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A B S T R A C T

In the current Internet of Things (IoT) era, smart sensing-devices are
changing much about the world we live in, from how we sense our sur-
roundings to the way we spend energy. On-site power generators for
such devices will be essential, especially if they are maintenance-free,
flexible, cheap, printable, or even disposable. Organic thermoelectric
materials — semiconductors that can transform heat into electricity at
near-room temperature — can fulfill these characteristics. Neverthe-
less, there are still issues in the current state-of-the-art materials that
need improvement, such as the thermoelectric performance, bench-
marked by the dimensionless thermoelectric figure of merit (ZT), and
the thermoelectric stability under continuous thermal stress.

This thesis reports on strategies to improve thermoelectric efficiency
and stability. As a testbed material system, we employ poly(2,5-bis(3-
tetradecylthiophen-2-yl)-thieno[3,2-b]thiophene) (PBTTT) doped with
the molecular acceptor 2,3,5,6-Tetrafluoro-7,7,8,8-tetracyanoquinodi-
methane (F4TCNQ). As a transversal tool for our studies, we developed
high-throughput fabrication and characterization methods based on
annealing-, doping- and thickness-gradients to study and correlate
the relationship between microstructure, thermoelectric properties,
and stability for many samples. The first set of results reports on
a strategy to improve thermoelectric stability. We demonstrate that
the formation of charge transfer complexes (CTCs) leads to more ther-
mally enduring samples, although less electrically conductive. By
developing a method to adjust the partial to integer charge-transfer
ratio, we can improve the long-term stability without sacrificing the
electrical conductivity. The subsequent chapter centers on the rela-
tionship between crystallinity and thermal and electric transport. We
demonstrate that the degree of crystallinity largely determines the
thermal conductivity of the film. Upon doping, even a relatively small
dopant content increases the electrical conductivity several orders of
magnitude but lowers the thermal conductivity without noticeable
deterioration in the crystallinity. In the final chapter, we focus on a
simple yet effective technique to simultaneously enhance the electrical
conductivity and Seebeck coefficient. By using a matrix of PBTTT and
adding small fractions of other polymers, such as regioregular poly(3-
hexylthiophene) (RR-P3HT), we can enhance the order and microstruc-
ture quality of the film, improving the charge transport characteristics.
While centered on a particular polymer and dopant combination, our
results stretch the current knowledge of the relationship between the
microstructure, thermal-electric transport, and stability.
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The much-hyped IoT revolution where household appliances, clothes,
vehicles, packaged goods, and buildings are interconnected and shar-
ing information via machine-to-machine connections is just around the
corner. Smart-sensing devices that are continuously mining data from
the real and virtual world and subsequently turning it into actionable
knowledge promise unprecedented innovation in agriculture, indus-
try, commercial products, and services. For example, we already see
aquaculture and agriculture operations equipped with wireless sens-
ing devices performing real-time condition monitoring. The collected
data is fed into an IoT platform that can allow prediction, warning,
risk control, and on-demand micro-adjustments of the physical and
chemical parameters, which can lead to cost savings or better products.
[1, 2] A similar approach is the so-called Smart Building Management,
in which proper control of the temperature and artificial lights, may
result in significant energy savings.

The market value of IoT-related industries is estimated to evolve
from a global $3.9 to $11.1 trillion US dollars, with the food-, sport-
, health- and wearable-related sectors expected to have 70 % of mar-
ket share by 2025. [3] However, the development of on-site power-
generators for such devices is crucial, especially if they are desired to
be maintenance-free, flexible, easily processable, or even recyclable.[4]
Organic thermoelectrics (OTEs) ––– semiconductors that convert heat
into electricity ––– have the potential to fill this particular niche.

1.1 powering the iot revolution using waste heat
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Figure 1.1: Waste heat fraction
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Paper and printing (P)
data was compiled from refer-
ence [5]

To date, batteries are the most practical solution for powering mobile
and machine-to-machine IoT-related devices. [6] However, their utiliza-
tion introduces miniaturization and design constraints related to the
battery’s mechanical- and lifespan characteristics. Energy harvesting
technologies based on chemical, thermal, radiant, and mechanical
sources are potential solutions. [2] Each has a particular niche depend-
ing on the on-site availability and intended application, nonetheless
waste heat is probably the most ubiquitous. In this regard, on-site
power generation, mainly through thermoelectric generators harvest-
ing waste heat is highly attractive. [6, 7]

waste heat potential Sources of waste heat are everywhere,
from heat stored in surfaces that are heated up by sunlight, to byprod-
ucts of metabolic and industrial processes. For example, only in

3
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the European Union, industry’s estimated waste heat potential is
304.13 TW h/year and represents 9 % of its total industrial energy con-
sumption. [5, 8, 9] The temperature range at which this energy can
be harvested varies depending on the source. For instance, more that
50 % of the total waste heat potential is lost between 100 ◦C to 200 ◦C
and is available in a large variety of industries, as seen in Figure 1.1.
The waste heat potential above 300 ◦C represents roughly one third
of the total one, and is found mainly in iron and steel industries. The
fraction below 100 ◦C represent 1.25 TW h/year and is found mainly
in the food industry. [5] Similarly, the human body wastes between
75 % to 95 % of the energy derived from metabolic processes as heat
energy, but within temperature ranges around 35 ◦C to 37 ◦C. [10]
In a few words, the most abundant waste heat potential lies below
200 ◦C, yet all these industries may potentially benefit from IoT-related
technologies, either through a production- or management- approach.

1.2 basic principles of thermoelectricity

When a temperature gradient is applied to a thermoelectric material
(TE), carriers flow from hot to cold regions, generating a current flow
and a voltage potential ∆V across the material via the Seebeck effect,
as seen in Figure 1.2.

+

+

+

++

++
+

+
+

++
hotcold

(a) Thermoelectric effect

HOT

COLD COLD

p n 

(b) Thermoelectric generator

Figure 1.2: (a) Schematic illustration of the thermoelectric effect and (b) of a thermo-
electric generator with a single p- and n-type leg.

The magnitude of the voltage difference that builds up in an open
circuit, is dependent on the applied temperature difference, as well
as the material. Its sign also depends on the material and is negative
for n-type (electron rich) and positive for p-type (electron deficient)
materials. Thermoelectric generators (TEGs) are constructed from pairs
of each type of material, interconnected electrically in series and
thermally in parallel.
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Section 2.3 details the
concepts of σ, S and κ

figure of merit zt Benchmarking the thermoelectric perfor-
mance of these materials is done using the dimensionless figure of
merit, ZT, given in Equation 1.1

ZT =
S2σT
κtot

(1.1)

where S is the Seebeck coefficient, σ is the electrical conductivity and
κtot is the total thermal conductivity and T the average temperature
(1/2(Thot + Tcold)). The larger the ZT, the better an application can
benefit from an efficient thermal→ electrical conversion. Thus, a good
thermoelectric material is often referred to as a ’phonon-glass electron-
crystal’, meaning that the material should have a short phonon-mean
free path and low thermal conductivity, but a long electron mean free
path and high electrical conductivity.

power factor Besides the ZT, another method for judging the
thermoelectric performance is through the power factor, S2σ. The latter
is particularly useful when measuring κ is complicated.

thermoelectric efficiency The thermoelectric efficiency (η)
of a TEG is directly related to the ZT and the temperature difference
(∆T) following Equation 1.2.

η =
∆T
Thot

√
ZT + 1− 1√

ZT + 1 + Tcold
Thot

(1.2)

where ∆T/Thot is the Carnot efficiency and the rest of of the expression
is the material-related contribution that depends on the ZT.
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Figure 1.3: Variation of thermoelectric efficiency as a function of the hot-end-
temperature calculated using Equation 1.2, values of ZT= 0.01, 0.1 and 1,
and a Tcold=27 ◦C.

Thus, for a fixed ZT, η increases the larger the temperature difference
is between the heat source and the cold side of the material, as seen in
Figure 1.3.
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1.3 why organic thermoelectrics?

Research in thermoelectric materials has a long trajectory. Inorganic-
based thermoelectrics such as Bi2Te3 is amongst the first studied
materials with a reported ZT of 0.5 in 1958. [11] Since then, the ther-
moelectric performance of these materials, has significantly increased,
as seen in Figure 1.4. To date, for near-ambient applications, the most
representative materials are bismuth telluride (Bi2Te3), tin selenide
(SnSe), lead telluride (PbTe), and silicon-germanium (SiGe). However,
these materials are designed mostly for specialized cooling and heat-
ing applications due to their high cost, toxicity, and low flexibility. [7]
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+ IoT’. Data extracted on the 20, January 2021. Numeric labels indicate
the ZT of selected inorganic-based (gray) [12, 13] and organic-based TE

materials (orange). [14–17]

Conversely, development and research of organic semiconductors
for OTEs materials lagged compared with their inorganic counter-
part, (cf. Figure 1.4) at least until major breakthroughs by Bubnova
et al. achieved a ZT of 0.25 [16] with poly(3,4-ethylenedioxythiophene)
(PEDOT) and then by Kim et al. reaching a ZT of 0.42. [17] To a great ex-
tent, these milestones reignited interest from the scientific community
towards OTE materials as seen by the rapid increase in the number of
papers published and citations in the field (see Figure 1.4).

1.3.1 Advantages of organic-based thermoelectrics

Organic semiconductors also have other advantages that are particu-
larly attractive for the development of powering alternatives for the
IoT industry.

flexibility and processability Flexible, foldable and mechan-
ically robust OTE materials have been already fabricated from carbon
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nanotubess (CNTs)-, and PEDOT-based materials. [4, 18–20] Many or-
ganic semiconductors are also solution processable, which is highly
attractive for printing techniques and for the fabrication of OTE fibers
and textiles. [7, 21, 22]

abundance The major constituting elements of organic semicon-
ductors (i. e., carbon, oxygen, nitrogen and hydrogen) are more abun-
dant in the Earths’ crust than the rare earths and metals typically
found on inorganic-based thermoelectrics. (cf. abundance values in
Figure 1.5).

Bi0.5Sb1.5Te3
Si NWs

PEDOT:PSS &
PANI &
graphene &
CNTs

Na-doped SnSe

PEDOT:Tos

Fe2.7Co1.3Sb11.8Sn0.2
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Figure 1.5: ZT as a function of temperature for representative material families. Data
extracted from references [23]. Also for comparison, we show the abun-
dance in the Earth’s crust of the major constituting element of each repre-
sented family. Data compiled from reference [24]

cost Power conversion efficiency scales with ∆T/Thot (Equation 1.2),
thus, low-temperature applications are inherently less-efficient, and
unsuited for expensive thermoelectric materials such as Bi2Te3. Fur-
thermore, material scarcity plus high demand would inevitably lead
to even higher prices. [7, 25]

toxicity Waste management and bio-compatibility are vital traits
for devices fabricated in large quantities or designed to be wearable.
Thus, for power sources containing bismuth, lead, arsenic, or indium,
one can envision the need for additional safety measurements to pre-
vent poisoning or contamination. The latter can have a significant
impact in cost, and depending on the approach (e. g., when encapsu-
lated) an impact on the mechanical properties of the device.
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The stability of thermoelectric
materials will be further
discussed in Section 3.4.

1.3.2 Disadvantages of organic-based thermoelectrics

The waste heat potential between 25 ◦C to 200 ◦C is particularly at-
tractive for IoT-related applications. It contains industry segments
expected to have a large market presence and also represents the
largest fraction of the total waste heat potential shown earlier. As
mentioned earlier, for such range, Bi2Te3-is probably the most relevant
and efficient example currently available (cf. materials show in Fig-
ure 1.5). While not a definite rule, we can consider that an attractive
TEG will be the one able to deliver the most power output per dollar
and simultaneously in the widest operation range available. In this
regard, we highlight two important aspects where OTEs require further
improvement. (i) Thermoelectric performance and (ii) thermoelectric
stability under continuous thermal stress and ambient exposition.

thermoelectric stability Doping is a technique to improve
σ in organic semiconductors. However, in many studied examples,
dopants can react with the environment or diffuse out of the active
layer after prolonged thermal exposure. In brief, the doped-state may
not be stable under external stimuli, which impacts the thermoelectric
efficiency, operation range and thus, the intended application. To date,
there are only a handful of materials that are relatively stable above
100 ◦C or when exposed to air for prologued periods of time. Among
them are some classes of polythiophene, naphthalene diimide (NDI)
and fullerene derivatives that employ polar sidechains to improve
the compatibility between the polymer and the dopant. [26–30] The
limited pool of available materials with good thermoelectric stability
highlights that further work is needed in this field.

500 1000
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Bi2Te3, ZT∼ 1

PEDOT, ZT∼ 0.42

PTEG-x, ZT∼ 0.3

Figure 1.6: Caption

thermoelectric performance Even though organic-based
thermoelectrics have traits that are appealing for the IoT industry,
they still need to be able to power or at least charge devices in a
way that surpasses current battery technology. However, improving
the thermoelectric performance is far from a trivial task; the param-
eters that govern the figure of merit (i. e., S, σ and κ) are strongly
correlated and typically counter-indicated, meaning that changing one
parameter has a detrimental effect on another. The current OTE champi-
ons are the p-type PEDOT:poly(styrenesulfonate) (PSS) processed with
dimethyl Sulfoxide (DMSO) and the n-type fullerene derivative PTEG-x

doped with 4-(2,3-Dihydro-1,3-dimethyl-1H-benzimidazol-2-yl)-N,N-
dimethylbenzenamine (N-DMBI), yet their ZT is still lower than that of
Bi2Te3, as seen in Figure 1.6. What is needed is further understanding
of the parameters that govern the figure of merit ZT, so that we may
develop strategies to optimize it. A deeper discussion will follow in
following chapters.
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This chapter briefly introduces materials and concepts relevant to
OTE research.

2.1 overview of organic thermoelectric material types

This thesis focuses on understanding and optimizing the thermo-
electric properties of conjugated polymers with p-type dopants (fur-
ther addressed in the next section). Nonetheless, research in OTE

materials encompasses other materials, e. g., small molecules, organic-
composites and organic-inorganic hybrids. Figure 2.1 and Table 2.1
show the chemical structures and a summary of the thermoelectric
properties for representative materials used in OTE research.
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p-type

composition/dopant σ
[S cm−1]

S
[µV K−1]

σS2

[µW m−1 K−2]
κ [W m−1 K−1] ZT ref

PEDOT:Tos/TDAE 80 200 320 0.37z 0.25 [16]

PEDOT:PSS/DMSO 700 70 331 0.24z 0.42z [17]

PEDOT:PSS/ Acid 1600 65 680 ?0.2− 0.5z 0.75 [31]

PEDOT:Tos 422 25 26 1.81 0.005z [32]

PEDOT:PSS: CNT: PANI : GO 1900 120 2710 ? ? [33]

oriented-PBTTT/I2 2.2× 105 ‖ 9.4 ‖ 1943 - - [34]

PBTTT/F4TCNQ 670 42 120 - - [35]

PBTTT/FTS 604 19 22 - - [36]

PBTTT/F4TCNQ→Li-TFSI 600 - - - - [37]

pg42T-TT/F4TCNQ 100 15 2.2 - - [29]

pentacene/F4TCNQ 0.43 200 2 - - [38]

oriented-RR-P3HT/FeCl3 254 37 35 - - [34]

RR-P3HT/BCF 254 - - - - [39]

CNT/CPEs 500 46 105 0.16z − 1.2xy - [40]

RR-P3HT:TQ1/F4TCNQ 4 200 16 - - [41]

RR-P3HT:P3HTT/F4TCNQ 0.0002 600 0.01 - - [42]

n-type

N2200/N-DMBI 0.008 −850 0.58 - - [43]

N2200-derivative/N-DMBI 0.11 −200 0.46 - - [44]

p(gNDI-gT2)/N-DMBI 0.4 −100 0.4 - - [45]

BBL/TDAE 1 −60 0.43 - - [46]

CNT:PEDOT/TDAE 6 −1230 907 0.2 to 0.67 0.5 [47]

PTEG-x/N-DMBI 1− 12.9 −200 to −750 •80 0.069z − 0.097xy •0.34 [48]

Table 2.1: Thermoelectric properties of selected examples from literature. ’-’ Value was
not measured. ’?’ Value was not measured and authors used an estimated
value. ’•’ Highest reported value for that particular reference. ’y’ and ’xy’
measurement in the out-of-plane and in-plane direction, respectively. ’‖’
measurement in the direction of the orientation.

2.2 conjugated polymers
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n

Figure 2.2: Representative
examples of conjugated
molecules.

Conjugated polymers (CPs) are organic macromolecules characterized
by a backbone chain of alternating double- and single-bonds. What
makes these materials interesting is the presence of π-electrons —
delocalized over several nuclei, which can lead to different optical and
electronic properties, e. g., electrical conduction in doped polyacety-
lene (Figure 2.2).

Ethylene, while not a conjugated polymer is a good example to
understand bond formation. As seen in Figure 2.3a. the carbon-carbon
double bond has a σ component and a π component. The σ compo-
nent arises from the overlap of the (sp2) molecular orbitals (MOs) along
the internuclear axis. The π component is a result of the 2p orbitals
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having their axes perpendicular to the σ MOs and overlapping in a
side-by-side manner. [49] The combination of the atomic orbitals (AOs)
πa and πb generates two MOs that define the HOMO and lowest unoccu-
pied molecular orbital (LUMO) (Figure 2.3b). The additive combination
generates a bonding orbital (HOMO) that is lower in energy than the
forming AOs, and the subtractive combination generates an antibond-
ing orbital (LUMO), that is higher in energy. The bonding orbital is
characterized by a region of high electron probability, whereas the
antibonding orbital has a nodal plane where the probability of finding
a π electron is zero, the more nodes an orbital has, the higher is its
energy. [49]

H
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sp2

π-bond

σ-bond
sp2

sp2

πa πb

(a) Ethylene

antibonding
πa-πb

bonding
πa+πb

nodal plane between two atoms

(b) MOs of ethylene

HOMO

LUMO

2
4 6 N

Eg

(c) MOs of polyenes

Figure 2.3: (a) Schematic illustration for the hybridization of ethylene. (b) Linear
combination of the π orbitals on the carbons of ethylene. (c) band structure
of N-conjugated subunits.

Increasing the conjugation length by adding consecutive π and σ

bonds (Figure 2.3c) further splits the HOMO and LUMO levels. Until,
for the case of a polymer, the MOs forms a tightly bound continuum of
electronic states. The HOMO-LUMO differences is termed band gap (Eg),
and ranges from 1.5 eV to 6 eV for most undoped conjugated polymers.
[50] Experimentally, the HOMO and LUMO levels are measured using
Cyclic Voltammetry (CV). Knowing these energy levels is essential to
understand possible interactions with other molecules, for OTEs in
particular, to choose an appropriate dopant.
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density of states Conjugated polymers exist in varying states of
order, e. g., bends, folds and entanglements — which result in various
local environments of distinct energies. [51, 52] Thus, the HOMO and
LUMO levels of neighbouring polymer chains do not have exactly
the same energy. Instead of sharp step-functions, a more realistic
description of the energy landscape is that of a density of states (DOS)
with a narrow Gaussian shape, [53] as seen in Figure 2.4. The electronic
levels of organic materials are often given by their ionization energy (IE)
(approximated by the HOMO) and electron affinity (EA) (approximated
by the LUMO) and sitting in the middle the Fermi energy (EF). [7]

LUMO

HOMO

Energy

EF

deep trap states

shallow tail traps 

mobility edge

Figure 2.4: HOMO and LUMO
energy levels of a large
number of molecules
represented as DOS having a
Gaussian distribution.

trap states The existence of imperfections and impurities in
the conjugated polymer gives rise to trap-states spatially distributed
around the site of the imperfection, and energetically distributed
towards its band gap. Depending on how energetically far they are
from the bands edge, they are described as deep or shallow traps.
Deep traps are approximated with a Gaussian distribution, while
shallow traps are represented as a broad tail.

charge carrier transport charge transport in conjugated sys-
tems is given by thermally assisted hoping and is expected to be fastest
along the conjugated backbone (intrachain Figure 2.5). Therefore, in-
terchain (π − π coupling) is said to dominate macroscopic charge
transport in real polymeric systems as it is the slowest transport direc-
tion. [52, 54] Because organic semiconductors may comprise molecules
of different sizes, and structural configurations, charge carriers need
to hop between different backbones and boundaries.

Figure 2.5: Schematic illustration of morphological features at different size scales.

The length scale of transport, is correlated to the degree of long-
range structural order and overlap of the π-orbitals of nearby backbone
chains — which has a strong interplay with processing and the organic
semiconductor’s intrinsic properties e. g., molecular weight, chemical
structure, rigidity, and the presence of side-chains. [52] Also relevant,
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different processes can occur at each length scale.[55] For instance:
Molecular packing and chemistry-related features (1 Å to 3 nm) can
modify the energy levels (DOS) [53] and charge transfer mechanisms.
[56] Simultaneously, the crystalline order, defects, and interface bound-
aries (0.5 nm to 10 nm) will influence charge trap formation and the
macroscopic charge percolation path. [53]

paracrystallinity Paracrystalline disorder is the static fluctu-
ation of local lattice disorder spacing [57] and is described by the
parameter g. Experimentally X-ray diffraction peak-shape analysis can
be used to measure g, using the peak center position and breadth (∆q)
of the diffraction peak (q0) following Equation 2.1, where a higher g
value indicates more disorder. [53, 57, 58]

g =

√
∆q

2πq0
(2.1)

There is a strong correlation between paracrystallinity and charge
transport. In brief, paracrystalline disorder in the interchain direction
induces a tail of localized states extending into the materials’ Eg that
act as shallow traps [57] and limit charge transport. In essence, a
higher g value broadens the DOS of the organic semiconductor.[53,
54] Disorder in the π stacks is considered most relevant given that
this direction is said to dominate macroscopic charge transport. [52,
53, 57] Research by Noriega et al. demonstrated that gπ for many
high-mobility high-weight polymers lies between 10 % to 20 % with
the exception being PBTTT which shows an exceptional level of order
(around 7 %).

anisotropies In solution-processed films, the polymer chains
tend to lie along the substrate with the π-conjugated plane of the back-
bone either in an edge-on or face-on configuration. Techniques that
yield high degree of long-range order and orientation (e. g., rubbing
and stretching [34, 35] create significant opportunities to understand
the influence of grain boundaries and crystallite orientation on the
charge mobility. For instance, in poly(3-hexylthiophene-2,5-diyl) (P3HT)
and PBTTT, the anisotropy in mobility of carriers along the chain di-
rection relative to the π − π stacking is about 5 to 6.[52] Nonetheless,
values as high as 20 have been observed when carriers had to cross
boundaries between edge-on and face-on crystallites for P3HT. While
this creates unique opportunity to enhance the electrical conductivity,
the effect of anisotropy on the S is less understood. [59]
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2.3 parameters that govern the zt

2.3.1 Electrical conductivity

The electrical conductivity increases with carrier concentration ni and
carrier mobility µi following Equation 2.2

σ = qiniµi (2.2)

where qi is the electric charge of either holes or electrons i. For most
relevant applications, ni must be increased via electrical doping, which
we will discuss further in the following sections. For inorganic semi-
conductors, an increment in ni typically leads to a linear or sublinear
increase of σ due to impurity scattering. [60] Alternatively, organic
semiconductors show a different trend, i. e., a sublinear increase in σ

and a superlinear increase in µi at low ni which then saturates for
higher values, as seen in Figure 2.6. [60, 61]
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Figure 2.6: Trends often for σ and µi as a function of carrier concentration.

These trends are often associated to a filling of Coulomb traps
caused by ionized dopants, as well as traps due to impurities, defects,
and structural and energetic disorder.

Conduction in lightly doped organic semiconductors occurs through
a thermally assisted hopping process, often described with an Arrhe-
nius equation of the form σ(T) ∝ exp(−Ea/KBT), where Ea is an
activation energy and KB the Boltzmann constant. Alternatively, Kang
et al. proposed a model that describes carrier mobility for disordered
semiconducting polymers following Equation 2.3.

σE0 ∝ exp
[
−
(

Wγ

kBT

)γ]
(2.3)

Here, σE0 is thought of as an effective carrier mobility that relates to
the polymer morphology W and its connectivity γ. In this model, W
acts as an activation energy while γ is said to capture the dimension-
ality of the system. [62] Noteworthy, there are many other relevant
models that are not discussed here. From Equation 2.3 and Equa-
tion 2.2 we can expect that an increase carrier concentration (qi) or
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the role of doping on n and σ

is further detailed in
Section 3.1

carrier mobility µi(σE0) will lead to an improvement in σ. Increasing ni
is covered by doping, while µi is related to the connectivity and size
of the percolating network between conductive grains across a non-
conducting (or less-conducting) background. Consequently, processing
methods that lead to enhanced structural order, long-range connectiv-
ity and orientation will improve µi and thereby σ, e. g., stretching of
polyacetylene (PAc) [63] or the orientation of P3HT via small molecule
epitaxy. [64]

For the reference material PBTTT, there is a relatively good under-
standing of how carrier mobility increases with structural order. [55,
65–67] Delongchamp et al. observed that a thermal annealing cycle
(from 25 ◦C to 180 ◦C) induces a high level of order in the π − π

stacking and backbone direction, and leads to an improved carrier
mobility (from 0.11 cm2 V−1 s−1 to 0.40 cm2 V−1 s−1 in field-effect tran-
sistors (FETs)). [65] Subsequent experiments using shear deposition
techniques and then temperature annealing, induced µm-length or-
dered domains of PBTTT backbones, without requiring a more complex
technique. [67, 68] The versatility of this material made it attractive
as a test-bed for understanding charge transport in organic semicon-
ductors[54, 62] and to explore how improved structural order and
orientation can benefit OTEs.

In a representative example, Hamidi-Sakr et al. fabricated highly
oriented samples via mechanical rubbing. In brief, films of RR-P3HT

were rubbed at temperatures between 100 ◦C to 180 ◦C and then doped
using F4TCNQ through an orthogonal solvent. The resulting films
presented high optical and electrical anisotropy (2.5 S cm−1⊥ and
22 S cm−1‖). [59, 69] In other example, Patel et al. demonstrated that
spin coating PBTTT onto trichloro(octadecyl)silane (OTS)-functionalized
substrates leads to a large orientational correlation length (OCL) (length
scale of aligned backbones). [35] Through resonant soft x-ray scattering
(RSoXS), they were able to correlate the how OCL impacts σ, as seen in
Figure 2.7.
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Figure 2.7: Electrical
conductivity as a function of
OCL

2.3.2 Thermal conductivity

The total thermal conductivity of a material is composed of a contri-
bution that is due to the lattice κlatt, and one that is due to the charges
κe, following Equation 2.4. [70]

κtotal = κe + κlatt (2.4)

For undoped amorphous and isotropic conjugated polymers, the lat-
tice contribution is generally low (≈0.3 W m−1 K−1), primarily due to
the weak van der Waals interactions between polymer chains, and
inherently anisotropic (fastest along the polymer chain). [7, 35] Up
o a great extent, it is possible to argue that the thermal conductiv-
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ity is one of the appealing points of using organic semiconductors
for thermoelectrics. Alternatively, in metals and inorganic materials
with high electrical conductivity, κe is typically the dominant contri-
bution (κe >> κlatt) and follows the Wiedemann-Franz law given by
Equation 2.5.

κe = σL0T (2.5)

where L0 is the Lorenz number and typically close to Sommerfeld
value of 2.44× 10−8 W Ω K−2. [71–73] Thus, κe is small for σ values
below 101 S cm−1 but increases rapidly as σ increases, as seen in Fig-
ure 2.8.
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Figure 2.8: Electronic contribution to the thermal conductivity following Equation 2.4
and Equation 2.5. Values used are a κlatt= 0.35 W m−1 K−1 and different
Lorenz values, that is L0, L0 × 3.5 and L0/3.5. Circles represent data for
PEDOT:Tos • and for PEDOT:PSS • extracted from references [17, 32].
Also included PAc from references [14, 74] and PANI from reference [75]

Whether doped conjugated polymers follow Equation 2.5 or if the
values of L vary for distinct materials is still unclear and a controver-
sial topic. [7, 32, 71] As seen from Table 2.1, the experimental data
of κ for OTE materials is very limited and the reported values often
vary significantly even for relatively similar compositions. For exam-
ple, some experimental studies suggest an L < L0 for PEDOT:PSS and
L > L0 for PEDOT:tosylate (Tos). Similarly, polyaniline (PANI) doped
with distinct dopants also show trends above and below L0, whereas
doped PAc shows a thermal conductivity that is much higher, as seen
in Figure 2.8. [17, 32, 76] Therefore, it is not clear if the size of the
dopant, chemical structure of the CPs or the structural order has a role
in the resulting behavior of κe. A recent work by Scheunemann and
Kemerink indicates that such deviations are related to the degree of
energetic and structural disorder in the polymer film, [71] and indicate
that routes to tailor L, will be necessary for reaching a high ZT when
reaching high values of σ. [71]
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In Chapter 6 we explore a
methodology to measure κ in
a large number of samples,
allowing us to stretch our
current knowledge of the
interplay between κ,
microstructure and σ.

Previous observations indicate that thermal transport in doped con-
jugated polymers is not fully understood and highlights the necessity
of a self-consistent methodology for measuring the same sample with
different doping levels and for a significant number of samples. The
latter is not trivial, as one can incur in batch-to-batch variations. Also,
there can be incompatible sample geometry, holder, or electrode posi-
tioning between the methods used for characterizing σ and κ.

Another issue related to the characterization of κ is being able to
measure in the same direction as σ. For most cases, the reported κ

corresponds to the out-of plane thermal conductivity (κz) while the ZT

is calculated using σxy. The latter is due to the difficulty in measuring
κxy in a thin film or being able to fabricate a thick doped film with
the same characteristics as the thin film. [7] As mentioned earlier,
polymeric materials can possess significant anisotropy, and thus the
resulting ZT can be overestimated or underestimated. For instance,
anisotropic thermal conductivity has been observed in PEDOT:PSS,
where κxy was up to 5 times larger than κz. [76, 77] Alternatively, the
reported thermal anisotropy for PEDOT:PSS processed with DMSO is
lower (κz ≈ 1.6κz).

2.3.3 Seebeck coefficient

The magnitude of the Seebeck coefficient is defined as the voltage di-
vided by the applied temperature gradient, S = −∆V/∆T. According
to the work by Fritzsche, the Seebeck coefficient of semiconductors
can be calculated from Equation 2.6 [78]

S =
kB

e

∫ E− EF

kBT

(
σ(E)

σ

)
dE (2.6)

where kB/e is the natural unit of the Seebeck coefficient 86.17 µV K−1,
and σ(E) is the conductivity distribution function that is related to the
measurable device conductivity following Equation 2.7.

σ =
∫

σ(E)dE (2.7)

The sign of S depends on whether conduction occurs above or below
EF and can be understood as the entropy per unit charge, weighed by
the contribution of that charge to the total conductivity. [78] According
to the work by Zuo, Abdalla, and Kemerink assuming that σ(E) is
narrowly centered around the transport energy (Etr), Equation 2.6 can
be further simplified to Equation 2.8. [79]

S ∼= EF − Etr

T
(2.8)

In this context, the magnitude of S and σ are said to depend in a
characteristic hopping event between the EF and the Etr at a given
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Chapter 7, we revisit the
concept of DOS as an
inspiration for using

polymer-polymer blends to
improve simultaneously S and

σ.

temperature T, which can simply be expressed with the following
Equation 2.3.3

S ∝
EF − Etr

T
and σ ∝ exp

(
EF − Etr

T

)
(2.9)

[79] where EF is dependent on the shape of the DOS and the carrier
concentration (thus in the doping level), while Etr depends in the part
of DOS that facilitates charge transport. [79, 80]

The strong correlation between S and σ means that an increase in
one parameter leads to a decrease in the other one. In this regard,
tuning the EF via doping, and the shape of the DOS via nanostruc-
turing, has been proposed as a possible alternative to improve both
properties.[7, 42, 53, 79, 81]

dos engineering In a particularly good example, Sun et al.
fabricated films of RR-P3HT(A) mixed with varying fractionspoly(3-
hexylthiothiophene) (P3HTT)(B) and doped with F4TCNQ.[42] With a
composition almost exclusively A or B the thermoelectric properties
resemble that of the pure fraction. However, with 8 % of P3HTT, Etr

shifts towards the P3HTT fraction while EF remains in the dominant
percolating network (i. e., P3HT). The resulting S is significantly higher
than that of the pure fractions while also showing a simultaneous
increase in σ. Moving too far from A, means that transport occurs only
in the B fraction, which interacts poorly with the dopant and thus
leads to a lower σ. The main conclusion was that S increased as grater
proportions of σ occur farther from the EF. While the improvement in σ

was very low, this approach inspired Zuo et al. to further explore this
proof of concept on a wider set of polymer-polymer blends (further
detailed in Chapter 7). [41, 82]

A distinct approach is narrowing the DOS to increase the asymme-
try about the EF and Etr. Experimental work by Venkateshvaran et al.
demonstrated that disorder induced by the sidechains in polymers
like PBTTT and N2200 significantly broadens the DOS. Using field ef-
fect measurements, they were able to measure a relatively high S for
polymers with a low energetic disorder. [83] More recent findings by
Abutaha et al. also found that the width of the DOS tail, broadens ex-
ponentially with paracrystallinity, further highlighting the importance
of microstructure control for improving S. [54]

energy filtering Another interesting approach is the so-called
energy filtering. The goal here is to scatter low-energy carriers while
allowing high-energy carriers to pass. The total number of charge car-
riers diminishes sigma, but since the ZT scales as S2, a net increase in
performance is possible. [84] In practice, most efforts employ interface
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engineering by combining materials with transport bands slightly mis-
matched in energy.[85] However there is no definite demonstration of
this effect and the concept has only been suggested to explain certain
examples. [86]

parameter optimization Previous subsections demonstrate
that improving the ZT is a far from trivial task. The parameters σ, κ

and S depend on carrier concentration and are strongly correlated,
such that, increasing one parameter may have a detrimental effect
on the other, as seen in Figure 2.9. Instead, research in OTE is often
focused on finding an optimal point where either the ZT or the S2σ

are maximized.

Carrier concentration, n [cm−3]

ZTS

σκ

S2σ

Figure 2.9: Dependence of the parameters that govern the ZT with carrier concentra-
tion.

2.4 universal power law

As the carrier concentration is not always known or difficult to mea-
sure, plotting S as a function of σ allows to perform a meaningful
analysis of the trends followed by a particular family of materials.
Doing so, Rowe and Min proposed an S− lnσ plot as an indicator of
thermoelectric performance for a series of inorganic-based TEs. [87]
In a subsequent work, Kaiser made a similar approach by compiling
numerous data on doped PAc and plotting S and σ in a double loga-
rithmic scale. [88, 89] More recently, Glaudell et al. compiled data for
a wide range of p-type materials (as seen in Figure 2.10) and proposed
that they follow a universal trend given by Equation 2.10.

S =
kB

e

(
σ

σE0

)−1/4

(2.10)

where kB/e is the natural unit of the thermopower and σE0 is a
fitting constant [36] The power factor follows the relation S2σ ∝ σ1/2

which illustrates that the highest S2σ is achieved for the highest values
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of σ. This trend was found to hold also for n-type OTEs materials [90],
while oriented samples like PBTTT require a different σE0 fitting factor.

σE0

S2σ ∝ σ−1/4
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Figure 2.10: Seebeck coefficient and power factor plotted as a function of the elec-
trical conductivity. Dashed lines represent S ∝ σ−1/4 and S2σ ∝ σ1/2.
Data compiled from references [12, 34, 36, 88, 89] PT represents various
polythiophenes and O-PBTTT represents oriented PBTTT.

More recently, physical explanations have been to the power law.
Kang et al. formulated a transport-edge model as S ∝ σ−1/s and
proposed that s=3 adjusts better for polymers like P3HT and PBTTT, and
s=1 for materials like PEDOT:Tos. [62] Here, the authors relate s to the
type of transport model and σE0 to a temperature-dependent transport
coefficient related to the film morphology following Equation 2.3. [62,
80] Alternatively, Abdallah et al. formulated a hopping model with a
doping-affected DOS. [80, 91] Noteworthy, both models can reproduce
the empirical power law represented in Figure 2.10.
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This chapter introduces the mechanisms involved in the electrical
doping of conjugated polymers, the different doping processing tech-
niques, as well as current challenges related to stability, processing
and efficiency.

3.1 dopants classification

The electrical conductivity of most undoped CPs lies between 10−8 S cm−1

to 10−5 S cm−1.[92] However, a higher electrical conductivity is needed
for the development of many advanced optoelectronic and energy
applications, such as light-emitting diodes, solar cells, and thermo-
electrics. This is, indeed so relevant, that the discovery that conjugated
polymers could be doped until they show electrical conductivities
more familiar to metals led to the Nobel Prize in Chemistry in 2000

and granted to Alan Heeger, Alan MacDiarmid and Hideki Shirakawa.
[63, 93, 94]. Electrical doping introduces charge carriers, ni by form-
ing a chemically stable material upon the addition or removal of an
electron. [7, 95] Consequently it is a powerful technique to adjust
the electrical conductivity and tailor the electronic properties for a
specific demand. Due to the large variety of organic molecules with
different properties, countless materials can have a doping effect in
CPs. We briefly describe some of them classified as i. e., Redox dopants,
acids/bases (H+/H– ) and Lewis acids/bases.

redox doping Electron acceptors acting as an oxidizing agent
are referred to as p-typed dopants. They remove one electron from
the HOMO of the conjugated polymer and generate an ionic complex
comprised of a positively charged (hole) in the polymer and a cor-
responding counter anion of the utilized dopant. Some of the most
well-known p-type dopants in OTE research are F4TCNQ and iron(iii)
chloride (FeCl3). Alternatively, n-type dopants donate one electron to
the LUMO of the conjugated polymer, generating a negatively charged
polymer and a counter cation of the corresponding dopant. Some
examples of n-type dopants are Na+ and K+.

acid/base doping This type of doping process is a Brønsted
acid-base reaction and consists in the transfer of a proton H+ (for
p-type) or a hydride H– (for n-type) using materials like HCl, HBr (for
p-type) and N-DMBI for n-type doping. Here, the charge neutrality is
maintained by the reacted dopant molecule acting as counter-ion for

21
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the charge on the semiconductor. For p-type doping, representative ex-
amples include PANI protonated with camphorsulfonic acid (CSA), and
tridecafluoro-1,1,2,2,-tetrahydrooctyl)-trichlorosilane (FTS)-doped P3HT

and PBTTT. Representative n-type dopants include Poly[N,N’-bis(2-
octyldodecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-5,5’-
(2,2’-bithioph-ene) (N2200) [43] doped with N-DMBI. Other polymers
doped using the same dopant and their thermoelectric properties are
depicted in Table 2.1.

lewis acid-base This type of doping is suitable for conjugated
polymers with heteroatom-containing lone electron pairs. Some ex-
amples of this type of dopants are BF3, AlCl3 and BCF. Traditionally,
this doping process was explained in terms of a Lewis acid-base
adduct between the dopant (Lewis acid) and the lone pairs of a
heteroatom (Lewis base), and followed by a redistribution of the
electron density. [39] However the details of free charge carrier for-
mation was largely unknown. Only recently, Yurash et al. proposed
a distinct mechanism based on results from nuclear magnetic res-
onance (NMR) and density functional theory (DFT) experiments of
different Lewis acids and proposed the following: First, formation of
a Brønsted BCF – H2O complex. Second, the complex protonates the
weak Lewis acid base of the CP generating the species [polymer-H]+

and a counter ion of [BCF – OH]– . Third, an electron transfers from
a neutral polymer segment to [polymer-H]+, generating the species
[polymerH]•+, [polymerH]• and [BCF – OH]– . [96, 97] Key findings
from this work was that Lewis acid-base adducts in fact, inhibit the
doping process and that trace levels of water are essential for the
process. Figure 3.1 illustrates this process for the case of doping with
tris(pentafluorophenyl)borane (BCF).
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Figure 3.1: Doping process depicted for BCF.

3.2 polaron and bipolaron formation

The addition or removal of an electron leads to a localized charge on
the chain coupled to local lattice distortion. The sum of these effects is
referred to as a polaron and is the manifestation of a strong electron-
phonon coupling.[98] A bipolaron is formed after removing a second
electron from the conjugated polymer, and thus is defined as a pair
of charges associated to a strong lattice distortion in the conjugated
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polymer (see Figure 3.2 left). To date, there are two theories that
interpret polaron band theory. A traditional model introduced by
Bredas and Street and which has been used extensively to describe
polaron formation [99]. And a revised model, proposed by Zozoulenko
et al. and then by Png et al. which employs modern DFT calculations
to further understand experimental observations.[100, 101]

standard model A distinctive feature of the pre-DFT band struc-
ture models is the appearance of a pair of spin-degenerate levels that
lie inside the π−π? gap. The polaron level is occupied by one electron,
whereas the bipolaron levels are empty (see Figure 3.2 center).

Figure 3.2: Chemical structures of a neutral polythiophene, one carrying a polaron
and one a bipolaron. Also, DOS model of a p-doped material in the polaron
state.

revised model For p-type doping, polaron formation causes the
HOMO to split into a singly-occupied molecular orbital (SOMO) and an
empty SOMOe. The SOMO shifts below the HOMO-1, which becomes the
new HOMOn, with the empty SOMOe both of them flanking the EF, as
seen in Figure 3.2. The remaining unpaired electron lies energetically
below the valence band edge, which is consistent with the prevailing
observation that the IE of p-doped semiconductors increases compared
to the neat film. This process repeats for long chains, producing
multiple polarons until reaching the onset of bipolaron formation. [95,
100, 101]

3.3 doping efficiency

The doping efficiency describes the fraction of generated carriers per
dopant molecule added into the host material. Such a process occurs
in two steps; (i) the formation of a polaron bound to a counterion, (ii)
followed by the dissociation of said polaron to account as a free charge
carrier. The doping efficiency can then be described by the product
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of the polaron formation (ηp f ) and the dissociation efficiency (ηdiss)
following Equation 3.1

η = ηpf × ηdiss =
Nfree

Ndopant
(3.1)

obstacles for high doping efficiency Several factors can
hinder a high doping efficiency, for instance, redox doping is charac-
terized by the formation of intermediate charge transfer states before
generating free carriers.[102] In this regard the neutral dopant can
interact with the organic semiconductors via two mechanisms, integer
charge transfer (ICT) formation or fractional charge transfer (FCT) for-
mation. [95]

integer charge transfer This process is characterized by the
formation of an ion pair (IPA) that readily dissociates at room temper-
ature. [102] p-type doping occurs if the LUMO of the dopant is deeper
than the HOMO of the organic semiconductor, commonly referred to
as ’host’, as seen in Figure 3.3. In this case, an electron is transferred
from the host to the p-type dopant, leading to the formation of an IPA,
i. e., a radical anion in the dopant, a cation in the polymer host, and
a downward shift of the EF. [61, 95] For n-type doping, if the LUMO

of the host is deeper than the HOMO of the dopant, then an electron
is transferred from the dopant to the host. Host:dopant systems that
follow the ICT mechanism are thought to have a dissociation efficiency
of ηdiss = 100%. Nonetheless the amount of carriers that eventually
contribute to σ may be less due to the presence of traps. [60]
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Figure 3.3: Schematic illustration of the ICT or FCT mechanisms. Illustration shows
the migration of electrons after using p- and n-type dopants, as well as
the shift of the EF for each case.

fractional charge transfer This process is characterized by
the formation of a neutral charge transfer complex (CTC) that does not
immediately contribute as a carrier. In essence, the frontier orbitals of
the dopant and the host hybridize to form a new HOMO and LUMO.
The CTC can then take the role of the dopant to donate or withdraw
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electrons from the host, only if the energy levels fulfill the conditions
described in the ICT process, albeit less efficient given the extra step
required.[61]

Even though FCT formation has been reported for a fair amount
of conjugated small organic semiconductors [56, 95, 103], it is not a
common doping route for CPs, which appear to proceed dominantly
through ICT. For the benchmark material RR-P3HT, doping with the
p-type dopant F4TCNQ usually proceeds via ICT, [104–106] while in-
terestingly, the oligomer quarterthiophene (4T) proceeds via CTC. The
latter was surprising, given the fact that the energy levels and chemical
structures between 4T, and RR-P3HT are relatively similar. Méndez et al.
ascribed these observations to differences in the crystalline structure
between these two materials.[107] Only recently, Jacobs et al. demon-
strated further that the crystalline structure plays a significant role on
whether doping proceeds through CTC or ICT. By fabricating films of
RR-P3HT:F4TCNQ using specific deposition conditions, they were able
to obtain a polymorph that exhibited only CTCs.

Also recently, Neelamraju et al. demonstrated that different charge
transfer states can coexist in films of F4TCNQ-doped films of RR-P3HT

and regiorandom poly(3-hexylthiophene) (RRa-P3HT). They suggested
that for high doping levels CTC is favored once the easier-to-oxidize
DOS are saturated. In conclusion, the authors were able to identify that
the dopant content, microstructure and energetic local environment
defined the charge transfer mechanism.[109]

Additional work by Thomas et al. suggests that interaction between
the π-faces of the dopant and the polymer plays a significant role
in determining the charge transfer mechanism. They observed that
F4TCNQ-doped films of RR-P3HT and poly(3-(2’-ethyl)hexylthiophene)
(P3EHT) proceed through ICT and CTC, respectively. They ascribed the
differences to F4TCNQ being forced to allocate between the π-faces
of the P3EHT crystallite, due to the steric hindrance imposed by the
branched sidechains (cf. chemical structure of P3HT and P3EHT in
Figure 3.4). Their results were quite surprising as both polymers have
similar chemical structures and energy levels. [110]

P3EHT

S n

S n

P3HT

Figure 3.4: Chemical
structures of P3HT and P3EHT

A shared view from previous publications was that CTC formation is
a barrier to efficient doping in organic semiconductors and highlighted
that the conditions leading to a particular doping mechanism are
not fully understood. Whether CTCs is entirely detrimental for OTE

applications had not been investigated. We, therefore, address this
topic in Chapter 5.
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3.3.1 Improving doping efficiency

double doping More recently, Kiefer et al. demonstrated that
proper selection of the energy levels can lead to the formation of
dopant dianions and efficiencies of up to η = 170%. Here, each dopant
is able to participate in two doping events, significantly reducing the
amount of dopant required to increase σ. [29] Moreover, they found
dianion formation to occur in four distinct p-dopants suggesting the
process could be extended to different host:dopant systems.

shielding Aubry et al. reached near η = 100% when doping
RR-P3HT using boron clusters. A comparison between F4TCNQ- and
boron-doped RR-P3HT, reveled that identical equimolar dopant con-
centrations lead to distinct carrier densities i. e., 4.3× 1020 cm−1 and
7.9× 1020 cm−1 for F4TCNQ and the boron cluster, respectively. They
ascribed their results to efficiently shielding formed polarons from the
counterions, thus reducing Coulombinc interactions with the anion.
[111]

miscibility Kroon et al. demonstrated that tailoring polar sidechi-
ans into CPs enhanced the compatibility between the polymer and
p-dopants like F4TCNQ. Using this approach they achieved near η =

100% efficiencies. [27] Kiefer et al. then extended this concept for a
naphthalenediimide -bithiophene copolymer doped with the n-dopant
N-DMBI, resulting in efficiencies of up to η = 13%. The latter was
a significant improvement taking into account that typical doping
efficiencies for n-dopants are lower. [45]

anion exchange Only recently, Yamashita et al. explored an
anion exchange technique that is not limited to the redox potential
limitations. Here, F4TCNQ-doped PBTTT is immersed into an orthogo-
nal solution of bis(trifluoromethane)sulfonimide lithium salt (Li-TFSI)
which prompts an instantaneous exchange with TFSI– anions. [37] Em-
ploying UV-Vis-Nir spectroscopy, they observed a complete quenching
of the bands corresponding to the neutral polymer, indicating a very
high doping level. More recently, the same approach was extended
to other semicrystalline polymers and revealed that this method is
suitable for achieving very high doping levels, and that at such levels,
the rapping effect by ions is negligible. [112]

3.4 stability of the doped state

Ideal power-generators should have a long operating lifetime, or, in
other words, be able to keep a near ’as-new’ performance as they
age. In reality, this is very hard to accomplish: the doped species
in the OTE material responsible for enhancing σ may return to their
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neutral state, the dopant may diffuse out of the material, interact
with the environment, or degrade due to thermal oxidation. Thus,
the doped state’s stability is directly related to the thermoelectric
performance stability and realization of commercially successful OTE

devices. Consequently, the material’s chemical and thermal stability
will determine the operating range/conditions of the OTE material
and the final application.

chemical stability The material’s energy levels largely deter-
mine the chemical stability. For example, a shallow LUMO can lead
to undesired reactions with water and oxygen. In n-type OTEs, the
HOMO(LUMO) levels tend to lie above the reduction potential of oxy-
gen(water), which poses a challenge for prolonged and unencapsu-
lated applications. [7, 30, 51] Due to the latter, there are markedly
more known air-stable p-type than n-type OTE materials, and research
on the n-type OTE materials has lagged compared to p-type mate-
rials. A straightforward approach is employing barrier layers (e. g.,
glass, resins, or polymers) provided that they do not compromise
other aspects (e. g., weight and flexibility). [91] A distinct approach is
the chemical design and relies on the appropriate selection of chem-
ical moieties to adjust the energy levels. [30, 51] Alternatively, new
classes of stable n-dopants are emerging based hydride transfer like
N-DMBI and triaminomethane (TAM). Only recently, Yang et al. used
a computer-assisted screening approach to design a TAM derivative.
The best candidate was synthesized and used to dope two polymers,
which featured nearly unchanged thermoelectric properties for up to
a 16 h under air exposure. [113] In a different example, Paterson et al.
presented films of an air and water stable NDI-bithiophene copolymer
doped with the Lewis salt tetra-n-butylammonium fluoride salt (TBAF).
[30]

thermal stability The size, chemical, and physical interactions
between the conjugated material and the dopant largely determine the
thermal stability. For instance I2-doped RR-P3HT readily dedopes out of
the film at room temperature, while blends of F4TCNQ-doped RR-P3HT

begins to dedope at temperatures above 90 ◦C [114] over a relatively
short period of time. One approach is improving the compatibility
between the dopant and the polymer. For example, tailoring polar side
chains in NDI, polythiophene, and fullerene derivatives has provided
satisfactory results when using dopants like F4TCNQ and N-DMBI. [27,
45, 48] Through this approach, Kroon et al. presented a polythiophene
derivative doped with F4TCNQ that when exposed to a temperature
ramp of ≈10 ◦C s−1 featured an almost constant electrical conductivity
up to 150 ◦C. [27] Using bulkier dopants is also possible. Liu et al.
presented films of a conjugated small molecule (CSM) doped with a
fullerene derivative, which showed that thermal annealing at tempera-
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tures up to 200 ◦C promoted mixing between the fullerene and the host
instead of diffusion out of the polymer layer. [76] However, bulkier
dopants might disrupt the crystalline structure and require complex
deposition techniques. A novel approach by Xu et al. employed all-
polymer donor-acceptor heterojunctions. Instead of a highly diffusive
molecular dopant, they mixed two semiconducting polymers. In this
case, both materials generated mobile charge carriers and thus, the
amount of non-conducting material in the film was limited. S varied
depending on the composition ratio, and the electrical conductivity
decreased by less than one order of magnitude after 20 h at 200 ◦C. The
repercussions of this concept are significant: as this approach offers
the possibility of a "one-pot" OTE generator containing both the n- and
p-type materials, and that is less likely to suffer phase segregation and
morphology perturbation after deposition. [26].

From this section, one can observe two main routes towards opti-
mizing the thermoelectric stability:

1. Selecting a known dopant (or host) that performs relatively well
and then modifying fragments from its chemical structure to
improve dopant-host compatibility or lower its tendency to react
with the environment.

2. Permutation of known dopants and hosts to find a better match.

However, there is evidence that changes in morphology alone can
lead to differences in thermal and ambient stability. Jacobs et al. pre-
sented a case in which F4TCNQ-doped RR-P3HT can proceed through
either ICT or FCT depending on film deposition temperature. Wide-
angle X-ray diffraction (GIXD) revealed that films doped through FCT

displayed an unusually dense and well-ordered crystal structure and
a different stability behavior under air and temperature than the ICT

case. The latter opens the question of whether it is possible to enhance
the thermoelectric stability by adequate microstructure control. [108]

3.5 doping of thin films

Doping can strongly affect and be affected by the organic semicon-
ductors’ solid-state order. For example, changes in paracrystallinity
can modify the energy landscape (e. g., trap density and shape of the
DOS) and, in turn, the doping efficiency. The amount of crystalline and
amorphous fractions, as well as co-facial π − π interactions between
the dopant and the organic semiconductor, appear to influence the
degree of charge transfer (CTC and IPA). Simultaneously, doping can
induce changes in the microstructure due to a space-filling effect and
charge delocalization.

While it is difficult to predict host:dopant interactions, we can par-
tially control the amount of dopant introduced and the microstructure
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of the undoped materials via processing. We can classify the processing
methods in two categories: Co-processing and sequential processing:
the choice of a particular method largely depends on the materials’
chemical and physical properties as well as the intended application.

3.5.1 Co-processing

solution mixing In this method, the dopant and host are mixed
in a solvent and then deposited onto a substrate via spin-coating,
shear coating, or printing. Naturally, a prerequisite is that both ma-
terials have good compatibility between them and miscibility with
the chosen solvent system. A clear advantage of this approach is that
one can modulate the dopant concentration by regulating the relative
amount of each material. However, if charge transfer already occurs
in the solution-state, it may render the materials insoluble even when
mixing at high temperatures or low concentrations, thus leading to
a suboptimal nanostructure. For example, Jacobs et al. demonstrated
that solutions of RR-P3HT with 2 % to 4 % were almost insoluble in a
wide range of solvents. [115] Similarly, Patel et al. observed gelation
and precipitation of the charged polymer in mixtures of F4TCNQ with
PBTTT, as indicative of a charge transfer process. They partially solved
this issue by heating the host:dopant solution at a temperature of
120 ◦C. Nonetheless, the resulting films still showed less structural
order than those of neat PBTTT.[35]

Another aspect to consider is that doping in organic semiconduc-
tors typically requires large amounts of dopant (in the order of mole
percent) compared to their inorganic counterparts (in the order of
ppm). The latter can lead to significant microstructure changes that
may or may not resemble the neat organic semiconductor. For exam-
ple, Jacobs et al. demonstrated that using co-deposition methods in
combination with large amounts of dopant, may lead to suboptimal
nanostructure and lower σ compared to other doping methods. [115].
Similar observations were done by Patel et al. when comparing doped
films of PBTTT doped via the co-deposition and vapor doping meth-
ods. It is challenging to generalize if the resulting film will have a
suboptimal microstructure, in fact, recent publications indicate this is
not always the case. For example, Paterson et al. presented films of
an NDI-bithiophene copolymer doped with TBAF and processed via
solution mixing. The films with higher dopant contents presented
better charge transport characteristics, which they ascribed to TBAF

acting as a morphology additive.[30] Similar results were observed in
solution mixtures utilizing Lewis acid dopants.[116, 117]

thermal evaporation It consists of the simultaneous thermal
deposition of the organic semiconductor (generally a CSM) and the
dopant. [60, 61] This type of fabrication method is suitable for bulkier
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compounds or those with reduced solubility e. g., pentacene and the
fullerene derivative C60F36.[118] This method often requires complex
evaporation setups but allows precise control of the deposition rate
and, consequently, in the amount of deposited dopant. Noteworthy,
this method can also be employed in a sequential doping manner,
albeit not in CPs.

3.5.2 Sequential doping

Sequential processing methods rely on adding the dopant onto a pre-
existing CP or CSM film. This method is advantageous if the goal is to
preserve the structural order of the neat film (e. g., for highly ordered
CPs, oriented or stretched). Common techniques to add the dopant are
via thermal evaporation, aka vapor doping, solution processing and
electrochemical doping. We briefly address those methods below.

vapor doping Alternatively, smaller dopants like I2 may subli-
mate at room temperature and thus require simple setups. Similarly,
dopants like F4TCNQ may be evaporated at lower temperatures and
in simpler setups (e. g., a hotplate and a beaker) — in which case
quantifying the added dopant becomes a problem. Another factor to
keep in mind is dopant diffusion: molecules like F4TCNQ can spon-
taneously diffuse in materials like RR-P3HT and PBTTT, while bulkier
dopants like C60F36 may require thermal annealing after deposition.
[35, 118] Fabrication of thick films is also a challenge: µm-scale OTEs

are required to generate a significant absolute power output. However,
dopant accumulated onto the surface can hamper dopant diffusion
through the entire depth of the film. [119] For instance, outstanding
results have been obtained using vapor doping, but on films that range
between 25 nm to 60 nm. [36, 62, 120] Finally, a common preconception
is that vapor doping preserves the crystalline structure of the neat film,
albeit recent publications indicate that charge delocalization effects
may induce order and long-range connectivity in disordered regions
of the film. [121, 122] If the latter is a general rule or applies to certain
polymers is still unknown but might prompt further research.

solution processing The dopant is infiltrated into a preexisting
film via immersion, spin-coating or dip-coating using dopant dis-
solved in an orthogonal solvent. The dopant content is modulated by
controlling the concentration of the dopant solution and immersion
time, but the precise dopant content residing within the film must be
calculated using other means, e. g., absorption spectroscopy. A key
element from this method is that solvents that partially swell but do
not dissolve the film appear to improve dopant diffusion. [59] Using
this method, Jacobs et al. demonstrated that it was possible to dope
films of RR-P3HT uniformly and without significantly disturbing the
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crystalline structure. [115] Very high σ have been attained using FeCl3

and oriented films PBTTT. [34] Fabrication of thick films using this
methodology is also an issue, although some authors have partially
overcome the problem. For instance, Hwang et al. managed to dope
µm-scale films by submerging the polymer film into the dopant solu-
tion using periods of over 1 h.[123] In a different example, Zuo et al.
fabricated µm-scale films of RR-P3HT using a multilayer approach.[119]
A distinct approach is through the fabrication of foams, which can
reach millimeter-thick layers and permit rapid and uniform doping
due to their porous nature. [124]

electrochemical In this method, the electrodes are coated with
the polymer via spin coating or using in-situ polymerization. The
electrode’s potential can then be adjusted so that a charge transfer
process occurs between the polymer film and the electrode, prompting
an oxidation or reduction process. Modulation of the doping level
is also possible in a transistor geometry. Such a device consists of
an organic semiconductor as the active layer and an ionic liquid as
the gate dielectric. Applying a positive (negative) gate voltage gen-
erates positive(negative) carriers in the semiconductor channel upon
electrochemical or electrostatic doping. [125] Noteworthy, a common
way to synthesize PEDOT-based materials is via electrochemical poly-
merization, in which the resulting material possess counter charging
ions such as PSS and Tos. In this regard, the doping level of PEDOT is
partially determined during the polymerization process. Adequate
control of the doping level, morphology, and choice of the counterion
has allowed PEDOT-based materials to be among the best performing
p-type OTEs. [126, 127].



32 doping of conjugated polymers

3.6 thesis structure and aim of the thesis

Throughout the Part i of this work, we have explained why OTEs have
a unique opportunity in the developing IoT market. We presented state-
of-the-art materials, essential concepts that influence the thermoelectric
performance, and at the same time, the challenges hampering further
development.

In this thesis we aim to explore the interplay between microstruc-
ture and doping, and how they affect the parameters that govern the
merit figure as well as the thermoelectric stability. To address this
task, we develop a high-throughput fabrication and characterization
methodology for evaluating a large number of samples. We employ
such methodology to different extents in the three chapters covering
the results.

Part ii of this work contains details of the fabrication and characteri-
zation methods used and developed throughout this work, as well as
pictures or schematic illustrations of the samples and setups.

Part iii of this thesis contains the results and is structured into three
chapters. Chapter 5 introduces the our motivation for developing a
high-throughput methodology for fabricating films with doping gradi-
ents. We exploit this approach to study different charge transfer states
in doped films of PBTTT and how they affect the thermoelectric proper-
ties. Chapter 6 extends the doping gradient approach for studying the
dependence of the thermal conductivity on the crystalline structure
and electrical conductivity. Our main goal is to stretch the current
knowledge of how doping affects the thermal conductivity in poly-
mers, and propose a methodology that may accelerate such process.
Chapter 7 contains a study of the thermoelectric properties of doped
polymer:polymer blends. The main goal is to explore microstructure
changes due to the addition of a guest polymer, and how they impact
the thermoelectric properties.

Part iv Wraps up the results of this thesis and highlights how they
may impact OTE research.
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abstract A large extent of this thesis deals with the optimization of
thermoelectrics via processing. In this regard, the fabrication methods and
characterization techniques are an essential part of this work and will be
revisited in the results chapters ahead.

4.1 materials

polymer hosts and dopants The polymer hosts and dopants
used throughout this work, along with their molecular weight and
providers are presented in Table 4.1 . Additionally, their chemical
structures are shown in Figure 4.1.

name Mw [kg mol−1] provider

regioregular poly(3-hexylthiophene) (RR-P3HT) 50-100 Sigma-Aldrich

regiorandom poly(3-hexylthiophene)
(RRa-P3HT)

77 Sigma-Aldrich

poly(2,5-bis(3-tetradecylthiophen-2-yl)-
thieno[3,2-b]thiophene) (PBTTT)

70 1-Materials

poly([2,6’-4,8-di(5-
ethylhexylthienyl)benzo[1,2-
b;3,3-b]dithiophene]3-fluoro-2[(2-
ethylhexyl)carbonyl]thieno[3,4-
b]thiophenediyl) (PTB7-Th)

141 Ossila

poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-
cyclopenta[2,1-b;3,4-b’]dithiophene)-alt-
4,7(2,1,3-benzo-thiadiazole)] (PCPDTBT)

30 Sigma-Aldrich

poly[N-9’-heptadecanyl-2,7-carbazole-alt-5,5-
(4’,7’-di-2-thienyl-2’,1’,3’-benzothiadiazole)]
(PCDTBT)

34 Sigma-Aldrich

poly(9,9-di-n-octylfluorenyl-2,7-diyl) (PFO) - Ossila

2,3,5,6-Tetrafluoro-7,7,8,8-tetracyanoquinodi-
methane (F4TCNQ)

0.276 1-Materials

bis(trifluoromethane)sulfonimide lithium salt
(Li-TFSI)

0.287 Sigma-Aldrich

Table 4.1: Polymer hosts and dopants used through out this work.

35
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Figure 4.1: Chemical structures for the materials described in Table 4.1

solvents chlorobenzene (CB) 99.9 % ReagentPlus and 1,2-orthodi-
chlorobenzene (DCB) 99 % ReagentPlus were acquired from Sigma
Aldrich. Analytic grade acetone, 2-propanol and ethanol were acquired
from Labbox.

4.2 sample fabrication

polymer solutions RR-P3HT and PBTTT were dissolved in CB at a
concentration of 20 mg ml−1 inside small vials. The closed vials were
placed on a hotplate under continuous stirring at 85 ◦C for RR-P3HT

and 110 ◦C for PBTTT for a period of 3 h and used at these temperatures
before deposition. Other polymer solutions used throughout this work
were prepared using the same conditions as RR-P3HT and polymer
blends were typically prepared from dilutions of the stock polymer
solutions.

4.2.1 Film deposition

As substrates, we used microscope glass slides from Labbox. Before
deposition, they were cleaned using consecutive sonication baths of
10 min in a Hellmanex solution diluted at 10 % in water and then in
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isopropanol. Finally, they were dried using an air-flow and processed
in a UVO-cleaner for a duration of 5 min.

Figure 4.2: Films of RR-P3HT
obtained via spin coating
RR-P3HT.

spin coating Polymer solutions were spin-coated onto cut 20 mm×
20 mm microscope slides in ambient atmosphere, using consecutive
steps of 1000 rpm and 3000 rpm for 15 s and 45 s, respectively. Finally,
the freshly deposited film was removed from the spin coater and left
to dry in ambient atmosphere before annealing. The resultant film
thickness ranged from 100 nm to 115 nm both, for RR-P3HT and PBTTT.
Figure 4.2 shows a picture of representatives film of RR-P3HT deposited
using this technique and Figure 4.4a shows an schematic illustration
of the process.

Figure 4.3: Film of RR-P3HT
deposited using the blade
coating technique

blade coating Polymer solutions were blade coated onto 75 mm×
25 mm glass substrates, using a Zehntner ZAA 2300 motorized stage
at 110 ◦C, a blade height of 200 µm and a speed of 30 mm s−1. Af-
ter deposition, the films were thermally annealed for 15 min using a
preheated hotplate at 150 ◦C and 180 ◦C for RR-P3HT and PBTTT, respec-
tively, and allowed to cool slowly to room temperature. The resultant
film thickness was about 100 nm and 160 nm for RR-P3HT and PBTTT,
respectively. Alternatively, films with a thickness gradient were fabri-
cated with a custom-built voltage source constructed by Dr. Bernhard
Dörling, which allows to progressively decelerate the blade coating
speed during deposition across the length of the glass substrate. [128]
Figure 4.3 shows a picture of representatives film of RR-P3HT deposited
using this technique and Figure 4.4b shows an schematic illustration
of the process.

1

2

(a) spin casting

glass

motorized stage

(b) blade coating

heating element

heating element

1

2

(c) drop-casting

Figure 4.4: Schematic illustration of the different film deposition methods. Orange
color represents a liquid phase and purple color represents a solid phase.

Figure 4.5: Film of PBTTT
obtained via drop-casting

drop-casting Approximately 70 µl of a polymer solution was
cast onto a substrate that was preheated to 80 ◦C on a custom-built
heater placed inside a reactor beaker. The beaker was closed and
quickly placed under a reduced pressure, which allowed an almost
instantaneous removal of the solvent. Figure 4.5 shows a picture of
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representatives film of RR-P3HT deposited using this technique and
Figure 4.4c shows an schematic illustration of the process.

oriented polymer films Blade coated polymer films were
heated on a hotplate at 180 ◦C and rubbed one time with a thin PTFE

membrane attached to a steel blade at a speed of ≈1 cm s−1.[69] The
rubbed polymer films were kept at 180 ◦C for 15 min and then allowed
to cool down to room temperature. In order to avoid polymer degra-
dation, both rubbing and the annealing processes, were done under
nitrogen atmosphere in a glovebox. The thermoelectric properties of
films fabricated by this method form part of a collaboration published
in reference [129]. They are not included in the main text, but rather in
the Appendix A, as they do not fully align with the scope of this thesis.
However, they comprehend a part of my work that I enjoyed and also
showed interesting stability properties that might be interesting to
study in the future.

4.2.2 Temperature annealing and gradients in cristallinity

Polymer films were thermally annealed (heated→cooled) for 15 min
using a preheated hotplate at 150 ◦C and 180 ◦C for RR-P3HT and PBTTT,
respectively, and allowed to slowly cool to room temperature. Alterna-
tively, gradients in crystallinity were produced by thermally cycling
75 mm× 25 mm polymer films using a Kofler bench, which generates
a temperature gradient of 7 ◦C cm−1. The resulting film contained
varied degrees in crystallinity in the direction of the gradient. Ther-
mal annealing processes were done in nitrogen atmosphere to avoid
possible degradation.

4.2.3 Doping of polymer films

We chose vapor-phase infiltration with F4TCNQ as our primary dop-
ing technique, due to the relatively low sublimation temperature of
this dopant (100 ◦C) and given that this method preserves the crys-
talline quality of the pre-casted film. [35, 36, 62] We explored two
methodologies to control the doping mechanism. First, the conven-
tional one reported in the literature, [35, 130] and then an improved
method, which was developed during this thesis and referred to in
the following chapters as temperature assisted vapor doping (TAVD).

conventional vapor doping We employed a 200 mL crystal-
lization beaker as a doping chamber and attached a polymer film face-
down onto the lid. Then, we placed approximately 5 mg of F4TCNQ

into the bottom of the crystallization beaker and heated the bottom
of the doping chamber to 180 ◦C using a hotplate for a duration of
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Figure 4.6: Schematic illustration for the setups used for doping and dedoping. (a)
Conventional vapor doping, (b) TAVD and (c) dopant gradients by de-
doping. Numbers indicate the (1) hotplate, (2) heating mantle, (3) reactor
beaker and (4) Kofler bench.

10 min, as seen in Figure 4.6a. During the process of doping, the lid
and therefore the sample, heats up slightly in an uncontrolled fashion.

temperature assisted vapor doping To be able to better
control the temperature and atmosphere parameters, we modified
a 200 mL reactor beaker by inserting a custom-built sample-holder,
with an inbuilt heating element and two thermocouples to measure
both the sample temperature, as well as the dopant temperature. The
sample heating element was controlled via a rheostat, whereas the
dopant was heated from the outside through a heating mantle, as
seen in Figure Figure 4.6b. A vacuum pump could be connected to
the reactor beaker, to decrease the atmospheric pressure before the
evaporation was started.

Figure 4.7: Neat and doped
films of PBTTT. Inset is a
section of a PBTTT film with a
dopant gradient.

dopant gradients by dedoping Polymer films doped with
F4TCNQ are susceptible to dedoping when heated. Kang et al. ex-
ploited this concept to control the doping level in films of PBTTT doped
with this same dopant. [62] In this thesis work, we elaborate on the
same principle by exposing 75 mm long doped polymer films to a
temperature gradient using a Kofler bench. As seen in Figure 4.6c,
this creates a difference in the sublimation rates across the length
of the polymer film. We used this type of samples in Chapter 5 and
Chapter 6 to study their properties as a function of dopant content.
Figure 4.7 shows a representative picture of a neat and doped film of
PBTTT along a section of a film with a doping gradient for comparison.

anion exchange doping Rubbed polymer films were doped
using a sequential anion exchange method according to the work
of Yamashita et al. This method has been recently shown to produce
highly conductive samples. For this, films were immersed for 10 min in
a 40 ◦C co-dissolution of F4TCNQ and Li-TFSI 0.3 wt:wt % and 3 wt:wt %
in ethyl acetate as the solvent. Finally, the doped films were dried
under an air flow to remove the excess solution.
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4.3 characterization

Hereafter we present the qualitative and quantitative techniques used
to study doped polymer films i. e., optical absorption spectroscopy
for estimating the dopant content and degree of crystallinity, fourier
transform infrared spectroscopy (FTIR) to evaluate the degree of charge
transfer, Raman spectroscopy for estimating the local electrical conduc-
tivity, frequency domain thermoreflectance (FDTR) for determining the
thermal conductivity, current-voltage measurements for calculating
the electrical conductivity and Seebeck coefficient, Grazing Incidence
Wide-Angle X-ray Scattering (GIWAXS) for studying the microstructure
and finally Atomic Force Microscopy (AFM) and confocal microscopy
for visualization of the morphology.

4.3.1 Absorption spectroscopy

For our experiments, optical absorption measurements were taken
using a Bruker hyperion ftir microscope connected to a vertex 70

spectrometer.

conjugation length and order The structural order in PBTTT

can be controlled through the choice of solvent and post-processing
conditions e. g., solvent- and temperature-annealing.[131–133] Analy-
sis of the spectral features assigned to the crystalline regions of PBTTT,
allows us to estimate the degree of intrachain order and conjugation
length. For our work, we fitted the spectra following a method first
described by Spano. [134, 135]

Figure 4.8: UV-Vis absorbance spectra for a film of neat PBTTT. The spectral features
were subjected to peak fitting and used for calculating the free exciton
bandwidth.

The spectra were deconvoluted into several Gaussian contributions
and fitted using a least-square routine implemented in Python with
the lmfit library. [136] Then, the free exciton bandwidth (W) was
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calculated using the the intensity ratio between the A0−0 and the A0−1

transitions according to Equation 4.1.

A0−0

A0−1
≈
(

1− 0.24 W
Ep

1 + 0.073 W
Ep

)2

(4.1)

Where Ep is the intramolecular vibration of the C=C bond of the thio-
phene ring with an energy of 0.18 eV. Here, a decrease in W indicates
an increase in the conjugation length and order. An example of the
peak deconvolution is shown in Figure 4.8. Noteworthy, this method
has been successfully employed in RR-P3HT and RRa-P3HT. For PBTTT

we use it as an approximation. [122, 131, 133, 135, 137]

doping level CTC and IPA formation typically show strong ab-
sorption features in the uv-vis-nir region, as seen in Figure 4.9. [138,
139] This allows us to identify the formed charge-transfer species and
quantify the doping level from their corresponding spectral signatures.
[35, 59]
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Figure 4.9: UV-Vis-NIR absorbance spectrum for a film of PBTTT, in its pristine state
(blue line), and doped with F4TCNQ (red line). Symbols in the plot indicate
the characteristic bands of the F4TCNQ• – (	), the neutral polymer (•), and
the polaron (⊕).

First, the absorption spectra were deconvoluted into several Gaus-
sian contributions corresponding to the main species; i. e. neutral
polymer, F4TCNQ• – anion and polaron, as seen in Figure 4.10. Fitting
was done using a least-square routine implemented in Python using
the lmfit library. [136] Then, the F4TCNQ anion concentration was
calculated using the intensity of the anion and a molar extinction
coefficient (50 000 mol−1 L cm−1 for F4TCNQ at 790 nm) [35, 59] along
with Beer-Lambert’s law following Equation 4.2.

o.d = l ε c (4.2)

Where o.d is the optical density, l is the film thickness, ε is the molar
extinction coefficients and c is the concentration. The estimated molar
ratio of the F4TCNQ anion per PBTTT monomer was estimated using a
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volume concentration for PBTTT extracted from literature. The latter
is typically calculated from the mass of monomer repeating units
per unit cell. We note that this method has been used in different
publications that employ both PBTTT and P3HT doped with F4TCNQ.
[35, 59, 140]

Figure 4.10: UV-Vis-NIR absorbance spectrum for a film of F4TCNQ-doped PBTTT. The
spectral features were subjected to peak fitting and used for calculating
the doping level.

4.3.2 IR spectroscopy

Fourier transform infrared spectroscopy (FTIR) spectroscopy is a sensi-
tive technique for the characterization of charge-transfer processes. [56,
107, 141] For several polythiophenes, such as 4T, RR-P3HT, RRa-P3HT,
and PBTTT, an ICT is denoted by the emergence a broad polaron band
centered at ≈3500 cm−1 with a tail that extends across the nir and mir

range. [95, 102, 107] On the other hand, organic semiconductors doped
with tetracyanoquinodimethane (TCNQ) derivatives can be studied by
measuring the frequency-shift in their characteristic C ––– N vibrational
mode, which scales with the degree of charge transferred (δ) between
the host and the dopant. [107]

For our experiments, measurements were taken with a PerkinElmer
Spectrum One spectrometer using the atr mode. All measurements
were done in the solid-sate, on glass substrates and in ambient at-
mosphere. Figure 4.11 shows a representative spectra for neat and
F4TCNQ-doped PBTTT. The observed peaks are assigned to the different
– CHn groups in the polymer and to the C ––– N vibrational stretching
mode in F4TCNQ.
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Figure 4.11: FTIR spectra for a neat film of PBTTT and doped with F4TCNQ. Inset
corresponds to the region of the C ––– N vibrational stretching mode. δ = 0
indicates the position of neutral F4TCNQ (here absent)

degree of charge transfer The degree of charge transferred
was calculated using the frequency shift (∆ν) of the C ––– N stretching
mode in F4TCNQ and following Equation 4.3.

δ =
2∆ν

ν0

(
1− ν2

1

ν2
0

)
(4.3)

Where ν0 corresponds to the C ––– N peak in neutral F4TCNQ (at 2227 cm−1)
and ν1 corresponds to the F4TCNQ• – anion (at 2194 cm−1). [107, 141]
Here, a δ = 1 is characteristic of an ICT process and a (δ < 1) indicates
a FCT process.

4.3.3 Raman spectroscopy

Spectra were acquired with a witec alpha 300 ra confocal micro-
scope, coupled to an Olympus objective with 10× magnification at the
wavelengths of 488 nm and 785 nm.1 Figure 4.12 present the measured
spectra for the neat materials and F4TCNQ-doped PBTTT. The Raman
peaks were assigned according to literature[142, 143] and also with
the help of DFT calculations (cf. Figure 4.12, Figure 4.13 and Table 4.2).

density functional theory (dft) Calculations were done
using the orca ab-initio, DFT and semi-empirical molecular orbital
theory package. [144] Geometry optimization for the polymer was
done on two monomer units and the side chains were reduced to
ethyl groups in order to reduce computation time. Both, geometry
optimization and Raman calculations were done using the long-range
separated ωb97x-d3 dft functional together with an Ahlrichs’ triple-
split-valence basis set augmented by polarization functions tzvp along
an auxiliary def2-tzvp basis set. This level of theory has been found

1 Raman spectroscopy measurements and data processing were done by Dr. Aleksandr
Perevedentsev (ICMAB-CSIC).
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to be in good agreement for organic compounds, as demonstrated in
references [142, 145]. Table 4.2 presents the Raman mode assignment.

C14H29

H29C14

Figure 4.13: Chemical
structure of PBTTT and
F4TCNQ.
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Figure 4.12: Experimental normalized Raman spectra for neat PBTTT, neat F4TCNQ

and F4TCNQ-doped PBTTT.

mode λexp [cm−1] λcalc [cm−1] description

a 1393 1346 Cγ –– Cγ, stretching

b 1417 1423 Cα –– Cβ, stretching

c 1493 1483 Cγ – Cβ, stretching,
shrinking

d 1098 1156 C – Hn, bending

1 1457 1468 Cα –– Cα, stretching

2 1665→ 1645? 1659→ 1651? Cβ –– Cγ, stretching

3 1244? 1222? Cβ –– Cγ, stretching

Table 4.2: Raman mode assignment for PBTTT, F4TCNQ and F4TCNQ-doped PBTTT?.

For further reference, our GitHub repository will contain unpro-
cessed data about the Raman measurements and DFT calculations.

contact-less electrical conductivity The electrical con-
ductivity was calculated according to the work from Perevedentsev
and Campoy-Quiles, [146] which, correlates the ratio of a given Ra-
man peaks to a known degree of doping and electrical conductivity. A
calibration curve is then obtained, from which the local conductivity
can be extracted by measuring local Raman. For PBTTT, this was done
with the Raman peaks a, b, and c measured at 488 nm, which change
due to the polaron delocalization. The calibration curve was fabricated
by consecutively dedoping a sample in different time intervals and

https://github.com/oszaar/OZA_PhD


4.3 characterization 45

measuring the Raman spectra and the electrical conductivity in a four-
probe configuration. The intensity ratio, rR and electrical conductivity
were fitted to Equation 4.4

rR = Aσb + C (4.4)

Where A = 0.40, b = 0.21, and C = 0.77 are fit parameters. Figure 4.14

presents the series of experimental measurements utilized for fabricat-
ing the calibration curve.
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Figure 4.14: (a) Raman spectra used for fabricating the calibration curve. Data corre-
sponds to a series of measurements that will be presented in Chapter 5.
Arrows in panel (a) indicate the evolution of the respective modes with
increased doping. (b) Calibration curve obtained from the Raman spectra.

4.3.4 Thermoelectric characterization

Figure 4.15: Picture of the two
probe configuration setup.

All measurements were conducted using a custom-built setup made
by Dr. Bernhard Dörling (see Figure 4.15 and the following schematic
illustrations). The setup allowed measuring both, the electrical con-
ductivity and the Seebeck coefficient in a two-probe and a four-probe
configuration. Electrodes were deposited by applying a layer of RS pro
Silver Conductive Adhesive Paint paste from RS Components using a
brush, in order to improve the electrical contact between the polymer
film and the probes. All measurements were done under ambient
conditions.

electrical conductivity In this thesis work, we measured
the electrical conductivity using a two- or four-probe configuration.
For rectangular samples with a gradient in dopant, we employed a
two-probe configuration, directly calculating it from the resistance R
and their volume, given by the length l, width w and thickness t as
given by Equation 4.5.

σ =
l

wt
1
R

(4.5)
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Alternatively, for homogeneous samples we employed the the four-
probe configuration. Here, the sheet resistance Rs was calculated using
the van der Pauw method, [147] which consist in applying a current
on two electrodes and measuring the voltage drop on the other two.
This process is repeated for the four orthogonal permutations (see
Figure 4.16) and then calculated according the reference Equation 4.6.

Figure 4.16: Four-probe
characterization geometry.

eπ
Rmn,op

Rs + e−π
Rno,pm

Rs = 1 (4.6)

Then, the electrical conductivity is calculated using a known thickness.

σ =
1
t

1
Rs

(4.7)

seebeck coefficient For the two-probe configuration, the sam-
ples were fixed on two copper blocks while one of them was slowly
heated from room temperature up to a temperature difference of 25 K.
The temperature and voltage were recorded on both ends with two
T-type thermocouples. Finally, the Seebeck coefficient was extracted
from the slope of the heating and cooling cycle. In the four-probe con-
figuration both sides had two contacts, and the Seebeck voltage was
also recorded across the diagonals. Figure 4.17 shows the schematic
representation for setups used in this work and the experimental
output.

(a) Setups
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∆T = 31 µV K−1

(b) Experimental

Figure 4.17: Schematics of the Seebeck coefficient setup (a), and example of the
determination of the Seebeck coefficient from the slope of the voltage/temperature
graph.

4.3.5 Thermal conductivity

Frequency domain thermoreflectance (FDTR) was used to measure the
thermal conductivity of selected samples fabricated in this thesis. It
consists in heating the surface of a polymer film deposited on glass
substrate with a pump laser (pump, at 405 nm) and then measuring
the change in reflectivity related to the temperature raise with a probe
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laser (probe, at 532 nm). A lock-in amplifier records the amplitude and
phase-response of the heat wave generated by the pump laser and the
harmonic response sensed by the probe.

Figure 4.18: Representative
picture of films with a doping
gradient placed in a holder
used for FDTR measurements

A schematics of the setup is shown in Figure 4.19 and a picture
of representative samples used for these type of measurements are
showin in Figure 4.18. For our experiments,2 a gold transducer of
≈60 nm was thermally evaporated onto the surface of the polymer
films with an ecovap mbraum evaporator to enhance the thermal
sensitivity of the method, and to limit the optical penetration depth.
Both lasers were focused using an achromatic ≈30 mm lens to a spot
size of 10 µm. The pump laser was modulated from 1 kHz to 100 kHz
which leads to a modulation of the reflected power of the wave probe
laser.

Figure 4.19: Schematic illustration the frequency domain thermoreflectance (FDTR)
setup and a representative phase lag response obtained from a reference glass sample
and a PBTTT thin film.

The frequency dependent phase lag is modelled numerically solving
the parabolic heat equation, given by Equation 4.8 for the described
multi-layered geometry, composed of the gold transducer, the polymer
thin film, the glass substrate and a thermal boundary resistance at
each interface.

κ

ρCp
∇2T − ∂T

∂t
=

1
ρCp

S(r, t) (4.8)

2 Measurements were acquired using a custom-built setup and with the support of Dr.
Juan Sebastián Reparaz. (ICMAB-CSIC)
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Where κ is the thermal conductivity, ρ is the density, Cp is the spe-
cific heat, S(r, t) the heat source and, and T the temperature. The
cross-plane thermal conductivity (κ ⊥) and the specific heat capacity
Cp of the thin films were fitted using a least-squares routine. The
obtained data was fitted following the work by Schmidt, Cheaito, and
Chiesa[148].

4.3.6 Morphology

AFM experiments were done with a Keysight 5500 ls system.3 Optical
micrographs were taken with an Olympus bx51 and a dp20 microscope
digital camera. Thickness profiles were acquired with an Alpha-Step
D-500 Stylus Profiler. GIWAXS experiments were conducted at the NCD-
SWEET beamline at the ALBA synchrotron (Spain).4 The thin films
were exposed for 1 s to 5 s to an X-ray beam with a wavelength of
0.998 Å at an incidence angle of 0.12°. 2D scattering patterns were
collected by employing a WAXS LX255-HS detector from Rayonix
(pixel size = 40 µm). Noteworthy, the samples used for GIWAXS mea-
surements were deposited on silicon substrates.

4.3.7 Kinetic Monte Carlo calculations

kinetic Monte Carlo calculations were done by Dr. Guangzheng Zuo
and Dr. Martijn Kemerink (Linköping University, Complex Materials
and Devices) using the following parameters: Box size: 10× 10× 10,
inter-site distance 1.8 nm, Energetic disorder: 0.05 eV, localization ra-
dius: 1 nm, Dopant concentration: 8× 102, Attempt to hop frequency
Host: 1× 1013 s−1, between:1× 1012 s−1, 1× 1011 s−1, Energy offset
Host-guest : 0.1 eV, Temperature: 300 K, External field: 1× 107 V m−1

(Z direction), DOS type: Gaussian.

3 Measurements were conducted by the Scanning Probe Microscopy laboratory group
at the Institut de Ciència de Materials de Barcelona (ICMAB-CSIC).

4 Measurements were done by Dr. Jaime Martín, Sara Marino and Dr. Edgar Gutierrez.
POLYMAT, UPV/EHU
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R E S U LT S

“Lucy: You learn more when you lose
Charlie Brown: Well then I must be the smartest person in
world!!!”
— Charles M. Schulz, Peanuts Treasury
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abstract Molecular doping is a crucial technique for tuning the
thermoelectric properties in conjugated semiconductors. Here we use a precise
control of the doping mechanisms to improve the thermoelectric stability of
the materials under thermal stress. 1

5.1 motivation

current trends Early experiments on doping of conjugated
semiconductors involved the use of halides and alkali metals. These
combinations exhibit a high electron conductivity, but the dopant
tends to sublimate quickly, or react with the environment. [120]. To
date, improving the thermoelectric stability is commonly approached
via three methods;

chemical structure The chemical structure can be tailored to
improve the interaction between a particular host:dopant pair.
[27, 29, 150] In this regard, Kroon et al. synthesized a poly-
thiophene derivative (Figure 5.1 top) with modified sidechains
that enhanced the compatibility and processability when mixed
with F4TCNQ. [27] Their results showed improved thermal sta-
bility (stable up to 150 ◦C) compared to a film of F4TCNQ-doped
RR-P3HT processed identically (stable up to 100 ◦C).

Figure 5.1: Chemical
structures for the materials
utilized in references [27]
and [28].

size Bulkier dopants are less prone to sublimate out of the layer. Li
et al. explored this approach using a strong electron-acceptor
fullerene derivative (see Figure 5.1) which, showed a good ther-
mal stability (up to 210 ◦C) compared with other blends em-
ploying F4TCNQ. [28] However, a bigger dopant can disrupt
the intrinsic polymer’s intermolecular packing and thus, affect
other properties of interest such as carrier-mobility. Also, bulkier
dopants are usually not solution-processable and may require
more elaborate techniques for deposition. Finally, a larger dopant
size can result in lower doping density.

encapsulation A more indirect approach is the addition of encap-
sulation layers to avoid contact with water or oxygen. This can
be done by placing barrier-layers on top of the film of interest,

1 A large part of this chapter has been published in "Closing the Stability–Performance
Gap in Organic Thermoelectrics by Adjusting the Partial to Integer Charge Transfer
Ratio." In: Macromolecules (Jan.2020), pp. 609-620 Zapata-Arteaga, Dörling, Pereve-
dentsev, Martín, Reparaz, and Campoy-Quiles [149]

51
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e. g., glass or polymer resins. Abdallah et al. used this approach
in films of CNT doped with polyethylenimine (PEI), nonetheless,
rigid barrier-layers can compromise the mechanical properties
of the device. [91]

a distinct approach Doping can proceed via two doping mech-
anisms, i. e., an integer charge-transfer process (δ=1) generates an IPA,
and a fractional charge-transfer (δ<1) produces a CTC. [95, 102, 107]
The conditions that lead to any given species are not fully understood.
However, the type of molecular interactions between the host and the
dopant is deemed as one of them.[56, 103, 151, 152] For example, Hu et
al. demonstrated that in binary crystals bearing 1,3,4,5,7,8-hexafluoro-
11,11,12,12-tetracyanonaph-tho-2,6-quinodimethane (F6TNAP) with nap-
htho[1,2-b:5,6-b’]dithiophene (NDT), the type of interactions dictate
the degree of charge transfer, δ (see Figure 5.2). [56] Remarkably, we
can hypothesize that each case possesses a different binding strength,
that may impact its stability. Nevertheless, limited studies address this
approach, due to the difficulty in controlling the doping mechanism
and to the less efficient charge generation process in CTCs. [95, 108, 151]

Figure 5.2: Example of c – h – – – f
and π − π interactions in
binary crystals of F6TNAP and
NDT according the reference
[56].

This chapter introduces a method to accelerate the screening of gen-
erated charge-transfer species and thermoelectric properties of doped
conjugated polymers, and then we elaborate on a method to systemat-
ically control the generated charge-transfer species. We demonstrate
that the thermoelectric performance and stability are strongly affected
by the specific doping mechanisms. Finally, we perform a broad mor-
phological characterization of the films to understand the origin of the
improved thermal stability.

5.2 screening of charge-transfer states

As a starting point it is necessary to identify materials capable of
forming CTCs and IPAs. For this, a straightforward, yet laborious plan
is to fabricate a large number of samples using distinct dopant concen-
trations [109] or processing conditions, [108] and characterize them.
This is arguably the best approach if the intent is to also study the
thermoelectric properties of each case. In this thesis work, we intro-
duce a fast screening approach employing gradients, that significantly
decreases the necessary work and makes it more feasible. It consists of
maximally doping a polymer film, followed by a progressive dedoping
along one direction. This provides numerous advantages such as:

1. A large number of different host:dopant ratios are contained
within a single self-consistent sample, limited only by the reso-
lution of the dedoping method and the measuring technique.
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Further details can be found
in Chapter 4.

Section 4.2.3 and
Section 4.3.2 present the
methodologies for fabricating
polymer films with a dopant
gradient and for calculating δ

2. A fast screening of the charge transfer-states existing in the
polymer film.

3. Additional information can be extracted depending on the em-
ployed dedoping technique. e. g., the thermal stability when
using a temperature-induced dedoping method [62, 114]

4. High-throughput study of the thermoelectric properties as a
function of the IPA, CTC or the total dopant content.

In this context, we will focus on samples of F4TCNQ-doped PBTTT

fabricated through vapor doping. In particular, PBTTT is a well-studied
material in the field of organic thermoelectrics due to its high hole
mobility, crystallinity, and processability. [35, 55, 68] At the same time,
F4TCNQ is compatible with several dedoping techniques [60, 62, 153]
and has been previously studied with the former polymer. In brief,
sample fabrication consisted in doping pre-deposited polymer films
through vapor infiltration. The films then are exposed to a spatial
temperature gradient that induces different sublimation rates across
the gradient direction. The resulting film possesses a spectrum of host:
dopant ratios that vary across one dimension.

In Figure 5.3, we present the IR spectra of a single film of PBTTT

with a dopant gradient. This characterization technique can provide
information of the charge transfer states in TCNQ derivatives by fol-
lowing the changes in the c≡n vibrational stretching mode. [95, 107]
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Figure 5.3: IR spectra for a film of PBTTT with a dopant gradient. Inset shows the
region of the C ––– N stretching mode normalized at 2187 cm−1. Vertical
lines are a guide to the eye for the characteristic peaks, 2187 cm−1 blue,
2194 cm−1 red, 2218 cm−1 green, and 2229 cm−1 gray. δ indicates the de-
gree of charge transfer at each position.

Here, a dedoping process is observed by the disappearance in the
absorbance of the polaron background and the peaks that belong
to the F4TCNQ• – (δ = 1), at 2187 cm−1 and 2194 cm−1. In co-deposited
films of RR-P3HT with F4TCNQ, these peaks are ascribed to dopant re-
siding in the polymer’s side chain- and backbone-region, respectively.
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[114] Additionally, we observe a peak at 2218 cm−1 that belongs to
a CTC with a δ = 0.2. [107] This peak becomes more evident with
further de-doping, possibly due to (i) an overlap with the polaron
background or to a (ii) temperature-induced reorganization of inactive
dopant. Nonetheless, we can interpret that the peaks at 2218 cm−1 and
2194 cm−1 represent the more thermally-stable species, given that they
have been exposed to a higher temperature for the same amount of
time. Also noteworthy, the UV-Vis absorbance spectra for the same
sample (Figure 5.4), shows only the bands of the anion and the neutral
polymer, but not an additional band that can be assigned to the CTC,
presumably due to the small fraction of CTC that is overlapped with
the other contributions.
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Figure 5.4: UV-Vis absorbance
spectra for the film depicted
in Figure 5.3. Symbols in the
plot indicate the characteristic
bands of the F4TCNQ• – (	)
and the neutral polymer (•).

The previous results demonstrate that PBTTT naturally forms a mix-
ture of a CTC and IPAs states. Remarkably, our IR analysis suggest
the existence of three populations, specifically, one from the CTC at
2218 cm−1 and two from the IPA at 2194 cm−1 and 2187 cm−1. From
the temperature induced-dedoping gradient, we can deduce a higher
thermal stability for the species at 2218 cm−1 and 2194 cm−1. In this
regard, we expect that a polymer film containing predominantly these
species will be more thermally stable.

5.3 controlling the doping mechanism

5.3.1 Thermoelectric properties as a function of the charge-transfer state

The next step is to promote a higher content of the CTC and the IPA at
2194 cm−1. To our knowledge, there is no crystallographic data that
identifies the CTC’s position within the PBTTT microstructure. Nonethe-
less, several authors place these species closer to the conjugated core
of the host material. [56, 103, 151, 152, 154] To this end, we elaborate
on a concept introduced by Lim et al., who used an elevated substrate
temperature during the doping process. This induces an expansion in
the lamellar- and in the π − π-stacking direction, which improves the
diffusion of F4TCNQ. [130, 149] To properly control the doping condi-
tions, we employ a custom-built vessel that allows to independently
control the temperature on the polymer’s substrate (Tsubs) as well as of
the dopant (see Section 4.2.3 for further details).

In the following sections, we distinguish between two doping meth-
ods; (1) A conventional one, where only the temperature of the dopant
source is controlled, and (2) temperature assisted vapor doping, TAVD,
which uses the vessel described above.

substrate temperature First, we analyze the effect that Tsubs has
on the doping process while using a fixed doping time (td) of 10 min.
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Figure 5.5a, shows the absorbance of doped PBTTT using distinct Tsubs:
70 ◦C, 110 ◦C and 130 ◦C. Here, the bands of the anion increase in
intensity, compared to the neutral polymer when using a higher Tsubs.
Moreover, when reaching a Tsubs of 130 ◦C a new band appears at
630 nm, which corresponds to the CTC presented in Figure 5.3. We
highlight that this band is not present in the film doped through the
conventional method (see Figure 5.4).
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Figure 5.5: Screening of the doping conditions. UV-Vis absorbance for doped PBTTT

with different (a) substrate temperatures and (b) doping time. (c) IR spectra
for selected samples. Spectra were subjected to peak fitting according the
reference [109] to estimate the CTC fraction.

doping time After identifying the temperature that promotes the
formation of CTCs, a natural continuation is to increase its quantity
by extending the doping time. For this we fix the Tsubs at 130 ◦C and
evaluate different tds, 10 min, 60 min and 90 min. As seen in Figure 5.5b,
the bands ascribed to the neutral polymer and the anion decrease in
intensity with a longer td, until at 90 min the only visible spectroscopic
signature is that of the CTC.

ctc content With IR spectroscopy (see Figure 5.5c), we can clas-
sify the doped polymer films according to their respective CTC/IPA

fraction (χCTC). For this, we subject the spectra to peak fitting, and
compare the integrated intensity between the peaks of the CTC and the
IPA (Table 5.1 presents a summary of the conditions and thermoelectric
properties for each classification.).

Here we observe that the peaks at 2194 cm−1 and 2187 cm−1 are bet-
ter resolved for the moderate and high χCTC samples when compared
with the low χCTC case. Also noteworthy, the electrical conductivity
scales inversely with the χCTC, e. g., it drops by approximately one
order of magnitude when moving from the low to the max χCTC sce-
nario (cf. χCTC and σ in Table 5.1). This is in line with the observations
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χCTC Tsubs [◦C] td [min] σ [S cm−1] S [µV K−1]

– (low) not-heated 10 92 60± 3

0.34 (moderate) 130 10 85 62± 4

0.54 (high) 130 60 9 121± 14

– (max) 130 90 3 175± 31

Table 5.1: Summary of the doping conditions and their thermoelectric properties

by Jacobs et al. and Méndez et al., indicating a less efficient carrier
generation process in films containing CTCs. [107, 108] The Seebeck
coefficient, on the other hand, increases with increasing χCTC, as one
may expect from a reduced charge carrier density.

These results demonstrate that for films of PBTTT, it is possible to
adjust the CTC content using the TAVD method. Notably, there is an
inverse correlation between the χCTC and the electrical conductivity.
However, introducing a moderate χCTC has a tolerable penalty in
the electrical conductivity, especially if the Seebeck increase partially
compensates the lower σ values and (as we will see) the long-term
stability out-performs a film with a low χCTC.

5.3.2 Stability as a function of the charge-transfer state

Now we focus on evaluating the long-term stability for three selected
samples. For this we subject each film to a thermal stress, and correlate
the evolution of the spectral features and thermoelectric properties as
a function of the annealing time. As dedoping conditions we chose
a fixed temperature of 100 ◦C, which promotes dedoping both from
the backbone- and sidechain-region. [114] For the annealing time
(ta) we examine two regimes, (i) from as-doped to 60 min in small
time-intervals and (ii) from 1 h to 10 h in long time-intervals.

absorption features Figure 5.6 presents the absorbance spectra
for the dedoping experiment described above. After 10 h, the bands
corresponding to the anion in the sample with a low χCTC are very
subtle. Alternatively, the moderate χCTC case still shows the character-
istic bands of the anion and a shoulder at 633 nm that belong to the
CTC. Strikingly, in the film with a high χCTC, the same spectral features
show little change, and band of the CTC even increase in intensity after
a ta of 60 min, possibly due to a temperature-induced reorganization
of inactive F4TCNQ.

electrical conductivity Figure 5.7a presents the electrical
conductivity for the samples measured earlier. As-doped samples
(ta = 0) show values that are in agreement with those presented in Ta-
ble 5.1. After 10 h, σ drops to 0.01 S cm−1, 6 S cm−1 and 0.87 S cm−1 for
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Figure 5.6: UV-Vis absorbance spectra for dedoped films of PBTTT with (a) low, (b)
moderate and (c) high χCTC.

Further analysis of the
thermal conductivity as a
function of doping is
presented in Chapter 6.

the films a with low, moderate and high χCTC, respectively. Notewor-
thy, the decline in σ resembles the trend observed in the absorbance
spectra for the the anion band (Figure 5.6), further suggesting a faster
dedoping rate for the IPA species.

seebeck coefficient The Seebeck coefficient S follows an op-
posite trend to that of σ (Figure 5.7b). The films with a low and a
moderate χCTC start at ∼60 µV K−1 which then increases to 173 µV K−1

and 110 µV K−1, respectively. The sample with a high χCTC increases
marginally, in agreement with its measured electrical conductivity.

thermal conductivity In Figure 5.7c we present the measured
thermal conductivity κ for the samples with a low and moderate
χCTC. First we note that κ in the as-doped samples is lower than
the intrinsic value for neat PBTTT. However, we highlight that doped
organic semiconductors operate in the so called ’impurity reserve regime’
[155], which is expected to affect the thermal transport in the polymer’s
network. Then, after two hours, κ increases considerably with a trend
that moves towards the values of neat PBTTT, indicating a more similar
structure to the reference sample. However, we stress that the increase
in κ above 1 W m−1 K−1 is not due to a higher electronic contribution
in the thermal conductivity. In fact, as we will see later, it is instead
due to dopant crystals accumulated on the surface, which introduce an
additional parallel channel that conducts heat, and therefore increases
the apparent thermal conductivity. In this regard, we can suggest that
the changes observed in κ are due to the dopant-induced disorder and
its subsequent desorption.

figure of merit Figure 5.7d presents the ZT for the films with
a low and a moderate χCTC. Notably, the optimal value is observed
around 0.08 after 30 min of annealing in both samples. After 10 h,
this value drops between 1× 10−5 and 4× 10−4. Nonetheless, we
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Figure 5.7: (a) Electrical conductivity, (b) Seebeck coefficient, (c) thermal conductivity
and (d) ZT for dedoped films of PBTTT as a function of the annealing time.
Color gradient is to improve clarity between different points

emphasize that the value for the moderate χCTC case is likely higher,
due to the overestimation in κ.

optical microscopy Non-polarized micrographs in Figure 5.8
further support the stability differences seen seen between the low
and moderate χCTC series. Here, films with a lower doping level
show a characteristic pink color of neat PBTTT. Notably, this effect is
more pronounced in the low χCTC series (cf. first and third row of
Figure 5.8). On the other hand, during the dedoping process, F4TCNQ

diffuses out of the film and aggregates onto its surface. Notably, we
can track this event using cross-polarized microscopy as a function of
the annealing time and infer how long the dopant was residing within
the microstructure.

Figure 5.8 shows the micrographs for the low and moderate cases.
Notably, even after 2 h, there is a noticeable amount of crystals in
the moderate χCTC series indicating dopant is still residing in the
film up to that moment. In contrast, there are no crystals in the low
χCTC series already after 1 h of annealing, suggesting that a large
portion of the dopant left the polymer microstructure before that
annealing time. Finally, we highlight that dopant crystals in the ’as-
doped’ micrographs are not related to a dedoping effect, but rather
to an excessive condensation of F4TCNQ during the conventional vapor
doping process. This is not observed in samples processed with the



5.3 controlling the doping mechanism 59

Figure 5.8: Micrographs taken under non-polarized (first and third rows) and cross-
polarized (second and fourth rows) light for the films with a low and a
moderate χCTC as a function of the dedoping time. a

a Microgrpahs taken by Dr. Aleksandr Perevedentsev

TAVD method, likely due to the higher substrate temperature which
prevents a drastic temperature change between the vapor phase and
the polymer’s surface.

These results demonstrate various key aspects. On one side, the
optical and thermoelectric characterization corroborate superior ther-
mal stability for CTC compared with the IPA. On the other hand, films
with a higher CTC content show lower thermoelectric performance,
presumably from the inefficient carrier generation process reported for
this charge-transfer species. Remarkably, a relatively low χCTC (∼ 30%)
appears to improve the long-term stability without compromising the
thermoelectric properties. In the following section, we try to assess
whether dopant contributing to the CTC and the IPA reside in distinct
places within the microstructure. This way, we expect to answer if the
differences in the thermal stability are due to a stronger molecular
interaction between the host and the dopant or due to the dopant
residing in places less prone to dedoping.
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5.4 interplay between microstructure and stability

Here we determine if the improved thermal stability comes from
differences in the dopant’s localization. For this, we employ two char-
acterization techniques; (1) Raman Spectroscopy, which provides a
picture of the vibrational changes caused by the polaron, (2) and
GIWAXS, which gives information about the distortions introduced by
the dopant in the polymer’s lattice.

5.4.1 Raman spectroscopy

Figure 5.9 shows the Raman spectra for the films with a low, moderate,
and maximum χCTC using an excitation wavelength of λex = 785 nm.
First, we take a look at the spectra’s central region. Here we see
three peaks at 1393 cm−1, 1417 cm−1 and 1493 cm−1, that belong to the
c –– c symmetric and anti-symmetric stretching modes in the thieno-
thiophene and thiophene rings. (see Section 4.3.3 for further details)
[142, 143, 156]
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Figure 5.9: Raman spectra as a function of the χCTC using a λex of 785 nm. Vertical
dashed lines are a guide to the eye for the characteristic peaks in neat
PBTTT and neat F4TCNQ. Data in panels (a) and (b) is scaled by ×5 and
×20 for clarity.

In PBTTT, these modes change with doping due to the polaron’s
delocalization across the conjugated core, which leads to a structural
relaxation and a change of the corresponding vibrational modes. [142,
157] This effect is denoted by a gradual quenching of the peaks at
1417 cm−1 and 1493 cm−1 and accompanied by a shift of the peak at
1393 cm−1 towards lower energy vibrations (see Section 4.3.3). In this
regard, the changes in this region are proportional to the polaron con-
centration and, therefore, to the changes in the electrical conductivity.
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Additionally, we note that the intensity of the peak ascribed to the
F4TCNQ anion at 1417 cm−1 decreases with a higher CTC content.

In the range of high energy vibrations (Figure 5.9c) we observe two
peaks at 2888 cm−1 and 3100 cm−1 for the low and a moderate χCTC

case but not for the film with a maximum χCTC. This region is typically
related to the C – Hn stretching vibrations, and thus, we ascribe it to
the side chains in PBTTT. This is indicative of (i) a higher interaction
between the side chains and the F4TCNQ anion [114] (ii) and to an
absence of the CTC in the same vicinity.
In the range of low energy vibrations, we observe two peaks at
298 cm−1 and 344 cm−1. By comparison with the neat spectra of F4TCNQ

and with the help DFT calculations we ascribe this peak to the C – F
bending mode. Interestingly, the peak at 345 cm−1 shifts towards
higher energies but only for the sample with a maximum χCTC. The lat-
ter suggests two distinct charge-transfer populations, i. e., at 345 cm−1,
those with a higher IPA content, and at 350 cm−1 with a majority of
CTC states.
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Now we analyze the Raman spectra measured with a λex of 488 nm
(Figure 5.10). Contrary to the measurements at 785 nm, this wavelength
preferentially excites the amorphous regions in PBTTT. Here we see two
peaks at 1244 cm−1 and 1645 cm−1 that belong to the C –– C stretching
mode in the F4TCNQ anion. As in Figure 5.5 these peaks are also absent
for the maximum χCTC case (td=90 min). Additionally, we see a peak at
1098 cm−1 that we ascribe to the C – Hn bending mode in the sidechains
and the conjugated core. This peak increases in intensity with doping,
presumably due to the presence of dopant allocated in the sidechain-
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region. Notably, this peak is also absent for the maximum χCTC case.
These observations indicate a lower dopant content generating IPA

states in the maximum χCTC and also, an unlikely presence of the CTC

in the amorphous region.
On the other hand, in the range of low energy vibrations, we observe
two peaks at 303 cm−1 and 345 cm−1 for the films with a low and
moderate χCTC. Notably, these peaks are absent for the maximum χCTC

case at this wavelength but not for λex = 785 nm, suggesting the CTC

its absent in the amorphous region.

5.4.2 Microstructure

To further understand the interactions of the dopant in the polymer’s
crystalline region, we performed GIWAXS. Fortunately, the structure
of PBTTT is relatively well-known and has been reported in several
publications. Neat PBTTT orients in an edge-on, tilted configuration
with respect to the substrate, with sidechains that are interdigitated,
as seen in Figure 5.11. [55, 59, 62, 67, 68, 132]
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Figure 5.11: Schematic
illustration for the
microstructure in neat PBTTT.

When co-deposited from solution with F4TCNQ, the films possess
two noticeable differences in the (h00) and the (0k0) crystalline planes
when compared with neat PBTTT. (i) The (100) and (200) peaks shift to-
wards a lower scattering vector, indicating an expansion in the lamella
stacking-distance and (ii) the (010) peak shifts towards a higher scat-
tering vector, indicating a contraction in the π − π stacking direction
[158]. Cochran et al. accredited the latter to (i) F4TCNQ residing in the
sidechain-region and (ii) to dopant units intercalated with the aro-
matic core, creating voids along the backbone that are then filled with
adjacent backbone units (as seen in Figure 5.12a and Figure 5.12b).
[158]

On the other hand, using conventional vapor doping is typically
considered that does not alter the in-plane scattering features. This
has been attributed to F4TCNQ residing only in the sidechain (see Fig-
ure 5.12c) region based on two considerations; (1) The (010) spacing in
pre-deposited films does not allow the infiltration of F4TCNQ molecules.
(2) An intercalation of dopant between the polymer backbone, would
result in a considerable lattice expansion in order to compensate for
the volume occupied by the dopant. [35, 62] Strikingly, in our experi-
ments using the TAVD method, we do observe an alteration in the (010)
crystalline plane.

Figure 5.13 presents the GIWAXS scattering patterns for the samples
with a low, moderate and maximum χCTC and the summarized data
is presented in Table 5.2. In agreement with literature, we observe
a shift towards lower scattering vectors for the out-of-plane peaks.
Noteworthy, the (100) peak shifts proportionally to the χCTC and
consequently, the larger expansion is seen on the maximum χCTC case
(cf. low, moderate and max in χCTC Table 5.2).
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Figure 5.12: Microstructure illustrations for films of F4TCNQ-doped PBTTT processed
via (a), (b) co-deposition, (c) conventional vapor doping and TAVD. Red
arrows indicate an expansion or contraction in the corresponding direc-
tion

On the other hand, and in contrast with the work by Kang et al.,
in-plane features show a contraction of the π − π stacking distance
(Figure 5.13). Such a change could be explained by a tilting in the
polymer backbone, as seen for co-crystals of PBTTT and [6,6]-phenyl-
C71-butyric acid methyl ester (PC71BM), as suggested in Figure 5.12d.
[35, 159] Moreover, at a maximum χCTC, new scattering peaks appear
at 11 nm−1 and 16.2 nm−1, indicating a stronger lattice distortion in
this crystalline plane. While these features are partially masked due
to F4TCNQ crystals on the surface, we can suggest they are caused by
dopant residing closer to the backbone, likely by the units forming a

χCTC Q, (100) [nm−1] d-spacing [nm] Q, (010) [nm−1] d-spacing [nm]

neat 3.1 2.03 17.4 0.36

low 2.84 2.12 18 0.35

moderate 2.8 2.24 17.9 0.35

max 2.76 2.28 17.9 0.35

Table 5.2: Summary of the GIWAXS patterns as a function of the χCTC
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Figure 5.13: (a) Out-of-plane and (b) in-plane GIWAXS scattering patterns as a function
of the CTC content. Data is scaled for clarity and vertical dashed lines are
a guide to the eye for the diffraction peaks of the neat film.

CTC. Finally with these observations and the results presented with
Raman and IR spectroscopy, we can suggest that the CTC resides
predominantly in the crystalline region and closer to the backbone,
which is further supported by two key aspects.

1. GIWAXS provides information about the microstructural changes
in the crystalline domains. Here, we see clear signs of dopant re-
siding in the side-chain and in a closer contact with the polymer
backbone. Notably, the contraction seen in the (010) direction
could indicate a slightly tilted polymer backbone which could
be responsible for enhancing the π − π interactions between
the polymer and the dopant, and thus in promoting CTCs. Fig-
ure 5.10).

2. Raman measurements probing the crystalline region (at 785 nm)
confirm the presence of dopant at all χCTC cases. However, they
show a distinct vibration mode for F4TCNQ in the maximum
χCTC case, that is not present in the other samples, likely from
the CTC. (Figure 5.9a, at 350 cm−1).

5.5 extension to other materials

Here we demonstrate that the TAVD method is not only confined to
PBTTT but can also work in other polythiophenes hosts with similar
energy levels. We selected RRa-P3HT also in combination with F4TCNQ,
and then exposed the doped film to a temperature gradient for a
period of 4 h. This particular host:dopant combination is known to
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produce modest doping levels that contain mostly IPAs,[109, 122, 131]
both when processed via co-deposition and vapor doping.
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Figure 5.14: UV-Vis absorbance spectra for doped RRa-P3HT dedoped in a tempera-
ture gradient from 130 ◦C to 200 ◦C. Symbols indicate the bands for the
F4TCNQ anion (	) and the CTC (�)

As seen in Figure 5.14, using the conditions that lead to a moderate
χCTC, we can produce a film with a clear spectroscopic signature of
the CTC. Moreover, after dedoping the film we see further evidence
of the greater stability in CTC state, which in this case persists until
≈170 ◦C.

5.6 conclusions

In this chapter, we have presented a strategy to improve the long-
term stability of doped conjugated semiconductors. We exploit the
improved thermal stability of the CTCs that naturally coexists with
IPAs states, but in an arbitrary composition. For this, we develop a
doping method that introduces the desired amount of either charge-
transfer state. We use this method to evaluate the long-term stability
of samples with different contents of CTC. We demonstrate that the
substantially long-term stability can outweigh the penalty in the ther-
moelectric properties caused by introducing a CTC. Moreover, we
demonstrate that it is possible to benefit from this effect even with
small CTC fractions. To further understand the origin in the enhanced
thermal stability, we make a thorough characterization using Raman
spectroscopy and GIWAXS. Our results suggest that expanding the
polymer’s lattice facilitates the diffusion of the dopant closer to the
backbone and preferentially into the crystalline region.
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abstract Understanding the nature of thermal-electrical transport
is crucial for the development of organic thermoelectric and electronic ap-
plications. In this section, we use a fast-screening approach to unravel the
effect of crystallinity and dopant content in the thermal-electrical properties
of PBTTT.1

6.1 motivation

thermal transport in organic semiconductors Doping
of organic semiconductors is crucial for developing thermoelectric and
electronic applications. Different publications have addressed the effect
of doping and microstructure quality on the electrical conductivity
and Seebeck coefficient.[16, 35, 95] However, only a few of them have
studied their effect on the thermal transport properties for the same
materials. [7, 71, 160] In most inorganic materials, the inter-relationship
between the electrical and thermal conductivity is better understood
and, for most cases,[70] is the sum of an electronic, κe and a phonon-
lattice contribution, κlatt given by Equation 6.1.

κtotal = κe + κlatt (6.1)

For metals and highly doped inorganic semiconductors, κe is typically
the dominant contribution (κe >> κlatt) following the Wiedemann-
Franz law given by Equation 6.2.

κe = σL0T (6.2)

where L0 is the Lorenz number and typically close to Sommerfeld
value of 2.44× 10−8 W Ω K−2. [71–73] However, it is not clear that
organic semiconductors follow the same trend, given the different
and sometimes contradicting results between the experimental and
theoretical results reported in the literature. [16, 17, 32, 71, 72, 74, 76]
Part of this problem lies in the limited experimental data where both
properties are measured within a single sample.[14, 32, 74] Notably,
this is a challenging task considering that each characterization tech-
nique may require incompatible sample preparation and electrode

1 A large part of this chapter has been published in "Reduction of the Lattice Thermal
Conductivity of Polymer Semiconductors by Molecular Doping" in ACS Energy Letters
Zapata-Arteaga, Dörling, Perevedentsev, Martín, Reparaz, and Campoy-Quiles [149]

67
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Chapter 4 presents the
methodology followed for

sample processing and
analysis.

geometry. Moreover, fabricating different samples with varied doping
levels or crystalline quality is not a straightforward process and may
introduce reproducibility problems.

a gradient approach In Section 5.2, we introduced a methodol-
ogy based on dopant gradients. Here we extend the same concept to
fabricate a gradient in crystallinity. In brief, samples with a gradient in
crystallinity were fabricated by annealing as-deposited films of PBTTT

in a temperature gradient. The latter induces a microstructure change
within the distinct phases in PBTTT.[68] Then we extract the degree of
crystallinity and dopant content from the UV-Vis-NIR absorbance spec-
tral features and calculate the thermal and electrical conductivity with
local and contactless techniques i. e., FDTR and Raman spectroscopy.
As seen in Figure 6.1, using this methodology offers the possibility of
measuring a gamut of values for σ and κ as a function of the degree
in crystallinity or dopant content.

Figure 6.1: Schematic illustration of a film used for measuring the thermal and electric
conductivity in films of PBTTT. Illustration depicts differences in the degree
of crystallinity (a→b) or in dopant content (c→d) in the direction of the
temperature gradient. Noteworthy, the annealing process used to generate
gradients was done before the deposition of the gold transducer.

This section presents a comprehensive thermal, electrical, and mi-
crostructural characterization for two sets of samples: (i) Films of
neat PBTTT with a gradient in crystallinity, and (ii) films of F4TCNQ-
doped PBTTT with a gradient in dopant content, but homogeneously
pre-crystallized at 180 ◦C. Half of the sample’s surface was covered
along the gradient direction with a gold transducer to measure the
thermal conductivity, and the optically-accessible half used to measure
the electrical conductivity and calculate the dopant content. First, we
evaluated the effect of crystallinity and dopant content on the thermal
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conductivity by measuring both properties along the samples’ gradi-
ent direction. Then we analyzed the impact of doping and annealing
on the thin film’s microstructure through GIWAXS analysis and AFM.
Finally, we extend our study to a different material.

6.2 effect of the crystallinity and doping on the ther-
mal conductivity

As a starting point we analyze the effect of the annealing temperature
on the crystallinity. Figure 6.2 presents the absorbance spectra for (a)
the neat film annealed from 70 ◦C to 200 ◦C and (c) the doped one
annealed from 130 ◦C to 200 ◦C. The spectra of both samples display
two bands at approximately 530 nm and 600 nm. The low energy
transition A0−0, dominate in more the ordered and crystalline regions
indicating a longer conjugation length, whereas the high energy band
A0−1, dominate as the material becomes more amorphous indicating.
[122, 135].
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Figure 6.2: UV-Vis absorbance spectra for films of neat (a)PBTTT and (c) F4TCNQ-
doped PBTTT as a function of the annealing temperature. Data in (a) is
normalized to the A0−1 transition. (b) Thermal conductivity as a function
of the free exciton bandwidth for neat PBTTT, (d) Thermal conductivity as
a function of the Molar ratio of F4TCNQ (left ordinate, green line is a fit
to the same data) and free exciton bandwidth as a function of the Molar
ratio of F4TCNQ (right, orange ordinate).

The ratio of these peaks is related to the free exciton bandwidth, W,
and has been used as a measurement for the degree of crystallinity.
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[131, 133, 161] In brief, a decrease in W indicates an increase in the
conjugation length and interchain order.

In Figure 6.2b we present the thermal conductivity plotted as a
function the free exciton bandwidth W for the neat sample. The
thermal conductivity seems to converge to around 0.3 W m−1 K−1

at 48 meV before drastically increasing up to ∼0.70 W m−1 K−1 within
a small change in W. The latter corresponds to annealing temperatures
between 160 ◦C to 170 ◦C, where PBTTT transitions into the ’terraced’
phase, characterized by larger and more ordered crystallites. [55, 65]
In this scenario, we propose that the thermal transport depends on
the resistance of the available percolation paths; for W values above
48 meV, there is a high density of paths with domains that vary in
order and size, as in a ’series resistance model’. Then, for W below
48 meV the crystallites grow in size and share a more similar crys-
talline quality and start to percolate, allowing a parallel-like thermal
transport, as seen in Figure 6.3. In this case, the higher conductive
crystallites can effectively short-circuit the amorphous areas.
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Figure 6.3: Cross-section
illustration for the
microstructure change in
samples with a gradient in
crystallinity (a-b) and dopant
content (b-c).

Now we analyze the evolution of the thermal conductivity in the
sample with a (ii) dopant gradient (Figure 6.2d). Here, a dopant
molar ratio (MRD) as low as ≈ 1% reduces the thermal conductivity
from 0.65 W m−1 K−1 to 0.35 W m−1 K−1. For MRD > 1%, κ remains
around 0.35 W m−1 K−1 with only a few values out of the trend which
we attribute to dopant crystals on the surface, as seen in Figure 6.4.
Notably, W in this sample stays constant around ∼40 meV, indicating
that the crystalline quality does not deteriorate when doping through
the vapor-phase, as suggested by Kang et al. [62]

Figure 6.4: Micrographs taken under transmitted-light for the dedoped sample de-
picted in Figure 6.2. Darker tones of blue indicate a higher temperature
used for dedoping. A pseudocolor was applied to enhance the contrast of
the crystals. Temperature difference between each micrograph is ≈3 ◦C

We highlight that films with a dopant gradient are pre-crystallized
at 180 ◦C, and should not change drastically as a consequence of the
secondary annealing used for dedoping. Therefore, we expect that
the observed changes in κ are due to the presence of dopant and not
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from a temperature-induced crystallization as in Figure 6.2b. One
could expect, that in the present case, the thermal resistance should
decrease, due to the additional electronic contribution to the thermal
conductivity, as represented in Equation 6.2. Instead, doping increases
the thermal resistance within the crystalline domains, resulting in a
lower total thermal conductivity. Remarkably, a similar effect denoted
as alloy-scattering has been observed in inorganic materials, where a
small amount of a secondary material lowers the thermal conductivity
of the bulk due to increased disorder. [162, 163]

These observations would suggest that dopant is located within
PBTTT crystallites, thus not drastically altering the crystalline quality
but inducing a partial disorder in the lattice. Moreover, we can suggest
that for the doping level achieved in the previous sample, κlatt is the
dominant contribution.

6.3 microstructure analysis

Grazing Incidence Wide-Angle X-ray Scattering (GIWAXS) allowed
us to investigate the impact of annealing and doping on the solid-
state nanostructure. Figure 6.5 presents the out-of-plane and in-plane
scattering patterns for the (i) neat and (ii) doped sample for selected
processing conditions.
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Figure 6.5: (a) out-of-plane and (b) in-plane GIWAXS scattering patterns for; the neat as-
deposited film, neat annealed at 100 ◦C, neat annealed at 180 ◦C, annealed
at 180 ◦C and doped, and annealed at 180 ◦C doped and then dedoped.
Data is scaled for clarity and vertical dashed lines are a guide to the eye
for the diffraction peaks in neat film annealed at 180 ◦C the .

First we analyze the evolution of the neat film with thermal an-
nealing. Here we highlight a shift of the (100) and (010) diffraction
peaks towards lower scattering vectors, thus indicating an expansion



72 dependence of the κ on film morphology and σ

of the lattice in the lamellar- and π − π stacking direction. Addition-
ally, we observe a progressive narrowing of the (100) peak, indicating
an improved ordering in the lamellar packing. The latter is due to
the melting and cooling of the sidechains, allowing them to adopt a
more extended vertical and interdigitated configuration. [65, 68] These
observations are in agreement with the evolution of the free exciton
bandwidth and thermal conductivity presented in Figure 6.2, further
supporting a phase transition i. e., as-deposited→terraces.
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Figure 6.6: Rocking curves for
the (010) reflection. A lower
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to the substrate.

On the other hand, and as presented in Section 5.4.2, doping through
the TAVD method induces two significant changes i. e., an expansion in
the (100) direction and a contraction in the (010) direction. We ascribed
these changes to the placement of dopant within the lamellar region
and a tilt in the conjugated core, that allows a closer packing. Here,
additional analysis of the rocking curves for the (100) reflection (see
Figure 6.6), demonstrates a larger FWHM for the doped sample, thus
less ordered when compared with the neat film processed at the same
temperature. Finally, dedoping induces a recovery of the characteristic
peak positions observed in a neat film annealed at 180 ◦C, and thus
suggests a reversible process. This trend is also observed in the evolu-
tion of the FWHM for the rocking curves presented earlier.

Additional analysis using AFM illustrates that annealing thin films
of PBTTT changes the morphology from a nodule-like structure and
into relatively large and highly ordered domains typically referred to
as terraces. [55, 65] These terraces grow vertically due to sidechains
melting, extending, and adopting a fully extended conformation with
relatively few gauche defects. [65] The latter also allows the backbone
to adopt a more vertical layer structure and grow in lateral size.
[55, 65, 68] These changes have been correlated with an increase
in carrier mobility due to an improved π − π stacking and backbone
orientation relative to the as-deposited films. [55, 65, 67, 68] Previous
observations also agree with the shift of the (100) scattering peak
shown in Figure 6.6a.

Figure 6.7: AFM topography images of PBTTT. Images were acquired at distinct posi-
tions of the gradient of sample (i).

The results in this section indicate that κ increases for a MRd < 0.01
due to a recovery of the neat-state of PBTTT. Additionally, they further
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Further details for the
calculation of σ from the
Raman spectrum are in
Section 4.3.3

suggest that doping does not deteriorate the degree of crystallinity
of the film, i. e., no new diffraction peaks appear. Instead, induces a
slight disorder in (100) direction when compared with the neat film.

6.4 effect of the electrical conductivity on the ther-
mal conductivity

Herein we study the relationship between the electrical and thermal
conductivity for the doped sample depicted in Figure 6.2. This will
allow us to understand the weight of the electronic contributions and
assess the applicability of the Wiedemann-Franz law. To calculate the
electrical conductivity, we employed a contactless analysis based on
Raman spectroscopy, which was first introduced for calculating σ

in films of PBTTT doped with the Lewis acid BCF. [146] In brief, this
method utilizes the known relationship between the intensity ratio
rR of given Raman peaks and the electrical conductivity at a given
doping level. Figure 6.8 demonstrates that applying this method in
combination with gradients, can provide a gamut of ’samples’ within a
single film.
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Figure 6.8: (a) Reference Raman spectra used for calibration. Data corresponds to
a series of dedoped films presented in Chapter 5. (b) Calibration curve
obtained from the reference measurements. (c) rR Raman map for the
dedoped film depicted in Figure 6.2.

Figure 6.9a presents the electrical conductivity as a function of the
dopant content. We observe a superlinear increase in σ with small
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MRd < 0.03, which then reach values as high as 6800 S m−1. This trend
and the range of values are within reasonable agreement with those
reported for similar materials and processing techniques. [35, 130, 155]
Additionally, we observe two data branches in σ for MRd > 0.15. We
attribute this change to an improved dopant diffusion between 130 ◦C
to 145 ◦C, which is also observed in Figure 6.8c.
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Figure 6.9: (a) Electrical conductivity as a function of the dopant Molar ratio. (b)
Thermal conductivity as a function of the electrical conductivity. Green
line is a fit on the experimental data using Equation 6.1 and Equation 6.2.
Dashed line is a model using κtotal = σL0T + 0.36. For comparison, doped
films of PEDOT (inverted triangles) and PANI (crosses).

In Figure 6.9b, we present the thermal conductivity as a func-
tion of the electrical conductivity. In order to compare our data,
we include measurements from the literature for doped poly(3,4-
ethylenedioxythiophene) (PEDOT) [32] and polyaniline (PANI) [14, 74].
We also include a model using Equation 6.1 and Equation 6.2 with
the Sommerfeld value as an approximation for the Lorenz number
and a lattice contribution of 0.36 W m−1 K−1. First we highlight the
differences in κ for doped PEDOT and PANI reported in literature.
For most of these examples, σ and κ were measured from different
samples or processed differently depending on the characterization
technique. Arguably, the latter can lead to some uncertainty in the
values measured.

For our experiments, we observe that after an initial decrease
at low σ values, κ stays rather constant from 10× 10−5 S m−1 to
10× 103 S m−1 which is somewhat unexpected. However, our films
don’t reach values of σ capable of introducing a significant electronic
contribution. Nonetheless, fitting the experimental values to Equa-
tion 6.1 indicate a lattice contribution of 0.36 W m−1 K−1, and there-
fore lower to what was measured for highly crystalline neat PBTTT.
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The latter suggest a strong scattering effect introduced by the dopant,
even though the degree of induced disorder is relatively small (cf.
Figure 4.14). Another rationalization for our results is the fact that
observations doped organic semiconductors operate in the so-called
‘impurity reserve regime’ [155] where dopant content is typically in the
order of several weight %, but only a fraction actually contributes to
charge carrier generation.

6.5 extension to other materials

To inquire more about our findings, we exposed films of PTB7-Th to the
same doping process as PBTTT and then to a temperature gradient. We
measured the evolution of the UV-Vis-NIR spectral features and the
thermal conductivity as a function of the dedoping-temperature, as
seen in Figure 6.10. In this scenario, there is no charge-transfer between
the polymer and the dopant, due to the mismatch of their HOMO and
LUMO energy levels, and reflected by the absent bands associated to
the F4TCNQ anion at 416 nm, 790 nm and 890 nm. Nevertheless, we
presume that dopant is still able to infiltrate within the material, given
that at low dedoping temperatures the thermal conductivity (higher
dopant content) is lower than those values corresponding to higher
temperatures (lower dopant content)). This results indicate that charge-
transfer is not a parameter leading to a decreased thermal conductivity
but the presence of foreign molecules that act as scattering centers.
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Figure 6.10: (a) UV-Vis-NIR absorbance spectra for films of PTB7-Th exposed to F4TCNQ

(b) Thermal conductivity for the same sample after exposure to a tem-
perature gradient.
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6.6 conclusions

From the presented results, we rationalize that the differences observed
in κ between the doped and neat polymers are due to the following; κ

benefits from a high degree of crystallinity, likely due to an increase
in the phonon mean-free path. Then, doping the polymer film results
in a significant decrease in the thermal conductivity. Noteworthy, even
when doping from the vapor-phase induces a slight disorder when
compared with the neat film (as seen in Figure 6.6). Finally, these
observations suggest that thermal transport, at least for the studied
material is dominated by disorder, comparable to what is commonly
referred to as ’alloy scattering’ in inorganic materials.
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abstract This chapter explores techniques to enhance the electrical
conductivity and Seebeck coefficient simultaneously. In particular, our ap-
proach employs polymer-polymer mixtures to enhance the film’s order and
microstructure quality, thus improving the charge transport characteristics
in the film.

7.1 motivation

current trends Chapters three and four describe organic ther-
moelectric materials in terms of a polymer host and a small-molecule
dopant. Novel, alternative approaches employ polymer-polymer mix-
tures to improve the thermoelectric stability and performance. In this
chapter, we document two successful examples.

Figure 7.1: Illustration of the
DOS engineering method from
reference [41].

dos engineering This concept, which was first introduced by
Mahan and Sofo and then developed by Sun et al., is based on the
idea that that the Seebeck coefficient increases as greater proportions
of the electrical conductivity occur at energetic levels away from
the EF. [42, 81] In a Gaussian-shaped DOS describing the HOMO and
LUMO, charge transport occurs through a characteristic hopping event
between the EF and the Etr. In such case, the Seebeck coefficient is
given by S = (EF − Etr)/T. EF is located between the HOMO and LUMO

and shifts towards the DOS upon doping, thus depends on the charge
concentration and dopant concentration. [61] The Etr is the critical
energy for a carrier to contribute to the conductivity starting from
EF, and depends on a trade-off between the cost of hopping in real
space and hopping in energy space. Consequently, increasing the
gap between EF and Etr directly affects the Seebeck coefficient. [41,
80] Within this framework, Zuo et al. utilized F4TCNQ-doped RR-P3HT

mixed with varied fractions of a ’guest’ polymer of deeper HOMO

energy, namely, poly[[2,3-bis(3-octyloxyphenyl)-5,8-quinoxalinediyl]-
2,5-thiophenediyl] (TQ1). As a result, at an optimal composition ratio,
the binary mixture possesses a double peak DOS (as illustrated in
Figure 7.1) with EF located in RR-P3HT but Etr shifted towards the
TQ1 due to a change of the percolating path. The resulting Seebeck
coefficient is a local maximum that exceeds that of both pristine
materials.[41] Nevertheless, the unfavorable alignment between the
HOMO of TQ1 and the LUMO in F4TCNQ limited charge carrier formation.

77
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Thus, the increase in S went hand in hand with a considerable drop in
electrical conductivity, compared to the single-component host analog.

ground-state electron transfer A typical n- and p-type
doping process generates only one mobile charge carrier. The remain-
ing immobile counter charges often lead to a detrimental effect on
microstructure and carrier mobility. As an alternative, Xu et al. showed
all-polymer donor-acceptor heterojunctions, comprised of polymer
semiconductors where the EA of the acceptor matched the IE of the
donor (the materials are shown in Figure 7.2 for reference). The re-
sulting films generated both p- and n-type polarons induced by the
charge transfer within the material’s interfaces. The combined hole
and electron distributions allowed for a high charge concentration
and electrical conductivity of up to five orders of magnitude higher
than that of the pure components. On the other hand, the Seebeck
coefficient varied from negative to positive with the composition’s
weight ratio. [26] Their films also possessed high thermoelectric sta-
bility under continuous thermal stress, given that they contained no
small-molecule dopants prone to sublimation.Figure 7.2: Chemical

structures for the materials
utilized in reference [26]

Inspired by the DOS approach and current interest towards polymer-
polymer mixtures, [26, 41, 82, 164–166] we explored mixtures of PBTTT

with RR-P3HT as the guest. Thus, providing two materials with a simi-
lar affinity towards the LUMO level of the dopant (F4TCNQ), as seen in
Figure 7.3. Here we present a study of the thermoelectric and struc-
tural properties of pure PBTTT (hereafter the ’reference’) and PBTTT

mixed with varying weight fractions (χ) of RR-P3HT(hereafter P3HT).
All films were annealed at 180 ◦C and doped with F4TCNQ using the
TAVD ’moderate’ method detailed in Chapter 5 and in Section 4.2.3

To speed up the preparation, and have a larger pool of compa-
rable samples, films were fabricated with a gradient in thickness.
Thus, providing additional ’samples’ and information about thickness-
dependent effects, e. g., improved dopant diffusion or induced-ordering
at the substrate interface. We used UV-Vis-NIR spectroscopy to quan-
tify the generated charge-transfer species in the film, then, AFM and
GIWAXS to analyze the changes in the microstructure as a function
of χP3HT. As key findings, we identify a combined induced-ordering
effect in the crystalline domains, driven by the added P3HT and by
doping. After hypothesizing the reason behind the induced-ordering
effect, we extend our study to a set of different polymer:polymer
systems.
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7.2 thermoelectric characterization

Figure 7.4 presents the thermoelectric properties dependent on the
active layer composition, measured at different points within the
thickness gradient. First we highlight two apparent regimes observed
in the electrical conductivity; between (i) 5 % and 15 % and above 15 %
(Figure 7.4a). In the first case (i), sigma starts at a lower value compared
with the reference (r) , that is, ∼14 S cm−1 at 5 % and then increases
up to ∼100 S cm−1 for χ =15 %. Within the same regime, we observe a
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Figure 7.4: Experimental and simulated thermoelectric properties of F4TCNQ-doped
PBTTT as a function of distinct loads of P3HT. (a,b) Electrical conductivity,
(b,c) Seebeck coefficient and (c,d) power factor. Experimental data rep-
resents the mean value of four measurements taken along the thickness
gradient and the shaded band the standard deviation of those values. The
simulated thermoelectric properties utilized numeric kinetic Monte Carlo
with a variable range hopping (VRH) and nearest neighbor hopping (NNH)
modela. Dedoped marker belongs to the data presented in Chapter 5

a kinetic Monte Carlo simulations were done by Dr. Guangzheng Zuo and Dr. Martijn
Kemerink. (Linköping University, Complex Materials and Devices).

two-fold increase in the Seebeck coefficient. These values are typically
not reached by the PBTTT reference unless it is dedoped, and thus,
characterized by a significant loss in σ. In the second regime, further
addition of the guest decreases the electrical conductivity by almost
three orders of magnitude and increases the Seebeck coefficient by



80 dependence of σ and S on the morphology of polymer blends

approximately a factor of three compared to the reference. Although
σ at χ =15 % is not significantly different from that of the reference’s
value, the squared relationship with S leads to a higher power factor
in the 15 % composition than in the reference.

Arguably, the peak performance found at χ =15 % mimics to a
lesser degree the effect seen by Zuo et al. [41] Yet, we highlight that
the nearby lying energy levels in P3HT and PBTTT are non ideal for
creating a double-peak DOS, as seen in Figure 7.3. Nonetheless, to
further evaluate such a scenario, we performed kinetic Monte Carlo
simulations, which adequately capture the fundamental physics gov-
erning the thermoelectric properties in doped conjugated polymers.
[41] Monte Carlo simulations (see Figure 7.4) using a NNH and VRH

models evidence a monotonous decrease in conductivity with increas-
ing P3HT content and a relatively insensitive thermopower. In other
words, the simulations cannot reproduce the experimental results, sug-
gesting that the improved thermoelectric performance has a distinct
origin.

Notably, the observed trends do not resemble either a pure blend-
ing effect, i. e., a linear combination of the Seebeck coefficient of the
constituents weighted by their electrical conductivity. [41, 160] A pos-
sible way to rationalize our results is by invoking structural changes
associated with blending. We want to highlight that our observations
appear to be thickness-independent in such a case (cf. experimental
values for different thicknesses), suggesting that the guest material
drives this change and not, e. g., a thickness-induced ordering effect,
as previously seen for thin films of PBTTT. [167] In the context of mi-
crostructure, the two regimes could derive from the combination of
several effects.

1. For the first regime, a simultaneous increase of the σ and S values
can be a product of a decrease in the anion concentration and an
increase in carrier mobility when introducing small amounts of
P3HT. Upcoming sections aim to answer if these conditions take
place.

2. The second regime might be explained as a transition of two
different percolating networks. For instance, between 15 % and
50 % we can imagine that charge transport is dominated by
doped PBTTT due to the large mobility difference between the
two materials. Above 50 % the system transitions from the less
interconnected clusters of doped PBTTT, and into the less con-
ductive doped P3HT network.



7.3 interplay between guest load and charge-transfer species 81

7.3 interplay between guest load and charge-transfer

species

To evaluate potential differences in doping level or mechanism upon
polymer:polymer blending, and to clarify the significance of the gen-
erated charge-transfer species in the doped films, we measured the
UV-Vis-NIR absorbance spectra (Figure 7.5a) and fitted the character-
istic bands for the F4TCNQ anion and the CTC.

Figure 7.5b,c present the analysis obtained from the fitted spectra,
and Figure 7.5d the thermoelectric properties introduced earlier re-
produced here for comparison. First, we point towards the band’s
intensity analysis and the electrical conductivity. The first noteworthy
observation is that ICTC is higher than the reference for the polymer
mixtures. Additionally, the highest ICTC fitted values, (at χ =5 % and
50 %) coincide with a drop in σ, likely to the less efficient free-carrier
generation from CTCs, as discussed in the literature [108] and in Chap-
ter 5.
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Figure 7.5: (a)Evolution of the UV-Vis-NIR absorbance spectra of doped PBTTT with
distinct loads of P3HT. (b) band intensity for for the F4TCNQ anion (790 nm)
and the CTC (630 nm). (c) Calculated F4TCNQ anion concentration and
(d) measured electrical conductivity for the 40 nm films introduced in
Figure 7.4.

Alternatively, Ianion increases linearly for fractions between 5 % and
15 %, which corresponds to a ∼50 % increase in the anion concentra-
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tion (Ca) compared with the reference material, and ∼ 3.5 times higher
than the dedoped-reference. In principle, this would suggest that the
charge carrier density in the film is higher for the blends compared
to the pristine PBTTT. However, at this stage, we cannot say if charges
are located in the polymer that dominates charge transport at these
loadings (PBTTT) or also within P3HT domains.

Estimating the Ca from the absorbance spectra indicates anions dis-
tributed within the entire blend, but this method lacks the sensitivity
to distinguish which percentage is contained in a specific polymer
fraction due to the spectral overlap between the features associated to
the two polymers. Thus, it is possible that a portion of the generated
charge-transfer species originates from P3HT and that we overesti-
mate the effective doping level in the dominant percolating network
(PBTTT). We can speculate that P3HT is easier to dope based on nu-
merous evidence. The first one is that when using the current doping
conditions, P3HT generates a larger fraction of CTC than PBTTT, and
a large increase in CTC is precisely what is observed upon blending.
An additional argument is the following: amorphous domains have a
more abundant, easier-to-oxidize distribution of states for an integer
charge transfer (ICT) process than the crystalline domains.[104, 109] As
these easier-to-oxidize states saturate with dopant, F4TCNQ proceeds
to populate the remaining sites primarily through CTC formation. [104,
109] In this sense, we could expect doped fractions of P3HT in the
fitted anion concentration. The second regime can be explained with
the observed decrease in the total charge carrier density for larger
fractions of P3HT, which naturally reduces the electrical conductivity
and increases the Seebeck coefficient.

7.4 morphology and microstructure analysis

There is a strong dependence of the electrical transport on the struc-
tural order in doped films of PBTTT. In particular, σ changes drastically
with the crystalline domain size, their interconnectivity, and the cor-
relation length of the π − π conjugated core. [35, 67, 132, 167] At
the same time, the previous parameters can vary significantly with
processing, e. g., with the deposition and annealing temperatures, sub-
strate functionalization, or rubbing. [35, 59, 65] The next two sections
aim to identify changes in the morphology and microstructure be-
tween the reference and the polymer blends. For this, we employ two
characterization techniques. (1) Bimodal AFM, which provides a simul-
taneous outlook of the topography, mechanical and current-conductive
characteristics ––while (2) GIWAXS will be used to assess changes in
the polymer’s lattice.
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7.4.1 Morphology analysis

Bimodal AFM is a useful technique for simultaneously mapping the
topography and nanomechanical properties of polymer surfaces. For
instance, Garcia and Proksch used this technique to identify phase seg-
regation in films comprised of polypropylene (PP), polyethylene (PET)
and polystyrene (PS) based on their distinct tensile strength values.
[168] For our experiments, we additionally couple a current amplifier
to obtain a current map within the same measurement.
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Figure 7.6: (a) Current and (b) mechanical AFM images overlaid on a 3D AFM topog-
raphy map. The corresponding histograms are shown on the right side of
the colorbar. Measured area is 20 µm× 20 µm

Figure 7.6 shows the 3D topography images with an overlay of
the current and mechanical measurements. Here we highlight the
presence of large agglomerates on the surface of the reference sample.
These agglomerates are ∼700 nm high and 2 µm wide. Due to their
lower electrical conductivity and increased hardness (indicated by
larger values on the color scale) compared to the flat surface (cf. panel
a and b), we ascribe them as neutral F4TCNQ accumulated during the
vapor-doping process. Interestingly, the films with added P3HT show
fewer of these aggregates, even though the doping conditions are iden-
tical for all samples. The latter may indicate that the polymer blends
have a larger dopant uptake-capacity than the reference material, as
the UV-Vis-NIR analysis of doped species also suggested. Aditionally,
the current AFM images show a good agreement with the macroscopic
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electrical measurements presented earlier. By adding 10 % of P3HT, the
measured current values at the film increase slightly compared with
the reference. Further addition of P3HT induces a gradual decay of the
conductivity.

The mechanical measurements, excluding the agglomerates, show
a narrow distribution of recorded values and a homogeneous color
contrast in the flat surface. The latter can suggest that P3HT is well
mixed within the PBTTT matrix, at least for the compositions stud-
ied. We also observe a stiffer character for PBTTT than P3HT, in good
agreement with previous reports. [169] However, we highlight that
the mechanical characterization is only qualitative, as we did not mea-
sured a distinct reference material to correlate the measurement to an
actual tensile strength value. As for polymer mixtures, we can only
speculate they become stiffer than the neat starting material due to
F4TCNQ infiltrating into the free volume of the polymer, reducing the
segment motion and essentially vitrifying the material. [170]

In Figure 7.7 we analyze a smaller area of the topography from the
samples shown earlier. Here, the reference sample exhibits a layered
structure typically referred to as ’wide terraces.’ [55, 132, 167] These
terraces, show lateral dimensions that range from 200 nm to 1000 nm
and step heights from 2 nm to 6 nm, which agrees reasonably well
with previous reports. [68, 167]. Noteworthy, in this configuration, we
do not observe a preferential orientation as seen by the processed 2D
image.

Alternatively, the doped polymer mixtures present a layered slabs-
like configuration. These slabs have a dimension between 80 nm to
200 nm in width and up to a couple of microns in length. These
structures appear to be oriented (along the horizontal axis), yet, they
become less coherent and more textured for the 30 % and 50 % com-
positions compared with the 10 % sample. Strikingly, these structures
resemble the more ordered ribbon phase of PBTTT attained when
reaching higher temperatures (240 ◦C). The ribbon configuration is
characterized by orienting along the fluid direction during deposition,
with polymer chains that fully extend across the ribbon’s width. [55,
132, 167] For the material used in this work, this value is expected
between 100 nm to 120 nm , which coincides reasonably well with the
width measured for polymer mixtures and the pure ribbon phase of
PBTTT (100 nm to 150 nm). We highlight that the polymer blends are
annealed at the same temperature as the reference, i. e., well below the
temperature required for a transition into the ribbon phase of pure
PBTTT. Thus, the observed morphology can be attributed to an effect
of the added P3HT fraction.
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Figure 7.7: 3D Small area AFM topography images for the measurements shown
earlier. Shown area is a 4 µm× 4 µm. For comparison, we include the
topography of a pure PBTTT film with a typical ribbon structure. Insets
in the reference and ribbon images show the 2D topography along the
same image processed with a step edge filter (gray scale)a An illustration
of terrace and ribbon structures is also included for comparison.

a The edge detection filter generates two lines; at the bottom and at the top of the step.
The images where processed using a mean squared edge filter using the Gwyddieon
software along the OpenCV libraries in Python

It is worth noting that the phase transition of terraces→ ribbons in
pure PBTTT occurs when the material gains enough molecular motion
to rearrange and provide a template upon re-crystallization.[68, 167]
The latter leads us inevitably to think of P3HT acting as a plasticizer,
thus increasing the host’s free volume, segment motion, and effectively
giving the polymer mixtures the required mobility to rearrange in
a ribbon-like structure, albeit at a lower temperature. [171] We can
consider the previous assumption, provided that glass transition of a
polymer blend (Tblend

g ) follows Fox’s equation given in Equation 7.1

1
Tblend

g
=

w1

Tg1
+

w2

Tg2
(7.1)
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Figure 7.8: Tg of the polymer
blend assuming Fox’s
equation. The glass transition
of the pure materials are
extracted from references
[172]

where Tgx is the glass transition of the pure components and Wx is
their respective weight fractions. In this framework, the 15 % composi-
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tion has a Tblend
g value that is half of the reference, as seen in Figure 7.8.

[170, 173]
We note that Fox’s equation fails to describe all the parameters

involved in estimating the glass transition of binary polymer composi-
tions and that other more accurate and complex models are available.
[173] Nonetheless, this is our current working theory, and future
work will aim to measure the glass transition of the neat and doped
materials experimentally. We also note that P3HT can form fibril-like
structures that share certain characteristics with the presented images.
Nonetheless, P3HT lacks interdigitated sidechains necessary to form
coherent, vertically adjacent layers, such as the layered slabs seen in
our samples. [68]. Therefore, we can suggest that the morphology
found in the polymer blends is driven by the presence of P3HT.

The possible impact of the structural order on the charge transport
properties of PBTTT is notorious and well described in references [65,
167, 174]. In a nutshell, the FET mobility reported for the pure material
varies from 0.1 cm2 V−1 s−1 to 1.6 cm2 V−1 s−1 for the as-deposited and
ribbon phase, respectively.[65, 167, 174]

7.4.2 Microstructure analysis

Here, we analyze the GIWAXS measurements of the 5 % and 10 % com-
positions and compare the results with two phases of PBTTT that have
different degrees in structural order, specifically, the terraced (ref-
erence) and ribbon phase mentioned earlier and produced at high
temperature.

Figure 7.9 shows the 2D GIWAXS images for the films described
earlier. As mentioned in Chapter 5, PBTTT orients in an edge-on con-
figuration where the out-of-plane scattering features along the QZ

axis correspond to the lamella-stacked sidechains (h00) and the in-
plane scattering features along the QR axis, to the backbone chain
(14.2 nm−1), and the π−π-stacking (17.1 nm) direction. Likewise, P3HT

also orients in an edge-on configuration, and typically shows three
strong reflections at 3.9 nm−1, 7.7 nm−1 and 11.4 nm−1 along the QZ

axis, and one reflection along the QR axis at 16.4 nm−1. [104, 130, 175].
For the polymer blends, apart from the typical features of PBTTT, we
can distinguish one scattering feature at QZ=3.8 nm−1, that due to its
position and intensity, we ascribe to the P3HT fraction. We can assume
that the rest of the features corresponding to P3HT, are overlapped
with the features of PBTTT, due to being in a lower proportion,. We
also note a lower scattering intensity in the blend samples than in the
reference and the ribbon materials, yet it is not clear if the origin is a
difference in film thickness or an induced disorder in the crystalline
domains caused by P3HT. Besides these changes, the neat films are not
qualitatively different from each other; that is, the scattering features
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shift slightly in some cases, but no new strong scattering features
emerge as one may expect if co-crystallization occurred.

P3HT

F4TCNQ

Figure 7.9: 2D GIWAXS images for the neat and doped references, and the polymer
blend with a 10 % of P3HT. a

a GIWAXS measurements were done by Sara Marina and Dr. Jaime Martín. University
of the Basque Country, POLYMAT. The unprocessed data is available for further
reference in the GitHub repository of this thesis.

Doping, on the other hand, provokes more significant changes in
the lattice of all samples. The scattering features along the out-of-plane
and in-plane directions shift due to the dopant allocating and expand-
ing the lattice. We also observe a partial blurring at Qxy=14.2 nm−1,
previously attributed to dopant-induced disorder along the backbone
chain direction. [35] For the ribbon sample, we observe the appearance
of rings and dot-like scattering features that are likely from the excess
dopant accumulated on the surface. More interestingly, the in-plane
scattering of the peak ascribed to P3HT increases in intensity compared
to their neat counter-parts possibly due to an induced-ordering effect
caused by doping, as discussed in references [121].

Figure 7.10 shows further analysis of the out-of-plane and in-plane
integrations. As noted before, the most apparent differences between
the polymer mixtures and the reference occur after doping. In the
out-of-plane direction, the diffraction peaks attributed to P3HT narrow
and increase in intensity. Additionally, the out-of-plane peaks shift
towards shorter scattering vectors, Q, thus indicating an expansion of
the lamella and in the blends, they simultaneously narrow compared
to their neat materials, possibly indicating improved order [55, 58] By
contrast, the in-plane peak at 17.1 nm−1 shows the opposite behavior,
that is, it contracts along the (010) direction and as before, appears to
narrow. It is difficult to evaluate the scattering patterns of the ribbon

https://github.com/oszaar/OZA_PhD
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phase due to the excess dopant, as seen by the narrow peaks over-
lapped in the scattering features of PBTTT. Nonetheless we highlight
that upon doping, the peaks of the blend materials shift more similarly
to what we observe for the ribbon material than for the reference.
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Figure 7.10: (a) out-of-plane and (b) in-plane GIWAXS patterns for the neat and doped
films studied in this section. Dashed lines indicate the position of promi-
nent peaks of the neat-reference.

In a nutshell, doping (i) increases the (100) lamellar spacing and
(ii) reduces the (010) spacing. The result is an expansion of the unit
cell volume (as seen in Figure 7.11a) due to F4TCNQ allocating within
the lamella. [120, 130] Noteworthy, (i) this effect is more substantial
for the polymer mixtures and the ribbon material. Possibly due to a
(i) larger amount of dopant infiltrated within the lamella ––– while,
the (ii) shorter π − π stacking distance indicates stronger co-facial
interactions between conjugated systems, which leads to the formation
of co-crystals and charge transfer complexes. [35]

To quantify the degree of positional disorder of the conjugated sub-
units, we evaluate the paracrystallinity along specific crystal directions
using only the peak center position and breadth (∆q) of the diffraction
peak (q0), [57] following Equation 7.4.2.

g =

√
∆q

2πq0
(7.2)

For this analysis, we exclude the ribbon material due to the increased
texture and new reflections caused by excess dopant that will affect
the peak’s height and width.



7.5 thermoelectric performance 89

3.4 3.5 3.6 3.7 3.8 3.9

(010) plane spacing [Å]
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Figure 7.11: (a) (100) and (010) plane spacings obtained from the GIWAXS patterns.
Dashed line is a contour plots of the unit cell volume relative to a neat
as-cast sample of PBTTT. (b) Paracrystallinity in the π − π-stacking (010)
direction and in the (100) of the P3HT peaks.

As seen in Figure 7.11b, doping lowers the paracrystallinity in the
(010) direction relative to the neat materials, thus indicating a dopant-
induced ordering effect in this direction. We also observe the same
effect in the isolated peak of P3HT, indicating that the induced order-
ing effect occurs on both polymer fractions. In films of F4TCNQ-doped
RRa-P3HT and blends of P3HT:RRa-P3HT, the doping-induced ordering
effect is ascribed to polaron delocalization along the backbone ––
increasing the planarity, conjugation length, and thus, provoking a
long-range periodicity of the polymer chains. [121, 122] Remarkably,
the doping-induced ordering effect appears to be stronger in the mate-
rials with higher CTCs content (ribbons and polymer mixtures), which
is in good agreement with previous publications regarding CTCs in
RR-P3HT. [108].

The current section revealed three critical details about the blending
and doping process. (1) The addition of P3HT into a PBTTT matrix
induces a morphology with a preferential orientation that resembles
the ribbon phase of PBTTT. (2) Doping favors CTCs formation more in
the polymer-polymer mixtures than in the reference material, which
also (3) contributes to a doping-induced ordering effect in the π − π

stacking direction.

7.5 potential impact on the thermoelectric performance

Optimization of the doping level is essential to find the best ZT.
Nonetheless, this process is limited by the transport properties of
the studied material. To exemplify the latter, in Figure 7.12 we plot the
thermopower-conductivity relation given by Equation 7.3.
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S =
kB

e
π2

3
s
(

σ

σE0

)1/s

(7.3)

where kB/e is the natural unit of the thermopower of 86.17 µV K−1, s
is the transport parameter generally fitted to 3, and σE0 is the transport
coefficient, which can be considered as a weighed mobility with a
strong correlation with sample preparation. [54, 176] To benchmark our
results, we plotted contour lines for different values of ZT following
Equation 7.5.

S =

√
κtotal zT

σT
(7.4)

Where κtotal = κe + κlatt and κlatt =0.3 W m−1 K−1. In this frame-
work, changing the material’s doping level while maintaining a fixed
transport coefficient bounds the possible achievable ZT. [176]
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Figure 7.4.

Thus, a possible solution to reach a higher ZT is to find materi-
als with higher σE0, with a fundamentally different charge transport
mechanism, or capable of acquiring a range of σE0 values through
processing. A good example is found already within PBTTT when
comparing the thermoelectric properties reported in the literature for
F4TCNQ-doped PBTTT processed through distinct methods. Specifically:
(1) films oriented through rubbing,[34] to achieve macroscopically
oriented samples; (2) deposited on functionalized substrates to achieve
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a high length scale of aligned backbones; [35] and (3) through co-
deposition [158] (cf. green diamonds and gray diamonds from Fig-
ure 7.12). In short, the best performing materials are those with a high
structural order, even though the materials are the same in all cases.

Similarly, the transport coefficient σE0 in our polymer mixtures
varies up to two orders of magnitude, matching some of the exem-
plified materials and almost reaching a ZT of 0.1. Nonetheless, we
expect the polymer-mixtures approach to be more practical than other
highly elaborated methods, such as rubbing[59] or substrate func-
tionalization[35], as they can complicate the fabrication process. For
instance, using a higher annealing temperature to induce structural or-
der requires careful control of the environment to avoid the polymer’s
degradation. [67] Also, requiring such high annealing temperatures
strongly limits the choice of flexible substrates for sample preparation.

For comparison, in Figure 7.13 we have compiled the calculated
anion concentration, Canion and thermoelectric properties of pure
doped PBTTT dependent on the annealing temperature, and those of
various 10 % and 15 % compositions.
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Figure 7.13: (a) Electrical conductivity, (b) power factor, (c) Seebeck coefficient and (d)
calculated anion concentration for doped films of pure PBTTT and doped
samples of 10 % and 15 % compositions (denoted with a ’b’) dependent
on the annealing temperature. Diamonds depict the mean value of the
shown distributions.

Reassuringly, the performance of the blends processed at 180 ◦C is
statistically the same as that of the ribbon phase, which was treated at
275 ◦C. While the electrical conductivity for the reference samples, the
ribbon phase and the blends is similar, the improved thermoelectric
performance in the polymer blends and the ribbon materials is due to
a much larger Seebeck coefficient.
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7.6 extension to other materials

To evaluate if our observations are confined to using just P3HT as
a possible guest material, we fabricated an additional set of films
with varied HOMO energy levels, Tg, and melting temperature (Tm).
The latter not only to discover new guest candidates but to identify
critical parameters for our previous observations. In this context, we
fabricated films comprising PBTTT mixed with 5 %, 10 % and 15 % wt%
fractions of varied polymers PTB7-Th, PFO, PCPDTBT, PCDTBT, and with
5 %, 10 %, 15 %, 30 %, 60 % and 80 % of PC71BM. Table 7.1 shows the
literature-compiled propeties of these materials, and for clarity, we
present the Tgs and HOMO values plotted in Figure 7.14.
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Figure 7.14: Tg and HOMO
energy levels from
literature-compiled data
shown in Table 7.1. Dashed
lines are the LUMO level of
F4TCNQ and the Tg of the
reference material.

Polymer Tg [◦C] Tm [◦C] HOMO [eV]

RR-P3HT 1 [177], Rh 248 [178], DSC −4.7[179], PYS

12 [180], Rh 233[181], DSC −5.17[182], CV

−5.2 [42], CV

PBTTT 100 [172],
UV-Vis-Nir

250[68], DSC −5.2 [29], CV

106 [177], Rh 232 [172], DSC −5.1[55], UPS

PCDTBT 107 [177], Rh 277[183], DSC −5.5 [184], CV

116 [177], Rh −5.35 [184], CV

119 [177], Rh −5.42 [185], CV

130 [186], DSC

PCPDTBT 112[177], Rh 318[187], DSC −5.9 [188], CV

104 [172],
UV-Vis-Nir

−5.68 [189], CV

PFO 71 [177], Rh 170[190], DSC −5.8 [191], CV

70.8 [177], Rh −5.8[166], CV

PTB7-Th 40 [177], Rh 276[178], DSC −5.4 [192], CV

60 [193], Rh −5.3 [194], CV

129 [193], Rh −5.15 [195], CV

PC71BM 118[181], DSC - −5.83[196], CV

- −5.96[197], CV

- −6[198], CV

Table 7.1: Tg, Tm and HOMO energy levels for the guest materials chosen in this work.
Data was extracted from the shown references and methods and charac-
terization methods; UV-Vis-NIR spectroscopy, Rheology (Rh), Differential
Scanning Calorimetry (DSC), Cyclic Voltammetry (CV), Ultraviolet photo-
electron spectroscopy (UPS) and Photoelectron Yield Spectroscopy (PYS).
The values compiled in this table correspond to the reported Tgs and Tms of
the backbone.

Of the chosen guest materials, PTB7-Th, PFO and P3HT have a lower
Tg than the reference material, making them candidates for acting as
a plasticizer.[170] Alternatively, PFO is the only material with a lower
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Tm than the reference. As for the energy levels, all the chosen guest
materials have a deeper HOMO than the LUMO of F4TCNQ, thus we
expect a less efficient or null charge transfer between these materials
and the dopant.

7.6.1 Transport coefficient as a proxy for evaluating microstructure and
disorder

Figure 7.15 shows the measured thermoelectric properties for the
previously described samples and plotted in the same thermopower-
conductivity relation scheme. The latter allows us to identify leaps
between different transport coefficients, as we did for the PBTTT:P3HT

compositions and thus, utilize the value of σE0 as a proxy for changes
in the carrier mobility.
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values of σE0. The error bars represent the standard deviation of different
measurements. Gray dashed line is a guide to the eye for the PC71BM

based composite.

At first glance, we can identify that none of the chosen compositions
show a lower σE0 than the reference, indicating that the percolating
network does not deteriorate for the compositions under study. We can
also distinguish that σ and S in the PCPDTBT-, PFO- and PCDTBT-based
composites exhibit a fixed σE0 value for the tested compositions. This
is the expected trend when blending simply modulates the doping
level. However, we are not intentionally changing the doping level for
these samples but adding increasing fractions of a guest material that
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occupies free space in the lattice, thus leaving fewer vacancies for the
dopant. Other effects can be possible, e. g., a fraction of the dopant
can be allocated within the guest material, leading also to a dilution
effect of the dopant.

On the other hand, PTB7-Th-based composites show a significantly
higher σE0 relative to the reference, suggesting that these films have
better charge transport properties, albeit less substantial than what we
observe when using P3HT. The changes in S and σ for this material do
not change drastically, but they appear to shift horizontally as seen
with P3HT. However, more samples with a broader range of composi-
tions are needed to confirm it. Conversely, the P3HT-based composites
are the only ones that jump between different σE0 values and that
show a simultaneous increase in σ and S when increasing the guest
fraction from 0 % to 15 %. Whether PTB7-Th interacts with the dopant is
not entirely clear, but the results presented in Section 6.5 indicate this
is not the case. Moreover, we observe that the 5 % PTB7-Th composite
does not induce CTCs to the same degree as its P3HT counterpart either,
as seen in figure Figure 7.16.
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Figure 7.16: UV-Vis-NIR spectra for doped pure PBTTT and the 5 % PTB7-Th- and P3HT-
based composites. Also for comparison, we show the spectrum of neat
PTB7-Th. Data is normalized at the neutral band of PBTTT.

PC71BM-based composites offer insight to our previous observations.
This particular guest material does not have a Tg nor a Tm lower
than the reference material. The HOMO energy level is not ideal for a
charge-transfer process with F4TCNQ either. Mixtures of PBTTT: PC71BM

generate bimolecular crystals, in which the fullerene derivative inter-
calates between the sidechains and each face of the polymer backbone
tilts and partially faces a PC71BM molecule. [159] The latter disrupts
the π − π stacking and thus, reduces the size of the hole-percolating
network.[199] Moreover, we can expect a dilution of the available
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The thermoelectric properties
of PC71BM-based blends are
included in Appendix A.

doping-sites, given that F4TCNQ competes for the same position in the
lattice (between the sidechains). Consequently, with this particular
coposition we do expect a pure blending effect, where the electrical
conductivity decreases due to the limited available doping-sites. With
a subsequent comparison of the trend followed by the PC71BM-based
composites against the rest of the blends, we can further propose
that the PCPDTBT-, PFO- and PCDTBT-based composites show a pure
blending effect.

7.6.2 GIWAXS analysis for selected polymer blends

As with P3HT-based composites, we studied the structural changes
through GIWAXS analysis. Figure 7.17 shows the evolution of the (h00)
and (0k0) crystalline planes for the neat, and doped 5 % and 10 %
PTB7-Th- and PFO-based compositions. Here we observed a similar
trend to the one we have seen for PBTTT:P3HT composites (here re-
produced for comparison). Specifically, the scattering features of the
neat compositions do not change significantly compared with the neat
reference ––– but with doping, they expand along the (100) and (200)
direction to a similar degree than the P3HT-based compositions.
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Figure 7.17: (a) out-of-plane and (b) in-plane GIWAXS patterns for the neat and doped
films of pure PBTTT and for different polymer mixtures. Dashed lines are
guides to the eye for representative peaks. Data is offset for clarity.

For the PFO-based composite, we additionally note two new scat-
tering peaks at 4.8 nm−1 and 13.3 nm−1 that we tentatively ascribe
to pure PFO and F4TCNQ, respectively. Also noteworthy, the isolated
peak of PFO does not shift with doping nor appears to increase in
intensity as it occurs for the P3HT counterpart, further suggesting that
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doping occurs in the P3HT fractions, and that the observed shift is due
to a charge-transfer process and not a filling effect, as discussed in
references [35, 121, 139].

Figure 7.18 shows the fitted σE0 of different polymer mixtures as a
function of the HOMO energy level of their respective guest material.
At first sight, we can observe that σE0 increases for materials that are
more compatible with the LUMO of F4TCNQ or within closer range.
A possible rationalization is the following; in the pure composition,
holes move through the most optimal pathways, preferentially through
sites that are near in energy. [82]. Given that the HOMO level of P3HT

and PBTTT is relatively similar, it is possible that generated holes in
P3HT or PBTTT can be injected arbitrarily in any given fraction [42,
82] With low fractions of P3HT, one could imagine few obstacles that
are not necessarily too different in energy, and thus, provide a good
percolating path.

Figure 7.18: σE0 dependent on the HOMO energy level. The error bars are the standard
deviation of the values shown in Table 7.1. Additionally, energy diagram
for the proposed mechanism occurring in this chapter.

By contrast, for materials with deeper HOMO levels than the refer-
ence, hopping is a trade-off between sites near in energy and sites
that are nearby. Here, for small fractions of the guest material, holes
will be located in PBTTT, but with higher fractions, (> 80%) we should
observe a maximum in S due to a shift of Etr towards the material
with the deeper HOMO, as demonstrated in references [41, 82]. Con-
sequently, our results indicate that besides inducing local order in
the microstructure with an added guest material, a percolating path
similar in energy is also necessary.

We consider previous observations as an initial screening for new
guest materials. Future work with broader composition ratios comple-
mented with other characterization techniques will help us elucidate
the whole picture of our current results. For instance;

1. A more in-depth analysis of the doping level is required. This
will help us to fully understand if the observed thermoelec-
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tric improvement is driven entirely by a change in the charge
mobility.

2. Measuring the hole mobility would help us understand the
interplay between microstructure, doping and charge transport.

3. Measuring the Tg and Tm of the blends would help to corroborate
one of our proposed theories regarding the plastizicer effect.

4. Further AFM and GIWAXS analysis (without dopant agglomera-
tion) is required to corroborate if the new guest materials achieve
a preferential orientation, lower paracrystallinity or a larger co-
herence length. In any case, The recent observations indicate
that besides a lower Tg, other parameters are at play e. g., similar
energy levels between the guest and host materials.

5. We still do not fully understand the effect that CTCs have on
the structural order of semi-crystalline polymers like PBTTT. Our
results suggest that they induce a small degree of order in the
π − π stacking but the nature is not fully understood.

7.7 conclusions

In this chapter, we have demonstrated that polymer mixtures of PBTTT

with P3HT have outstanding thermoelectric properties. The achieved
electrical conductivity and Seebeck coefficient are comparable to films
processed through other, more complex methods that yield high macro-
scopically oriented samples or large orientational correlation lengths.
We ascribe our results to a combined effect of induced-ordering, driven
by the blending process and doping, and a percolating network with
hopping sites similar in energy. In conclusion, adding P3HT appears to
lower the necessary processing temperature for generating a similar
structure than the ribbon phase of pure PBTTT. On the other hand,
doping appears to induce order in the π− π stacking direction due to
charge delocalization and the presence of CTCs that reside closer to the
backbone. The resulting films of polymer mixtures have a transport
coefficient that varies several orders of magnitude depending on the
guest fraction. Our results present a simple yet effective method to
enhance the Seebeck coefficient and electrical conductivity in a matrix
of PBTTT simultaneously.
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This thesis detailed three essential aspects for developing organic
thermoelectric materials: improving the thermoelectric stability under
thermal stress, stretching our understanding of the thermal and elec-
tric transport in doped materials, and strategies to improve electrical
conductivity and the Seebeck coefficient simultaneously.

We demonstrated that it is possible to take advantage of the higher
thermal stability of CTCs that naturally coexists with IPAs in doped
PBTTT. While CTC formation is detrimental to the electrical conductiv-
ity, we were able to adjust the content of either CTCs or IPAs with an
in-house developed method. With the latter, we show that introduc-
ing a small amount of CTCs improves the long-term thermoelectric
stability without a significant sacrifice in the electrical conductivity
and thus in the thermoelectric properties. Our results indicate that
the improved thermal stability arises from dopant locating closer to
the polymer backbone and in positions less prone to dedoping under
thermal stress. These results provide alternative routes for improving
the thermoelectric stability, relying on controlling the microstructure
and interactions between the conjugated polymers and the dopants.

Additionally, we demonstrated that in neat films of PBTTT the ther-
mal charge transport is determined by the degree of crystallinity and
structural order present in the film. Doping a polymer film with a high
degree of crystallinity does not deteriorate the crystallinity quality or
structural order; however, it induces a drastic reduction of the thermal
conductivity. These observations show that thermal transport, at least
for the material in this study, is dominated by disorder, comparable to
what is commonly referred to as ’alloy scattering’ in inorganic materi-
als. The potential impact and implications of these results highlight a
meaningful opportunity in developing organic thermoelectric materi-
als. That is, doping results in a semicrystalline solid for electrons and
an amorphous solid for heat transport.

Finally, we demonstrate that introducing P3HT into a PBTTT matrix
is a simple yet effective method to improve the structural order of the
solid state in thin films. The achieved electrical conductivity and See-
beck coefficient are comparable to films processed through other, more
complex methods that yield high orientation and correlation lengths.
We ascribe our results to a combined effect of induced-ordering driven
by the blending process and doping. In conclusion, adding P3HT low-
ers the necessary temperature for generating a similar structure than
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the ribbon phase of pure PBTTT. Alternatively, doping induces order in
the π−π stacking direction due to charge delocalization and the pres-
ence of CTCs that reside closer to the backbone. The resulting films of
polymer mixtures have a transport coefficient that varies several orders
of magnitude depending on the guest fraction. Our results present
a simple yet effective method to enhance the Seebeck coefficient and
electrical conductivity in a matrix of PBTTT simultaneously.
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Figure A.1 Shows the UV-Vis-NIR absorbance spectra of neat and
doped films of oriented PBTTT as well as the measured electrical con-
ductivity at times 0, 3 and 69 days. The films processed at 180 ◦C were
fabricated as described in Chapter 4 while the film with the label of
270 ◦C was rubbed and then annealed at the corresponding temper-
ature. Temperature annealing of PBTTT at temperatures above 260 ◦C
may lead to the formation of a ribbon phase. No AFM measurements
were done for this samples, but we observed different trends of σ over
time.
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Figure A.1: UV-Vis-NIR of doped and neat films of rubbed PBTTT, as well as the
electrical conductivity.

Figure A.2 shows the thermoelectric properties for blends of neat
and doped PBTTT:PC71BM at varying PC71BM compositions. Both S and
σ follow a trend that resembles a modulation of the doping level, as
mentioned in Chapter 7. On the other hand, doping decreases the
thermal conductivity of PBTTT compared to the neat film in agreement
with the results presented in Chapter 6. Alternatively, adding fractions
of PC71BM below 25wt% and then doping increases the thermal con-
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ductivity and finally with fractions closer to pure PC71BM we observe
a thermal conductivity that resembles that other reported fullerenes.

0 25 50 75 100

PC71BM load [wt%]

0.0

0.2

0.4

0.6

0.8

1.0

κ
[W

m
−

1
K
−

1
]

b
neat

doped

0 25 50 75 100

10−1

100

101

σ
[S

cm
−

1
]

a

lower doping level

0 25 50 75 100

PC71BM load [wt%]

50

100

150

200

250

S
[µ

V
K
−

1
]

c
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