
FULL PAPER
www.afm-journal.de

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1704183 (1 of 8)

Bulk Doping of Millimeter-Thick Conjugated Polymer 
Foams for Plastic Thermoelectrics

Renee Kroon,* Jason D. Ryan, David Kiefer, Liyang Yu, Jonna Hynynen, Eva Olsson,  
and Christian Müller*

Foaming of plastics allows for extensive tuning of mechanical and physico-
chemical properties. Utilizing the foam architecture for plastic semiconduc-
tors can be used to improve ingression of external molecular species that 
govern the operation of organic electronic devices. In case of plastic thermo-
electrics, utilizing solid semiconductors with realistic (millimeter (mm)-thick) 
dimensions does not permit sequential doping—while sequential doping 
offers the higher thermoelectric performance compared to other methods—
because this doping methodology is diffusion limited. In this work, a fabrica-
tion process for poly(3-hexylthiophene) (P3HT) foams is presented, based 
on a combination of salt leaching and thermally induced phase separation. 
The obtained micro- and nanoporous architecture permits rapid and uni-
form doping of mm-thick foams with 2,3,5,6-tetrafluoro-7,7,8,8-tetracyano-
quinodimethane, while thick solid P3HT structures suffer from protracted 
doping times and a dopant-depleted central region. Importantly, the thermo-
electric performance of a P3HT foam is largely retained when normalized with 
regard to the quantity of used material.
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sponges or bodily fluids in biomedical 
scaffolds.[4] Recently, poly(3,4-ethylenedio-
xythiophene):poly(styrene sulfonate)-
based formulations were used to fabricate 
electronic aerogels via lyophilization for 
applications, such as supercapacitors, 
pressure sensors, thermoelectrics, and 
bioelectronics.[5–10]

Conjugated polymers are widely con-
sidered for applications such as bioelec-
tronics and thermoelectrics that require 
the infiltration of solid samples with 
external molecular species. However, the 
diffusion of a molecular species into a 
solid semiconductor is generally slow. 
For example, the migration of fullerenes 
in poly(3-hexylthiophene) (P3HT)[11,12] 
or poly[9,9-bis(2-ethylhexyl)fluorene][13] 
occurs with a temperature-dependent 
diffusion coefficient of not more than 
10−15–10−13 m2 s−1 above the glass transi-
tion temperature.[14] A similar diffusion 

coefficient of 2.5 × 10−15 m2 s−1 was found for iodine diffusion 
in P3HT at room temperature (RT), despite iodine being a 
smaller molecule than fullerenes.[15]

To render polymer semiconductors suitable for organic 
thermoelectrics, the charge carrier density must be opti-
mized through introduction of molecular dopants such 
as 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane 
(F4TCNQ).[16–19] At the same time, thick, millimeter (mm)-
sized doped semiconductor structures are required for optimal 
thermoelectric performance.[18,20] While coprocessing of 
the dopant and semiconductor from the same solution pre-
eminently suits the preparation of bulky thermoelectric mate-
rials as it is a convenient, one-step process,[21–24] sequential 
doping–although a two-step process–offers superior thermo-
electric properties.[23,25–30] This is because the latter allows 
optimization of the solid-state nanostructure of the organic 
semiconductor prior to doping.

Unfortunately, sequential doping of thick, solid semicon-
ductor structures is extremely difficult because the introduction 
of dopant molecules is diffusion limited. Thus far, processing 
of organic thermoelectric materials has been limited to thin 
layers of doped semiconductors that are then print laminated[31] 
or folded[32] to create thick architectures. Ultimately, tools that 
permit to introduce large, slowly diffusing dopant molecules 
into bulk structures will become essential as it simultaneously 
results in higher thermal stability of the final material[33] or miti-
gates the drift of dopant molecules due to an electric field.[34]

Aerofoams

1. Introduction

Foaming of plastics is a widely used strategy to alter their sur-
face area and physicochemical properties, using pore size, con-
nectivity of the pores, and porosity as design tools.[1] The low 
weight combined with a high degree of compressibility (low 
Poisson’s ratio) found in foams of common polymers such as 
polystyrene and polyurethanes makes them particularly suit-
able for packaging and cushioning. In addition, the already 
low thermal conductivity of polymers such as polystyrene 
and polyisocyanurate can be further decreased for various 
insulating purposes, from food delivery to building construc-
tion.[2,3] The porous nature of foams facilitates ingression 
of gases and liquids, for example water in poly(vinyl alcohol) 

Adv. Funct. Mater. 2017, 27, 1704183



www.afm-journal.dewww.advancedsciencenews.com

1704183 (2 of 8) © 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Here, we establish that semiconductor foams readily 
permit sequential doping of thick semiconductor structures 
by assisting the transport of the dopant. We demonstrate that 
thermally induced phase separation (TIPS) combined with salt 
leaching can be used to fabricate centimeter (cm)-sized P3HT 
foams with a porosity of 66% ± 4% and a microporous internal 
structure that is interconnected with nanopores. The dopant 
uptake of 1.5 mm-thick P3HT foams is probed via immer-
sion doping with F4TCNQ and found to be at least eight times 
faster than 400 µm thick solid P3HT samples that, in addition, 
exhibit an internal F4TCNQ-depleted region. Finally, the ther-
moelectric properties of doped P3HT foam and solid P3HT 
are compared, revealing that the figure of merit is not severely 
compromised when normalized with regard to the quantity of 
used material.

2. Results and Discussion

To obtain semiconductor foams, we modified an experi-
mental procedure described by Heijkants et al., who reported 
the fabrication of porous biocompatible meniscal scaffolds via  
TIPS + salt leaching approach.[35,36] The salt porogen is used to 
introduce micrometer-sized pores of which the size can be con-
trolled by the dimensions of the salt crystals. TIPS results in the 
formation of a polymer-rich phase and a polymer-lean phase,[37] 
creating small-sized pores in the polymer that form continuous 
pathways to facilitate salt leaching and prevent intercalation of 

isolated salt crystals. Several characteristic requirements exist 
when fabricating foams with this approach. First, a very concen-
trated, homogeneous polymer solution with (ideally) moderate 
processing temperatures should be used. Therefore, we chose 
to use P3HT (88% regioregular, Mw: 56 kg mol−1) combined 
with 1,2-dichlorobenzene (oDCB) as the diluent because of its 
high compatibility with the polymer. Second, the homogeneous 
polymer mixture should exhibit TIPS upon cooling, either via 
liquid–liquid (L–L)[38] or liquid–solid (L–S)[39] phase separa-
tion to interconnect the pores that arise from salt leaching. We 
will then exploit the same network of pores to assist in rapid 
distribution of the dopant solution throughout P3HT foam 
structures.

We started by establishing a foam fabrication process 
that can be performed without excessive cooling or heating.  
To determine appropriate processing parameters, we first 
focused on constructing a phase diagram of P3HT:oDCB solu-
tions for relevant compositions and a temperature window  
of 20 °C < Tprocessing < 120 °C (Figure 1). Differential scan-
ning calorimetry (DSC) cooling traces (Tcool = 2 °C min−1) of 
P3HT:oDCB solutions with varying volume fractions of P3HT 
(φP3HT) were recorded and the onset of the main exothermal 
transitions was extracted (Figure S1, Supporting Information). 
For less concentrated solutions with φP3HT ≤ 0.05 we observe 
a single exotherm, indicating that crystallization occurs from 
a homogeneous solution. Instead, for more concentrated solu-
tions with φP3HT > 0.05 two exotherms are present, which sug-
gests that L–L phase separation precedes crystallization of the 
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Figure 1. Left, phase diagram based on cooling of P3HT:oDCB solutions with varying compositions (Tcool = −2 °C min−1). L: homogeneous mixture; 
L1 + L2: liquid–liquid phase separation; L1 + L2 + SP3HT: P3HT crystallization in the polymer-rich phase; L + SP3HT: P3HT crystallization in the polymer-
lean phase; SoDCB + SP3HT: crystallization of oDCB. Right, corresponding optical microscopy images of P3HT:oDCB solutions at various temperatures 
(tisothermal = 5 min) for φi,P3HT = 0.33 and φi,P3HT = 0.1.
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polymer. P3HT first crystallized from a polymer-rich phase 
(first exotherm) followed by crystallization from a polymer-lean 
phase at lower temperatures (second exotherm).

To further investigate if P3HT:oDCB binaries undergo an 
L–L or L–S phase separation (or both) and for which com-
positions above room temperature, we used optical micro-
scopy to monitor the microstructure of solutions with  
φP3HT = 0.1 and φP3HT = 0.33 during gradual isothermal cooling 
from 100 °C to 30 °C (Figure S2, Supporting Information). No 
apparent phase separation was observed during cooling of solu-
tions with φP3HT = 0.1 (Figure 1, green arrow) to RT. In con-
trast, upon cooling of the solution with φP3HT = 0.33 (Figure 1, 
blue arrow), red P3HT-rich domains started to emerge during  
Tisothermal = 60 °C, which gradually turn purple, indicative of 
P3HT crystallization. We conclude that in case of sufficiently 
concentrated solutions, L–L phase separation occurs prior to 
solidification. The latter is similar to the work by Hellmann 
et al. who studied solidification of P3HT:polyethylene 
oxide:chloroform ternary blends via controlled solvent evapora-
tion and found that after L–L phase separation the P3HT-rich 
phase underwent crystallization which manifested itself as a 
distinct color change from orange-red to purple.[40]

To illustrate the observed phase separation behavior, we 
constructed a temperature–composition phase diagram for 
P3HT:oDCB. At sufficiently elevated temperatures only a 
homogeneous mixture (L) exists. As the temperature is lowered 
for φP3HT > 0.05, phase separation from L → L1 + L2 occurs. 
L–L phase separation leads to the formation of a polymer-rich 
and a polymer-lean phase. Note that we were unable to detect 
the L1 + L2 coexistence line below which L–L phase separation 
occurs (outlined by the dotted line in Figure 4). For φP3HT > 0.05 
and T > 5 °C a region exists where P3HT crystallizes in the 
polymer-rich phase (L1 + L2 + SP3HT). For T < 5 °C, solid P3HT 
is also present for lower concentrations (L + SP3HT) and for 
T < −40 °C the solvent crystallizes (SoDCB + SP3HT).

For foam formation, we choose to employ a solution with 
φP3HT = 0.33, as this concentration offers a homogeneous solu-
tion with high P3HT content at moderately high temperatures 
while exhibiting TIPS well above room temperature. P3HT 
foams were fabricated according to the scheme depicted in 
Figure 2. First, P3HT and oDCB were mixed in a 33% v/v 
ratio at 100 °C until a homogeneous, red viscous mixture was 
obtained. Small NaCl crystals (≤20 µm) were used as such 
dimensions would result in a more uniform foam structure and 
were obtained via previously reported precipitation method.[41] 
The amount of NaCl was chosen to yield a foam with a theo-
retical porosity of ≈80%. The NaCl porogen was subsequently 
mixed with the P3HT:oDCB mixture until a homogeneous paste 

was obtained, then cooled slowly to allow for TIPS to occur. 
Finally, the mixture was left to cool at ambient overnight to 
ensure that the same temperature was reached throughout the 
sample. Then, the solidified mixture was immersed in meth-
anol (MeOH) as this acts as an orthogonal solvent for P3HT. 
While oDCB could be leeched out with pure MeOH (≈72 h.),  
virtually complete removal of NaCl required addition of water 
to the MeOH phase (10–50%) and ≈3 weeks of leaching for  
1 cm-thick foams. We like to note that thinner samples 
(≈1 mm thickness) could be salt leeched within 1 d. During salt 
leaching, the foams appeared to decrease about 10% in volume, 
which we explain by the contraction of the P3HT phase after 
removal of the oDCB diluent. Nevertheless, P3HT foams with a 
diameter ≈ 25 mm, height ≈ 10 mm, and a porosity of 66% ± 4% 
were obtained (Figure S3, Supporting Information, average of 
19 samples). After drying of the P3HT foam, elemental analysis 
was performed to confirm that only minute amounts of NaCl 
were still present; 0.1% m/m at the edge and 1% m/m at the 
center of the foam, which shows that the removal of NaCl from 
a 10 mm thick specimen was close to complete. Scanning elec-
tron microscopy (SEM) was subsequently used to investigate 
the P3HT foams, revealing a microporous structure that arises 
from the NaCl porogen leaching (Figure 3), with P3HT wall 
thickness on the order of 1 µm. These micropores (size 14 ± 
6 µm) are interconnected by nanometer-sized pores (diameter 
≈63 ± 19 nm) that most likely stem from the crystallization that 
occurs in the P3HT-rich phase.

To investigate if manipulation of the P3HT solid-state struc-
ture was possible without collapse of the delicate internal 
pore structure, we performed an annealing experiment. A 
foam sample was annealed for 30 min at 150 °C and subse-
quently analyzed by wide-angle X-ray scattering (WAXS) and 
SEM (Figure 3). SEM images indicate that the open micropo-
rous structure of the P3HT foam is retained, evidence by the 
unchanged size of the macropores (size 14 ± 6 µm). The nano-
pores in the P3HT phase also persist but their density and size 
(diameter ≈54 ± 19 nm) has decreased slightly, as the annealing 
step introduces some mobility in the P3HT phase. WAXS 
indicates a more ordered solid-state structure of P3HT as evi-
denced by the larger area (≈11%) of the 100 lamellar stacking 
peak and the increased correlation length, Lcorr ≈ 12.4 nm and 
Lcorr ≈ 15.2 nm for pristine and annealed foam, respectively. 
Thus, we conclude that manipulation of the P3HT nanostruc-
ture could be carried out without significant changes in the 
foam architecture.

In a next set of experiments, we studied the uptake 
of dopant by P3HT. We chose to work with F4TCNQ as 
the dopant, as P3HT:F4TCNQ represents a well-studied 
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Figure 2. Flow chart of salt-leaching method for P3HT foam fabrication.
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semiconductor/dopant combination.[19,21–24,26,27,29,42] We com-
pared the dopant uptake of 1.5 mm thick P3HT foams with 
400 µm thick solid P3HT samples. To confirm that the differ-
ence in dopant uptake does not arise due to a different nano-
structure of P3HT we carried out DSC (Figure S4, Supporting 
Information). The melting exotherms are similar in shape 
with a prominent melting peak at 235 °C and 237 °C for solid 
and foam samples, respectively. This indicates a comparable 
lamellar thickness for the majority of the crystals in each mate-
rial. For the degree of crystallinity of each material we find 
≈44% and ≈35% for solid film and foam, respectively, using 
ΔHu = 49 J g−1 as the enthalpy of fusion.[43]

Samples were doped with 20 mol% F4TCNQ which was cal-
culated relative to the molar concentration of available P3HT 
monomeric units. Note that we employed a low dopant mass 
concentration of ρF4TCNQ ≈ 1 g L−1 F4TCNQ in 1:1 acetonitrile 
(ACN):dichloromethane (DCM) to allow for accurate stoichi-
ometry between the polymer and dopant. We determined the 
dopant uptake by gravimetric analysis, which allowed us to 
record the sample weight before and after immersion in the 
dopant solution while varying the doping time.

The foam structure permits rapid uptake of the dopant, 
incorporating the vast majority of F4TCNQ into the P3HT foam 
after 4 h of immersion doping, and enters a saturated regime 
after 10 h. In contrast, even after 3 d of immersion doping, sat-
uration of the F4TCNQ uptake has not yet been reached for the 
solid samples, despite being half the weight of the foam sam-
ples. To further illustrate the difference in dopant uptake, we 
estimated the initial rate of F4TCNQ uptake for each sample, 
0.01 mol% h−1 and 0.4 mol% h−1 for solid and foam samples, 
respectively. To probe if the foam doping process could be  

further accelerated, we used a more concentrated F4TCNQ 
solution (ρF4TCNQ ≈ 10 g L−1). Doping was further assisted by 
quickly exchanging the air with dopant solution by applying 
vacuum for ≈1 s. In this way, the foam could be completely 
doped after 1 h of immersion doping, corresponding to an 
F4TCNQ uptake of 8 mol% h−1.

To investigate the ingression of F4TCNQ in the P3HT sam-
ples, we performed energy-filtered dispersive X-ray spectroscopy 
(EDX) on cross-sections of each sample type to qualitatively 
probe the fluorine, carbon, and sulfur signals (Figure 4, bottom 
and Figure S5, Supporting Information). The foam sample 
shows a comparable intensity of the fluorine signal throughout 
its interior structure, indicating that the F4TCNQ is distri buted 
evenly inside the P3HT foam. In sharp contrast, after 72 h 
doping the F4TCNQ appears to accumulate at the edge with 
a F4TCNQ-depleted region in the center of each solid sample. 
Thus, despite having incorporated the majority of F4TCNQ, 
the dopant is unable to completely diffuse to the center of the 
sample, leading to a prominent gradient. The dopant uptake 
studies show that sequential doping of large solid architectures 
indeed proves to be difficult and that thick P3HT foams can 
be doped much more rapidly and more uniformly compared to 
solid samples.

To establish if, and to what extent the thermoelectric per-
formance of foams is affected relative to solid structures, we 
compared the thermoelectric parameters of P3HT foams with 
solid P3HT samples after sequential doping with F4TCNQ. 
We expect a decrease in electrical conductivity of the foams 
due to the large air content and the increased tortuosity of 
conducting pathways.[44] Regarding the Seebeck coefficient, 
effective medium theories imply that the Seebeck of a doped 
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Figure 3. Left: SEM microscopy images of the P3HT foam before (red, top) and after annealing for 30 min at 150 °C (blue, bottom). Right, lamellar 
stacking peak in the WAXS spectra and 2D plot (inset) of pristine (red) and annealed (blue) foams.
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P3HT foam is the sum of the Seebeck of air and doped P3HT, 
weighted by the relative electrical conductivity. Since the elec-
trical conductivity of air is extremely small (on the order of 
10−14–10−15 S cm−1), the contribution of air to the Seebeck coef-
ficient of a foam will also be extremely small. Thus, foaming 

a material does not alter its Seebeck coefficient (for the same 
electrical conductivity of each solid material). For the measure-
ment of the electrical conductivity and Seebeck coefficient, we 
used two sets of foam samples that were doped with different 
sequential doping methodologies. One set of foam samples was 
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Figure 4. a) Schematic overview of the conducted dopant uptake experiment. b) Uptake of F4TCNQ in mol% as function of doping time for foam (red 
circles) and solid samples (blue diamonds) for low concentration of the dopant solution, and for foams doped with high concentration of the dopant 
solution (white circles). Dashed lines are a guide to the eye. Sample dimensions: l × w × h, weight are ≈10 mm × 1.5 mm × 1.5 mm, 10 mg for foams 
and ≈10 mm × 1.5 mm × 0.4 mm, and 5 mg for films. c–f) Probed areas for carbon (C), sulfur (S), and fluorine (F) and the corresponding EDX spectra 
for each area of c,e) solid P3HT and d,f) P3HT foam after 72 h immersion doping with F4TCNQ.
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doped stepwise, to control the doping level with the number 
of doping cycles, via deficit amount of F4TCNQ in the dopant 
solution. For the electrical conductivity, we immersion doped 
five foam samples repeatedly with 4 mol% of F4TCNQ (1:1 
ACN:DCM, ρF4TCNQ ≈ 1 g L−1) according to weight and meas-
ured the electrical conductivity of the sample after each doping 
step (20 h). Corresponding samples for the Seebeck measure-
ments were doped in the same stepwise manner but each data 
point consumed a set of three foams. We chose this procedure 
because our Seebeck measurement setup requires fixation of 
each sample to the sample stage, which prevents recycling of 
the foam samples. More details of the sample preparation can 
be found in the Supporting Information. For the second set 
of samples, foam samples from the dopant uptake study were 
used, as the dopant concentration in the sample varies with 
doping time (10 min–4 h) and the concentration of the dopant 
solution (ρF4TCNQ ≈1–10 g L−1). To obtain reliable values for the 
electrical conductivity and Seebeck coefficient of solid samples 
we used much thinner 5 µm thick P3HT films, as the 400 µm 
thick samples proved difficult to dope but also bent and cracked 
during immersion doping (Figure S6, Supporting Information). 
P3HT films (three per data set) were immersion doped for 24 h 
using a range of dopant solution concentrations (ρF4TCNQ ≈5 × 
10−3 to 1 g L−1) to obtain various degrees of doping.

The electrical conductivity and Seebeck coefficient of doped 
P3HT foams, and solid P3HT samples were subsequently 
measured (Figure 5, also Figure SI6, Supporting Information 
for electrical conductivity and Seebeck coefficient as function 
of the used doping conditions). For both solid samples and 
foams, the Seebeck coefficient α and the electrical conduc-
tivity σ follow the empirical relationship 

1
4α σ∝ −  that was 

proposed by Glaudell et al.[22] However, the trend observed 
for solid samples is shifted in accordance with their higher 

electrical conductivity, and we find a maximum average σsolid =  
3.5 ± 0.7 S cm−1 combined with αsolid = 52 ± 3 µV K−1. For 
the stepwise sequentially doped foams, a maximum average 
value of σfoam = 0.14 ± 0.03 S cm−1 was obtained, paired with 
a minimum value of αfoam = 58 ± 1 µV K−1. For samples that 
were doped in one step with higher dopant concentration and 
shorter doping times, we find a similar maximum average 
value of σfoam = 0.19 ± 0.03 S cm−1 but a slightly higher cor-
responding value of αfoam = 67 ± 5 µV K−1. Gratifyingly, foam 
samples that were doped with either ρF4TCNQ ≈ 1 g L−1 for 4 h or 
ρF4TCNQ ≈ 10 g L−1 for 1 h display similar electrical conductivi-
ties, which is in agreement with the similar amount of dopant 
that was taken up by each sample (cf. Figure 4).

The evolution of the electrical conductivity with the porosity 
of a material can be approached by various models that 
describe the evolution of the relative electrical conductivity (σr) 
with volume fraction porosity (Vp) for open- or close-cell foams. 
To evaluate the experimentally obtained electrical conductivity 
of our P3HT foam compared to solid-doped P3HT, we use the 
differential effective medium approach to estimate the relative 
electrical conductivity[45,46]

1r pV
nσ ( )= −  (1)

with n being a shape factor (n = 1.5 for spheres) based on the 
change in conductivity of a matrix containing randomly located 
overlapping spheres. We chose to use this closed-cell model 
because it has shown to provide good agreement with experi-
mental data, and we define our foams as closed-cell because of 
the presence of cells walls (even though the walls are porous). 
Theoretically, for Vp = 0.66 and n = 1.5, we find a relative 
electrical conductivity of σr = 0.19, or a factor of 5 difference 
between solid and foam samples. Experimentally, the loss in 
the electrical conductivity of the foam is a factor of 9 which 
likely is due to an underestimation of the tortuosity in the solid 
phase, due to the cubic cell shape, the presence of nanopores in 
the solid, or discontinuities in the foam structure such as dead 
ends or cell walls that are oriented perpendicular to the applied 
electrical field.

We went on to measure the thermal conductivity of solid 
and foam samples. We carried out thermal conductivity meas-
urements on millimeter-thick samples using a Hotdisk setup, 
where a thin-film heating coil is placed between two identical 
slabs of material (see Experimental Section for details). Both, 
the in-plane and out-of-plane thermal conductivity, κ∥ and κ⊥, 
can be determined with this method. For the here investigated 
samples we observe no anisotropy and therefore we focus our 
analysis on the average thermal conductivity (see the Sup-
porting Information). To determine the thermal conductivity 
of solid P3HT, we fabricated samples by pressing powder of 
neat P3HT as well as P3HT doped with 8 mol% F4TCNQ into 
pellets at room temperature, followed by pressing at 80 and 
150 °C, respectively, to ensure a homogeneous internal struc-
ture and probe surface. For solid samples of neat and doped 
P3HT we find a similar thermal conductivity of 0.34 ± 0.01 and 
0.32 ± 0.01 W m−1 K−1, respectively, which is in agreement with 
previously reported values (0.33 and 0.26 W m−1 K−1).[24] We 
rationalize the similar thermal conductivity of neat and doped 
P3HT with the relatively low electrical conductivity of these 
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Figure 5. Logarithmic plot of Seebeck coefficient α as function of elec-
trical conductivity σ of P3HT foams and films after immersion doping 
with F4TCNQ: foam samples ( l × w × h ≈10 mm × 1.5 mm × 1.5 mm) 
stepwise sequentially doped with 4% F4TCNQ for 20 h per doping step 
(red circles) or in one step (gray circles) with varying dopant concentra-
tion (ρF4TCNQ = 1 or 10 g L−1) and doping times (tdoping = 10 min, 1 h or 
4 h); solid 5 µm thick dropcast P3HT films sequentially doped for 24 h 
(ρF4TCNQ = 0.005, 0.01, 0.05, 0.1, 0.5, and 1 g L−1).
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samples. Assuming that the Wiedemann–Franz law holds,[47] 
we estimate that the electronic contribution to the thermal con-
ductivity is on the order of 10−3 W m−1 K−1), which is within the 
estimated error of our measurements.

We expect a decrease in thermal conductivity for the foams, 
as they consist to p = 66% of air, which has a very low thermal 
conductivity. Since the pores of our P3HT foams are much 
larger than the mean free path of air, we can use the rule of 
mixtures to estimate the thermal conductivity of the foam

1
100 100

foam P3HT air

p p
κ κ κ= −



 +  (2)

where κP3HT and κair = 0.025 W m−1 K−1 are the thermal 
conductivity of solid P3HT and air, respectively, and p is 
the porosity of the foam in percent.[48] We estimate a value 
of κfoam = 0.12 W m−1 K−1 for a foam with a porosity of 
66%, using for κP3HT the value measured for solid P3HT, 
κP3HT ≈ 0.3 W m−1 K−1. For both 4 mm thick samples of neat 
foam and foam doped with 8 mol% F4TCNQ we measure the 
same thermal conductivity of κfoam = 0.14 ± 0.01 W m−1 K−1, 
which is in good agreement with the theoretically predicted 
value.

To compare the thermoelectric performance of doped solid 
samples and P3HT foams, we calculated the figure of merit

2

ZT T
α σ

κ
=  (3)

where T is the absolute temperature, which we set to 300 K. 
For doped foams we find a value of ZT ≈ 2 × 10−4 (Table 1). 
We use the trend line for α(σ) of solid samples in Figure 5 to 
extrapolate a value for σ that corresponds to the same Seebeck 
coefficient α = 66.8 µV K−1 that was used to calculate the ZT 
of the doped foam. For the same Seebeck coefficient, we find a 
four times higher value of ZT ≈ 8 × 10−4 for solid P3HT sam-
ples. Comparing the maximum figure of merit for each mate-
rial, calculated by using the highest achieved thermoelectric 
para meters, we find the same ratio between the figure of merit, 
ZTmax ≈ 2.3 × 10−4 and ZTmax ≈ 1 × 10−3 for foam or solid sam-
ples, respectively.

The lower ZT of the foams is due to the decrease in electrical 
conductivity, which is not compensated for by the lower thermal 
conductivity of the foam. We chose to compare our results with 
regard to the amount of material that is used to prepare the ther-
moelectric material. The comparison is made under the condi-
tions that the increase in foam sample size is accommodated 

only by the area while keeping the thickness constant (effec-
tively increasing the conductance of the foam sample).

We use the following modified figure of merit that is normal-
ized by the porosity of the sample

100

100

2

ZT T
p

α σ
κ

′ = ×
−

 (4)

Comparison of this normalized figure of merit indicates 
that P3HT foams give rise to a similar ZT′ ≈ 6 and 8 × 10−4 
for foams and solid samples, respectively. We conclude that the 
thermoelectric performance of a given amount of material is 
not severely compromised when using foam structures, which 
allows to exploit other advantages such as here demonstrated 
ability to dope bulk samples more rapidly. Further, we like to 
point out that methods, which permit to alter the thermal con-
ductivity of a material, can be used to optimize the dimensions 
of a thermoelectric generator.[49,50] Therefore, we argue that 
foaming of organic semiconductors represents a powerful tool 
for the design of plastic thermoelectric materials.

3. Conclusion

To summarize, we have demonstrated that TIPS combined with 
salt leaching is a promising route to produce semiconductor 
foams. The foam architecture allows doping of mm-thick 
semiconductor structures much faster and more uniformly 
compared to solid semiconductors. Thus, for the first time we 
were able to use sequential doping, which is known to result 
in improved thermoelectric performance, in combination with 
thick samples. As the thermoelectric performance of the P3HT 
foam is almost retained per quantity of material, thermoelectric 
foams could be particularly promising for large area applica-
tions where device area is not a limiting factor, e.g., cladding 
of chimneys and factory pipes with plastic thermoelectric gen-
erators. Foaming of plastic semiconductors, in particular the 
fabrication of thin porous films via TIPS, represents an inter-
esting avenue to explore, to, for example, improve ingression 
of external molecular species, or to increase surface area in 
organic sensors and electronic membranes.
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Supporting Information is available from the Wiley Online Library or 
from the author.

Table 1. Thermoelectric parameters obtained for doped foam and solid samples doped in one step.

p [%] σ [S cm−1] α [µV K−1] κ [W m−1 K−1] ZT ZT′ ZTmax

Solid 0 1.8a) 67 0.32 ± 0.01 8 × 10−4 8 × 10−4

Solid max 3.24 58.1 1.0 × 10−3

Foam 66 0.19 ± 0.03 67 0.14 ± 0.01 2 × 10−4 6 × 10−4

Foam max 0.22 68.4 2.3 × 10−4

a)Extrapolated value for a Seebeck coefficient of 67 µV K−1 using the trend line for solid samples in Figure 5.
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