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Abstract 

We investigate the suitability of the ‘sequential doping’ method of organic semiconductors for 

thermoelectric applications. The method consists of depositing a dopant (F4TCNQ) containing 

solution on a previously cast semiconductor (P3HT) thin film to achieve high conductivity, while 

preserving the morphology. For very thin films (∼25 nm) we achieve a high power factor around 8 

µW/m·K-2 with a conductivity over 500 S/m. For increasing film thickness conductivity and power 

factor show a decreasing trend, which we attribute to the inability to dope the deeper parts of the film. 

Since thick films are required to extract significant power from thermoelectric generators, we 

developed a simple additive technique that allows the deposition of an arbitrary number of layers 

without significant loss in conductivity or power factor that, for 5 subsequent layers, remain at ∼300 

S/m and ∼5 µW/m·K-2, respectively, whereas the power output increases almost one order of 

magnitude as compared to a single layer. The efficient doping in multilayers is further confirmed by 

an increased intensity of (bi)polaronic features in the UV-Vis spectra. 
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The thermoelectric effect turns a temperature difference directly into electricity. To use this to harvest 

e.g. waste heat with an efficiency that approaches the Carnot efficiency, the thermoelectric material 

needs a high, preferably larger than unity, figure of merit 𝑍𝑍𝑍𝑍 = 𝜎𝜎𝑆𝑆2 𝜅𝜅⁄ 𝑍𝑍, with 𝜎𝜎 the conductivity, 𝑆𝑆 

the Seebeck coefficient and 𝜅𝜅 the thermal conductivity. Organic semiconductors are widely used in 

LEDs, solar cells, field-effect transistors and so on 1–4 and are receiving increasing attention for 

thermoelectric applications, largely driven by an inherently low κ and a relatively high 𝑆𝑆 as well as by 

the promise of compatibility with cheap, large-area production.5,6 Indeed, PEDOT-based materials can 

achieve 𝑍𝑍𝑍𝑍 around 0.257 but most other organic thermoelectric materials perform significantly worse 

because of a low conductivity. 

Molecular doping is an effective way to increase the conductivity of organic semiconductors8–10. Over 

the years, P3HT doped by F4TCNQ has become the field’s fruit fly system, and the doping mechanism 

and kinetics have been researched by several groups11–15. In conventional solution processing the 

doped layer is deposited from a common solution containing both the semiconductor (P3HT) and the 

dopant (F4TCNQ) – in the following we shall refer to this as bulk doping. Using this method one can 

get a conductivity of doped P3HT around 4×10-2 S/m and a power factor 𝑃𝑃𝑃𝑃 = 𝜎𝜎𝑆𝑆2 around 6×10-3 

µW/m·K-216. A major problem with the bulk doping method is that the large amount of F4TCNQ 

negatively affects the morphology of the P3HT film, and leads to F4TCNQ aggregation, preventing 

one to achieve higher conductivity17,18. Müller’s group has shown that adding PEO to the solution of 

P3HT with F4TCNQ increases the stability of the solution, achieving a conductivity for the ternary 

system of ∼30 S/m and a power factor ∼0.1 µW/m·K-2 19.  

Another issue that has to be addressed to make relevant organic thermoelectric generators is the 

thickness of the active layer that has to be increased to at least the µm regime to obtain significant 

absolute power outputs19,20. Recently, Hwang et al. reported on a sequential deposition-doping 

procedure leading to µm-thick films of Fe3+-tos3⋅6H2O-doped P3HT with a high conductivity around 

5.5×103 S/m and a record power factor around 30 µW/m·K-220. Unfortunately, the method requires 

extended (∼1 hr) submerging of the P3HT film in dopant solution and gave less satisfying results for 

the weaker oxidant F4TCNQ. Patel et al. showed that PBTTT vapor-doped with F4TCNQ on OTS-

treated substrates can give a high power factor around 120 µW/m·K-2, but the active layer thickness 

was just ~25 nm, which limits the absolute power output21. 

Here, we aim to overcome the drawbacks of bulk doping of P3HT with F4TCNQ using a ‘fast’ 

solution processing method. To this end, we adopt a simple, recently proposed method of sequential 

‘surface doping’ by spin-coating dopant solution over an already cast P3HT film22. Scholes et al. have 

shown that this procedure can achieve high conductivity (∼5.5×102 S/m) by preserving the film 

morphology. Using this surface doping method, we arrive at similar conductivities as Scholes et al. 

and at a power factor ∼8 µW/m·K-2 for thin (<100 nm) films. Films with µm thickness and similar 
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doping efficiency, conductivity and power factor can be made by alternate deposition of 

semiconductor and doping layers. As an example, we made a 5-layer micro-film with conductivity and 

power factor of ∼3×102 S/m and ∼5 µW/m·K-2, respectively. The latter is the highest so far reported 

value for F4TCNQ-doped P3HT. The simple layer-by-layer (LbL) method explored here has a 

different goal than usual, in that we target homogeneous films of increased thickness instead of the 

heterogeneous multilayers that are targeted when LbL methods are used for the assembly of 

nanocomposite materials.23 The latter has e.g. been used by Grunlan et al. in the fabrication of 

complex organic multilayers for thermoelectric applications.24,25 

The fabrication procedures of single and multi-layer devices are illustrated in Fig. 1. In both cases, 

semiconductor (P3HT) and dopant (F4TCNQ) were sequentially deposited by spin coating from 

separate solutions on either the clean substrate or the previous layer. The conductivity and Seebeck 

coefficient measurements were performed using a 4-point probe setup in a glove box under nitrogen 

atmosphere at room temperature. Further experimental details can be found in the Supplementary 

Material (SM). 

Single P3HT layers with a range of thicknesses from 25 nm to 500 nm were prepared and 

subsequently surface doped by F4TCNQ to investigate the effect of thickness on conductivity, Seebeck 

coefficient and power factor. The results are shown in Fig. 2. For the thinnest films, we find a 

conductivity ∼6×102 S/m and a Seebeck coefficient ∼120 µV/K combining into a high PF over 

8 µW/m·K-2 at 25 nm – previously, PFs around 10-3 – 10-1 µW/m·K-2 were reported for the same 

material combination using bulk doping16,19. Although obtaining record values was not the purpose of 

this work (e.g. the F4TCNQ concentration was not varied/optimized), our results compare favorably to 

previous literature values, as shown in the SM. The high conductivity numbers we find for thin films 

are in good agreement with earlier work, suggesting that indeed the ordered morphology of P3HT is 

not negatively affected by the surface doping procedure and that similar charge carrier concentrations 

around 4×1026 m-3 have been obtained for the thinnest films.22 This is further corroborated by the 

atomic force microscopy (AFM) images shown in Fig. 3a, b that show no visible effects of the 

F4TCNQ deposition on the surface topography. The pure P3HT film shows a smooth morphology with 

a roughness 𝑅𝑅𝑞𝑞 = 0.92 nm; after spin-coating a single layer of F4TCNQ this becomes 𝑅𝑅𝑞𝑞 = 0.82 nm.  

For thicker films, we find that the conductivity decreases significantly while the Seebeck coefficient 

slightly increases. Both factors imply that the overall doping efficiency goes down with increasing 

thickness. In line with the recent work by Kolesov et al.26, we attribute this to the dopant not managing 

to penetrate more than a certain depth, leaving any deeper parts of thicker films less doped or undoped. 

In the thickness range 25–150 nm the conductivity seems to first go down, followed by an upturn 

before continuing the overall decreasing trend. The local minimum at ∼75 nm is also reflected in the 

Seebeck coefficient and the trend has been reproduced between samples made on different days from 
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different stock solutions. Although providing an elaborate explanation for the non-monotonous 

behavior is beyond the main purpose of the present work, we can speculate that it is related to an 

interplay between the thickness dependence of the P3HT morphology and the decreasing doping 

concentration with increasing thickness. Recently, Huang et al. found a strong thickness dependence 

of the anisotropy of rr-P3HT; specifically, between ∼5 and ∼100 nm the fraction of (substrate-induced) 

edge-on crystals was found to decay strongly.27 Hence, we attribute the first drop in in-plane 

conductivity to a reduced π-π stacking in the current direction. The upturn and subsequent second 

decay of the conductivity is attributed to the (decaying) mean doping concentration passing through an 

optimal value. Since chemical doping has both a beneficial effect on the mobility, through state filling, 

as well as a detrimental effect, through Coulomb scattering by ionized dopants and possibly some 

morphology degradation,14 one may anticipate an optimal thickness at which the concentration 

(profile) is optimal. Note also that for the whole thickness range 25–150 nm o-DCB was used so 

effects of a change of solvent to CF (>200 nm) can be ruled out. 

We checked whether additional F4TCNQ depositions would lead to a higher conductivity and 

fabricated devices with 3 spin-coated dopant layers on a single, 150, 340 or 500 nm thick P3HT film. 

Somewhat surprisingly, we did not observe significant increases in conductivity, as shown by the 

yellow dots in Fig. 2. This suggest that the surface doping process is self-limiting in that the relatively 

small dopant molecules fill the pores in the swollen polymer film, blocking further penetration on the 

time scale of the surface doping process. In case of diffusion-limited doping, extending the diffusion 

time by subsequent doping steps would lead to a gradual increase in conductivity for the thicker 

samples which is not observed. The sketched scenario would be consistent with the very minor 

changes in surface morphology of the triple-doped film (𝑅𝑅𝑞𝑞 = 1.15 nm) as shown in Fig. 3c that also 

shows that no large amounts of F4TCNQ remain on the film surface after multiple depositions. If this 

were the case, the topography would rather resemble that of pure F4TCNQ as shown in Fig. 3d.  

From the above, it seems impossible to increase the film thickness of single-layer devices without 

suffering significant PF losses. Therefore, we turned to the idea of building multi-layer devices by 

alternate deposition of (thin) semiconductor and dopant layers, as illustrated in Fig.1. We anticipated 

that the F4TCNQ-enriched top layer would prevent dissolution and/or delamination of already 

deposited layers upon additional spin coating steps. Indeed, the thickness of sequentially doped P3HT 

films is constant within experimental uncertainty upon spin-coating pure o-DCB solvent on top, even 

if the procedure was repeated up to 5 times, while pure P3HT films were dissolved by the same 

procedure. The conductivity of the surface doped films gradually decreased to about one third of the 

initial value after 3 or more rounds of o-DCB deposition. We attribute this decrease to some part of 

F4TCNQ molecules being removed from the doped P3HT film by the solvent. 
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To evaluate possible differences in doping efficiency upon deposition of multiple layers of 

sequentially doped P3HT, we performed UV-Vis spectroscopy on pristine and doped single and 

double layers as shown in Fig. 4. Firstly, we checked the difference between pure and doped P3HT 

(single layer) films. In line with literature we found that the doped P3HT has a strong and broad 

absorption between 650 nm 1100 nm, whereas no absorption in this region is seen for the pure P3HT 

film. The two peaks around 770 nm and 850 nm indicate the presence of (bi)polarons in the doped 

film28,29. The UV-Vis spectrum of the double layer film shows significantly stronger absorption peaks 

at 770 nm and 850 nm, which suggests a larger doping efficiency in double layers, likely due to dopant 

molecules also diffusing in from the bottom upon deposition of the second semiconductor layer – Fig. 

S5 in the SM shows that this indeed happens. Similar measurements on triple and higher multi layers 

became inconclusive due to the films getting completely absorbing. 

Next, the performance of multilayer devices was investigated, and the results are shown in Fig. 5a. We 

find that  𝜎𝜎, 𝑆𝑆 and 𝑃𝑃𝑃𝑃 are almost constant when going from 1 to 5 layers, with σ over 300 S/m and PF 

close to 5 µW/m·K-2. To illustrate the contrast between an active layer consisting of a thick single 

layer and one consisting of multiple thinner layers, Fig. 5b shows the device current at zero 

temperature difference ∆𝑍𝑍 between the contacts as a measure of the device conductance and the output 

power at ∆𝑍𝑍 = 1 K. The power output is estimated by 𝑃𝑃 = PF∆𝑍𝑍2𝐴𝐴 𝑙𝑙⁄  where the area 𝐴𝐴 = 𝑤𝑤𝑤𝑤 with w 

the width of the contacts (7 mm), t the film thickness and l the channel length (5 mm). Fig. 5b shows 

both the current and the power output increase by an order of magnitude in going from 1 to 5 layers, in 

stark contrast to single-layer devices of increasing thickness, which decrease dramatically in 𝑃𝑃𝑃𝑃. For 

the scalability of the method it is important that the increases in current and power are close to linear 

as shown by the trendline in Fig. 5b. We attribute the larger thickness of successive layers than that of 

the first layer to the different underlayer (doped P3HT vs. glass). 

While we have shown that our method can deposit several hundreds of nm of material per deposition 

round without significant loss in thermoelectric performance, deposition of mm thick layers as would 

be needed for conventional out-of-plane thermoelectric generators would require an unpractically high 

number of depositions. However, the flexibility of organic thermoelectrics allows to fold or roll much 

thinner 2D layers into 3D architectures. For such 2D in-plane elements, layer thicknesses in the µm 

range are relevant.6 Our used (spin coating) deposition technique is evidently not scalable to larger 

areas but it is realistic to assume that the methodology is. The complete absence of delamination 

problems should enable a rather straightforward transfer to typical low-cost processing approaches like 

slot-dye coating or ink-jet printing. 

In conclusion, we have developed a simple and scalable method to deposit µm thick films of a 

prototypical doped polymer semiconductor (P3HT p-type doped by F4TCNQ) for thermoelectric 

applications. We employed sequential doping to reach high doping concentrations without 
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significantly sacrificing morphology. As the effectiveness of the doping step became less for 

increasing layer thickness, thicker films were deposited by alternating depositions of the 

semiconductor and the dopant, yielding a virtually linear scaling of device conductance and 

thermoelectric output power with layer thickness. For thin (< ~150 nm) single-layer films, a 

conductivity over 400 S/m and a high power factor around 7 µW/m·K-2 were obtained, shifting to 300 

S/m and 5 µW/m·K-2 for thick (>1 µm) multilayer films. 

 

Supplementary Material 

See the Supplementary Material for experimental details regarding device fabrication, electric and 

thermoelectric characterization, the (absence of) contact resistance and a comparison to previously 

reported thermoelectric performance indicators. 
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FIG. 1 Schematic of the sample structure and of the applied process to fabricate single and multilayer 

devices. 

 

FIG. 2 Conductivity, Seebeck coefficient and power factor vs. thickness from single layer devices. 

Orange dots indicate the conductivity of samples of which the P3HT film has been surface doped by 3 

successive F4TCNQ layers. Gray squares show conductivities from bulk-doped P3HT with F4TCNQ 

from 10-5 to10-2 molar ratio at ~150 nm. Data points are averages over multiple devices, the error bar 

on the conductivity is smaller than the symbol size. Lines are guides to the eye. 
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FIG. 3 AFM height images for pure P3HT (a), pure F4TCNQ (d) and surface doped P3HT with 1 (b) 

and 3 (c) spin-coated F4TCNQ layers. The scan size is 2×2 µm in a-c and 20×20µm in d;  

 

 

FIG. 4 Normalized UV-Vis absorption spectra for thin films of pure F4TCNQ and P3HT, and for 

single and double layers of F4TCNQ-doped P3HT as specified in the legend. The inset shows the 

integer charge transfer between the P3HT HOMO (-5.0 eV) and the F4TCNQ LUMO (-5.24 eV) 

  



10 
 

 

FIG. 5 (a) Conductivity, Seebeck coefficient and power factor vs. number of deposited P3HT:F4TCNQ 

layers; (b) current at 50 mV and estimated power output at ΔT = 1 K (solid line + circles: multilayer; 

dashed line + triangles: single- layer), vs. layer thickness. Data points are averages over multiple 

devices, the error bar on the conductivity is smaller than the symbol size. 
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