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Organic thermoelectrics (OTEs) have been recently
intensively investigated as they hold promise for
flexible, large-area, and low-cost energy generation
or heating-cooling devices for appealing applica-
tions, for example, wearable energy harvesting. In
the past 7 years, n-type OTEs have witnessed a
sharp increase in their performance thanks to sig-
nificant progress in developing and understanding
the fundamental physical properties of n-type OTE
materials as well as the working principle and physi-
cal processes of the TE devices. In this mini review,
we briefly review the advances and strategies of
designing the n-type OTEs. More importantly, we
discuss the effects of molecular structure of the n-
type organic semiconductors on the fundamental
physical processes such as charge transfer, separa-
tion, and transport, highlighting the key differences
of the pristine and doped OTEs at the microscopic
level. Finally, the remaining challenges and future
outlooks of research are discussed. We aim to
establish profound understanding of the struc-
ture-property-performance relationship to provide
useful guidelines for the molecular design of high-

Introduction

Organic semiconductors (OSCs) have been widely used
as the key functional material in a broad spectrum of
applications including optoelectronics, energy storage,
and biosensors due to natural advantages, such as low
cost, mechanical flexibility, environmental or biocomp-
atibility, and light weight."® Recently, there is emerging
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performance n-type OTEs for promising future OTE
technology.
Rational design of n-type OTE materials
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interest to apply OSCs to thermoelectrics (TEs),>° poten-
tially delivering flexible, large-area, and low-cost energy
generation or heating-cooling devices for appealing
applications, for example, wearable energy harvesting.
The performance of TE materials is defined by the
dimensionless figure of merit zT = S?cT/x, where S, 6, and
k are the Seebeck coefficient, electrical conductivity, and
thermal conductivity, respectively." As the thermal
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conductivities of Van der Waals interacting OSCs are
typically very low (x < 0.5 Wm™ K™),” power factor
(S%) is another important TE parameter for evaluating
organic TE materials (OTEs). Early stage studies are main-
ly on p-type OTEs.®™ The record figure of merit of
zT = 0.42 has been achieved by modulating the doping
levels of poly(3,4-ethylenedioxythiophene):polystyrene
sulfonate (PEDOT:PSS),"® and a record high power factor
of 2mW m™ K2 has been reported for rubbed poly(2,5-bis
(3-dodecyl-2-thienythieno[3,2-b]thiophene) (PBTTT)
films p-doped with the strong oxidant FeCls,” approaching
those achieved ininorganic TE materials. The performance
of p- and n-type TE materials should complement each
other ahead of any practical applications such as con-
structing TE generators.”® However, n-type OTEs are still
far inferior to their p-type counterparts in terms of power
factor and figure of merit.

Motivated by the unbalanced development of p- and n-
type OTEs, the OTEs community has recently turned its
focus to the more challenging n-type counterparts.
Chabinyc and co-workers® reported a power factor of
01 pW m™ K72 for poly{[N,N-bis(2-octyldodecyl)-
naphthalene-1,4,5,8-bis(dicarboximide) (NDI)-2,6-diyl]-
alt-5,5’-(2,2'-bithiophene)(BT)}(PNDI20D-T2) doped
by (4-(1,3-dimethyl-2,3-dihydro-1H-benzoimidazol-2-yl)
phenyDdimethylamine (N-DMBI). This example pioneers
employing solution-processed conjugated polymer as an
OTE. Afterward, a large variety of OSCs, including conju-
gated polymers and small molecules, have been utilized
for n-type OTEs.”% For example, Pei and co-workers?
substituted the conjugated polymer backbone with hal-
ogen atoms to increase the electron mobility and elec-
tron affinity, leading to a high electrical conductivity
of14 S cm™ and a power factor of 28 pyW m™ K2 Recently,
they further modified the polymer structure by in-
corporating an extended and planar thiophene-fused
benzodifurandione-based oligo(p-phenylenevinylene)
(TBDOPV) backbone and achieved exceptional electrical
conductivities as high as 90 S cm™ and excellent n-type
TE performances with power factors up to 106 pyW m™
K2, yielding a figure of merit of zT = 0.08.2 Wang and
Takimiya® reported an acceptor (A)-acceptor n-type
copolymer consisting of naphthodithiophenediimide and
bithiophene imide building blocks showing an impressive
n-type conductivity value of up to 1.6 S cm™ and power
factor up to 53.4 pW m™ K2 Huang et al.?° reported small
molecule hosts, dihydropyrrolo[3,4-c]pyrrole-1,4-diyli-
denebis(thieno[3,2-b]thiophene) derivatives, with aro-
matic structures. They achieved a maximum power
factor and zT values of up to 236 pW m™ K2 and 0.26
using N-DMBI as the n-type dopant. Very recently, Koster
and co-workers®*® demonstrated a record high figure of
merit of zT = 0.34 by molecularly n-doping a fullerene
derivative with meticulous design of the side chain.
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Looking back on the history of n-type solution-
processed OTEs, the TE performance has been mainly
boosted by designing new structures of host or dopant
molecules.®** Much of the conventional wisdom of
molecular design of n-type OTE materials derives from
the knowledge of the structure-performance relation-
ship of intrinsic OSC films applied in optoelectronic
devices, that is, photovoltaics and field-effect transistors.
While OTEs exploit the properties of the doped OSC
films, which involves the complex electronic interactions
between the host and the dopant materials, most previ-
ous experience and knowledge inherited from other divi-
sions of organic electronics cannot be simply applied to
OTEs. Recent studies have gained deeper understanding
of the working principle of the TE devices by investigat-
ing the fundamental properties of the host and dopant
materials as well as the interactions and physical pro-
cesses between them at the microscopic level. Many new
insights into the molecular design of n-type OTEs have
been gradually accumulated by the OTE community.
These fundamental advancements have spurred the re-
cent fast development of n-type OTE materials. Although
there are many nice review papers on organic TEs, only a
few of them are specifically on the n-type counterpart,
which mainly focus on the development of different
types of materials such as small molecules, conjugated
polymers, or composite materials rather than the under-
lying physical insights.20:34-%¢

In this mini review paper, we overview the emerging
insights into the structure-property-performance rela-
tionships and the advances of n-type OTE materials. We
first briefly discuss the elementary steps of TE processes
within n-type OTE materials. Then we illustrate how the
emerging insights, including host-dopant miscibility,
backbone planarity, electrostatic interaction control by
counterions, and energetic and spatial landscape of
charge transport tailoring, catalyzed the recent develop-
ment of n-type OTE materials. We emphasize the unique
insights of molecular design of OTE materials from those
for other optoelectronic applications based on the prop-
erties of pristine OSCs. Finally, the remaining challenges
and an outlook of future research are discussed.

Elementary Processes of TE

Transport

From the definition of the figure of merit given in the
introduction, electrical conductivity ¢ and Seebeck coef-
ficient S are two important parameters to be optimized,
and they are defined by the following equations

c=pnq M
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Figure 1| The thermoelectric transport process of n-type molecularly doped OSCs.

where p, n, kg, and Eg are charge mobility, free charge
density, the Boltzmann constant, and fermi energy level,
respectively; c(E) is the energy-dependent electrical con-
ductivity, including a term describing density of states
(DOS) distribution, and o= [o(E)dE is the total electrical
conductivity. Both ¢ and S are the function of charge
carrier density and trade off with each other. The elemen-
tary TE steps behind these formulas include charge
transfer between the host and dopant molecules, charge
separation of integer charge-transfer complexes (ICTC),
and entropy-carrying charge transport (Figure 1), which
are all related to the charge carrier. The TE transport is
characterized not only by the charge mobility but also by
the energetic position of charge carriers relative to the
Fermi level. To design high-performance n-type OTEs,
one must take each elementary step of the TE process
into account. The following sections will discuss different
aspects regarding rational molecular design of n-type TE
materials.

Insights into Molecular Design
of n-Type OTEs

Host-dopant miscibility

Molecular doping is a powerful strategy to modulate the
charge carrier density, which typically involves redox re-
action between the host and dopant molecules.** |t
means that the two types of molecules should be in
proximity to enable an effective charge transfer, where
the transferred charge is either full or partial. The doping
efficiency is defined by the ratio of free charge density to
the number of introduced dopant molecules. For most n-
type OTE materials, mixed films of host and dopant mole-
cules are deposited by solution co-processing. The inti-
mate contact between host and dopant molecules highly
depends on the interaction and mixing entropy. Large
phase separation occurs if there is a big difference in
polarity between host and dopant molecules or a
high doping concentration. For example, Chabinyc and
co-workers®™ observed many dopant aggregates on the
surface of the thin film and a low doping efficiency
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of approximately 1% when solution co-processing of non-
polar donor (D)-A polymer PNDI20D-T2 with polar
N-DMBI dopant was performed. The large number of
dopant aggregates greatly reduces the interfacial area
between the host and dopant molecules, limiting the
charge-transfer efficiency and the eventual doping
efficiency.

Matching the polarity between the host and dopant
materials is one effective way to overcome the issue of
phase segregation. Liu et al.>* employed a polar triethylene
glycol-type side chain to enhance polarity of a fullerene
derivative (PTEG-1), which improved the miscibility be-
tween the polar host and polar dopant molecules
(Figure 2a). Thus, the doping efficiency between PTEG-1
and N-DMBI reached a value of approximately18% with an
optimized electrical conductivity of 2.05S cm™, leading to
a power factor of 16.7 pW m™ K2 at 40 mol % doping
concentration. The strategy of incorporating polar
side chains has been further extended to conjugated poly-
mers based on the NDI-BT backbone and n-type dopant
(Figure 2b).2°4"%% Coarse-grained molecular dynamics
simulations found that the free energy of transfer required
to move an N-DMBI molecule from the alkyl to the TEG
phase is —16 kJ mol™, quantifying further the strong pref-
erence of the dopant for the TEG phase over the alkyl one
(Figure 2¢). n-Type dopant molecules were experimentally
evidenced to reside within the phase of polar side chains
rather than the hydrophobic alkyl side chains, which
explains the improved host-dopant miscibility at a nano-
scale level. Consequently, anincreased doping efficiency of
>10% and higher power factor of 0.4 pyW m™ K2 were
obtained when using N-DMBI as the dopant.

Another effective way to increase the host-dopant
miscibility is by tailoring the conformation or the
packing motif of conjugated polymer chains. Perry et
al.** reported that, by doping an ambipolar D-A polymer
with the nonplanar donor poly((E)-3-(5-([8,8'-biindeno
[2,1-b] thiophenyli- dene]-2-yDthiophen-2-yl)-2,5-bis(n-
icosyD)-6(thiophen-2-yI)- pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-
dione) [P(BTP-DPP)] through a sequential procedure, a
high electrical conductivity of 0.45 S cm™ was achieved,
which is five orders of magnitude higher than the reference
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Figure 2 | (a) Chemical structures of fullerene derivatives and conjugated polymers. (b) Seebeck coefficient and
power factor of N2200 and TEG-N2200 as a function of doping concentration. (c) Molecular dynamic simulations of
polar dopant in different matrixes. (d) The schematic of molecular packing of doped PDPH and PDPF films. Reprinted
with permission from the ref 20. Copyright 2018 Wiley-VCH, and the ref 40. Copyright 2018 Wiley-VCH.

P(NDI20OD-T2) sample. The space created by the nonplanar
donor consistuents in the backbone can improve its misci-
bility with the extrinsic dopant molecules. Likewise, Sommer
and co-workers** demonstrated an improved host-dopant
miscibility by using an NDI-2T copolymer incorporating
“kinked” monomers. In contrast, it was reported that a
mixture of edge- and face-on orientations could create free
space at boundaries, allowing for a better accommodation
of dopant molecules in the matrix of conjugated poly-
mers.*°* This enables an improved host-dopant miscibility,
and, thus, a higher doping efficiency and TE performance, as
compared with either one of the oriented configurations
(Figure 2d). Regardless of nonplanar backbone or mixed
orientations, the principle of these strategies is to create free
space foraccommodating dopant molecules toimprove the
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miscibility and increase the doping efficiency. However,
these strategies sacrifice charge transport: the former strat-
egy degrades the intramolecular charge transport, whereas
the latter may compromise the charge transport pathway.

Backbone planarity

Backbone planarity is an important factor that dictates
the conformation of polymer chains in solution or solid
states.?”#74® However, most of the highest electron field-
effect mobilities have been achieved in n-type D-A con-
jugated polymers.®®>* This implies that the backbone
planarity of D-A copolymers are sufficient to provide
excellent intrachain charge transport in the undoped
state. Highest occupied molecular orbital (HOMO) and
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lowest unoccupied molecular orbital (LUMO) coefficients
of a D-A conjugated polymer are localized on the D and
A moieties, respectively.***® In a theoretic study, Fazzi
et al.’® demonstrated that the negative charge of the
benchmark D-A copolymer P(NDI2OD-T2) induces the
relaxation mainly on NDI moieties and affects the tor-
sional angle between D and A moieties, leading to charge
localization within a single polymer chain. Naab et al.*®
have investigated a series of n-type conjugated polymers
with various backbone structures in terms of field-effect
mobility of the pristine state and electrical conductivity
of the doped state. A highest conductivity of 0.45S cm™
was achieved for the ethynylene-linked conjugated
copolymer that has the smallest D-A character among
various conjugated polymers.*® In a similar sense, Lu
et al.¥ reported a series of conjugated polymers incor-
porating thiophene-fused benzodifurandione-based
oligo(p-phenylenevinylene) (TBDOPV) as the main
building unit, which is linked by an ethylene, thienylene,
or bithiophene bridging unit, respectively. Although the
three copolymers exhibit similar field-effect charge
mobilities, the one with an ethylene linker has the most
planar backbone and the best electrical conductivity of
90 S cm™ and power factor of 106 pW m™ K2 (see the

chemical structures in Figure 3a). These studies reveal
that the electrical conductivity of a doped film does not
correlate with the field-effect electron mobility measured
for the pristine state, and conjugated polymers used for
n-doping applications should be designed to have long
polaron delocalization length in the charged state, which
is dictated by the excellent backbone planarity.

Wang et al.?? doped a ladder-type semiconductive
polymer, named solution-processible n-type polybenzi-
midazobenzophen-anthroline (BBL), with strong reduc-
ing agents such as tetrakis(dimethylamino)ethylene
(TDAE), and the benchmark polymer P(NDI2OD-T2) was
used as the reference. The density functional theory
(DFT) computed polaron delocalization length for the
linear “torsion-free” homopolymer BBL is larger than that
of the distorted D-A copolymer P(NDI2OD-T2), suggest-
ing an easier intramolecular transfer, thus, a higher polar-
on mobility along the chain for the ladder-type polymer
(Figure 3b). Therefore, n-type conductivity as high as
2.4 S cm™ and a power factor of 0.43 pW m™ K2 were
achieved for the doped BBL,?? representing three orders
of magnitude higher than those measured for the refer-
ence polymer (Figure 3¢). This study established a simple
picture that clarifies the correlation between the degree
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Figure 3 | (a) Chemical structures of D-A and A-A conjugated copolymers. (b) Spin (a and ) density distributions of
the longest BBL (n = 8, top) and P(NDI2OD-T2) (n = 5, bottom) oligomers, as obtained with the BS-UDFT and UDFT
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of backbone planarity and the polaron delocalization
length. The same group further extended the same
concept into NDI-based conjugated polymer, and
designed a new n-type conjugated polymer by replacing
the D moiety bithiophene with bithiazole.>” The reduced
intrachain steric demands in Tz2 versus T2 give rise
to greater backbone planarity, hence stronger inter-
molecular n-n stacking interactions. Furthermore, the
electron-deficient nature of Tz2 enhanced the electron
affinity and reduced the D-A character. This backbone
modification caused a negligible change in field-effect
electron mobility. However, upon doping, P(NDI2OD-
Tz2) reached an electrical conductivity of ~0.1 S cm™
and power factor of 1.5 pW m™ K2 Pei and co-workers®®
reported two rigid coplanar poly(p-phenylene vinylene)
(PPV) derivatives, LPPV-1 and LPPV-2 with nearly tor-
sion-free backbones because the intramolecular hydro-
gen bonds formed between the hydrogen atoms and the
carbonyl groups lock the conformation. The fused elec-
tron-deficient rigid structures endow the derivatives with
less conformational disorder and low-lying LUMO levels
of —4.49 eV. Upon doping, two conjugated polymers
exhibited a high n-doping efficiency and significantly
improved air stability, leading to a high electrical con-
ductivity of up to 1.1S cm™ and a power factor as high as
1.96 pW m™ K= Yan et al.*® extended the conformation
lock strategy to a new diketopyrrolopyrrole (DPP) deriv-
ative, pyrazine-flanked DPP (PzDPP), leading to a planar
D-A backbone structure, the deepest LUMO level in all
the reported DPP derivatives, and strong interchain in-
teraction with a short n—r stacking distance of 3.38 A.
When doped with n-dopant N-DMBI, this DPP-based
conjugated polymer exhibited high n-type electrical
conductivities of up to 8.4 S cm™ and power factors of
up to 57.3 pW m™ K2

The important insight gained by previous studies is that
the backbone planarity is more significant for improving
TE performance than for realizing high field-effect
mobility. A large degree of backbone planarity enables
not only an increased electron affinity for maximizing the
doping level but also a high tolerance to the doping
process. Any undesired backbone relaxations upon
charging could be mitigated by increasing the degree
of backbone planarity, leading to more extended polaron
delocalization along the intrachain direction. In short, the
large backbone planarity is beneficial for increasing both
charge carrier density and bulk charge mobility, thus
leading to a higher electrical conductivity and power
factor.

Controlling the electrostatics of counterions

Molecular doping of the organic materials normally
occurs in two steps.?® First, complete or partial charge
transfer between host and dopant molecules occurs,
forming coulombically bounded charge and counterion
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pairs. In the secondary step, the charge-ion pairs disso-
ciate into free charges through thermal ionization.
In most cases, OSCs have low dielectric constants
(e, = 3),° which lead to high binding energy on the
order of several hundred meV.*2%® There is a growing
interest in exploring the Coulomb interaction for mole-
cular doping and OTEs. Aubry et al.®*®® demonstrated
that the Coulomb interaction in doped polythiophene
films could be screened using bulky dodecaborane clus-
ters as the p-type dopant, leading to a high bulk hole
mobility and electrical conductivity.

Liu et al.%® explored the impact of electrostatic interac-
tion on the doping efficiency in lightly n-doped fullerene
derivatives with different dielectric constants ([6,6]-phe-
nyl-C61-butyric acid methyl ester (PCBM) with ¢, ~ 3.7
and PTEG-1 with ¢, ~ 5.9). It was found that the doping
efficiency of lightly doped PCBM layers was only a few
percent, but doped PTEG-1 films exhibited a very high
doping efficiency approaching 100%. They attributed the
high doping efficiency of doped PTEG-1to the stabilizing
electrostatic interaction between charge-ion pairs and
the polar side chain of PTEG-1. For most doped organic
films, the electrical conductivity often reaches a peak
value at a certain doping concentration, beyond which
it decreases quickly. Recently, Koopmans et al.®” com-
bined analytical work and Monte Carlo simulations to
demonstrate that carrier-carrier interactions can cause
this conductivity decrease and reduce the maximum
conductivity by orders of magnitude, possibly in a broad
range of materials. The simulation results indicate that
the Coulomb interaction from the counterions can de-
crease the electrical conductivity but barely influence the
trend of electrical conductivity versus the doping con-
centration. In addition, they also argued that a higher
dielectric constant or large delocalization length of
charge carriers are beneficial for reducing the negative
effects of charge-charge interaction, leading to a higher
electrical conductivity.

Koster and co-workers*’ performed a comparison
study on vapor doping two n-type conjugated polymers
(benchmark D-A copolymer N2200 versus A-A poly
(2,2’-bithiazolothienyl-4,4',10,10'-tetracarboxydiimide
PDTzTI) for thermoelectrics. Doped N2200 film rendered
an inefficient free charge generation, poor charge trans-
port, and a very low power factor of 0.06 pyW m™ K=,
In contrast, doped PDTzTI demonstrated huge enhance-
ments in terms of free charge generation and transport,
leading to a remarkable conductivity of 4.6 S cm™, power
factor of 7.6 pW m™ K2, and zT of 0.01 at room tempera-
ture. This study indicates that enhanced molecular
planarity and packing density of conjugated polymer
together with a reduced D-A character promote two-
dimensional charge delocalization, and facilitate charges
escaping from the Coulomb interaction. As such, the
charge-ion pairs are more easily dissociated into free
charges. Very recently, the same group reported a D-A
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Figure 4 | (a) The chemical structures of NDI-2Tz-based conjugated polymers with polar and amphipathic side chains.
(b) Chemical structures of FBDPPV anions, TAM’, and N-DMBI* cations. Schematic diagram of initial supercell for
molecular dynamics which contains FBDPPV anions and TAM® (or N-DMBI*) cations. Polymer alkyl chains are hidden for
clarity. (c) Dynamic molecular simulation and power factor as a function of doping concentration for doped NDI-2Tz-
based conjugated polymers with polar and amphipathic side chains. (d) N-DMBI-doped FBDPPV. Light green represents
the FBDPPV backbone, orange represents the FBDPPV alkyl side chain, and red-blue represents the dopant cation. TAM*
cation has distinctly weaker interactions with polymer backbones, whereas N-DMBI* cation presents stronger interac-
tions with polymer backbones, the plot of power factor as a function of doping concentration. Reprinted with permission
from the ref 68. Copyright 2021 Wiley-VCH, and the ref 69. Copyright 2020 Springer Nature.

copolymer featuring amphipathic side chains (PNDI2C8-
TEG-2Tz) (Figure 4a). Distinct from conjugated copoly-
mers with mere alkyl side chains or ethylene glycol-type
side chains on A moieties,?*4°7° the conjugated copoly-
mer with amphipathic side chains contains an alkyl chain
segment as a spacer between the backbone and ethylene
glycol-type chain segment. An electrical conductivity of
1.6 S cm™ and a power factor of 16.5 + 1.2 pW m™' K2 have
been achieved for the doped copolymer with amphipath-
ic side chains, representing an fivefold increase as com-
pared with the reference polymer with polar side chains
(Figure 4c).°® The alkyl spacer not only reduces the
energetic disorder of the conjugated polymer film but
also properly controls the spatial location of the dopant
molecules away from the backbone, which minimizes the
adverse influence of counterions.
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Very recently, Pei and co-workers®® have reported
a computer-assisted screening approach to rationally
design a triaminomethane-type dopant (TAM), which
exhibits extremely high stability and a strong hydride
donating property due to its thermally activated
doping mechanism (Figure 4b). More importantly,
as compared with conventional n-type dopant N-DMBI,
TAM negligibly perturbs the polymer backbone
conformation and microstructural ordering. After ioni-
zation, TAM cations possess weak n-backbone affinity
but strong intrinsic affinity with side chains, which
enables the doped system to screen the Coulomb
potential.”’ Such doping features lead to high probability
of free charge generation for TAM-doped polymers
and further result in an excellent conductivity of up to
22 +2.5S cm™and a power factor of over 80 pyW m™ K7,
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which are significantly higher than those values
achieved by using the common n-dopant N-DMBI
(Figure 4d).

The n-type OTE studies exploring the Coulombic effect
have the common goal to precisely control the dopant
(or dopant cation) location relative to conjugated back-
bones. As is well known, the molecular doping of OSCs is
usually carried out by mixing the host and dopant mole-
cules, posing a great challenge in controlling the dopant
location. An interesting insight gained from previous
work is that the one should maximize the affinity
of the dopant with the side chains over that with the
backbone. It enables a favorable nanostructure, within
which the dopant molecules mainly reside in the side
chain phase rather than within the =-stacking of the
backbone. The mitigated Coulomb interaction enables
not only a higher doping efficiency but also an improved
bulk mobility. Importantly, it also provides a pathway to
overcoming the trade-off between the electrical conduc-
tivity and the Seebeck coefficient, leading to a higher
power factor.

Energetic and spatial landscape of charge
transport

DOS distribution

For most OSCs with disordered nature, the charge trans-
port occurs by charge carrier hopping over an energetic
landscape, which is characterized by Gaussian-shaped
DOS distribution,’”*

Npm E-Ee\?
(e @
where N, is the total concentration of localized states,
o4 is the Gaussian DOS width, and E; is the energy of
the state. The charge carriers generated by the mole-
cular doping fill the DOS, lifting the Er up toward
the E1. Alternatively, eq 2 can be rewritten in terms of
the E7 as

g(E)=

S=—%(ET—EF), (4)

where the transport energy is defined as
Er= /E@dE. (5)
(¢

Besides the charge generation, the molecular doping
can impact the shape of DOS as well. Several theoretical
studies point out that the Coulomb interaction from
counterions are likely to broaden the DOS and act as
Coulomb traps to reduce the carrier mobility.”*”® Doped
OSCs typically exhibit a thermal activation of their elec-
trical conductivity. Schwarze et al.”® explored the molec-
ular origin for the thermal activated transport in a wide
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range of doped organic films. Their study indicates that
the Arrhenius activation energy of charge transport is
largely determined by the Coulomb interaction of coun-
terions for a given doping level when the doping con-
centration is below 10 mol %. At very high doping
concentration (>10 mol %), the activation energy gradu-
ally saturates, and mainly depends on the static energetic
disorder and reorganization energy of doped materials.
This point implies that the activation energy might be an
easily accessible parameter for estimating energetic dis-
order of highly doped OSCs. As implied by eq 4, the sign
of the Seebeck coefficient is determined by the relative
positions of the Er and E1. When a Gaussian DOS is filled
such that the Eg sits below the center of the DOS for
n-doped OSCs, the Seebeck coefficient is typically neg-
ative, whereas it should be positive for p-doped films
with Eg sitting above the center of the DOS. From this
point of view, the sign of the Seebeck coefficient is
usually used to confirm the type of the majority charge
carriers by the community. Clearly, both electrical con-
ductivity and Seebeck coefficient are not only influenced
by the charge carrier density but also determined by the
shape of the DOS.

It is highly desired to enhance the TE performance by
tailoring the DOS in the TE field. Mahan and Sofo”’
theoretically proposed the concept of a delta-shaped
transport distribution, situated somewhere above the
Fermi energy, to maximize the TE properties. Later
Katz et al.”® experimentally proved this idea of DOS
engineering in 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoqui-
nodimethane (FATCNQ)-doped poly(3-hexylthiophene)
(P3HT) by blending in a small fraction of poly(3-hex-
ylthiophene)-thiophene, thereby increasing S from ap-
proximately 580 to 700 uV/K while preserving electrical
conductivity. Kemerink and co-workers’® have recently
revisited the strategy of DOS engineering proposed by
Mahan and Sofa, and achieved a very high Seebeck
coefficient of >1 mV K™ by mixing two p-type conjugated
polymers with an energetic offset as the host. These
studies fall in the category of p-type OTEs while reports
on tailoring the DOS of n-type OTEs are scare in the
literature.

A recent study by Liu et al.*® demonstrated how to
increase the n-type organic TE performance by tailoring
the DOS with introduction of sp2-nitrogen (N) into the D
moiety of an NDI-2T backbone (Figure 5a). Such a back-
bone modification improves not only the molecular
planarity but also the structural order. Interestingly, they
observed an unusual sign switching of the Seebeck co-
efficient from negative to positive by just increasing the
dopant loading in the D-A copolymer without sp?-N
atoms. They directly measured the DOS distribution pro-
files of pristine and doped conjugated polymers by an
electrochemical method based onionic liquid electrolyte.
The results indicate that the DOS distributions become
narrower after backbone modification in both the
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Figure 5 | (a) Chemical structures of PNDI2TEG-2T and PNDI2TEG-2Tz, and DFT-optimized geometries for PNDI2-
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groups to simplify the calculations. (b) The measured DOS functions of PNDI2TEG-2T and PNDI2TEG-2Tz in the
pristine (open symbols) and 28 mol %-doped state (closed symbols). The dashed lines are Gaussian fits. (c) The plots
of the Seebeck coefficient and power factor as a function of doping concentration. Reprinted with permission from the

ref 25. Copyright 2018 Wiley-VCH.

pristine and doped states. Additionally, doping-induced
charge-transfer complexes, which are energetically
located below the neutral band, were observed for
the doped unmodified D-A copolymer (Figure 5b). The
charge transport through these complexes resulted
in a positive Seebeck coefficient in this n-doped system.
Tailoring the DOS of a doped film toward reducing
those complexes’ states within the bandgap led to an
electrical conductivity of 1.8 S cm™ and power factor of
4.5 + 0.2 pW m™ K2 (Figure 5c¢). In a similar sense, the
sign switching of the Seebeck coefficient for p-doped
D-A conjugated polymers by increasing the doping level
has been reported very recently.?’ These studies clearly
indicate that the DOS of n-type OTEs can be tailored by
molecular design, facilitating a new direction for boost-
ing the TE performance.

Molecular packing into charge-transport
pathway

The charge transport of pristine OSCs is interpreted as the
percolation of free charge carriers within ordered domains
through disordered regions,f®2 which is often character-
ized by the field-effect mobility. As most insights into
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designing the OTEs were inherited from those studies
related to pristine organic films, high field-effect mobility
becomes an important parameter to evaluate OTEs at the
early stage.”® Wang et al.*® have reported new conjugated
polymers with the backbone consisting of naphtho
[2,3-b:6,7-b’]dithiophenediimide (NDTI) and benzo[1,2-
c:4,5-c’']- bis[1,2,5]thiadiazole (BBT) units with different
side chains for n-type organic TEs. By varying solubilizing
alkyl groups from 2-decyltetradecyl to 3-decylpentadecyl,
the electron mobility in the transistor devices with the
pristine polymer thin films was increased from 0.096 to
0.31cm? V™' s7' because of the improved crystalline nature
of the molecular packing. Thus, the electrical conductivity
and power factor of the doped thins films were drastically
changed from 0.18 Scm™and 0.6 pW m' K2 to 5.0 Scm™
and 14 pW m™ K2, respectively.

However, the bulk charge mobility rather than field-
effect mobility is the accurate parameter to evaluate the
charge transport of a doped film because the perfor-
mance of OTEs is based on the properties of the doped
state. The bulk charge mobility not only depends on the
packing of the organic host molecules but also on the
structure changes induced by doping. This point is evi-
denced by some n-type D-A conjugated polymers with
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the best field-effect mobilities, but the electrical
conductivities are low upon molecular doping. Huang
et al.?® have reported dihydropyrrolo[3,4-c]pyrrole-1,4-
diylidenebis(thieno[3,2-b]thiophene) derivatives with ar-
omatic and quinoid structures as the n-type TE host
(Figure 6a). Both conjugated molecules have very high
and comparable field-effect mobilities, however, they
show very different electrical conductivities and power
factors with a distinct factor of 50. The aromatic com-
pound does not show obvious change in the intermolec-
ular stacking upon doping, whereas the quinoid
compound exhibits significantly reduced molecular
packing order after molecular doping. The better toler-
ance of the packing order to the doping of the aromatic
structure has led to much better TE performance with a
figure of merit of zT = 0.23.

It is well established that “edge-on” orientation of a
conjugated polymer is most favorable for the in-plane
charge transport within organic field-effect transistor
devices. However, a couple of recent studies indicate

could accommodate the dopant molecules much better,
enabling an improved host-dopant miscibility and
charge-transport pathway.?®*%° For example, Wang
et al.?® desighed and synthesized a series of new n-type
copolymers composed of NDTI and BTI units through
direct arylation polymerization. The backbone orienta-
tion was found to play an important role in dictating the
electrical conductivity and the TE performance. The con-
jugated polymer characterized by the bimodal orienta-
tion with face- and edge-on fractions exhibited an
excellent electrical conductivity of up to 1.6 S cm™ and
a power factor of up to 53.4 pW m™~' K= They attributed
the bimodal orientation to the formation of 3D conduc-
tion channels and the better accommodation of dopants,
which lead to the increased doping efficiency and im-
proved charge-transport pathway. In contrast, Koster
and co-workers*® have reported that the long-range
packing order and high doping efficiency can be realized
by using “arm-shaped” double-triethylene-glycol-type
side chains for a fullerene derivative (Figure 6b). Upon

a mixture of “edge-on” and “face-on” orientations thermal annealing, the interaction between the adjacent
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Figure 6 | (a) Chemical structures, molecular packing and thermoelectric performance of doped A-DCV-DPPTT and
Q-DCM-DPPTT. (b) Chemical structure of PTEG-I, simulated molecular packing, and figure of merit at various
temperatures of molecularly doped PTEG-2 film. Reprinted with permission from the ref 29. Copyright 2017 American
Chemistry Society, and the ref 30. Copyright 2020 Springer Nature.
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polar side chains allows for a structural transition from
amorphous packing to layered and ordered packing, and
importantly the dopant molecules are mainly incorporat-
ed in the polar phase and the charge transport occurs in
the plane of the buckyballs. As a result, a high bulk
mobility of >1 cm? V™' S™ and doping efficiency of ap-
proximately 60% have been achieved, resulting in a re-
cord high zT = 0.34 at 120 °C. All in all, these recent
studies highlight the significant impact of the packing
configuration of the host and dopant molecules on the
conductivity and TE performance.

Challenges and Perspective

Although significant progress has been made for n-type
OTEs, many remaining challenges must be overcome to
further boost the TE performance in terms of practical
applications.

First, the doping efficiency in n-type OTEs is still far less
than 100%, which limits the electrical conductivities to
<100 S cm™, much lower than those achieved in p-doped
organic films.®* Kiefer et al.?° reported double p-doping
of conjugated polymers with a doping efficiency beyond
100%. The same strategy has not been applied for the n-
doping scenario yet. More attention should be paid to
develop advanced n-type dopants with favorable energy
level, excellent miscibility with the organic host, and
strong screening of counterions. In contrast, the mecha-
nism of the n-doping process is still unclear, and more
research efforts should be devoted toward this direction
to realize precise control of the doping process.

Second, bulk electron mobilities of n-doped OSCs are
typically less than 0.1 cm? V7' s7, which are under-
optimized given the high field-effect mobilities of more
than1cm? V's7.8% The future n-type OTEs should be able
to not only achieve the desired multiscale microstruc-
tures from the planar backbone, favorable orientation
pattern, and long-range packing order but also wisely
deal with the introduced dopant molecules. At the same
time, how the molecular structure influences the DOS
should be further studied to maximize the entropy trans-
port per charge carrier for a given doping level.

Third, the stability of n-doped OTEs under thermal
stress and ambient conditions remains a problem, limit-
ing the practical applications. There are several reports
that polar side chains could enhance the binding be-
tween host and dopant molecules, and, thus, increase
the thermal stability of doped systems.’°**# Neverthe-
less, the completely stable n-type OTEs at a temperature
of over 150 °C are yet to be achieved so far. Additionally,
previous studies indicate that the deep LUMO level of the
host molecules and the encapsulating effect resulting
from the close backbone packing or oxygen-rich side
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chains could help improve the air stability.#®5887-90 |n
particular, Zhu and co-workers reported quinoidal oli-
gothiophene derivatives (QOTs) with incipient diradical
character and a deep LUMO energy level (approximately
—-4.7 eV) to achieve excellent stability of n-type
doping.”**? They reported the design and synthesis of
unconventional n-type OTE materials based on the dir-
adicaloids 2DQQT-S and 2DQQT-Se, which are proved to
be neutral single-component organic conductors that
exhibit an unprecedented air stability. Without external
n-doping, a pristine film of 2DQQT-Se shows an electrical
conductivity as high as 0.29 S cm™ delivering a power
factor of 1.4 mW m™ K29 Under ambient conditions, no
decay in electrical conductivity is observed for over
260 h. The same group further modified the chemical
structure of 2DQQT-S by increasing the number of thie-
noquinoidal rings, and synthesized 2DQQT. Upon doping
by N-DMBI, the doped 2DQQT film shows a very high
electrical conductivity of 14 S cm™, which could keep 80%
of the initial value after storage in ambient for 240 h.3
Guo and co-workers® reported two organic diradicaloids
based on QOT with high stability and conductivity by
employing imide-bridged fused molecular frameworks.
The attachment of a strong electron-withdrawing imide
group to the tetracyano-capped QOT backbones enables
extremely deeply aligned LUMO levels (from -4.58 to
-4.69 eV), cross-conjugated diradical characters, and
remarkable ambient stabilities of the diradicaloids with
half-lives >60 days. Specifically, without using any
dopants, QTICN thin film exhibits a high electrical con-
ductivity of 0.34 S cm™ and a promising power factor of
1.52 pW m™ K2 Future research work should further
these directions to realize both completely stable and
high-performance n-type OTEs.

Conclusion

In this mini review, we overviewed the emerging insights
into the molecular design of n-type OTEs. The corre-
sponding strategies to address each elementary step of
the TE process have been discussed in detail. They are
categorized into four sections including modulation of
host-dopant miscibility, planarization of backbone, the
control of electrostatics from counterions, and energetic
and spatial landscape of charge transport. Due to these
new strategies, huge progress for n-type OTEs has been
achieved. The remaining challenges and an outlook of
future research in this research direction have also been
discussed. We believe that the deep understanding of the
structure-property-performance relationship will pro-
vide useful guidelines to the rational design of high-
performance n-type OTEs for the promising future OTE
technology.
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