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ABSTRACT

As the field of organic thermoelectrics advances toward maturity, an accurate and standardized reporting of performance metrics

becomes essential to drive further progress and assess real-world viability. The common geometric form factors and material

properties (conductivity, anisotropy, stability, etc.) differ from those of conventional bulk inorganic systems, and thus specific

recommendations may apply. Herein, we compile prevalent points of concern in the reporting of thermoelectric performance for
organic materials and devices. Moreover, we propose a list of critical factors and metrics that should be explicitly documented
when reporting the performance of novel organic thermoelectric materials or devices.

1 | Introduction

The solid-state conversion of heat into electricity through the
thermoelectric (TE) or Seebeck effect has been known for over
200 years. It was, however, during the 1950s when practical
applications started to emerge, and figures of merit (FoMs)
to characterize thermoelectric materials and generators were
established [1]. The thermoelectric material figure of merit zT
= S?0T/x at a given temperature (T) combines other properties
that are relevant to assess performance, namely the Seebeck
coefficient (S), the electrical conductivity (o), and the thermal
conductivity (x). While these all have a very clear physical
definition, their characterization may be challenging in real
samples and operational conditions.

Inorganic thermoelectric materials are mainly characterized in
their bulk form (as single crystals, ingots, or pellets with similar
length, width, and thickness), and often far above room tem-
perature. The associated complications in reporting meaningful
FoMs are mostly well identified and accounted for in bulk inor-
ganic samples. Very recently, an International Standardization
Organization (ISO) norm has been established to simultaneously
measure ¢ and S from 300 to 1200 K in bulk samples [2]. Similarly,
there are ISO norms governing the determination of the thermal
conductivity of bulk samples [3].

The field of organic thermoelectrics presents its own unique set
of challenges relative to inorganic materials. Organic materials
are frequently cast from relatively dilute solutions or deposited

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original work is properly

cited.
© 2026 The Author(s). Advanced Materials published by Wiley-VCH GmbH

Advanced Materials, 2026; 0:e20430
https://doi.org/10.1002/adma.202520430

10f12


http://www.advmat.de
https://doi.org/10.1002/adma.202520430
https://orcid.org/0000-0003-3171-0526
https://orcid.org/0000-0002-1535-4608
https://orcid.org/0000-0002-7028-9829
https://orcid.org/0000-0002-3691-5427
https://orcid.org/0000-0002-1119-9938
https://orcid.org/0000-0001-9458-7022
https://orcid.org/0000-0003-1230-3626
https://orcid.org/0000-0001-7883-8215
https://orcid.org/0000-0001-9679-0075
https://orcid.org/0000-0003-2682-1846
https://orcid.org/0000-0003-4641-3508
https://orcid.org/0000-0001-7859-7909
https://orcid.org/0000-0002-0442-4439
https://orcid.org/0000-0002-7104-7127
https://orcid.org/0000-0002-8911-640X
mailto:bdorling@icmab.es
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1002/adma.202520430
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadma.202520430&domain=pdf&date_stamp=2026-02-05

from vapor into thin films (with a thickness of typically less than
1 um). As synthesized, they may be highly insulating, requiring
the addition of chemical dopants via further processing steps.
Their electrical and thermal conductivities can span orders of
magnitude, and, depending on processing, may be anisotropic.
Last but not least, organic materials tend to have significant
air stability issues. These traits necessitate the development of
and adherence to a tailored set of guidelines, to assure that
the reported FoMs for materials and devices are meaningful,
comparable, and valuable to the scientific community.

In the ideal, hypothetical case, any thermoelectric material
should be characterized by measuring S, o, and x at the same time,
in the same direction, and on the same homogeneous sample.

Given experimental and other limitations, in common practice
however, multiple, and not necessarily perfectly homogeneous
samples are measured sequentially. While it is often implic-
itly assumed that these distinct samples possess identical and
unchanging properties, this is not necessarily the case. Addi-
tionally, in anisotropic materials, an erroneous zT may result for
thin-film samples, when o is measured in the in-plane direction,
while x is measured in the out-of-plane direction. This issue may
be mitigated by measuring x on the same (or an identical) thin
film sample in the same in-plane direction as o [4]. Care should
be taken if multiple samples are used, because the degree of
anisotropy depends on the sample morphology, which in turn
can be influenced by film thicknesses, as often seen through
optical studies [5], as well as by thermal [6], and structural
characterization [7].

Likewise, when comparing the performance of individual sam-
ples to that of organic thermoelectric generators comprising
multiple elements, numerous parameters (e.g. processing condi-
tions, measurement apparatus, sample geometry, measurement
direction, contacts, fill factor, etc.) change at once, which can
lead to inconsistent results if not properly accounted for and
documented.

The scenario outlined for organic thermoelectrics resembles
challenges that are common for any emerging material system,
due to their often multidisciplinary nature. Recent examples
include the domains of organic photovoltaics (OPVs), organic
field effect transistors (OFETs), hybrid perovskite photovoltaics,
and photodetectors based on emerging semiconductors. The early
days of OPVs saw claims of overly optimistic performance, some
of which were due to experimental errors, such as issues related
to solar simulator calibration, or an ill-defined device active area
[8]. The prevalence of these systematic errors in the literature was
quantitatively discussed by documenting the mismatch between
reported short circuit currents and the corresponding external
quantum efficiencies integrated over wavelength [9]. In the
realm of hybrid perovskite PVs, challenges were compounded
by hysteresis in the current-voltage characteristics, that could,
depending on the direction and scan rate of the voltage sweep,
result in misleadingly large fill factors and inflated power
conversion efficiencies [10]. Consequently, the PV community
implemented standardized reporting protocols, as evidenced by
guidelines instituted by journals such as Nature [11], Energy &
Environmental Science [12], or Advanced Materials [13]. Addi-
tionally, a consensus was established regarding the reporting

of device stability for both OPV [14], and perovskite PV [15],
facilitating more straightforward comparisons across different
studies. Similarly, as research into OFETSs gave rise to the devel-
opment of enhanced materials, measurement methods based on
simplistic models had to be expanded to take into account sample-
dependent effects when extracting carrier mobility [16,17]. Also, a
broad community of researchers engaged with the development
of photodetectors based on novel materials, called for [18], and
reached a consensus on proper optoelectronic characterization,
which requires specialized approaches to obtain reliable and
meaningful FoMs [19].

Given that the field of organic thermoelectrics is reaching
maturity, and best-reported materials are becoming competitive
with inorganics [20], we think it is both timely and essential
to standardize protocols for reporting relevant performance and
stability parameters.

In this perspective, we aim to compile prevalent issues in the
reporting of FoMs for organic materials and their associated
devices alongside potential solutions into a concise report. While
some of these issues and solutions have been well-established and
may be common knowledge, others have emerged more recently.
With the aim of fostering rigorous and complete reporting of
new findings in the field, we decided to provide a systematic
overview of critical factors and metrics that we recommend
should be explicitly documented when reporting novel organic
thermoelectric materials or devices. We consolidated these into
a preliminary checklist (provided as Supporting Information),
intended to serve as a foundation for further discussion. We
hope this ultimately yields a coherent set of principles for the
consistent characterization and reporting of organic TE materials
and devices.

2 | State of the Art in Bulk TE Samples
Characterized at High Temperature

The field of inorganic thermoelectrics predates that of its organic
counterparts, and a considerable body of work exists that details
commonly agreed-upon best practices when working with bulk
materials [21, 22], or complete devices [23]. Even so, recent
assessments suggest typical measurement uncertainties for S, o,
x, and zT may be as large as 10%-20% [24], serving as a reminder
that even in a mature field, errors can be significant and should
always be reported together with corresponding information on
instrumentation and protocols. To provide context for sources
of the error, reported uncertainties should be accompanied by
the respective sample population, that is, the number of devices,
samples, or batches that have been prepared and analyzed.
It should be stated if any outliers were excluded from the
statistical analysis, and the omitted data should be provided
separately.

Specific challenges related to the relatively high temperatures that
are typical for inorganic TE materials are mostly well-known and
documented extensively elsewhere [25]. Temperature measure-
ment inaccuracies, in particular, cannot be neglected for some
methods [26]. Similarly, errors stemming from asynchronous
temporal and spatial measurement of voltage and temperature or
the effect of contact geometry and quality are well documented,
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and can be estimated [27]. When analyzing the acquired raw
data of Seebeck measurements, some best practices and con-
sistency checks may help increase their accuracy [28]. While
some of these documented best practices are strictly necessary
only when measuring at high temperatures, most of them can
be useful to improve measurements of bulk samples at any
temperature.

Finally, given that inorganic thermoelectric materials have a
long history, the National Institute of Standards and Technology
(NIST) provides Standard Reference Materials for the Seebeck
coefficient: bulk samples for low temperatures from 10-390 K
(SRM 3451) and for high temperatures from 295-900 K (SRM
3452). Going beyond homogeneous samples, more complex char-
acterization techniques that can measure S and o locally have
been demonstrated, and proven useful in the high-throughput
characterization of combinatorial films [29]. Importantly, the
availability of proper reference samples facilitated the validation
of the aforementioned techniques. Conversely, the substantial
sample-to-sample variability and limited stability of typical doped
organic semiconductor samples seem, at present, to preclude
establishing a similar organic-based reference for organic ther-
moelectrics. Instead, the field typically relies on a variety of easily
available inorganic references that are more or less suitable for
the range of interest (e.g. nickel or constantan for S, or glass
for out-of-plane x). However, whenever these references differ
significantly from the actual samples in terms of geometric,
thermoelectric, or mechanical properties, there is more room for
error.

In our view, this highlights the critical importance to com-
prehensively document experimental and other procedural
details, such that research can be more easily evaluated and
reproduced.

3 | Improving the State of Affairs in the
Characterization of Organic Thermoelectrics

Besides the already mentioned points, the characterization of
the thermoelectric properties of organic materials has to address
additional idiosyncrasies. In the following, we illustrate this by
presenting cases of challenges and their proposed solutions as
reported in the literature. We want to stress that our purpose with
these examples is to represent general classes of issues pervasive
across the literature rather than to criticize specific instances.
By no means is it our intention to cast doubt on the overall
validity of the main conclusions in the cited works. Our approach
has been to proceed from the general to the specific; in this
case from the raw material to the prepared samples, then to the
different measurement methods, and concluding with some final
considerations on self-consistency.

3.1 | Description of Materials

The most thorough characterization is incomplete, if the material
under study is not sufficiently well-defined and documented. The
supplier, and if possible, the batch number of the material should
be provided. Alternatively, if published, a literature reference
to the synthesis procedure should be provided. For polymers,

the molecular weight and dispersity should be specified because
these properties are known to significantly influence o and S [30],
as well as x [31].

3.1.1 | Sample Preparation and Geometry

Many research labs that study organic thermoelectric materials
typically focus on thin-film samples, relying on their expertise
in a wide variety of solution deposition techniques (e.g. spin-
, blade-, and spray-coating, inkjet printing, etc.) [32]. In the
field of organic electronics, these techniques are widely used
to deposit films with a thickness of the order of 100 nm, and
myriad characterization techniques are available for studying
their morphology and optical properties. Less common, though
no less important, bulk samples such as micro- to millimeter-
thick films, fibers, yarns and foams are widely studied within
the context of organic electronics since many classical polymer
processing techniques (e.g. melt pressing, fiber spinning, etc.)
readily provide access to these geometries. Last but not least,
samples made from aerogels [33], cryogels, or hydrogels [34-36],
have recently become of interest due to their peculiar properties.
To help interpret results, it is therefore important that sample
preparation and doping methods should be described in detail,
including any additional post-processing steps. For instance,
different techniques such as solution- and vapor-doping of thin
films yielded substantially different morphologies and TE perfor-
mance, even when using the same polymer and dopant [37-39]. In
case of bulk samples, doping via a post-processing step can lead to
doping gradients because of limited mass transport of the dopant
through thick layers [40]. Moreover, care should be taken when
comparing the thermoelectric properties of samples prepared
with different methods, e.g. thin films vs. fibers, since those
can feature very different nano- and microstructures. Providing
only limited information on sample preparation complicates the
interpretation of seemingly conflicting reports, as for example
in the case of dimethyl sulfoxide (DMSO)-treated poly(3,4-
ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS),
where significant variations of ¥ were observed for ostensibly
equal o [41-43]. Even seemingly commonplace procedures, such
as using polypropylene pipette tips, or working in a glovebox
that is shared across experiments, can lead to unintentional
contaminations that have been shown to have a noticeable effect
[44].

Something as basic as the size of a sample can be important, par-
ticularly in relation to the size, location, and shape of the contacts.
As will be established in the section on measurement method-
ology, sample dimensions and contact layout should always be
specified. Similarly, with regard to thin films, a large surface
roughness, non-uniform film thicknesses, non-uniform doping
density across lateral and vertical directions of the doped films,
film porosity, or incomplete coverage can all directly or indirectly
influence the measurement results. Furthermore, when using
optical characterization techniques, the above non-idealities can
affect light scattering which complicates absorbance measure-
ments. The following discussion will primarily focus on thin-film
samples, since those represent the most widely studied sample
geometry. Even so, we will provide references for bulk samples
in specific cases, where the extensive literature on bulk inor-
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ganic thermoelectrics summarized in Section 2 is not directly
applicable.

3.1.2 | Environmental Conditions

The environmental conditions to which samples are exposed both
during, as well as prior to measurements, should be documented,
especially the atmospheric conditions and temperature. Humid-
ity, in particular, is known to affect the electrical properties of
films through mechanisms such as the introduction of oxygen-
or water-induced trap states [45, 46], or ionic conduction [47].
In the past, the effects of uncontrolled humidity levels were
a factor in some reports of record zT values [43, 48]. Despite
a follow-up report that investigated the impact of humidity
under controlled conditions, the initial findings could not be
satisfactorily reproduced [49]. This hints at additional challenges,
such as significant lab-to-lab and batch-to-batch variability of
materials. Lastly, measurements should best be conducted in the
dark, to avoid any potential contribution due to photogenerated
charges [50-53].

3.1.3 | Stability

When investigating stability over time via repeated measure-
ments, detailed knowledge of the environmental conditions
becomes even more important. Only if the complete protocol
that samples pass through during and between measurements
is known can useful information about stability be inferred. In
addition to these external factors, sample properties may also
play a major role. For example, the apparent stability of doping
can strongly depend on film thickness. For carbon nanotube
films, it was explicitly shown that by varying film thickness, the
characteristic timescale of degradation for a given dopant can be
changed by several orders of magnitude [54], a behavior which
can reasonably be expected to also occur in organic films. This
overlooked fact alone is sufficient to explain why for any given
carbon nanotube dopant there are reports that find both stable
[55], and unstable behavior [56], mistaking an incidental sample
property for a fundamental material property.

3.2 | Measurement Methodology
Having covered the “why,” “what,” and “when” of thermoelectric
characterization, we now turn to the “how.” While there is
literature on thin film characterization methods of TE sam-
ples [57, 58], many research groups engaged in the study of
organic thermoelectrics build and use their own, often scantily
documented setups. While some of these instruments are subse-
quently documented in the literature [59-62] or made available
commercially [62], many are only ever detailed by sketches
provided as Supporting Information, making it difficult to further
build upon the work. Hence, each employed measurement
method should be sufficiently described to allow for reliable
reproduction of experiments. For widely recognized methods and
commercial instruments, this may be as simple as giving their full
name or model. In contrast, for non-standard or newly developed
methods, and custom-made/modified instruments, a literature
reference or a comprehensive description should be included. In

particular, it should be expressly stated which reference samples
were used, or how the measurements were validated.

3.2.1 | Thermoelectric Measurements

When measuring electrical conductivity, one should be wary of
excessive contact resistances, though they can easily be avoided
by using two contacts in combination with the transfer length
method [63], or ideally, a four-point probe method [64]. While the
latter is preferred for films, fibers have been characterized using
both methods [65]. The contact resistance as well as the apparent
Seebeck coefficient can be strongly influenced by the choice
of electrode material [66], which was attributed to interfacial
doping. A particularly simple method to determine o is the van
der Pauw method, as well as its extension to anisotropic materials,
the Montgomery method [61, 67, 68], which are typically used
with homogeneous, rectangular, hole-free films with contacts
placed at the corners. While other methods may seem to allow
for more freedom when placing electrodes, care should always
be taken when contacts are situated within a continuous film, as
opposed to at its edges. Methods based on the former typically
require geometry-dependent correction factors, which should
always be documented [64]. Failing to account for such edge
effects may induce systematic errors, for example, in the form
of overestimating the degree of anisotropy of o [68], or the
magnitude of S [48].

Yet even in well-patterned, four-contact devices without any
superfluous material, improper electrode geometry can produce
large errors in S and o [69], as shown in Figure 1. Particular
care is required when characterizing high-conductivity materials.
In wide devices (with an aspect ratio W/L > 1), the electrode
resistance along the width (W) of the device can begin to approach
the resistance across the length of the channel (L). In this case,
the potential in the device is no longer uniform but instead can
depend on the position of the electrical probes and the geometry
of the electrodes (Figure 1a). In a four-probe configuration,
this non-uniform potential can lead to unbounded over- or
underestimates of the true film conductivity, depending on the
placement of the probes (Figure 1c). Using longer, more square-
shaped outer electrodes in four-probe measurements reduces this
error, but devices with aspect ratios W/L > 1 are not recom-
mended for high conductivity materials. These considerations are
particularly important when evaluating anisotropic samples, as
some approaches are intrinsically better suited than others [68],
with documented cases of significant overestimation of o, due to
suboptimal line-shaped electrodes [68, 69].

Device geometry is important to Seebeck measurements as well. If
the device is placed in a temperature gradient, and the electrodes,
at which the thermovoltage is measured, are long relative to
the device channel length, then the thermovoltage measurement
will depend on the exact location of the probe contact points,
since an additional contribution can develop within the elec-
trodes (Figure 1b). In addition to this error in thermovoltage,
if the temperature is measured at the probe contact points, as
typically recommended, long electrodes can also produce an
overestimation of the temperature difference along the channel.
These combined effects can produce a significant error when
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FIGURE 1 | Systematicerrorscan occur in both electrical conductivity and Seebeck coefficient measurements as a result of the finite conductivity of

electrodes. (a) Finite-element method calculation of the potential in a device composed of a polymer thin film (50 nm thick, o = 500 S/cm, S = 25 pV/K)
with gold electrodes (25 nm thick, o = 1.6 x 10> S/cm, S = 1 uV/K). To illustrate the problem, current source contacts are made at opposite corners of the
device. The resulting non-uniform potential gives rise to a large error in conductivity. (b) Potential map of a thermovoltage measurement in a similar

device with longer outer electrodes. A potential gradient along the length of the electrode appears due to the thermovoltage of the electrodes, leading

to an error in the measured Seebeck coefficient. (c) Comparison of the relative error in o and S as the outer electrode length Ly is varied. Temperature

measurements are taken at the same location as the thermovoltage. (d) Recommended device geometries that minimize common errors. Films should

be patterned such that any active material is confined between the electrodes. If W/L~1, the outer, current-carrying electrodes should be long. Contacts

used to measure the thermovoltage Vry should always be small (Lg<<L). Contacts in van der Pauw geometry should be small and located in the corners.

measuring the Seebeck coefficient (Figure 1c). Figure 1d depicts
some recommended device structures that allow to minimize
these types of errors.

3.2.2 | Seebeck Coefficient Measurements

For organic TE materials, which are constrained to a narrower
temperature range compared to their inorganic counterparts, the
Seebeck coefficient is typically only measured at room tempera-
ture, rather than across an extended range of temperatures S(T).
To ensure an accurate interpretation and comparison of S, a pair
of temperatures at which the measurement was conducted should
be reported, such as T,,,, and AT; or T}, and T 4-

3.2.2.1 | Temperature Measurements. For accurate
results, the temperature difference AT should ideally be
determined in such a way that it matches the corresponding
thermovoltage measurement [26, 27]. For short contacts with
Lp<<L, this effectively means that temperature and voltage
should both be measured at the same location—on the contact.
If Ly is larger, then the temperature should be measured
at the inner edges of the measurement electrodes, because
that is where the thermovoltage of the sample starts being
generated. If this is not feasible, then spatial interpolation of
the temperature profile may be employed. However, assuming
a simple linear temperature gradient between contacts of

homogeneously constant temperature may not be optimal, and a
nonlinear temperature gradient could provide a more accurate
description [70]. Likewise, if V(¢) and T(t,) cannot be acquired
simultaneously (¢, = t; + At), multiple measurements should be
interpolated in time, to approximate concurrency and minimize
errors due to drift (for example in the case of temperature,
T(t) ~ (T(t,—At) + T(t, + At))/2 [26]. Another way to acquire
V and T simultaneously is to use a second set of leads (with
its corresponding read-out electronics). However, since the
additional leads affect the temperature distribution in the sample
[26], and because they cannot be placed at exactly the same
location as the first set, this approach effectively trades reduced
errors due to temporal drift for increased error due to spatial
inhomogeneity, a phenomenon known from high-temperature
measurements, which is sometimes termed the cold finger
effect. In any case, it should always be documented where
and with which method the temperature was measured, and
which assumptions were made. To avoid unnecessary issues,
it should be explicitly checked that both probes agree over the
temperature range of interest (T.,q < T < T},), When no gradient
is applied. This is of particular importance when temperatures
are measured using IR thermometry. In that case, it should be
reported how emissivity, which is dependent on the electrical
conductivity, and thus on both the material and the doping
level, was determined, since it may not be constant over the
sample, or over time. Instead of measuring temperature directly,
it is also possible to measure the thermovoltage generated by a
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determine the Seebeck coefficient S = V/ AT, it should be obtained as the
slope fitted to multiple V-AT pairs. Assuming that V=0 at AT = 0, and
obtaining S from just a single measurement will typically give a wrong
result.

known internal reference that is placed alongside the sample,
thermally in parallel. This method is sometimes used when the
reference and sample geometry can be matched, as in the case
of a constantan wire reference and a thermoelectric yarn sample
[63, 65].

3.2.2.2 | Thermovoltage Measurements. When measuring
small voltages, temperature-dependent contact voltages between
various components of the measurement circuit and/or the
sample can be a challenge, particularly when the measurement
is conducted at small temperature differences [71, 72]. S should
never be determined by just measuring the bare minimum
number of V-AT pairs, and it should not be assumed that V=0 at
AT = 0, since stray voltages Vi, (e.g. thermovoltages generated
due to the voltmeter warming up during operation) may induce
an offset as sketched in Figure 2. Instead, accuracy should be
increased by measuring many V-AT pairs [71]. Alternatively, pairs
of measurements (V*,06, V cold)s (V hots Veoia)) can be used to
remove the effect of V};,,, either by inverting the temperature gra-
dient AT -—AT to ascertain V from the combined temperature
interval [72], or less commonly, by inverting the polarity of the
electrical connection [61]. Additionally, another highly effective,
albeit unsophisticated way to further reduce errors due to stray
voltages is to simply increase AT and thereby the corresponding
V signal [27]. While this may come at the cost of a less accurate
determination of S(T) as a function of temperature, it more closely
matches the conditions that a generator would encounter.

Measurements of highly resistive samples suffer from increased
noise, which may render conventional methods impractical above
sample resistances of the order of several MQ. Using cyclic
temperature gradients enabled measurements of samples with
resistances up to around 100 GQ [73, 74]. In any case, for a
valid measurement, the sample resistance should always be small
relative to the input impedance of the voltmeter used to measure

the thermovoltage, necessitating specialized equipment such as
electrometers.

3.2.2.3 | Ionic Effects. When characterizing materials with
potentially mobile ions such as hygroscopic polymer films [47,
75, 76], and hydrogels [34-36], care should be taken to properly
account for any additional frequency-dependent response result-
ing from the thermodiffusion of mobile ions due to the Soret
effect [47, 75, 76], or the thermogalvanic effect, which involves
additional redox reactions at the electrodes, and that is beyond
the scope of this work [34-36]. Such contributions, which can
be strongly temperature-dependent, may for instance lead to the
overestimation of S or 0. Depending on the involved frequencies
and timescales in AC and DC measurements, respectively, a large
thermovoltage or current may mistakenly be attributed to the
displacement of free charges instead of sample-bound ions. When
ionic transport is not the principal focus of the reported research,
ionic contributions should be avoided by choosing appropriate
experimental conditions. In simple terms, when working with
ionic materials, gradients (of electric potential when measuring
o, or of temperature when measuring S) should be maintained for
a long time (potentially up to hours). Comparing measurements
that are taken over time then allows to determine how big the
contribution of transient effects is, if any. To leave no room for
doubt, characteristic timescales of the measurements, such as
typical durations, ramp, and hold times should be specified along
with explicit data or statements quantifying temporal stability
and, where appropriate, correction schemes to disentangle the
various contributions.

3.2.3 | Thermal Conductivity Measurements

The measurement of thermal conductivity presents compara-
tively difficult challenges, which has led to the development of
numerous methodologies [77]. Not all of these measure x directly.
For example, some first measure the thermal diffusivity o and
require further inputs, such as density and specific heat capacity.
In these cases, it should be explicitly stated how every parameter
was independently measured, or if any were taken from the
literature.

For highly electrically conducting materials, the electronic con-
tribution to the thermal conductivity, x,, and the electrical
conductivity are often not independent, but instead typically
follow a linear relation called the Wiedemann-Franz law «, / o
= LT, with a proportionality constant called the Lorenz number
L, which typically takes a value around the Sommerfeld value L,
= 7%/3 (k,/e)*. Using DMSO-treated PEDOT:PSS as an illustrative
example, one can find reports that agree with L, [41], while others
report larger values L > L [42], or data consistent with smaller
values L < L, [43]. While neither observation can upfront be
discarded on the basis of theoretical considerations [78], it can be
unclear if observed differences are due to differences in sample
preparation, environmental factors, or simply inaccurate charac-
terization. Alternatively, it is plausible that the differences can
be attributed to inhomogeneity that complicates measurements,
analyses, and interpretations [79], or to doping-induced changes
in the microstructure [80].
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FIGURE 3 | (a) In a typical electrical conductivity measurement,

charges flow between the electrodes along the plane of the substrate,
and thus the o component accessed is in-plane. (b) In standard thermal
conductivity measurement techniques, such as 3-w, thermoreflectance,
and Raman thermometry, heat is generated electrically in a resistor, or
optically in a transducer (not pictured), and flows toward the substrate,
thus the out-of-plane component of x is accessed. (c) Special samples (e.g.
based on thin supporting membranes or free-standing films) or advanced
measurement techniques can be used to enhance the heat flow in the
in-plane direction.

In thin films supported on substrates, heat locally flows mainly
from the heating element (resistor heated by electric current,
transducer heated by light beam, etc.) toward the substrate, as
sketched in Figure 3. This implies that, unless specific geometries
or samples are used, the effective thermal conductivity that is
accessed is approximately the out-of-plane component of the ther-
mal conductivity tensor. When samples are isotropic and films are
sufficiently thick (compared to the phonon mean free path), this
is not an issue. When samples exhibit some degree of anisotropy
(either microstructural or due to geometrical confinement), this
could be an important source of error when correlating x to

S or o, since those are almost always measured in-plane. As
most solution-processed polymers tend to exhibit a preferential
orientation of the backbones in the plane of the substrate
[81, 82], their in-plane conductivities are expected to be higher
than those of out-of-plane [31]. Therefore, measuring o in-plane
and x out-of-plane will systematically overestimate z7T. Instead,
x should be measured in-plane, for example, on freestanding
samples using a suitable method such as thermoreflectance [83],
particularly with a 1D heat source [84], as well as variations
of the 3-w method [4]. When working with bulk samples with
unconventional geometries or architectures on the other hand,
suitable approaches include thermoreflectance adapted to fibers
[85], or the transient plane source method, which can be used
with bulk samples, including porous structures such as foams
[86, 87], provided the thermal contact resistance is properly
accounted for [88].

3.2.4 | Thermoelectric Generators

Besides investigating materials, many reports include data on
a thermoelectric generator (TEG) comprising multiple p- and
n-type legs, which typically necessitates separate equipment to
characterize. Enough information should be provided to put
its performance in context and facilitate the reproduction of
results. Merely reporting absolute output power is insufficient,
and a few key factors have to be reported. The number of TE
pairs that constitute the generator provides an indication of
the scalability of the approach. Devices composed of only a
few TE legs, while potentially showing high performance, may
reflect underlying limitations in the scalability of the fabrication
process or materials integration. The total dimensions of the
generator are needed to calculate power density (power/area),
TEG power factor (power/area/temperature?), and other normal-
ized indicators that enable comparison between results [89-92].
In particular, it should be emphasized that densities should
be calculated using the device footprint, that is, the total area
they occupy on the heat exchangers. They should not be nor-
malized by the fill factor or calculated from the active areas
only.

The output power should be determined by measuring the
thermovoltage vs. a variable load resistance [90, 91], or by varying
the bias current [63, 89], to confirm the expected parabolic
behavior. In particular, measurements should always include
those across a load resistance matched to the internal resistance,
and across an open circuit, corresponding to the maximum power
point and the Seebeck voltage respectively. Additionally, power
should be measured for varying temperature differences [90,
92], to again confirm the expected quadratic dependence on
temperature. If mobile ions are an issue, then a measurement
over a sufficiently long timescale, that reaches a stable plateau,
which either demonstrates or disproves ionic conduction, should
be included [76, 93]. So-called ionic thermoelectrics, where ionic
contributions are significant, should be treated separately. They
typically exhibit a superficially large but transient power factor,
as sample-bound ions start to accumulate at one electrode.
Since ionic thermoelectrics as well as thermogalvanic cells then
require some form of regenerative procedure to continue per-
forming (e.g. an inversion of the temperature gradient) [76], they
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FIGURE 4 | Sketch of how the thermoelectric parameters change over time in a sample that is spontaneously dedoping. A typical measurement

sequence, in which o is measured first, S second, and x at the end, will result in an overestimation of zT.

should be considered their own categories, separate from regular,
maintenance-free TEGs.

It should be discussed whether the TEG performance is consistent
with the thermoelectric properties of the constituent active mate-
rials. Typically, observed deviations are due to three reasons. First,
the generator active material may not reach the performance that
was reported for single-material samples, which is often due to
reproducibility issues when scaling up the amount of material.
Second, electrical contact resistances in the generator are often
larger than expected [94]. And third, the temperature difference
applied to the generator may be very different, often much larger,
than the one used for single-material samples, or it may be
inaccurately determined. Ideally, the fraction of the temperature
difference that drops across the active materials (as opposed to the
complete stack) should be measured or estimated [33, 90, 91, 95].
Key factors when modeling AT include the thickness and thermal
conductivity of the leg, the metal contacts, and the substrate, as
well as the fill factor.

When evaluating the long-term performance and stability of
the device, assessments should involve repeated characterization
over a specified time, explicitly reporting the relative change
compared to the initial state [89]. Similarly, when evaluating
reproducibility, the number of devices should be specified, and
the relative spread of performance should be reported [96].
It is imperative to comprehensively specify the environmental
conditions during these tests, including atmosphere (most impor-
tantly relative humidity), and the temperature [89]. Details on
additional factors, such as encapsulation methods, exposure to
mechanical stress, or other relevant stressors, should also be
included as necessary to ensure a comprehensive understanding
of the device stability.

A supplementary piece of information that is useful to gauge the
design of the generator is how the temperature gradient is estab-
lished and maintained during the characterization. Particularly
for large applied AT, it is instructive to know if active cooling or
an external heat exchanger were employed to sustain the reported
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temperature gradient, or if natural convection was sufficient.
We encourage authors to provide photographs of devices taken
during measurement.

3.3 | Consistency Checks

Having all this data at one’s disposal, both the diligent author
as well as the interested reader can more readily verify if results
are self-consistent. A critical aspect to confirm is that all the
samples subjected to the various characterization techniques can
reasonably be assumed to have similar, if not identical, properties.
For instance, one cannot necessarily assume that a bulk sample,
as is sometimes used to measure x, possesses the same properties
as a thin film sample used for the measurement of S or o. The
degree of anisotropy, as well as the doping level may strongly
vary. That is why for each evaluated parameter, the corresponding
measurement direction should always be explicitly specified.
Likewise, one cannot presume upfront that a material that was
characterized for its thermoelectric properties in isolated thin
films will exhibit the same characteristics when integrated in
a demonstrator TEG device. As such, the information provided
for both materials and demonstrator should enable the reader to
estimate any deviations, ideally with such deviations explicitly
discussed in the manuscript. Measuring particularly unstable
samples (e.g. doped with reactive, or volatile compounds) may
result in misleading values for S?g or zT. Since S, 0, and x can
only be measured either simultaneously on different samples, or
sequentially using a single sample, the doping level may change
during the course of the combined measurements. Calculated val-
ues may then depend on the particular measurement sequence.
For example, for highly doped samples with stability of just a
few hours, measuring o first, followed by S and finally x, will
likely overestimate zT, as shown in Figure 4. We recommend that
claims of extraordinary performance should always be fortified by
providing additional measurements conducted in an unfavorable
order. Relatedly, when correlating o with their corresponding x,
the result should be checked for consistency, since significant
outliers are sometimes published without further discussion
[97-99].

4 | Conclusions

In summary, herein we argue that the field of organic thermo-
electrics would benefit from the establishment of a standardized
characterization protocol. We highlight prevalent issues in the
literature, and propose a preliminary checklist, provided in
the Supporting Information, as a starting point for addressing
these challenges. We hope this perspective stimulates further
discussion on the topic and contributes to the development of a
robust consensus within the community.
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