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Organic thermoelectric (OTE) materials and devices have garnered significant attention in the past decade
for flexible and wearable electronics. Due to the numerous combinations of different backbones, side
chains, and functional groups for polymer molecules, further efficient developments of high perfor-
mance OTEs rely on reverse and rational molecular design as well as fundamental understanding to
the structure-property relationship, which both require precise theoretical input. Recently, many theo-
retical efforts and progresses have been made to predict TE properties and develop high performance
OTE materials. Here, we present first the general methods and principles for OTE theoretical calculations.
Subsequently, the latest theoretical advances regarding the effects of molecular design, chemical dop-
ing, ambipolar charge transport etc., to TE conversion are carefully reviewed. These theoretical advances
not only significantly deepen the fundamental understanding of OTEs, but also provide precise guidance
to the molecular design of OTE materials. Finally, we propose several perspectives for future theoretical
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investigations of OTEs.
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1. Introduction

With two-thirds of total energy consumption being lost in the
form of waste heat, thermoelectricity has become a compelling so-
lution for the key issues of energy and environmental protection,
as it could realize the direct conversion between heat and electric-
ity or vice versa in a clean manner [1,2]. The performance of ther-
moelectric (TE) materials is evaluated by the dimensionless figure
of merit ZT=S20T/k, where S is Seebeck coefficient, o is electri-
cal conductivity, and « is the thermal conductivity [3]. Physically
the ZT value represents the TE energy conversion efficiency [4,5].
In the past decade, organic thermoelectrics (OTEs) have attracted
great attention due to their unique advantages in TE conversion
such as ultralow intrinsic thermal conductivity and excellent room
temperature performance. Moreover, from the perspective of func-
tional TE devices, their intrinsic ultrahigh flexibility, light-weight,
and non-toxic are particular desired to power the rapid developing
flexible, wearable, and implantable micro-electronics for artificial
intelligence, health monitoring, Internet of things (IoTs), and other
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emerging fields, by utilizing environmental and even body heat at
room temperature in a versatile way [6-10].

Significant experimental as well as theoretical progresses have
been made in the field of OTEs very recently [11-13]. For exam-
ple, by selenium substitution, Ding et al. reported a high perfor-
mance diketopyrrolopyrrole (DPP) derivative PDPPSe-12 with en-
hanced intermolecular interaction, which resulting in a maximum
power factor and ZT up to 364 ptW m~! K-2 and 0.25, respec-
tively [14]. In 2022, Wang et al. further boosted the TE performance
of a p-type DPP-based polymer (DPP-BTz) via molecular packing
orientation engineering, which ZT value remarkably reaches 0.40
[15]. For the n-type OTE material, in 2023 Han et al. developed a
PSpF-doped PDPIN blended all-polymer system with a record-high
maximum ZT of 0.53 by using polymer dopant, which simultane-
ously exhibits high power factor and ultralow thermal conductivity
[16]. Also in 2023, Yu et al. reported a series of thiophene-based
TBDOPV copolymer (TBDOPV-T) with excellent bipolar TE perfor-
mance [17]. Through modulating the energetic disorder by reduc-
ing the driving force of alkyl side chains, the N-DMBI-doped n-
type TBDOPV-T-518 reveals a high power factor more than 200
pW m~! K2 while the p-type FeCl;-dopeTBDOPV-T-518 shows the
high conductivity and power factor over 400 S/cm and 100 pW
m~! K-2, respectively. On the theoretical side, Ma et al. devel-
oped an elegant semi-empirical relation between the Seebeck co-
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Fig. 1. Illustration of the relationship between molecular design of OTE materials, electronic structure and thermoelectric properties. Start with basic molecular structure
and packing, by calculating the electronic structure, their TE properties and performances can be predicted. (a) The conjugated core structure of organic semiconductors
facilitates charge transport. Side chains play a role in solution processing and can impact the generation of charge carriers and the assembly of molecules in the solid state.
(b) Doping adjusts the HOMO and LUMO energy levels of organic thermoelectric materials by altering charge distribution and electron affinity. This modulation influences
the charge transport properties and thermoelectric performance of the material. Such control can enhance the conductivity and thermoelectric efficiency, making it more
suitable for thermoelectric conversion applications. (c) The molecular packing in organic thermoelectric materials exhibits both face-on and edge-on configurations, where
molecules can stack either with their faces oriented toward each other or with their edges in alignment. The molecular orientations also could significantly affect the TE
performance. (d) The electronic energy levels are determined by the highest occupied molecular orbital (HOMO), representing ionization energy, and the lowest unoccupied
molecular orbital (LUMO), representing electron affinity. These levels can be adjusted through molecular design. Energetic disorder may lead to a distribution of states around
these levels in perfectly ordered materials. Schematic diagram of the energy band structure of organic thermoelectric materials. (e) Schematic representation of the phonon
spectrum of organic thermoelectric materials. (f) Schematic diagram illustrating the variation of thermoelectric parameters with carrier concentration. With increasing carrier
concentration, electrical conductivity, thermal conductivity, Seebeck coefficient, and power factor exhibit different trends. The ZT value (thermoelectric figure of merit), as a
comprehensive parameter, the optimal ZT value often corresponds to a specific carrier concentration, providing crucial insights for the design optimization of thermoelectric

materials.

efficients and electrical conductivity, which could phenomenolog-
ically illustrate the charge transport picture in organic polymers
[18]. Later in 2022, Ge et al. by combining the hopping transport
theory described by Fermi’s golden law with the bandlike trans-
port described by the Boltzmann transport equations, proposed a
unified model for the general TE conversion process in polymeric
semiconductors [19].

Even so, OTE materials are still far away from practical appli-
cations in terms of performance. There are several major chal-
lenges for further developments of OTE materials and devices.
One is how to break the trade-off relation among the Seebeck
coefficients, electrical conductivity, and thermal conductivity. Al-
though by developing high mobility organic semiconductors, den-
sity of states engineering, and fine controlling of polymer mi-
crostructures, the trade-off relation between electrical conductivity
and Seebeck coefficients have been partially overcome and both n-
type and p-type organic semiconductors could exhibit conductiv-
ity near or over 1000 S/cm while simultaneous exhibit a promise
Seebeck coefficient, the thermal conductivity has become a new
limitation. Because, high electrical conductivity will lead to a pro-
nounced electronic contribution to the thermal conductivity while
high mobility organic semiconductors often have relatively good
crystallinity which also lead to relatively high lattice thermal con-
ductivity. Another challenge would be the stability in the doped
state, which is essential for practical OTE applications. Due to the
nature of chemical doping, most doped organic semiconductors
would experience relatively fast de-doping process in ambient en-
vironment. The mechanism of de-doping and effects of counteri-

ons remains to be elusive. Finally, a central obstacle for further
developments of OTE materials is the lack of fundamental under-
standing to the structural-property relationship as well as their
puzzling charge transport mechanism. Although different charge
transport mechanisms range from localized (hopping), de-localized
(band-like), transient localization, and several semi-empirical mod-
els have been proposed, no one has been fully verified by experi-
ments. These limitations urgently require systematic theoretical ef-
forts to overcome. Because, from the view point of molecular and
dopant design, current developments of high performance OTE sys-
tems are more relies on an empirical or semi-empirical way, while
the various effects of different functional groups, conjugated cores,
side chains, solutions, and packing orderings to the macroscopic TE
performance remain elusive [20-22]. Although experimentally they
can be summarized by extensive investigations with novel charac-
terization techniques on different length scales, precise theoretical
calculations would be a more efficient and scientific route. Since it
not only performs high-capacity predictions of various TE proper-
ties including Seebeck coefficients, conductivity, and thermal con-
ductivity, but also could advance the understanding to the charge
and phonon transport on the molecular level. In addition to the in-
trinsic structural effects of polymers, external effects such as dop-
ing and various physical field-modulations have become key fac-
tors to improve the OTE performance, which also greatly require
theoretical guidance [23,24]. For example, theoretical predictions
of the optimized doping level of polymers for best TE performance
would be highly desired before experimental efforts are devoted.
Therefore, as illustrated in Fig. 1, it is crucial to establish a sys-
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tematic bidirectional relationship between the basic the molecular
design as well as external influences such as chemical doping with
practical TE properties and performance, via theoretical investiga-
tions of the TE conversion process and predictions of charge and
phonon transport properties in OTE materials [25].

So far, many reviews have focused on the experimental side, in-
cluding both p-type [26,27] and n-type materials [28,29], chemical
doping [30,31], and device applications [32,33]. However, with the
rapid development of OTEs, it is necessary to review the basic the-
oretical methods for OTE polymeric materials as well as the lat-
est theoretical advances. Here, we introduce the primary theoreti-
cal principles and procedures for computing various TE properties.
In the next, recent theoretical progresses on the OTE properties as
well as single-molecular TEs are reviewed. Finally, perspectives to-
ward OTE theoretical calculation prospects are highlighted such as
establishing OTE database, which could guide future experiments
and boost the OTE performance.

These theoretical advancements play a pivotal role in the field
of organic thermoelectric (OTE) materials, contributing to a better
understanding, design, and optimization of such materials, thereby
driving the development of flexible and wearable electronic prod-
ucts. Firstly, through theoretical models, we can delve into the
electronic structure and transport properties of OTE materials, pro-
viding profound insights into their intrinsic working principles.
This aids in predicting and interpreting experimental observations,
laying the theoretical foundation for improving material perfor-
mance.

Secondly, these theoretical advancements offer critical insights
guiding the design of OTE materials. By simulating and calculat-
ing the impact of different molecular structures, doping methods,
and interface effects on material performance, we can strategically
design materials to optimize their thermoelectric properties. This
theoretical support for innovative material design holds the poten-
tial to propel breakthroughs in the performance of organic thermo-
electric materials.

Ultimately, these theoretical advancements are crucial for ad-
vancing the development of flexible and wearable electronic prod-
ucts. With a deeper understanding and more effective design, OTE
materials can better adapt to flexible and bendable electronic de-
vices, enhancing their performance and stability in practical ap-
plications. This opens up new possibilities for innovation in fields
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such as smart textiles and wearable sensors, positioning organic
thermoelectric materials to play a more critical role in the realm
of electronic products. Therefore, these theoretical advancements
have a significant and positive impact on driving the development
of flexible and wearable electronic products.

Organic thermoelectrics pose challenges due to their relatively
low thermoelectric conversion efficiency, complex structure, and
difficulty in preparation. There may also be problems with sta-
bility, sustainability and scalability. Moreover, for the doping and
transport processes in semiconductor polymers, it is challenging in
experiments to pinpoint the doping sites. The theoretically deter-
mined doping sites are difficult to incorporate into models, consid-
ering the interactions between different phases. Constructing mod-
els for polymer systems is challenging, and the debate between
band-like models and hopping models adds complexity. The defini-
tive determination of which model accurately represents polymers
remains unsettled.

2. Methods and key parameters

The film of organic polymers is composed by both crystalline
and amorphous regions. For the amorphous regions, there are no
available unified physical models which have demonstrated to be
successful to describe the charge transport inside. So far, the theo-
retical calculations of organic polymers are mostly focused on the
crystalline regions. Fig. 2 illustrated the common calculation proce-
dures. Usually, theoretical calculations begin with constructing the
structural models for the crystalline regions and identifying their
Brillouin zones, based on their molecular structures and the exper-
imentally measured molecular distances of different orientations
by GIWAXS or other structural characterization techniques, using
packages such as VASP or Materials Studio.

Various calculation methods including molecular dynamics
(MD), density functional theory (DFT), and Boltzmann transport
theory are applied to the as-constructed models of organic poly-
mers [34]. In particular, MD can directly calculate the motion of
atomic nuclei based on the classical Newton’s laws under the
force field generated by all other particles and charges. The re-
sulting system physical properties are derived by statistical aver-
aging of each particle. The DFT is a quantum mechanical com-
putational method, which has been demonstrated to be an im-
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Fig. 2. (a) Modelling of organic crystal region and the Brillouin zone of organic polymers. (b) Theoretical methods of calculation: molecular dynamics, ab initio DFT, and
Boltzmann transport theory. (c) Performance predictions of OTE materials versus carrier concentration and temperature.
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Fig. 3. (a) Structure of Cg-BTBT in the ab and ac plane. (b) Band structures and DOS of Cg-BTBT, the reciprocal coordinates of high-symmetry points are I" = (0,0, 0), Y=(0,
0.5, 0), X=(0.5, 0, 0), and Z=(0, 0, 0.5). The red curves indicate the valence band maximum and conduction band minimum. (c) The calculated Seebeck coefficient (S),
electrical conductivity (o), along the a-direction (blue lines) and the b-direction (red lines) for Cg-BTBT, as a function of carrier concentration at 298 K. (d) TE power factor
(S?0), and electronic thermal conductivity change with the carrier concentration. Copied with permission [42]. Copyright 2014, American Chemical Society.

portant approach to calculate the electronic properties of realistic
multi-electron systems. Once the electronic structure of OTE ma-
terials is achieved either classically or quantum-mechanically, the
semiclassical Boltzmann transport equations will be employed to
describe their charge transport processes under external physical
fields including electric field, magnetic field, and thermal or chem-
ical potential gradients [35,36]. By solving the Boltzmann transport
equations, specific charge transport properties can be directly ob-
tained, as it takes into account both the material electronic infor-
mation and charge scattering mechanisms, allowing for a predic-
tion of the TE properties of organic polymers including Seebeck
coefficients, electrical conductivity, and thermal conductivity ver-
sus various physical parameters such as carrier density and tem-
perature [37]

2.1. Seebeck coefficient

The Seebeck coefficient of a material is defined as the magni-
tude of the generated electrical field divided by the applied tem-
perature gradient. Theoretically, it is be described by Boltzmann
transport equation as follows (Eqgs. 1 and 2),

kB E — Eg O'(E)
S=-% kT — (1)
o =/0(E)dE (2)

where kg is the Boltzmann constant, e is the elementary charge,
T is temperature, o is the conductivity, Eg is the Fermi level, and
o (E) is the density of states and Fermi distribution involved energy
dependent conductivity [38,39]. As illustrated in Eq. 1, it is obvious
that the magnitude of the Seebeck coefficient is highly dependent
on the environmental temperature, the Fermi level position, and
the distribution of density of states.

For metals or degenerate semiconductors with parabolic band,
the Seebeck coefficients can be simplified by assuming the charge
mobility is energetically independent around the Fermi level as
shown in Eq. 3.

>2/3

B SnzkﬁTm*
" 3eh? (

V3

3n (3)

This equation clearly indicates the Seebeck coefficients is in-
versely correlated with carrier concentration while proportional to
the temperature, which is qualitatively consistent with the typical
doping effect and thermal activation picture of most organic semi-
conductors [38].

In addition to T and charge carrier concentration n, the effec-
tive mass m* is another important physical parameter which is
closely related to the TE conversion as it is positively proportional
to the Seebeck coefficients while reversely correlated with charge
carrier mobility. In general, the effective mass m* can be obtained
from the curvature of the top of the valance band or the bottom
of conduction band for holes or electrons, respectively, as follows
(Eq. 4),

m* = h?/(9%E/9k?) (4)

where k is parallel to its spatial vector, E is the energy of the band,
and h is the reduced Planck constant [40,41]. Therefore, once the
electronic information including band structure and energy depen-
dent density of states plot are achieved, the m* can be obtained.
The isotropic material Seebeck coefficients can then be straight-
forwardly calculated and plotted with temperature or carrier con-
centration. In particular, the negative calculated Seebeck coeffi-
cients would indicate an electron dominating n-type charge trans-
port, while positive values indicate p-type hole dominating charge
transport.

By applying the presented method, Shi et al. have predicted the
Seebeck coefficients of Cg-BTBT based on molecular structure and
electronic structure information [42]. Fig. 3a shows the optimized
crystal structure of Cg-BTBT in the ab and ac plane. Based on this,
its band structures and DOS were achieved by performing the first-
principle DFT calculations. As shown in Fig. 3b, the Cg-BTBT is cal-
culated to be p-type with a direct band-gap of 2.06eV, since its
Fermi level is obviously closer to its HOMO level than its LUMO.
Subsequently, by applying the Boltzmann transport theory [43], the
Seebeck coefficient of Cg-BTBT is achieved and further plotted ver-
sus the charge density in Fig. 3¢, which is isotropic and similar for
electrons and holes along both a and b axis.
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2.2. Band-like electrical conductivity

The electrical conductivity o = nep is another important pa-
rameter for OTEs, in which high charge carrier mobility p holds
the promise to beak the trade-off relation between Seebeck coeffi-
cients and electrical conductivity with a relatively small n. The key
in calculating the electrical conductivity lies in the determination
of the charge carrier drift mobility, which is defined as average car-
rier drift velocity produced by unit electric field. Physically, it rep-
resents the magnitude of carrier’s ability to conduct the electricity,
which can be expressed as follows (Eqs. 5-7),

201D
eh Cﬂ

P=——"+°>/">— (5)
) @mmeksT)"”E2
eh’C
wyp = ——=— (6)
kBTm*md(Eﬂ)
3DK4
3D efﬁ _ 2\/27T6C/3 h (7)

B m 3(ksT) " E3mes/2

where m* is the effective mass in the transport direction, T is the
temperature, kg is Boltzmann constant, e is the electron charge. h
is the approximate Planck constant, Eg represents the deformation
potential constant along the transport direction for holes at the
top of the valence band (VBM) or electrons clustered at the bot-
tom of the conduction band (CBM) as determined by the equation
Eg = AE[(Al[lp), where AE is the change in energy of the CBM or
the VBM under compressive or tensile strains, [y is the lattice con-
stant in the transport direction, and Al is the amount of deforma-
tion of ly. my is the average effective mass of the carriers. C is the
modulus of elasticity of a uniformly deformed crystal [42,44,45].

Since the band structure is typically non-symmetric along dif-
ferent path between the high symmetry points of the Brillouin
zone, the resulting charge effective mass and mobility are often
anisotropic depending on the crystalline direction and carrier type
[46]. For polymers, such anisotropy is particularly strong, as the in-
trachain charge transport along the backbone direction is expected
to be dramatically different from the interchain transport along the
m-7 direction. For example, Northrup et al. predicted the intra-
chain hole effective mass of 0.10mg is much less than correspond-
ing interchain value of 1.61mg, where my is the electron mass, sug-
gesting significantly higher mobility along the backbone direction
than the m-m direction [45]. In Fig. 3c, Shi et al. found the hole
mobility along both a and b directions of 180 and 165 cm? V151
are much larger than the corresponding electron mobility of 13.4
and 28.1 cm? V-'s! along the same axes for p-type Cg-BTBT, re-
spectively [42]. The resulting electrical conductivity and TE power
factors are then plotted versus the carrier concentration, as shown
in Figs. 3c and d. In contrast to the isotropic Seebeck coefficient
of Cg-BTBT for electrons and holes, their values of conductivity are
different and anisotropic.

Xi et al. have made significant advancements in the develop-
ment of first-principles methods such as Bardeen and Shockley’s
deformation potential theory for predicting intrinsic charge mobil-
ity in carbon-based and organic nanomaterials [47]. Notably, cal-
culations of packed organic crystals reveal that the intrinsic charge
carrier mobilities for graphene sheets and naphthalene are approx-
imately 3 x 10° and 60 cm? V-! s—1, respectively, at room temper-
ature. These results are in reasonable agreement with experimen-
tal studies. Furthermore, there are novel theoretical studies indi-
cate very high charge carrier mobilities for a class of recently dis-
covered diacene-fused thienothiophenes reaching 100 cm? V-1 s-1,
These findings contribute to the understanding and advances of or-
ganic materials for the design and optimization of future high mo-
bility OTE materials.
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2.3. Marcus theory and Holstein-Peierls description

What we mentioned above are both based on the band-like
model and the deformational potential approximation, which are
usually applicable to metallic or semi-metallic organic semicon-
ductors which often exhibit relatively good crystallinity and en-
able a coherent charge transport, as represented by PBTTT. These
semi-metallic semiconductors normally have a very high doping-
level as well as electrical conductivity. On the other hand, the hop-
ping model and the polaron model are considered to be applicable
to intrinsic or relatively low doping-level organic semiconductors.
Under the hopping mechanism, the calculations of charge mobility
rely on Marcus theory, considering barriers and reaction coordi-
nates during electron transfer between molecules. These two the-
oretical approaches contribute to a comprehensive understanding
of the mechanisms and properties of charge transport in organic
thermoelectric materials.

When charge carriers migrate from one position to another, the
mobility is primarily determined by transfer integrals. This formula
is applicable only to intermolecular charge carrier migration since
the coupling between molecules is weak [48,49]. For the calcula-
tion of interchain charge carrier mobility, a hopping model is em-
ployed due to weaker interchain couplings. The calculation meth-
ods of mobility are shown below (Eq. 8-12) [50]:

eD
Minter = m (8)

where D is the diffusion coefficient, kg is the Boltzmann constant,
T is the temperature [51].

D= %d2kc]' (9)

here d is the intermolecular spacing and the mobility is related to
D by the Einstein relation.

V2 T A
ker = T\ AT P <_ 4kBT> (10)

Anje = [E°(GT/7) = E°(GO)] +[ET/7(G°) —E*/~(G*/7)] (11)

E _Ey_
Vije = H/L+12 H-1/L (12)

The charge transfer rate and interchain charge carrier mobil-
ity in a molecular system are primarily determined by two cru-
cial factors: the reorganization energy (A) and the transfer inte-
gral (V) between adjacent molecules. The total reorganization en-
ergy comprises internal reorganization energy (A;,;) and external
reorganization energy (Aext). However, for simplicity and due to
its negligible contribution, only A;, is considered, as evaluating
Aext, induced by the polarization of surrounding molecules, is chal-
lenging and its impact is minimal [52-55]. These values are calcu-
lated at the B3LYP/6-31G(d,p) level using Gaussian 09 code. The
hole transfer integral (V}e), describing the strength of electronic
coupling between two stacked chains, is determined by the band-
fitting method based on Koopmans’ theorem. Here, Ey;,; and
Ey_q. represent the energy of the HOMO/LUMO+1 and HOMO-
1/LUMO orbitals, respectively [56]. These energies are obtained
from the closed-shell geometry of two stacked chains in a neutral
state.

In a broad sense, a polaron can be conceptualized as a quasi-
particle formed by a charge entity along with its surrounding po-
larization cloud. The Holstein-Peierls model offers a more compre-
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TiOPc. Copied with permission [42]. Copyright 2019, Wiley Publishing Group.

hensive framework for elucidating charge transport in molecular
crystals.

e 2 [ THT2G[142N -0, 0)]
T = —— Rym — R dte R
e (T) 2kﬂ,3,§m( o — Run) l

1
X Eﬁm + (&mn — Amn)2 + 5 Z (hwngmn)z(pq(t) (13)
q

Within this model, Ry m denotes the Cartesian coordinate of lat-
tice site m in the «-th direction, while I" serves as a phenomeno-
logical parameter addressing inhomogeneous line broadening. The
parameter G, represents the effective electron-phonon coupling
constant, calculated as G = gimm + % k#z giml(. The phonon occu-

m

pation number N, is expressed as N, = 1/(e"@./ksT — 1), The in-
coherent scattering factor is defined as @, (t) = (1+ N )e—iat 4
N,el:t, Eq. 13 is quite versatile, incorporating both hopping and
band mechanisms. When g:>> 1, the high-temperature approxima-
tion is applicable, leading Eq. 13 to converge to the classical Mar-
cus theory. Conversely, g« 1, Eq. 13 transforms into the band de-
scription [57,58].

2.4. Thermal conductivity

The thermal conductivity is composed by electronic thermal
conductivity xe, and lattice thermal conductivity «; (Eqs. 14 and
15).

K = Ke + KL (14)

Ke=ko—ToS>=1LoT (15)

For ke, it can be calculated from electrical conductivity and
temperature in a straightforward way based on the Lorentz con-
stant L [59]. For the lattice contribution of thermal conductivity
K1, it is typically achieved by solving Boltzmann transport equa-
tions using non-equilibrium molecular dynamics (NEMD), within
the single-mode relaxation-time approximation. Software packages
such as LAMMPS are usually applied, which could simulate en-
ergy transport in a non-equilibrium state and calculate the dis-
placement and velocity of each atom. Specifically, after building
the crystalline models, simulated temperature gradients will be ap-
plied, and k| can be obtained from the resulting time dependent
temperature distribution and heat flow behavior across the crys-
tals.

Much progresses have been made in recent years in calculat-
ing thermal conductivity [12]. As shown in Fig. 4a, Shi et al. cal-
culated the thermal conductivity of Cg-BTBT along three different

crystal axes using NEMD. For both g, b directions, same | of 0.18
W m1K! are obtained due to its crystal symmetry. The resulting
ultralow thermal conductivity of Cg-BTBT facilitates a high ZT value
reaching 0.7. Similarly, for C;o-BTBT and C;,-BTBT, their « are cal-
culated to be 0.18/0.18 W m™ 1K' and 0.25/0.22W m~! K- for a/b
direction, respectively, which are also extremely low [42].

2.5. ZT value
With the predictions of Seebeck coefficient, charge mobility,

and thermal conductivity, the material ZT values versus carrier den-
sity or temperature can be theoretically calculated by (Eq. 16) [42]:

_ 20T _ K2uT | (InN, — InNegr)* N,
T ke+ki e LNpeuT + ky

ZT (16)

where kg is Boltzmann constant, e is the elementary charge, T is
the temperature, o is the electrical conductivity, Np is the hole
concentration, N is the effective density of states. Simultaneously,
the thermoelectric power factor PF=S%c, which is another impor-
tant parameter to evaluate the TE performance of materials, can
also be predicted. Usually, larger PF indicates higher energy out-
put.

Therefore, from Eq. 16, what ultimately determine the OTE ma-
terial ZT values are the charge mobility, lattice thermal conductiv-
ity, as well as the distribution of density of states which can be
evaluated by the degree of energetic disorder. As shown in Fig. 4b,
even though the effect of energetic disorder was not studied, Shi
et al. calculated the ZT values of different molecules versus charge
mobility and lattice thermal conductivity, in which higher charge
mobility with lower lattice thermal conductivity will generally pro-
duce higher ZT values [42].

Some of the molecular structures discussed in this review are
presented in Fig. 5, which contains conjugated conducting poly-
mers such as PEDOT:TOS and poly[Ni-ett], organic semiconduc-
tors like DPP derivatives, and crystalline small molecules such as
rubrene and C8-BTBT. The calculated performance of these various
OTE materials is further compared with the corresponding exper-
imentally measured values. Meanwhile, the theoretically predicted
ZT values and power factors of representative high performance
OTE materials are summarized and displayed in Fig. 6.

By comparison, insights into the underlying difference between
the theoretical calculations and experimental values can be ob-
tained. Specially, the theoretically calculated ZT values range from
0.01 to 20 while the experimentally measured values are much
lower ranging from 0.011 to 2. The highly conducting quasi one-
dimensional (Q1D) organic crystals attract a special attention [60],
as they are predicted to exhibit ZT values around 20 [61]. The ZT
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Fig. 5. Molecular structures of mentioned organic thermoelectric materials.

values of molecular nanowires were also predicted to be extremely
high reaching over 15 [33,62]. On the other hand, the power fac-
tors of various p- and n-type OTE materials range from 0.00051
pW m1 K2 to 2790 pW m™ K2, It should be note that the single-
molecular TE devices exhibit unparalleled theoretically predicted as
well as experimental performance, as compared to other bulk OTE
materials, due to various quantum effects. For example, the con-
structive quantum interference (CQI)) could enhance the transmis-
sion probability of electrons which in turn improves the electrical
transport capacity in single molecule devices.

Moreover, it can be found that in general the theoretically com-
puted values for thermoelectric figure of merits and power fac-
tors tend to be higher than the corresponding experimental values
of OTE materials. This disparity can be attributed to several fac-
tors. For example, theoretical calculations only account for single
crystalline regions while realistic OTE materials could be polycrys-

talline, paracrystalline, or partially amorphous. The non-crystalline
regions normally would hinder the effective charge transport as
well as the TE conversion process. Other factors that influence the
realistic performance of OTE materials such as grain boundaries,
defects and impurities, coulomb interaction, and charge scatterings
are often simplified with idealized assumptions in theoretical mod-
els.

3. Recent advances in OTE calculation

In this section, recent theoretical advances in the field of OTE
materials and devices are comprehensively reviewed, including the
effects of doping and temperature on TE properties, ambipolar TE
conversion, structural and disorder effects, and single-molecular TE
properties.
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Fig. 6. Summary of mentioned theoretical and experimental reports of OTE thermoelectric performance.

3.1. Doping effect

Doping has been extensively utilized to regulate the concentra-
tion of charge carriers as well as stimulate novel physical proper-
ties in inorganic semiconductors [63,64]. However, when it comes
to conjugated polymers based OTE materials, achieving effective
chemical doping faces challenges due to the inherent trade-off be-
tween doping level and charge carrier mobility. This issue arises
because dopants tend to distribute randomly within the polymer,
leading to significant structural and energetic disorder, which can-
not be probed directly by most experimental techniques. Therefore,
as discussed above, theoretical investigations of microscopic dop-
ing mechanism, the aggregate structure of doped polymers, and
the best doping condition for the highest TE performance are es-
sential to guide further experimental optimizations and to assist
the design of high-performance OTE materials and dopants. Specif-
ically, DFT calculations could predict the ideal amount, doping site,

and charge transfer quantities of different target dopants in poly-
mer thin film structures, via calculating the electronic structure
variations before and after the doping process as well as the per-
formance under different doping conditions.

For p-type doping, using DFT methods, Di Nuzzo et al. employed
vibrational spectrum simulations to investigate the effect of dopant
positioning along the copolymer backbone to the charge carrier
transport properties. They revealed that efficient charge transfer
exclusively takes place when the dopant is in proximity to the
donor moiety. Interestingly, the results also demonstrate that the
donor-acceptor configuration hampers effective doping, as the ac-
ceptor moiety remains inactive for p-type doping. When F4-TCNQ
is placed on the donor site of PCPDTBT, efficient charge transfer
occurs, while on the acceptor site, it does not [65]. Li et al. utilized
density-functional theory (DFT) and the Boltzmann transport equa-
tions to investigate the electronic transport properties of polypyr-
role (PPy). Additionally, molecular dynamics simulations were em-
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ployed to analyze its thermal transport properties. Notably, the
crystalline phase exhibited remarkably high electrical conductivity,
whereas the amorphous phase demonstrated a high Seebeck coef-
ficient and low thermal conductivity.

Furthermore, the ZT value is higher in the crystalline phase
along the chain direction compared to the amorphous phase.
These findings provide valuable insights for enhancing the ZT
value of PPy and other conducting polymers, potentially enabling
more energy-efficient thermoelectric applications [66]. Moreover,
the doping can also be affected by the shape of polymer phase.
For example, Wu et al. theoretically investigated the TE properties
of p-toluenesulfonic acid (p-TSA) doped PANI and found that its
nanowire form exhibits a higher Seebeck coefficient and a lower
thermal conductivity than corresponding form of nanorod with the
same doping level [67].

As compared with tremendous progress in the p-doping of or-
ganic polymers, there are only limited theoretical investigations
of n-doping reported [68]. Liu et al, by coupling the density
functional theory with the Boltzmann transport equations, inves-
tigated the effects of potassium doping on n-type poly(nickel-
ethylenetetrathiolate). The formation of an electron polaron band
(EPB) is revealed by calculations, which is distinct from the con-
duction band (CB) and predicted to play a dominant role in elec-
tron transport. At low doping concentrations, as the temperature
increases, both the EPB and the upper CB contribute to electron
transport. This results in a significantly enhanced Seebeck coeffi-
cient and power factor. At higher temperatures, the CB begins to
dominate electron transport, leading to a plateau and subsequent
decrease in the Seebeck coefficient. This "exotic" nonmonotonic
temperature effect, previously observed in experiments but unex-
plained, can be primarily attributed to the polaron effect. Impor-
tantly, the presence of a doping-induced polaron band can be har-
nessed to enhance the Seebeck coefficient thereby endowing the

organic coordination polymer with unique characteristics as an n-
type thermoelectric material.

The thermoelectric properties are greatly influenced by the po-
laron band narrowing and charge localization effects. Fig. 7a shows
the band structure and PDOS of K;Nis, CB, VB and EPB by Liu et
al. In Fig. 7b, schematic representations of the two-band transport
model for K-doped poly[Ni-ett] are depicted. Notably, the Fermi
level is positioned within the half-filled EPB. As temperature rises,
electrons in the EPB can undergo thermal activation, transition-
ing to the CB due to a small energy gap between these bands.
The two-band transport model has effectively elucidated the tem-
perature dependence of thermoelectric properties in lightly doped
polymers. It has also emphasized the significant role played by the
polaron-induced charge localization effect in enhancing the See-
beck coefficient of K;Niy, making it a promising candidate for ther-
moelectric applications. Fig. 7c plots the electrical conductivity, the
Seebeck coefficient, and the power factor of K;Ni, versus carrier
density. The maximum power factor occurs at a doping level of
n=14, as the doping-induced polaron band lean to an enhance-
ment of the Seebeck coefficients (Eq. 17).

o = OepBOEPB + XcBOCB

(17)
Ogpp + OCB

Modulation doping represents a novel and unexplored approach
for achieving exceptional performance in organic thermoelectric
materials. Wang et al. theoretically studied the impact of crys-
tal packing on the excitonic properties of different modulation-
doped polymorphs of rubrene (Fig. 7d) [69]. To investigate their TE
properties and electronic structure, a theoretical model involving
vibronic material parameters for electronic coupling and thermal
disorder due to intramolecular electron-phonon interaction was
applied, which depends on the electronic band width. Figs. 7e-
g show the simulated Seebeck coefficient versus the carrier con-
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centration n;, at various temperatures for pristine orthorhombic
rubrene crystals, modulation-doped orthorhombic rubrene crystals,
and modulation-doped triclinic rubrene crystals [70]. From Fig. 7e,
the Seebeck coefficient is decrease with carrier concentration, be-
cause the shift in the chemical potential toward the transport level
with increasing free carrier density.

Figs. 7f and g show that the optimized doping concentration is
16%. As the carrier density increases, Seebeck coefficient first de-
creases and then increases. Negative values can be observed at car-
rier concentrations around 10%. In order to explain such peculiar
phenomena, Wang et al. conducted theoretical simulations and at-
tributed these unusual behaviors to the influence of dopant BPAPF.
Specially, they were found to be correlated with the Higher Oc-
cupied Molecular Orbital (HOMO) of the density of states (DOS). In
the case of pristine crystals (Fig. 7e), the Seebeck coefficient dimin-
ishes as the carrier concentration increases. This behavior arises
from the chemical potential shifting towards the transport level
with an increasing density of free carriers. Notably, a negative See-
beck coefficient is only anticipated to occur above half-filling of
the HOMO-derived states in the pristine rubrene crystals. However,
within the plotted density range, this negative Seebeck coefficient
is not observed. For modulation-doped systems, the doping con-
centration of ny is 16% for both the orthorhombic and triclinic sys-
tems in Figs. 7f and g. At lower carrier densities, the Seebeck co-
efficient also decreases with an increasing carrier density, similar
to the pristine case. However, in contrast to the pristine case, at
higher carrier densities, the Seebeck coefficient becomes negative,
and the slope with ny, is reversed. This change in behavior signi-
fies a distinct response in the Seebeck coefficient due to the mod-
ulation doping process in the orthorhombic and triclinic rubrene
crystals.

3.2. Ambipolarity and temperature dependence

From the TE point view, the charge transport polarity of organic
polymers is determined by the sign of Seebeck coefficients, in
which positive values indicate a p-type charge transport while neg-
ative values mean n-type. In addition to the p- and n-type organic
semiconductors, ambipolarity, which is the basis for the practi-
cal constructions of modern organic electronics such as field-effect
transistors and organic solar cells, has been generally observed
in polymers and drawn significant interests. Bipolar OTE materi-
als can transport both electrons and holes, which both will diffuse
from the hot end to the cold end under a temperature gradient. In
particular, depending on the temperature as well as doping con-
dition and method, bipolar OTE materials allow the transition be-
tween p-type and n-type or vice versa. For example, as early as
1986, Zhu et al. discovered that the Seebeck coefficient of 8(BEDT-
TTF),Br,l, decreases at beginning and then increases with tem-
perature, as well as the mysterious Seebeck coefficient sign switch
phenomenon from negative to positive, indicating the transition of
the apparent charge transport polarity from n-type to p-type [70].
Moreover, it is found recently that as the degree of p-doping in-
creases, the Seebeck coefficient will then switch from positive to
negative, indicating a p-type to n-type transition [71,72].

On the molecular level, ambipolar polymer is usually composed
of a donor-acceptor (D-A) backbone, and intramolecular charge
transfer could occur between the donor and the acceptor units
[73]. D-A copolymers have gained much attention for their promi-
nent bipolar charge transport properties including conductivities
and mobilities, which are originated from their highly dissociated
m-conjugated HOMO and LUMO level, strong intermolecular -
7 interactions, and low band gap. In particular, the strong inter-
molecular interactions are the result of charge transfer between
donor and acceptor units within the polymer, which leads to the
enhanced coplanarity of polymer backbones.
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Wang et al. reported that DPPTTT, a D-A polymer doped with
FeCls solution, exhibiting high TE performance. Compared with the
monopole polymer, it shows both high p-type and n-type conduc-
tivity [74]. However, for TEs, the simultaneous transport of elec-
trons and holes in D-A bipolar polymers would normally com-
pensate and therefore reduce the Seebeck coefficients. Therefore,
to further optimize the TE performance of bipolar polymers, their
quantitative bipolar charge transport nature is required to be fun-
damentally investigated via theoretical methods, since experimen-
tally it is extremely difficult to separate the TE conversion pro-
cess of electrons and holes and study individual charge trans-
port properties. Theoretically, Wang et al. calculated the effect of
different substituents (-NH,, -OCH3, -F, -CF3, and -CN) to DPP-
TVT [diketopyrrolopyrrole-(E)-1,2-di(2-thienyl) ethane] [75]. Inter-
estingly, distinct bipolar characters occur with different functional
groups and they predicted that the charge transport polarity can
be switched conveniently through changing of substituted groups.
The density functional theory was applied to simulate the influ-
ence of the TVT substituents in DPPTVT copolymers.

Specifically, as shown in Figs. 8a-d, the fluorine substituent can
convert the charge transport polarity from purely p-type to am-
bipolar. Two additional typical electron-donating groups and two
electron-withdrawing groups are chosen for comparison. The cal-
culated ratios of hole to electron mobilities of -CN and -NH, sub-
stituted materials are 0.64 and 1.08. Amino and cyanide groups are
beneficial to electron and hole transport, and the values are higher
than those of fluorine atom substituted DPP-TVT.

It is observed that the CFs-substituted DPP-TVT has the largest
effective mass of holes and electrons, and the other substituent
groups make less change. The elastic constants of the CFs-
substituted DPP-TVT are minimal, indicating unfavorable struc-
tural planarity. Optimal backbone planarity and rigidity could sig-
nificantly enhance the efficiency of intra-chain charge transfer,
while poor planarity happens due to large substituent like -CF3
group.

As mentioned above, the ambipolar charge transport can be
largely modulated by the operating temperature, which diverse de-
pendence can be studied via theoretical calculations to reveal the
elusive mechanism of ambipolarity in polymers. For most unipolar
polymers, the temperature dependence of TE properties is usually
monotonic, either increasing or decreasing with temperature. How-
ever, different phenomena would occur for bipolar polymers, ex-
hibiting and non-monotonic behavior, where it initially increases
and then decreases. Within the framework of thermal activation,
the Seebeck coefficient displays a monotonous temperature depen-
dence in the one-band model for unipolar polymers, but could ex-
hibit a non-monotonic relationship under the two-band transport
picture for bipolar polymers with decreased bandgap between con-
duction band (CB) and valence band (VB), as schematically shown
in Fig. 8e [76]. The theoretical investigation of temperature de-
pendence of bipolar charge transport is not straightforward, as
in terms of the theoretical basis of modern DFT calculations, the
quantum mechanical calculations exclude the temperature. There-
fore, the direct computing of the electronic structure at different
temperatures is prohibitied [77-79].

However, by combining first-principles calculations with the
semiclassical Boltzmann transport equation, the temperature-
dependent trends of the Seebeck coefficient can be analyzed.
Fig. 8f shows the chemical structure, band structure and DOS of
poly(Ni-ttftt)[66]. The p-type and n-type doping effects are fur-
ther investigated versus temperature. In particular, the poly(Ni-
ttftt) Seebeck coefficients were calculated for both valence band
and conduction band contributions at varying temperatures, ex-
hibiting a bipolar charge transport behavior in general while dif-
ferent temperature dependence for electrons and holes, as shown
in Figs. 8g and h.
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3.3. Molecular design and disorder influences

Through the rational design of molecular structures based on
theoretical principles, it is possible to achieve high-performance
OTE materials [80,81]. By carefully considering factors such as elec-
tronic structure, molecular packing, and charge transport proper-
ties, we can tailor the molecular architecture to optimize the ther-
moelectric performance. This includes selecting suitable electron-
donor and acceptor groups, controlling the conjugation length as
well as structural and energetic disorder, and enhancing inter-
molecular interactions. Additionally, strategies such as interface op-
timization can further enhance the OTE performance.

Yan et al. reported a novel molecular structural design strat-
egy, that the planar backbone, high torsional barrier, and zigzag
backbone together exhibit favorable characteristics for doping, as
shown in Figs. 9a-c [82]. In fact, the electrical conductivity of
the designed polymer exceeded 120S/cm, highlighting its superior
performance. Specifically, they demonstrated that a designed con-
jugated polymer, featuring a predominant planar backbone con-
formation, a high torsional barrier at each dihedral angle, and a
zigzag backbone curvature, can withstand dopant-induced disor-
der. The torsional potential energy scans for different combinations
confirm that the Pz-2FT has good disorder tolerant ability. From
the MD simulation of the polymers in crystalline and disorder
regions, P(PzDPP-2FT) and P(PzDPP-4F2T) show narrower torsion-
angle distributions and more planar backbone. They expanded the
-7 stacking and lamellar distances to simulate the disorder. From
crystalline to disorder, the torsion angle distribution width is im-
proved. As the DOS calculated via DFT and comparison of the char-
acteristic depth of trap states, the E,, of P(PzDPP-4F2T) increased
slightly from 18 meV to 23 meV and while it of the P(PzDPP-
2FT) increased more from 19 meV to 31 meV, also indicating the
P(PzDPP-4F2T) has better tolerant ability.

Upadhyaya et al. demonstrated that decreasing energetic disor-
der and positional correlation while simultaneously increasing po-
sitional disorder, can result in higher TE power factors. They em-
ployed the Gaussian disorder model (GDM) to represent site en-
ergies, and to model the hopping between localized sites the ap-

1

proach of Pauli’s master equation is applied. Fig. 9d plots the See-
beck coefficient versus conductivity for increasing disorder, which
clearly reveal the strong effect ofdisorder on conductivity [83],
indicating reducing the energetic disorder could enhance the TE
performance. On the other hand, Fig. 9e shows when the posi-
tional disorder increases, the TE power factors also increase. There-
fore, for high TE performance copolymers, larger positional disor-
der while smaller energetic disorder is desired.

Meanwhile, Lu et al. theoretically investigated the control of TE
power factor and mobility in a 2D-MOF system via side-chain engi-
neering. Fig. 10a show the structures of Ni3(HATI_CX), with differ-
ent lengths of alkyl chains, such as Niz(HATI_C1),, Ni3(HATI_C3),,
and Ni3(HATI_C4), [84]. In Fig. 10b, the results of DFT (density
functional theory) calculations are presented, showing the highest
occupied molecular orbital (HOMO) and lowest unoccupied molec-
ular orbital (LUMO) as well as the optimized structures. These cal-
culations reveal significant changes in the electronic structure and
charge transport properties of the material.

For the Ni3(HATI_CX), monolayers, their band structures are
similar, featuring a band gap of 0.57 eV in Figs. 10c-e. However, in
the case of the layer-stacked Ni3(HATI_CX),, the interlayer interac-
tions lead to distinct dispersions in the band structure. The average
dispersions for the layer-stacked systems are 0.17eV, 0.12eV, and
0.09 eV, respectively, showing variations depending on the specific
alkyl chains. These findings suggest that the layer stacking and
interlayer interactions play a significant role in shaping the elec-
tronic properties and charge transport behaviors of Nis(HATI_CX),,
providing valuable insights for understanding and engineering the
properties of these materials for various applications. In Fig. 10f,
the bulk effective masses of Niz(HATI_C1),, Ni3(HATI_C3),, and
Ni3(HATI_C4), are calculated to be maye* = 1.10mg, maye* =5.90my,
and mgaye*=7.10mg. The higher dispersion of the bands resulting in
lower effective mass and higher carrier mobility along the inter-
layer direction compared with the intralayer direction. By precisely
adjusting the layer spacing, the band gap has successfully widened,
and significantly improved the Seebeck coefficient. The power fac-
tor of Ni3(HATI_C3), is predicted to be 68+3 nW m~! K2,
This method paves the way for enhanced thermoelectric perfor-
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mance and potential applications in energy conversion and related
fields.

A promising strategy to enhance TE performance is to incor-
porate long alkyl side chains into conjugated backbones. For in-
stance, in the case of C,-BTBTs (where n represents the alkyl chain
length), introducing longer alkyl chains leads to increased hole mo-
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bilities [85]. This effect arises from the closer packing of conju-
gated backbones, which facilitates more efficient charge transport.
Additionally, the long alkyl side chains introduce numerous low-
frequency phonon modes, effectively suppressing lattice thermal
conductivity to an exceptionally low level. This approach offers the
advantages of enhanced charge transport through improved pack-
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ing of conjugated backbones, and reduced thermal conductivity via
the introduction of low-frequency phonon modes.

DFT simulations were employed to investigate the impact of
lactone maximization on the conformation of the backbone in
oligomers of P-0, P-50, and P-75 by Alsufyani et al. [86]. The re-
sults revealed that the presence of double bond connections sub-
stantially decreased the twist angle between the building blocks.
Furthermore, the dihedral angle decreased as the lactone unit was
increased through benzene maximization, as observed from P-0 to
P-75. This reduction in torsional angle signifies that increasing the
number of lactone units influences the planarization of the back-
bone, thereby leading to a more rigid molecular structure. The
anticipated consequence of this enhanced planarity in P-75 is a
greater orbital overlap, extended polaron delocalization, and con-
sequently, an improved charge carrier transport. The increased lac-
tone content in P-75 is therefore expected to promote stronger
electronic coupling between the molecular units, facilitating more
efficient charge transport in the material.

3.4. Single molecular TE performance

Single-molecule TE device is based on the molecular level TE
effect with the merits of quantum size, high efficiency, fast re-
sponse, high controllability, and low power consumption [87].
Single-molecule devices offer a potential route to sub-10 nm elec-
tronics. However, the experimental measurements of single molec-
ular scale TE properties are extremely difficult, in particular due to
the challenges in building and calibrating the temperature gradi-
ent and thermal transport within the molecular junctions. There-
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fore, theoretical predictions become the only convenient route to
evaluate their potentially remarkable TE performance and investi-
gate various interesting quantum charge, heat, and spin transport
phenomena on the single molecular limit.

One of the most successful methods in studying single-
molecule charge transport is to build the single-molecule junc-
tions, comprising individual molecules attached to two electrodes
[88]. Over the past two decades, significant advancements in both
technology and theory have substantially enhanced our under-
standing of the TE properties within the single-molecule junc-
tions. More importantly, there are several theoretical investigations
which predict the ZT values on the single-molecule limit are re-
markably high, even exceeding the current experimental limits. For
example, Almughathawi et al. studied the DPP molecules and dis-
covered that the conductivity relies on the connectivity of thio-
phene rings. Specifically, as shown in Fig. 11a, rotating the thio-
phene rings can get different conductivity and ZT values. They
further calculated the room-temperature quantum interference ef-
fect and demonstrated the destructive quantum interference could
much enhance the Seebeck coefficients [89]. Fig. 11b shows the re-
sulting ZT values of different thiophene-DPP isomers as the func-
tion of the Fermi energy at 300K, from which can be seen the ZT
of DPP-3b is the largest, due to the above quantum effects. Fig. 11c
shows the ZT values versus temperature, and the TE figure of mer-
its of thiophene-DPP isomers are strikingly up to 800.

Bergfield et al. suggested that exploiting higher-order interfer-
ences can lead to a substantial enhancement in the TE performance
of molecular scale junctions. This quantum mechanical approach
has the potential to unlock new avenues for improving the effi-
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ciency of single-molecule TE devices. In Fig. 11d, molecule of n
meta-connected phenyl groups in series is shown. The correspond-
ing ZT values and thermopower are calculated with muti-body the-
ory. With the repeating unit number n increasing, the Seebeck co-
efficients and ZT values are enhanced. Fig. 11e shows the predicted
ZT values as a function of repeated phenyl unit number n and
energy p-fp. In a junction composed of just four phenyl groups
(n=4), the max {ZT,} reaches a significant value of 4.1 [90,91].
Due to the high-order destructive interferences, the ZT is further
greatly enhanced reaching 50 when n=30. Fig. 11f illustrates the
relationship between various phonon transmission functions and
the chemical potential, depicting their impact on the transmission
probability (T(E)) and the thermoelectric performance parameter
ZT.

4. Summary and perspectives

In summary, the theoretical investigation of OTEs is indeed a
new field, which is developing from fundamental molecular and
electronic structure calculations to predictions of TE properties
[92-94]. Previous theoretical endeavors have already significantly
accelerated the development of high-performance OTE materials
for the realization of flexible energy-harvesting applications into a
foreseeable future. However, the current predictions of TE proper-
ties usually require significant computation resources and the re-
sults are often not quantitatively consistent with experimental re-
sults. Therefore, there is still a long way to go for providing pre-
cise, effective, and efficient theoretical guidance for experimental
advances. Other than the reviewed progresses, we put forward the
following perspectives to boost future directions for OTE theoreti-
cal calculations.

First of all, there are still several key factors which could signif-
icantly affect the OTE performance yet lack theoretical understand-
ing, such as the film morphology and counterions in the doped
state. The film morphology including crystallinity and roughness,
which can often be manipulated by fabrication techniques, anneal-
ing condition, as well as solvent, could largely affect the charge
transport and thermoelectric properties. For example, Xiong et al.
demonstrates that the aggregation of P(PzDPP-CT2) in solution is
highly sensitive to solvent, temperature, and aging time. By con-
trolling the aggregation dynamics, they achieved precise manip-
ulation of solid-state microstructures and dopant miscibility. This
strategic approach resulted in a substantial increase in the conduc-
tivity of P(PzDPP-CT2), representing a significant advancement in
doping efficiency for conjugated polymers and indicating its po-
tential applicability across diverse polymer systems with analo-
gous aggregation behaviors observed in various polymeric semi-
conductors [95,96]. Regarding the influence of counterions, in gen-
eral at relatively low doping level, separated counterions could cre-
ate steep Coulomb traps which decrease the charge mobility, while
higher doping level would lead to overlapping traps, which restrict
the delocalization of free charged carriers. In both cases, the ther-
moelectric properties would be significantly affected. Recently, an
anion-exchange method has been proposed to overcome the lim-
itations of counterion effects to achieve efficient doping, by re-
ducing the Coulomb interaction between charge carriers and ion-
ized dopants. Moreover, several recent studies have demonstrated
the size and shape of counterions could produce a substantial in-
fluence to the doping and thermoelectric properties of polymers.
However, the effects of morphology and counterions still lack fun-
damental understanding, as they have rarely been investigated the-
oretically. This is primarily because such calculations require mod-
eling the doping or aggregation dynamics of a large and disor-
dered polymer system rather than monomers or oligomers, thus
significantly enhance the difficulties and consumptions in comput-
ing. In most cases, current theoretical calculations only account
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for the crystalline regions of conjugated polymers and neglect the
morphology effect, while for OTE doping, the counterion effects
are often be extremely simplified by replacing the actual dopant
molecule with single atom or charged ion and by assuming an
ideal doping process. These treatments however certainly deviate
from the reality. We anticipate with the rapid development of chip
technology and algorithm, such limitations can be overcome in the
near future to thoroughly illustrate the various effects which affect
the OTE performance.

Furthermore, it is required to establish a theoretical database
for diverse OTE materials, including predictions of molecular struc-
ture, packing ordering, electronic structure, charge transport prop-
erties, and TE performance, in an easily accessible way [97,98].
The establishment of a comprehensive OTE properties database,
encompassing diverse molecular structures, formulations, and ex-
perimental conditions, stands as a crucial step towards unravel-
ing structure-property correlations and expanding the repertoire of
available materials for researchers. Similar to the inorganic crys-
tal structure database, an OTE materials database can offer a plat-
form to enhance the development efficiency of novel OTE mate-
rials and devices with improved performance and various func-
tions. This would be achieved through direct searching for desired
molecular structures or properties within the database, as well as
the development of innovative material design strategies or tools
using data mining techniques. Traditionally, experimental synthe-
sis and discovery of new molecules have been the primary sources
of input for such databases. However, this approach is no longer
sufficient to meet the current requirements of OTE development,
particularly in terms of achieving the desired ZT values necessary
to power the fast-growing flexible and wearable electronics sector.
Therefore, theoretical input is expected to become another impor-
tant avenue for generating significant amounts of molecular data.
This is due to the rapid advancements in various calculation meth-
ods, models, and computational technologies in recent years. Once
the complete open-source OTE database is established, as the latest
computational advance, the data-driven Al and machine learning
hold the promise for discovering revolutionized OTE materials and
devices, in terms of not only performance and functions, but also
its fundamentally elusive nature [99]. By machine learning of large
amount of data, artificial intelligence can identify superior OTE ma-
terials and provide ideal optimization routes. However, the chal-
lenge lies in the development of innovative computational models
and algorithms for the complex OTE materials with intricate charge
transport mechanisms and interfacial effects.

Rapid screening of advanced OTE materials and precise predic-
tion of their quantitative structure-property relationship are cru-
cial for the development of new organic energy-harvesting materi-
als. This requires striking a balance between calculation accuracy,
time, and computational cost. To address this challenge, the de-
velopment of innovative high-throughput calculation methods has
gained significant attention. High-throughput calculations emerge
as a powerful tool, enabling the efficient screening of an exten-
sive array of molecules and structures to identify potential high-
performance OTE materials. The integration of artificial intelligence
and machine learning techniques further accelerates the predic-
tion and optimization of material properties, facilitating the iden-
tification of patterns within vast datasets and expediting the ma-
terial design process. In the realm of inorganic crystals, several
high-throughput platforms based on first-principle density func-
tional theory (DFT) calculations have been established. These plat-
forms, available internationally, have played a vital role in various
material fields. However, when it comes to polymeric OTE mate-
rials and devices, high-throughput computing becomes necessary
due to the complexity of their molecular structures. Even a sin-
gle molecular unit of a polymer can consist of hundreds of atoms,
resulting in a massive structural model that requires weeks-long
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computing time for high accuracy calculations. To tackle this is-
sue, it is feasible to combine existing high-throughput DFT calcula-
tion platforms with fast solving of semiclassical Boltzmann trans-
port equations. This approach would enable the development of
specific high-throughput computing methods for OTE materials. By
integrating the strengths of these two computational techniques,
researchers can efficiently screen and predict the thermoelectric
properties of organic materials, paving the way for the discovery
of novel energy-harvesting materials.

In conclusion, the prospects for future theoretical research on
organic thermoelectrics (OTE) hold great promise, with strate-
gies such as database construction, high-throughput computation,
and artificial intelligence-assisted computation offering exciting av-
enues for exploration.

While these methodologies promise to enhance our under-
standing of organic thermoelectric materials, it is essential to ac-
knowledge and address the challenges and limitations. The intri-
cate balance between accuracy and computational cost in dealing
with the complex structures of OTE materials highlights the need
for continuous refinement of theoretical methods. Experimental
validation remains indispensable to ensure the reliability of the-
oretical calculations, emphasizing the importance of synthesizing
and testing new materials.

Moreover, the challenge of insufficient data for database con-
struction underscores the necessity for collaborative efforts to
gather diverse and comprehensive experimental data. Overcoming
these challenges requires interdisciplinary collaboration, ongoing
research endeavors, and a commitment to refining theoretical and
experimental approaches.

As we navigate these challenges and embrace the opportunities
presented by advanced theoretical methods, the future of organic
thermoelectrics holds the promise of accelerated material discov-
ery, leading to the development of high-performance materials
that will undoubtedly contribute to the advancement of the field.
Through persistent efforts and collaborative endeavors, the integra-
tion of theoretical insights and experimental validation will pave
the way for transformative discoveries in the realm of organic ther-
moelectrics. Currently, there are reports on inorganic thermoelec-
tric materials. However, organic semiconductor materials, due to
their relatively lower production costs, flexibility, and lightweight
characteristics, are widely utilized in fields such as flexible elec-
tronics, organic optoelectronics, and organic field-effect transistors
(OFETs). We believe that the application of organic thermoelectric
materials will become increasingly widespread [100-106].

The construction of databases plays a pivotal role in accel-
erating the development of thermoelectric materials. By assem-
bling a comprehensive dataset of experimentally synthesized ther-
moelectric materials and their properties, machine learning mod-
els achieve high predictive accuracy [107]. Additionally, the intro-
duction of material descriptors enhances the extrapolation capa-
bilities of these models. The database, utilizing these descriptors,
significantly improves predictive accuracy for unexplored material
groups. The creation of searchable, interactive databases for ther-
moelectric properties facilitates efficient data-driven exploration
and visualization, enabling researchers to leverage machine learn-
ing for rapid discovery of novel materials [108]. Moreover, such
databases can be extended to various functional materials, fos-
tering accelerated innovation in materials science [109]. High-
throughput computational methods significantly accelerate the de-
velopment of thermoelectric materials by efficiently prescreening
a large number of candidates. In the study, algorithms based on
machine-learning techniques, physical insights, and automatic ab
initio calculations were employed to estimate the lattice thermal
conductivity (kw) for approximately 79,000 half-Heusler entries.
The results revealed a broad range of kw and identified 450 me-
chanically stable ordered semiconductors. Further screening for
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thermodynamical stability narrowed down the list to 75 systems,
with three semiconductors having k@ < 5W m~! K-! recom-
mended for experimental study [110]. This high-throughput ap-
proach enables the rapid identification of promising thermoelectric
materials, showcasing the potential of computational methods in
accelerating materials discovery for energy applications [111-113].

The development of thermoelectric materials is hindered by
labor-intensive processes [114]. Al-driven frameworks, utilizing ma-
chine learning, expedite material discovery by predicting thermo-
electric properties with high efficiency. This work focuses on over-
coming traditional methods’ limitations, showcasing Al models’ ac-
curacy in identifying promising thermoelectric materials [115]. Val-
idated through density-functional theory, the framework achieves
over 90% accuracy, enhancing material feature representation and
streamlining the discovery process. The approach not only accel-
erates thermoelectric material design but highlights Al's broader
potential in advancing materials science [116,117].
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