimated to be 1.7 nm3, 3.0 nm3, and 3.1 nm3 for the specimens, further confirming 

the gradual increase in cluster volume with increasing dopant concentration. Histograms of 

the distribution of cluster volumes at different dopant concentrations show that besides 

larger average volumes, anomalous larger clusters sizes appeared at high dopant 

concentrations with a few clusters having volumes of up to 15 nm3 (Fig. 4a). 

 

In addition to the trend of increasing cluster volume,  the reconstructions show a change in 

cluster morphology. At 5 mol%, typical clusters have a round shape. This appearance 

changes to an increasingly elongated shape at higher dopant levels, with a preference for 

out-of-plane orientation of the long axis. This structural change was quantified by 

measuring the aspect ratios of the clusters (Fig. 4b). The distribution of aspect ratios 

features multiple peaks, especially for 20 and 40 mol% Mo(tfd-COCF3)3, indicating that some 

conformations of dopant clusters may be more frequent compared to others. The average 

cluster aspect ratio for 5 mol% is 2.1, which is close to the aspect ratio of single dopant 

species. A general trend of higher average aspect ratio and wider aspect-ratio distribution 

are evident for the higher dopant concentrations, i.e. 20 mol% and 40 mol%, compared to 5 

mol%. This is consistent with the elongated shapes visible in the reconstructions (Figs. 2d-f). 
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Clusters that are elongated in the out-of-plane  direction have been reported before by 

Donhauser et al.,33 who visualised co-evaporated composites of the organic compound 4,4’-

bis(N-carbazolyl)-1,1’-biphenyl (CBP) and MoO3. It is interesting to note that doping of CBP 

with MoO3 was performed using co-evaporation, while in the present study p(g42T-T) and 

Mo(tfd-COCF3)3 were co-processed from a mixed solution. Evidently, elongated clusters of 

dopant species can form in both polymer and small molecule hosts processed using 

different techniques. 

 

Due to the lack of information about the distribution of dopants in the semiconductor host, 

models for the prediction of charge transport most often assume that the dopant 

distribution is homogeneous. This is in distinct contrast to our experimental observations. 

The visualisation of the 3D film structure shows both a size distribution of the dopant 

clusters and also that the cluster morphology changes with dopant concentration. As a 

consequence, the distance between the clusters does not show a linear dependence on 

concentration (see Figs. 4c). The histograms of the distribution of distances to the nearest 

neighbour cluster in the samples show a wider distribution of distances for the sample 

containing 5 mol% dopant. The distribution is narrower for higher dopant concentrations. 

The average distance to neighbouring clusters is 5.8 nm for 5 mol%, 3.9 nm for 20 mol%, 

and 3.3 nm for 40 mol% Mo(tfd-COCF3)3. These numbers are significantly different from the 

estimated distances between dopant species in hypothetical homogeneous samples, i.e. 2.8, 

1.7 and 1.2 nm, respectively. The experimental analysis of the position of dopant species 

provides information that can be expected to facilitate more accurate modeling of charge 

transport in doped semiconductor films. 
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It should be noted that although the dopant cluster size increases with dopant 

concentration, the elongated morphology of the clusters nevertheless allows each dopant 

species to be in contact with the surrounding organic semiconductor matrix (see Figs. 3d-f). 

Therefore, the ionisation efficiency of the dopant species can be expected to be higher 

compared to the case of a more spherical cluster morphology.34 These observations are 

consistent with results from films of a benzodithiophene-thieno thiophene copolymer 

doped with Mo(tfd-COCF3)3, where a detailed NMR study revealed that dopant clusters that 

were several tens of nm in size still did not contain unreacted dopants. However, this was 

not confirmed by imaging because the individual dopant species could not be resolved.19  

 

Optical and Electrical Analysis 

UV-Vis-NIR spectroscopy of doped films reveals the emergence of pronounced polaronic 

absorption bands at 900 nm and in the near infrared, confirming that electron transfer 

occurrs (Fig. 5a). The evolution of the UV-vis-NIR absorbance spectra with dopant 

concentration is consistent with a gradual increase in polaron density and indicates that for 

5-20 mol% Mo(tfd-COCF3)3 mostly polarons are present, while for 30 and 40 mol% both 

polarons and polaron pairs exist.35 This is in agreement with our electron tomography 

analysis, which indicates that the dopants remain in contact with the surrounding polymer 

matrix and are not spatially prevented from engaging in electron-transfer reactions with the 

polymer, despite clustering. The polaron density of samples doped with 5-20 mol% Mo(tfd-

COCF3)3 was estimated using a value for the molar attenuation coefficient of ε =

(4.1 ± 0.2) × 10) m2 mol−1 at 800 nm, which we have previously determined for 

electrochemically oxidized poly(3-hexylthiophene) (P3HT).36 We compared ε with the 

thickness-normalized absorbance of doped p(g42T-T) films, as described previously,35 and 
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obtained a polaron density of 1-3 × 10*+ m-3, which corresponds to an ionization efficiency 

of around 200% for films containing 5 and 10 mol% dopant (i.e. the dopant species present 

are essentially all dianions), while samples doped with 20 mol% Mo(tfd-COCF3)3 featured an 

ionization efficiency of 118 % (Table S1). These estimates indicate that the ionization 

efficiency decreases with dopant concentration. 

 

For 5-20 mol% Mo(tfd-COCF3)3, there is a steep increase in electrical conductivity as a 

function of dopant concentration (Fig. 5b). For 20-30 mol% Mo(tfd-COCF3)3 only a slight 

further increase in electrical conductivity is observed and for 40 mol% a lower value was 

measured. As discussed earlier, this conductivity trend as a function of dopant 

concentration has been observed in previous studies for other dopant-organic 

semiconductor combinations and has been attributed to a disruption of the nanostructure 

at high dopant concentrations.19,20 Interestingly, the conductivity trend changes at 

approximately the same concentrations where changes in cluster shape and size were 

observed in the tomography reconstructions. However, the analysis of the nanostructure 

reveals that there are no large dopant aggregates present in any of the samples. Hence, 

each one of the dopant species should still be in proximity to the polymer and be able to 

undergo electron transfer, at least from a steric point of view. 

 

It has been noted in a recent study that clustering of dopant species can have a direct 

impact on the electrical properties of organic semiconductors.37 Through modeling, the 

authors showed that an increase in the number of dopants in clusters from 1 to 6 species 

leads to a widening of the density of states (DOS). A wider DOS indicates that the dopant 

clustering increases the energetic disorder in the system, and this in turn can negatively 
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affect the conductivity. As the clusters observed in the current study may be larger than 6 

species and, more notably, there are large variations in dopant cluster size, we expect that 

the energetic disorder increases with the concentration of Mo(tfd-COCF3)3. Another recent 

study suggests that a drop in dopant ionisation efficiency at high dopant concentrations 

may occur partially or completely due to a low entropy effect, and does not require large 

aggregated dopant phases.38 At high dopant concentrations, the number of neighbouring 

dopant molecules will increase at the expense of the number of nearby host sites and hence 

the dopants start to compete for host sites that they can ionise. This means that the 

dopants have a decreased probability of finding a host site that favours charge transfer, 

leading to a loss in ionisation efficiency. Note that this effect does not require large 

aggregated dopant phases, but the formation of clusters will likely lead to a further 

decrease of the ionisation efficiency. Moreover, electrostatic interactions between 

neighbouring mono- and/or dianions will be more severe when dopants form larger 

clusters, reducing the ability of every dopant to accept two electrons.  

 

In light of the results from the current study, these recent reports offer reasonable 

explanations for the decreased conductivity at high concentrations of Mo(tfd-COCF3)3 

dopant in p(g42T-T). This indicates that even small clusters of dopants may have a 

detrimental impact on the electrical properties of the material and that the cluster 

morphology plays an important role. 

 

Conclusions 

The tomography method presented in this study yields insight with regard to the 

distribution of dopant clusters within organic semiconductor thin-films at sub-nanometre 
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resolution. Specifically, utilising the Z-contrast from the dopant Mo(tfd-COCF3)3 mixed with 

the conjugated polymer p(g42T-T), the 3D cluster nanostructure has been reconstructed, 

allowing the position of individual dopant species to be visualised. The usefulness of the 

technique is demonstrated by extracting quantitative information regarding cluster volume, 

aspect ratio and nearest-neighbour distance from the reconstructions. A heterogeneous 

distribution of dopant species is observed, with significantly longer average distances to 

neighbouring clusters compared to that of a hypothetical homogeneous distribution. 

Determining the position of dopant molecules at sub-nanometre resolution has the 

potential to improve the accuracy of transport models for doped organic semiconductors, 

since these models generally lack information regarding their fine-scale distribution of 

dopant species. The method presented here may also be utilised as a characterisation tool 

when designing dopant-organic semiconductor combinations in order to identify systems 

with minimal clustering. We note that the nature of dopant clusters is likely to vary 

considerably for different dopant and polymer combinations, for example, due to different 

tendencies of the neutral dopant to aggregate, different abilities of dopant ions to fit in the 

host structure with minimal disruption, and different extents of ionization arising from 

different IEs and EAs. 

 

The reconstructed nanostructures show a growing cluster size and increasingly elongated 

cluster shape at higher dopant concentrations. Further, electrical measurements correlate 

changes in electrical conductivity with changes in dopant cluster size and shape. Despite 

this, the results show that the dopants remain sufficiently well dispersed to not be 

prevented from contact with the surrounding organic semiconductor matrix, indicating that 

the decreased conductivity is not due to formation of large dopant phases or a disruption of 
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the organic semiconductor nanostructure. Instead, we suggest that the increased cluster 

size and change in size distribution observed in this study increase the energetic disorder. In 

addition, there is a lower number of neighbouring host sites that are available for electron 

transfer, which in turn leads to the decrease in electrical conductivity observed at high 

dopant concentrations. These results indicate that even clustering at the scale of only a few 

nanometres can have a significant impact on the electrical properties of the material, 

highlighting the need for characterisation techniques that offer a high degree of spatial 

resolution when developing doped organic semiconductors.  
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Figure 1: Molecular structures of (a) the polymer p(g42T-T) and (b) the molecular dopant 
Mo(tfd-COCF3)3.  
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Figure 2: Electron microscopy (a-c) HAADF-STEM images of representative areas and (d-f) 
tomography reconstructions of p(g42T-T) doped with 5, 20, and 40 mol% Mo(tfd-COCF3)3, 
respectively. The sizes of the volumes are marked in nm. Red intensity thresholds in the 
reconstructions were chosen in order to visualise the position of Mo(tfd-COCF3)3 species. A 
lower intensity threshold is displayed in yellow. 
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Figure 3: Representative sub-volumes of the tomographic reconstructions of p(g42T-T) 
doped with 5, 20, and 40 mol% Mo(tfd-COCF3)3, respectively. (a-c) Reconstructed sub-
volumes showing the clusters and (d-f) markers indicate the positions of individual Mo(tfd-
COCF3)3 species in the clusters and visualise the gradual change in cluster morphology. 
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Figure 4: Histograms from data analysis including all clusters in a volume equivalent to an in-
plane area of 150 nm by 150 nm for each sample, displaying distribution of (a) cluster 
volume, (b) cluster aspect ratio and (c) nearest-neighbour cluster distance. Examples of 
dopant cluster conformations for different aspect ratios are illustrated as insets in (b). 
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Table 1: Quantitative information from data analysis of tomography reconstruction of films 
doped with different molar percentages of Mo(tfd-COCF3)3 (mol% of dopant relative to the 
polymer repeat unit) regarding cluster volume, elongation ratio and distance to closest 
neighbouring cluster. Average values with 95 % confidence intervals are provided. The 
dopant-dopant distance of a hypothetical homogeneous sample is provided as a 
comparison. 
 
Mo(tfd-COCF3)3 (mol%) 5 20 40 
Avg. volume per cluster (nm3) 1.71±0.17 2.96±0.38 3.11±0.24 
Avg. aspect ratio 2.14±0.06 2.40±0.06 3.02±0.06 
Avg. nearest-neighbour distance (nm) 5.17±0.22 3.53±0.10 3.03±0.05 
Homogeneous dopant distance (nm) 2.75 1.63 1.18 
 
 
 
 
 
 
 
 

  
Figure 5: (a) UV-Vis-NIR absorbance spectra with the measured absorbance A normalised by 
the film thickness t. (b) Electrical conductivity of 40-90 nm thick films of p(g42T-T) doped 
with Mo(tfd-COCF3)3; average values and errors were obtained by measuring one sample for 
each dopant concentration five times and calculating the mean and standard deviation. The 
reproducibility of samples was confirmed by repeating the measurements on independently 
prepared films (Figure S3 and open symbols in Figure 5b). 
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