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With the rising popularity of organic thermoelectrics, the interest in doping strategies for organic 
semiconductors has increased strongly over the last decade. Here, we use aggregate data to discuss 
how far the approaches pursued till date have brought the community in terms of typical performance 
indicators for doped semiconductors in the context of thermoelectric applications. Surprisingly, despite 
the superlinear increase in the number of publications on the subject matter, the performance indicators 
show no clear upward trend in the same time range. In the second part, we discuss possible approaches 
to break this deadlock. A specifically promising approach, controlling the distribution of dopant atoms 
in the host material, is discussed in some quantitative detail by experiments and numerical simulations. 
We show that spontaneous modulation doping, that is, the spatial separation between static dopant ions 
and mobile charge carriers, leads to a dramatic conductivity increase at low dopant loading.

Introduction
The technological and societal relevance of inorganic semicon-
ductors can be directly traced back to the possibility to change 
their electronic conductivity by doping. The doping can either 
be electrostatic in nature through the (reversible) application 
of gate voltages in transistor-type devices or by the (typically 
irreversible) incorporation of heteroatoms in the semiconduc-
tor crystal lattice. In that light, it is remarkable how little atten-
tion chemical doping of organic semiconductors has received 
during the booming interest in these materials after the Nobel 
Prize for Chemistry was awarded to Heeger, MacDiarmid and 
Shirakawa in the year 2000 for the discovery and development 
of conductive, that is, chemically doped polymers. The data in 
Fig. 1 show a relatively modest baseline below 200 publications 
per year (black symbols), with a significant upswing around 
2013. As shown in Fig. S1 in the Supporting Information, elec-
trostatic (gate) doping of OSC shows a much stronger publi-
cation activity with an almost linear increase in publications/
year, starting from 2002 and peaking at ~ 2000 publications/
year in 2017.

A closer inspection of Fig. 1 allows some further observa-
tions. First, the sum of the publication counts for the organic 
thermoelectrics (OTE, red symbols), mixed electronic-ionic 
conductors (blue), and organic diodes and organic photovoltaics 

(OPV, green) roughly equals the total count for doped organics, 
cf. thin black line and black symbols. While the fraction of diode 
and OPV papers to the sum drops from well above 50% prior 
to 2010 to currently less than 20%, the fraction of OTE papers 
increases from around 30% before 2010 to currently ~ 70%. 
This allows the conclusion that the increasing interest in doped 
OSC is mainly driven by the increasing activity on organic ther-
moelectrics. We take this as a justification to use the common 
metrics for OTE, conductivity σ , Seebeck coefficient S and the 
power factor PF = S2σ as Figures of Merit (FoM) for doped 
OSC. Of course, depending on the application, other FoM might 
be equally or even more important—in the following, we will, 
for instance, ignore factors like stability, ion diffusivity, etc. 
Although the key FoM of thermoelectrics is the dimensionless 
number zT = PF/κT , with κ the thermal conductivity, we will 
limit the discussion thereof by lack of data points. The latter is 
associated with the difficulty to reliably measure thermal con-
ductivity in the thin-film geometries that are common in the 
field, that is, in the same direction as the PF measurement, paral-
lel to the plane of the substrate.

We further note that the interest in doped OSCs seems 
to be broadening due to the development of mixed elec-
tronic-ionic conductors (green symbols), which are receiving 
increased attention for, among others, sensing applications 

http://crossmark.crossref.org/dialog/?doi=10.1557/s43578-024-01321-9&domain=pdf
http://orcid.org/0000-0002-7104-7127
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in biological systems, including interfacing with neural sys-
tems [1]. The dominant contribution to the ‘diodes and OPV’ 
category are interfacial layers that are used in organic solar 
cells, and (light-emitting) diodes in general to improve con-
tact properties, including charge selectivity, built-in field and 
injection (diodes) and extraction (OPV) [2, 3].

Analysis of FoM over time
In the International Training Network on Hybrid and Organic 
Thermoelectrics (HORATES, Horizon 2020 MSC Action), we 
built up an open-access database with representative thermo-
electric data for p- and n-type materials from the available lit-
erature [4]. Fig. 2 shows the key thermoelectric FoM from this 
database versus year of publication. Surprisingly, and worry-
ingly, neither the conductivity nor the power factor of p-type 
materials shows any sign of an upward trend with time. Rather, 
the increasing number of publications in later years has led to 
a higher number of entries at lower FoM. The latter in itself 
is not problematic, as producing insight and understanding is 
an important goal of science that typically does not combine 
well with producing records. At the same time, in a field where 
applications are generally considered to be so near, one would 
hope that the provided insights and design rules condense in a 
gradual increase in FoM. Such a clearly increasing upward trend 
has, for example, been evidenced in the related field of organic 
photovoltaics. Here, the power conversion efficiency of both 
binary and ternary systems shows such a trend, reflecting an 
increased collective understanding and the existence of practical 
design rules, even if details are still debated [5].

In contrast to σ and PF , the Seebeck coefficient of p-type 
materials does show an upward trend. Unfortunately, for most 
applications, S is not the key FoM. Particularly, the lack of 
corresponding increase in PF suggests that the increase in S 
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Figure 1:    Number of publications on the indicated topic (see legend) vs. 
publication year. Data obtained from the Web of Science Core Collection 
on 16.01.2024. All queries are confined to organic materials, excluding, 
where needed, (hybrid) perovskites. The queries used are given in 
the Supporting Information, Section 1. The thin line is the sum of the 
thermoelectrics, mixed conduction, and diodes and OPV categories.

Figure 2:   Figures of Merit for thin film-doped organic semiconductors collected from literature vs. year of publication, focusing on thermoelectric 
parameters. Upper (a–c) and lower (d–f ) rows are for p-type and n-type materials, respectively. A table with the used literature references can be found 
in the SI, Sect. 2.
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comes at the cost of a reduced σ due to the well-known trade-
off between conductivity and Seebeck coefficient [6, 7]. As 
suggested by the opposing trends in σ and S in [Fig. 2(a, b)], 
plotting these parameters against each other in Fig. S2 shows 
that, at the aggregate level, this trade-off is indeed still active, 
despite many individual papers demonstrating the breaking 
thereof: although not as pronounced as when the doping level 
is varied for a single material, the trends S ∝ σ−1/4 and hence 
PF ∝ σ 1/2 are clearly observable in Fig. S2.

For n-type materials, the conductivity and power factor of 
typical best materials are about an order of magnitude lower 
than for p-type, cf. [Figs. 2(a–d) and (c–f)]. When plotted 
as PF vs σ (Fig. S2), n- and p-type materials are on the same 
trend line. This suggests that the limiting factor for TE per-
formance for n-types is indeed mostly the conductivity and 
not the Seebeck coefficient and that their charge and energy 
transport are—unsurprisingly—governed by the same mecha-
nisms. Accordingly, the somewhat higher S values for n-types 
in [Fig. 2(e)] are to be understood as a reflection of their lower 
conductivity. At the same time, one might, with a willing eye, 
identify an upward trend in the conductivity and power factor 
that could indicate a catching up with p-type materials that 
have traditionally dominated the field of organic semiconduc-
tors, mostly for reasons of stability.

In SI Fig. S3, a similar analysis as above of zT  and the 
thermal conductivity κ of OTEG materials is made. Despite 
the limited number of data points, the absence of (upward) 
trends for ZT  is consistent with the above. Interestingly, the 
near independence of κ on electrical conductivity suggests 
strongly that κ = κlatt + κel is dominated by the lattice contri-
bution κlatt  , as the electronic contribution κel would be 
expected to roughly follow the Wiedemann–Franz form 
κel = LTσ . Using the Sommerfeld value for the Lorenz num-
ber L , L0 = π2

3

(

kB
q

)2
= 2.45 × 10–8 WΩ/K2, leads to κel ∼ 7 

W/mK for a high but realistic conductivity of 104 S/cm and a 
temperature T = 300 K. This can only be reconciled with 
reported values of κ ∼ 1 W/mK at similar or even higher con-
ductivities by assuming that the actual Lorenz number of 
highly doped organic materials can be much below the Som-
merfeld value for free electrons. Although some of us have 
argued that this, to some degree, might indeed be the case [8], 
this is clearly an important direction of future research.

Summarizing, the literature data discussed above indi-
cate that the field of organic thermoelectrics and possibly the 
broader field of doped organic semiconductors is stuck when 
looking at the aggregate level and focusing on conductivity 
and other thermoelectric performance indicators. Of course, 
this does not do justice to important progress that has been 
reported in individual papers. To mention one specific result 
that might bring n-type materials to the p-type level as set by 

PEDOT-derivatives, Tang and coworkers recently reported 
the PEDOT-like side chain-free n-type polymer PBFDO 
that shows good ambient stability and a conductivity around 
2000s/cm [9]. Although the Seebeck coefficient (− 21 µV/K) 
and power factor (90 µW/mK2) are still modest and actually 
at the level of standard high-conductivity PEDOT:PSS, there 
might be significant room for improvement, both though 
post-processing and structural variation [10].

Mitigation of FoM‑limiting factors
In order to identify directions to create an upswing in the FoM 
of doped OSC, it is worthwhile to draw an analogy with the 
situation in the field of organic photovoltaics (OPV) prior to 
the introduction of ‘modern’ non-fullerene acceptors (NFA). In 
the period 2011–2016 the record single OPV cell power con-
version efficiency (PCE) was somewhat stuck between 10 and 
12%, see SI Fig. S4 [11]. In contrast to the OTE community, the 
OPV community did, at the time, have a clear diagnose of what 
was wrong (poor spectral overlap, large voltage losses) [12–14] 
and accordingly could identify means to mitigate those prob-
lems [15]. For doped OSC, in contrast, there is no theory that 
is equivalent to the (extended) Shockley model for OPV that 
would allow us to identify sub-optimal performance in terms 
of σ , S, (and κ ): we do not know how far these parameters, and 
accordingly PF and ZT  can be realistically pushed. As such, 
the field urgently needs a predictive and universally applicable 
theory to understand where there is room for improvement.

In absence of such a theory—if such a theory is even pos-
sible—we can make a rough estimate of the conductivity that 
might be reached. Taking as an empirical upper limit for the 
charge carrier mobility a value for good single crystals, µ = 10 
cm2/Vs and a charge carrier density that is equal to a typical 
(monomer) site density of n = N0 ∼ 1021 cm−3 gives σ = qµn ∼ 
103 S/cm, which is not much below where to we are for p-type 
materials, cf. the dashed lines in [Fig. 2(a) and (d)]. Hence, get-
ting to higher conductivities might be challenging, and one 
would rather have to look for improvement in the direction 
of beating the trade-off with S and possibly κel [8]. Likewise, 
the study of κlatt is in its infancy and one may expect major 
improvement potential, for instance, in designing ‘phonon-glass 
electron-crystal’-type systems [16].

Zooming in on the dopants used for the power factor data 
of p-type materials, Fig. S5 shows that the (higher PF-part of 
the) field is dominated by essentially three dopants: FeCl3, 
FnTCNQ ( n = 4, 6), and Mo(tfd-X)3 and that none of these 
significantly surpasses the values for the older PEDOT-deriv-
atives. That situation is reminiscent of the pre-NFA times in 
OPV discussed above, where a limited set of fullerene deriva-
tives was blended with ‘any’ available donor polymer. This sug-
gests another direction for further optimization, in the form 
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of semiconductor/dopant combinations that are tailored to 
each other, as opposed to a one-size-fits-all approach. Another 
interesting aspect of Fig. S5 is the fact that also single-walled 
carbon nanotubes (SWNT), at least in the more application-
relevant thin-film form, appear to be stuck at power factors 
slightly below 103 µW/mK2, despite the intrinsically high 
mobilities in SWNT. Since the transport theory of doped and 
disordered nanotube networks is (even) less developed than 
for OSC, recent work by some of us highlighted significant 
similarities while simultaneously suggesting that ZT reaching 
or even exceeding unity might be possible [17].

Despite absence of the equivalent of a ‘Shockley theory’ for 
doped OSC, the current understanding within the community 
allows to identify a number of qualitative performance limiting 
factors. These are in order of relative importance as measured by 
the number of papers dedicated to each: (1) the active layer mor-
phology, which may or may not be perturbed by incorporation 
of dopant molecules; (2) Coulomb scattering and charge carrier 
trapping by ionized dopants; and (3) bipolaron formation, with 
the notion that bipolarons are immobile or at least less mobile 
than single polarons. At the same time, the questions whether 
bipolarons are generally stable in chemically doped films and 
how they might be detected have not been univocally answered 
[18, 19]. It is not the purpose of this perspective to provide a 
review of the excellent work that has been done on these topics. 
Instead, we will briefly address some of the mitigation strategies 
that have been pursued and that, in our view might be pushed 
further to beat the status quo, for instance, by designing and 
synthesizing matching dopant-semiconductor pairs.

In general, it is well known that dopant molecules do not 
distribute randomly over the host material, but instead show 
a rich behavior of preferential positions and orientations, 
depending on the specific host–guest combination and rela-
tive concentrations, the host morphology (e.g., amorphous or 
ordered), and processing conditions (e.g., one-pot or sequential 
from solution or the vapor phase). Consensus seems to exist that 
host–guest systems where dopant incorporation leaves a prefer-
entially dominant, well-ordered host phase intact, for instance, 
by intercalating in the alkyl side chains [20], are preferred [21]. 
However, experiences so far suggest that this alone is not suf-
ficient to beat the ‘typical best’ results in Fig. 2. Instead, it seems 
one has to search for more subtle effects by, for example, upfront 
designing the efficiency of charge transfer [22], the screening of 
detrimental Coulomb interactions [16, 23], and/or avoiding the 
formation of bound bipolaron or hybrid states [19, 24].

An alternative and possibly generic direction that is remi-
niscent of the use of ternary blends in OPV is the use of blends 
of two semiconductors and one dopant [25–27]. Although the 
benefits in terms of power factor so far have not been as signifi-
cant as the increases in PCE of ternary OPV [5], experimental 
results have shown the possibility to improve PF beyond the 

single-semiconductor value, although the mechanism are not 
always exactly clear [27, 28].

A third-generic direction that we want to highlight makes 
use of the fact that conjugated polymers are inherently aniso-
tropic materials and that for thermoelectric applications only 
the properties in one direction, that of the charge and energy 
flow, matter; strategies to decouple these directions exist, but 
so far seem beyond practical application [29]. Various works 
have experimentally demonstrated an increase in PF and even 
a combined increase in σ and S , by mechanically aligning the 
polymer backbone [30–32]. In fact, Vijayakumar et al. achieved 
PF = 2 mW/mK2 using this method, which is (one of) the high-
est values reported so far [33]. Current theoretical understand-
ing suggests that indeed this method provides a universal way 
forward to improve already good thermoelectric performance, 
which sets it apart from other proposed design rules [34].

In the last part of this perspective, we build on the above and 
address two specific examples of (potential) design strategies 
in some quantitative detail. This list, which focusses on some 
effects of inhomogeneous dopant distributions, should by no 
means be considered as exhaustive.

Example 1: Spontaneous modulation doping
As discussed above, the high doping densities that are often 
necessary to maximize σ and PF for thermoelectric materials, 
adversely affect the conductivity [21]. A possible strategy to 
circumvent these drawbacks was recently introduced by Dash, 
Guchait, and coworkers for semi- and liquid-crystalline con-
jugated polymers [35]. This approach, which allows extremely 
efficient doping and thus high conductivity even at low dopant 
concentrations, is based on the spatial separation of dopant 
anions and mobile charge carriers. In inorganic semiconductor 
heterostructures, this concept is known as modulation doping 
and is used to fabricate high-mobility devices through elabo-
rate top-down crystal growth techniques. For suitable polymer/
dopant combinations, this process can occur spontaneously. 
The preconditions for this to work are a morphology that con-
tains amorphous and crystalline phases, with the latter ideally 
being long-range connected and a dopant that localizes prefer-
entially in the amorphous phase. If these conditions are met, 
the former—as known from the field of organic photovoltaics 
for aggregation effects—leads to an offset in the HOMO and 
LUMO levels between the respective phases, with the phases 
with the higher order having a smaller band gap (see [Fig. 3(a)]). 
As a consequence, mobile charge carriers energetically favor to 
migrate from the amorphous to the crystalline phase, while the 
dopant counterions remain in the amorphous phase. The trans-
port then takes place mainly in the crystalline phase, which is 
expected to have higher mobility due to its higher order that 
remains unaltered as the dopants are incorporated in the 
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amorphous phase. In addition, the spatial separation between 
the mobile charge carriers and their static counter charges leads 
to a significantly reduced Coulomb scattering. Importantly, the 
process is self-limiting: the migration of mobile charge carriers 
leads to a space-charge region at the interface between the two 
phases, resulting in band bending such that the corresponding 
electric field drives the charge carriers back toward the ions. As 
a consequence, the migration of mobile charge carriers stops at 
the moment when the energy required to overcome the resulting 
potential barrier is larger than the energy gain due to the band 
offset, see [Fig. 3(a)] (right).

In Ref. [35], this concept of phase-selective doping was 
implemented into a numerically exact kinetic Monte Carlo 
simulation based on variable range hopping in a Gaussian Den-
sity of States. In addition, the model was extended by a three-
phase model for a drying polymer leading to more realistic 

morphologies. The results [Fig. 3(c)] semi-quantitatively rep-
licate experiments [Fig. 3(b)] on polymers with different mor-
phologies, namely P3HT (semi-crystalline) and PBTTT (liq-
uid crystalline) and suitable dopants, demonstrating the high 
practical relevance of this concept. Indeed, both polymers 
show a steep increase in conductivity and a rapid saturation of 
conductivity when doped with the dopant that localizes in the 
amorphous phase (here Magic Blue, MB), while the dopant that 
preferentially sits in the ordered domains (here F6TCNQ) leads 
to a significantly weaker increase in conductivity and shows no 
saturation, see [Fig. 3(b, c)]).

A possible reason for preferential doping of the amorphous 
phase is a significant higher void density in the amorphous 
phase as shown by a three-phase model for a drying polymer. 
The selective positioning of a specific dopant can be understood 
through two competing factors. First, a steric preference for the 

Figure 3:   (a) Schematic illustrating the spontaneous modulation doping mechanism in inhomogeneous polymer semiconductors (dark lines), 
consisting of more (dark colored)- and less (light colored)-ordered regions, with the latter having a larger bandgap, leading to a HOMO level offset 
as shown on the right. When the dopant (open circles) is preferentially incorporated in the less-ordered regions, mobile charges (closed circles) 
will transfer to the more-ordered regions, leading to space-charge regions and band bending as shown on the right. (b) Experiment and (c) kMC 
simulation results for the conductivity of P3HT doped by Magic Blue and F6TCNQ vs. dopant concentration in the doping solution.
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amorphous phase due to a higher void density in the said phase 
and second a stabilization of diffusing dopants by integer charge 
transfer (ICT), depending on their location. While the former 
factor is relevant for all dopants and would lead to the desired 
modulation doping effect, the latter factor depends on the driv-
ing force for ICT of the specific dopant/polymer phase. In the 
case of F6TCNQ, which does not dope the amorphous phases of 
P3HT and PBTTT, it causes the dopant to eventually be incorpo-
rated in the more-ordered phase, despite the lower void density, 
due to the stabilization by ICT [35].

Finally, it should be remarked that the spontaneous modula-
tion doping effect should be active for all material combinations 
fulfilling the mentioned conditions. However, it has so far only 
been experimentally demonstrated for rubbing-aligned thin 
films [35].

Example 2: Dopant alignment
Inspired by the performance increases induced by unidirectional 
alignment of the polymer backbone, one might wonder whether 
a similar 1D-like organization of dopant molecules could have 
a similar effect on the thermoelectric FoM. Although this may 
sound near-impossible to realize, the incorporation of dopant 
molecules in quasi-1D strands may actually occur spontane-
ously. In Ref. [36], Persson et al. used 3D electron tomography 
to visualize individual Mo(tfd-COCF3)3 dopants in a glycolated 
polythiophene (p(g42T–T)) matrix and found, at higher loading 
levels, the dopants to organize in elongated clusters parallel to 
the surface normal.

In order to test the above idea, we incorporated a modi-
fied version of the cellular automaton model from Peumans and 
Forrest into our kinetic Monte Carlo (kMC) simulator for hop-
ping transport in disordered media [37]. In short, the model 
works on a grid of ‘molecules’ that interact through interfacial 
energies that are typically different for different material com-
binations. For a 2-component system that leads to 3 energies, 
E11,E22,E12 = E21 . For a cubic lattice with nearest neighbor 
interaction, the total system energy becomes

where M(i) = 1, 2 is the material of site i and αij is an anisot-
ropy factor that depends on the relative ( x, y, z ) orientation of 
the neighboring sites i and j . The exchange rate of a given pair 
of sites is then

where E and E′ are the energies of the configurations before 
and after the swap, γ0 is an attempt frequency, and the factor 

(1)E =
1

2

N
∑

i=1

6
∑

j=1

αijEM(i)M(j)

(2)γ = γ0 exp

(

E − E′

2kBT

)

2 is there to fulfill detailed balance. The idea is illustrated in 
[Fig. 4(a)]. Hence, when E11,E22 < E12 , the system will show 
phase separation by reducing the interfacial area.

Equations (1) and (2) are incorporated in a simple kinetic 
Monte Carlo program that allow to progress a, typically ran-
dom, starting situation in time. Typical results are shown in 
[Fig. 4(b)–(d)]. As in the original work by Peumans and Forrest, 
running the isotropic system from a random starting configura-
tion (panel b) leads to isotropic clusters that grow in time, see 
panel c [37]. For enhanced interaction along the z-direction, the 
clusters become elongated along z , in pleasing agreement with 
the experiments in Ref. [36], see panel d. For a reduced interac-
tion along z, the clusters become flake like in the x, y-plane, not 
shown. Despite the phenomenological similarity to the experi-
mental observations, the model does not explain the physical 
reason for the anisotropic interaction; a discussion thereof is 
beyond our current purposes.

Running kMC simulations on morphologies as in Fig. 4 
leads, for very standard hopping parameters, to the conductivi-
ties indicated by the arrows. As anticipated, the conductivity 
becomes anisotropic in the case of anisotropic dopant clustering, 
panel d, with an anisotropy factor ~ 2 and highest conductiv-
ity along the clustering direction. More surprising are the dif-
ferences with the isotropic systems. On the one hand, having 
isotropic clusters (panel c) gives rise to poorer charge trans-
port in all directions. On the other hand, random, molecularly 
dispersed dopant distributions (panel b) lead to significantly 
higher conductivities in all directions. At the same time, the 
finding that having fewer but larger dopant clusters, panel c vs 
b, hampers conductivity may appear intuitive and in line with 
experiments that generally show that dopant aggregation is det-
rimental. Note, however, that in the current simulations, indi-
rect factors like disturbed morphologies are not present, and 
the effects entirely stem from Coulomb interactions between 
dopants and mobile charges.

While the above shows that dopant ordering can have sig-
nificant and measurable effects on charge transport, we must 
stress that these simulations are far from exhaustive and that 
results are prone to differ for other parameters, concentrations, 
etc. As such, this may also form a worthwhile direction of future 
research.

Summary and outlook
In the first part of this perspective, we have performed a meta-
analysis of reported Figures of Merit of organic thermoelectric 
materials. Overall, we observed an almost complete absence of 
systematic improvement with time, despite a strongly grow-
ing number of publications per year dedicated to the topic 
matter. In the second part, we addressed possible causes 
and mitigation strategies. The aggregate data from literature 
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suggest that it may be hard to significantly improve on cur-
rent best conductivities of around 1000 S/cm, which implies 
one would have to beat the trade-off with the Seebeck coef-
ficient or the electronic contribution to the thermal conduc-
tivity. Alternatively, and essentially unexplored, is optimizing 
the (unknown) relation between electronic properties ( σ , S , 
κel ) and the lattice thermal conductivity ( κlatt ) that seems to 
dominate the overall thermal conductivity in organic ther-
moelectric materials.

In this context, it is interesting to compare to the inorganic 
state-of-the-art that show zT > 2 despite a modest conductiv-
ity ~ 100 S/cm and a thermal conductivity around 0.3 W/mK 
that is comparable to organics due to a comparatively high S > 
500 µV/K [38, 39]. Here, one has to bear in mind that these 
records are achieved at T = 750–900 K, which is unrealistic 
for organics. Comparing to Bi2Te3, which has zT close to unity 
around room temperature, paints, however, a similar picture: 
at an optimal conductivity of ~ 1000 S/cm, Bi2Te3 has a com-
paratively high S > 250 µV/K and a modest κ ∼ 2 W/mK [40]. 
Although the heat and charge transport physics in inorganics 
differ strongly from organics, the comparison seems to confirm 

further improvements of organic thermoelectrics are to be 
sought in S and κ , rather than in σ.

Two approaches, both based on the spatial control of dopant 
position by bottom-up means are discussed in some quantita-
tive detail in the second part of this perspective. While these 
examples exploit microscopic inhomogeneities, also more mac-
roscopic inhomogeneity, e.g., in the form of dopant gradients, 
as recently proposed as a method to improve thermoelectric 
performance [41, 42], might be worthwhile to pursue. Finally, 
we should reiterate that the FoM as discussed herein are by no 
means all that matters for actual applications. For instance, a 
promising and unconventional direction to solve the crucial 
issue of (dopant) stability is the use of all-polymer donor–accep-
tor heterojunctions in which suitably matched polymers act as 
mutual dopants [43].
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