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TOPICAL REVIEW — Organic and hybrid thermoelectrics

Structure design for high performance n-type
polymer thermoelectric materials
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State Key Laboratory for Modification of Chemical Fibers and Polymer Materials, College of Materials Science and Engineering,
Donghua University, Shanghai 201620, China

(Received 24 August 2021; revised manuscript received 5 November 2021; accepted manuscript online 17 November 2021)

Organic thermoelectric (OTE) materials have been regarded as a potential candidate to harvest waste heat from com-
plex, low temperature surfaces of objects and convert it into electricity. Recently, n-type conjugated polymers as organic
thermoelectric materials have aroused intensive research in order to improve their performance to match up with their p-
type counterpart. In this review, we discuss aspects that affect the performance of n-type OTEs, and further focus on the
effect of planarity of backbone on the doping efficiency and eventually the TE performance. We then summarize strategies
such as implementing rigid n-type polymer backbone or modifying conventional polymer building blocks for more planar
conformation. In the outlook part, we conclude forementioned devotions and point out new possibility that may promote
the future development of this field.

Keywords: organic thermoelectrics, conducting polymers, organic semiconductor doping
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1. Introduction

With the rapid development of soft electronics during re-
cent decades, wearable and flexible smart electronic devices
have bloomed and significantly improved people’s daily life.
Some predictions forecast that the market value of wearable
smart devices may grow to over 50 billion US dollars in the
next few years.[1] However, conventional batteries failed to
meet newly emerged requirements in these fields, for their
hard shape, frequent charge/discharge and short life are fa-
tal disadvantageous. Therefore, durable, flexible and self-
charging power sources may boost the implement of wearable
smart devices.[2–6] Thermoelectric materials can convert tem-
perature gradient into electricity (Seebeck effect), and vice
versa (Peltier effect), which makes them very useful in self-
power wearable applications when harvesting body heat, or
as heat management modules when electrified. Conventional
thermoelectric materials are mostly inorganic ceramics, such
as PbTe, SnSe, SiGe, et al.[7] However, these rigid materials
fail to meet the requirement of being easily flexible for practi-
cal use in wearable devices. On the other hand, inorganic ther-
moelectric materials can only operate efficiently within high
temperature window,[8] which is much higher than human’s
body temperature. Therefore, organic thermoelectrics (OTEs)
with the advantages of being intrinsically flexible and operat-
ing under room temperature have drawn researchers’ attention
in recent years.[9] Unlike their inorganic counterparts, organic

thermoelectrics utilize mostly conjugated polymers that are in-
trinsic highly flexible and deformable, which enable them to
attach adequately to surfaces with complex interfaces such as
human’s wrist and knees.[10–13] Moreover, compared to inor-
ganic thermoelectric materials that can only be fabricated into
devices with large volume and heavy weight, organic thermo-
electric materials are lightweight and can be fabricated into
thin films or fibers to further increase flexibility, which bring
comfortable wearing experience of wearable devices.

Seeking for commercial applications, OTEs are often fab-
ricated into the two-leg p–n complementary structures, as
shown in Fig. 1(b). To achieve a high performance OTE,
adequate and matched performances of p- and n-type legs
are prerequisites. However, to date, the performance of
n-type organic thermoelectric materials is lagging far be-
hind that of p-type ones, mostly because of the low dop-
ing efficiency, accordingly inferior electrical conductivity.[14]

By the difference of component, n-type OTEs can be fab-
ricated by n-type conjugated polymers or their derivatives,
metal-coordination polymers,[15,16] polymer composites[17,18]

or small molecules.[19,20] Recently, improving the thermoelec-
tric performance of n-type conjugated polymers has been the
point of research interest. In this mini review, we are going
to briefly exam the working principles of OTEs, check the key
points of building high performance n-type OTEs, and how to
achieve that from the viewpoint of polymer structure design,
especially backbone planarity.
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Fig. 1. (a) Thermoelectric effects. (b) Structure schematic of a typical thermoelectric element and the printed thermoelectric generator,[21] adapted
with permission, copyright 2016 The Royal Society of Chemistry. (c) Examples of some reported high performance n-type thermoelectric polymers
and n-dopants.

2. Working principles of OTE
Thermo-voltages occur when a conductor or semiconduc-

tor is put in an environment with temperature gradient, which
will inspire charge carriers diffuse from high temperature side
to low temperature side thus create a potential difference. See-
beck coefficient is the measurement of thermo-voltage gener-
ated per temperature unit α =−∆V/∆T , α can be positive or
negative, which is an indicator to define the type of polymer
semiconductor. In most cases, positive α suggests that the
polymer is a p-type semiconductor transporting holes, while a
negative α is a sign of n-type semiconductor transporting elec-
trons, with some exceptions.[22] Though the altitude of See-
beck coefficient is critical to a thermoelectric polymer, elec-
trical conductivity also plays an important role in determining
the comprehensive thermoelectric performance. By focusing
evenly on the α , the thermal conductivity κ , the electrical con-
ductivity σ , after setting an ideal test environment which gets
ward off the affection of heat lose, the figure-of-merit value
ZT is used to evaluate the overall performance of a thermo-
electric material:

ZT =
α2σ

κ
T.

Thermo-conductivity is challenging to measure precisely in
many kinds or shapes of materials, especially in organic ther-
moelectric thin film devices.[23,24] In many cases, the power
factor PF = α2σ is also widely used instead as a similar in-

dicator. A typical inorganic thermoelectrical material shows
a ZT > 1, while recent p-doped OTE has just exceed 0.4 and
n-doped OTE is still suffering from much inferior ZT value.[9]

To improve the performance of n-type devices to match that of
p-type ones is currently the key issue for OTE research and ap-
plications. Because a practical thermoelectric convertor con-
sists of two legs made individually from p- and n-type thermo-
electrical materials, as displayed in Fig. 1(b). Although single
carrier type (n- or p-) leg devices can be constructed, connect-
ing alternating n- and p-type legs electrically in series (and
thermally in parallel) enables more efficient interconnects, de-
creasing parasitic thermal leakages and allowing the maximum
power generation from a heat source.[9]

A desired OTE device should possess high α , high σ

and low κ . However, the three parameters are rather cou-
pled together. Usually an increased σ is accompanied by a de-
creased α but increased κ , as the electronic part of κ (where
κ = κphonon + κelectronic) is proportional to the rate of carrier
transport. Therefore, to find a balance in compromising the
the three parameters is critical to OTE performance, which in-
deed can be done effectively by the practice of doping. Dop-
ing is to deliberately add dopant molecules into the pristine
matrix, triggering charge transfers between the two to release
mobile holes (p-doping) or electrons (n-doping) into the sys-
tem. Orders of magnitudes higher σ could be achieved upon
efficient doping.[25,26] In organic semiconductors doped to dif-
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ferent levels, the σ may reach well over 1000 S/cm for p-
type materials, but struggling to reach 100 S/cm for n-type
materials.[27,28]

Currently, various types of conductive polymers with
thermoelectric properties have been put into research and
practical use. Efforts are mainly focused on two key as-
pects: (1) to modify the processing strategies for easier and
cheaper ways and more suitable for large yield, (2) to dis-
cover novel polymers and dopants to achieve higher perfor-
mance, such as high output, high durability, as well as low
toxic process and raw materials. After decades of devo-
tions, several kinds of polymers have been established, typi-

cal p-type polymers includes containpolythiophene (PBTTT),

polyaniline (PANI), poly(3,4-ethylenedioxythiophene) (PE-

DOT), polyacetylene (PA), et al.,[29–32] with tosylate (Tos),

poly(styrenesulfonate) (PSS), camphorsulfonic acid (CSA)

and some Lewis acids often used as p-dopants. Typical n-type

polymers include copolymers or derivatives from perylene di-

imide (PDI), naphthalene diimide (NDI), bithiopheneimide

(BTI), naphthodithiophenediimide (NDTI), p-phenylene viny-

lene (PPV), poly(benzimidazobenzophenanthroline) (BBL), et

al.[9,33–35] The choices of charge carrier providing dopants are

limited, most of them are based on N-DMBI, TDAE or TAM.

Table 1. Thermoelectric performance of some n-type TE polymers.

Polymer Dopant Processing method σ (S/cm) α (µV/K) α2σ (µW·m−1·K−2) Ref.
P(NDI2OD-T2) N-DMBI solution mixing 8×10−3 −850 0.6 [36]
P(NDI2OD-T2) TDAE vapor doping 3×10−3 −200 0.012 [35]
P(NDI2OD-Tz2) TDAE vapor doping 0.09 −447 1.5 [37]

P(NDI2TEG-2Tz) N-DMBI solution mixing 1.36 167 3.8 [38]
P(NDI2C8TEG-2Tz) N-DMBI solution mixing 1.6 326 16.5 [38]

BDPPV N-DMBI solution mixing 0.26 −320 1.6 [39]
CIBDPPV N-DMBI solution mixing 7 −220 16.5 [39]
FBDPPV N-DMBI solution mixing 14 −210 25.5 [39]
FBDPPV (N-DMBI)2 solution mixing 8 150 7 [40]
FBDPPV DMImC solution mixing 7 182 16 [41]
LPPV-1 TAM solution mixing 3.7 204 33.9 [42]

UFBDPPV TAM solution mixing 22.5 198 8 [42]
TBDPPV N-DMBI-H/(RuCp*mes)2 solution mixing 85 / 76 [43]

TBDOPV-T N-DMBI-H/(RuCp*mes)2 solution mixing 59 / 106 [43]
BBL TDAE vapor doping 2.4 −40 0.43 [35]
BBL N-DMBI sequential casting 1.1 −212 1.5 [34]

P(PymPh) NaNap immersing 18 −16.4 0.49 [44]

3. Towards high performance n-type OTE
The large gap in conductivity between the p-type and n-

type thermoelectric materials has prevented further develop-
ment in OTE. Gradually, such dilemma of n-type thermoelec-
tric materials can be attributed to several reasons, partly con-
cluded by Pei et al.:[14] 1) the efficiency of n-doping is in-
adequate, which results in uneven and insufficient interchain
charge transport. 2) The miscibility of dopant and n-type poly-
mer is a critical issue that remains to be solved, the poor mis-
cibility leads to uneven dopant and eventually eliminates the
improvement of conductivity. 3) The intrachain charge move-
ment is also limited by the low mobility of charge carriers.
4) Mostly, the doped n-type materials can only be stably oper-
ated and kept under nitrogen atmosphere, when put in air, the
diffusion and escaping of charge carrying and transporting or-
ganic anions will soon deteriorate and quench. Such poor air
stability restricts their applications in practical circumstances.

Researchers have devoted in solving these disadvanta-
geous. Since the critical fact that determines the stability of n-
type polymers is their high LUMO level, lowering the LUMO
level turns to be a useful strategy.[45] A LUMO level which
is adequate low that can help n-type polymers remain their

properties during operation, though it is extremely challeng-
ing to achieve. Besides, it is also a proper way to enhance
the doping quality by improving hydride transfer, or adding
electron-deficient function groups onto the backbone of n-
type polymers. Lei et al. synthesized a novel pyrazine-flanked
diketopyrrolopyrrole (DPP) based polymer,[46] with the lowest
LUMO level among all reported DPP derivatives. Doped with
N-DMBI, the synthesized P(PzDPP-CT2) was estimated to
have LUMO level about −4.03 eV, much lower than P(TDPP-
CT2) with −3.70 eV. Moreover, hydrogen bonds were found
between the pyrazine and DPP, further improving the spatial
structure of the polymer chain. The conductivity of P(PzDPP-
CT2) could reach 8.4 S/cm after doping, while P(TDPP-CT2)
was merely 0.39 S/cm. The P(PzDPP-CT2) also exhibited
57.3 µW·m−1·K−2 in PF, which was over 5 times higher than
that of P(TDPP-CT2).

Conventional n-doped materials often suffer from phase
segregation at high doping level and lead to the formation
of discontinuous charge carrier pathways, thus dramatically
decrease the overall conductivity. Mostly, such flaw is of-
ten attributed to the strong donor–acceptor interaction ability,
to reduce the affection of this issue, several strategies have
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been concluded. In general, the main idea is to modify the
chain to be more polarized or twisted in spatial structure, thus
regulate the interactions among polymer chains and dopants.
Based on the most widely studied NDI polymer, Muller et
al. introduced copolymer with polar side chains with high
conductivity and good miscibility.[47] By branching NDI with
bithiophene (gT2), another well-known polar donor motif,
the synthesized p(gNDI-gT2) possessed similar structure with
p(NDI2OD-T2). While the p(NDI2OD-T2) was hard to mix
well with N-DMBI dopant, often resulting dopant aggregation
on surface, the N-DMBI doped p(gNDI-gT2) exhibited supe-
rior miscibility even in a high doping level as 20 mol%. By
employing atomic force microscopy (AFM), scanning electron
microscopy (SEM) and grazing-incidence wide-angle scatter-
ing (GIWAXS), researchers found that though there were also
aggregation of dopant on the surface, it seemed to have little
affection on the polymer nanostructure. Moreover, the polar
side chain successfully prevented N-DMBI from aggregating,
enhancing the conductive chain length and miscibility. Only
over 20 mol% that the dopant started to show a few aggregated
groups.

In another work, Pei group reported superior miscibil-
ity of n-type polymers and the dopant in solution based pro-
cess with record high conductivity.[27] The polymer chain con-
sisted of thiophene fused benzodifurandione-based oligo (p-
phenylenevinylene) (TBDOPV) and polymerized with differ-
ent linking units, trans-vinylene (TBDPPV), 2,5-thienylene
(TBDOPV-T) or 2,2′-bithiophene-5,5′-diyl (TBDOPV-2T).

The co-polymer was then co-deposited with N-DMBI or
[RuCp*mes]2, molecule structures shown in Fig. 2(a). With
ordered chain and disordered microstructure, the TBDPPV
polymer was estimated to achieve highest conductivity about
85± 7 S/cm (Fig. 2(b)), which was considered to be the con-
tribution of effective and high doping level. In the GIWAXS
test, it was found that the TBDPPV was highly tolerative to
dopant in different percent levels, the stacking distance almost
remained the same even when the doping level came up to
50 mol%, as illustrated in Fig. 2(c). Normally, such high con-
tent would result in obvious dopant aggregation, but a hypoth-
esis was put out thought the reduction of lamellar order by
using short conjugated linking motifs could keep the stack-
ing distance and planarity while accommodate dopants in the
largest extent.

On the other hand, a better miscibility can not only be
gained by modifying the polymer matrix, the implement of
novel dopants is also feasible ways. As a widely used n-type
dopant, benzimidazole derivative monomers have proved its
reliability and high performance. Most of such derivatives are
based on N-DMBI. However, this group of derivatives suffer
from the requirement of high HOMO to match with n-type
polymers. Moreover, they are vulnerable to air and water,
which restrict the durability of devices. Tailoring the chemical
construction of N-DMBI is a reasonable strategy to enhance
miscibility, stability and other properties. Comparing dimer-
ized (N-DMBI)2, N-DMBI-H and N-DMBI+ and some other

Fig. 2. A high miscibility n-type polymer example.[27] (a) Chemical structures of the three conjugated polymers and the two n-dopants used.
(b) Maximum values of electrical conductivities obtained for N-DMBI-H- and (RuCp*mes)2-doped polymers. (c) Lamellar distance of the (200)
peak position and (d) linewidth of the (200) peak for thick films. (f) 1D-GIWAXS linecuts of TBDOPV-T at different dopant (N-DMBI-H) ratios
(out-of-plane direction), showing the π-stacking (010) peak at Q≈ 1.8 Å−1. Adapted with permission, copyright 2020 Wiley-VCH GmbH.
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dopants, Pei and others discussed the difference of doping
resulted from chemical structure modification.[40] To under-
stand the structure induced performance variations, a novel
dimer based on conventional N-DMBI was synthesized, this
(N-DMBI)2 was doped with FBDPPV, with (RuCp*mes)2 and
N-DMBI-H chosen as comparison counterparts. Spectra pat-
terns of UV-vis-NIR revealed that dimer type dopants could
grant higher doping efficiency by providing double electron
transfer. Higher polaronic variations were also observed in
(RuCp*mes)2 and (N-DMBI)2 doped FBDPPV. To achieve
similar thermoelectric performances, the quantity of N-DMBI-
H needed to be double of the dimer type (N-DMBI)2, sug-
gesting the difference in doping efficiency. The eventual per-
formances of (N-DMBI)2 were superior to (RuCp*mes)2. In
AFM and GIWAXS scans, the smaller dopant size and more
planar side chains of N-DMBI derivatives were investigated
to put less affection on polymer morphology, while the π–π

stacking distance remained almost the same in two N-DMBIs,
but it seemed the bulky (RuCp*mes)2 has resulted in a dis-
turbed π–π interaction and larger lamellar distance. Com-
bined with the results of AFM and scanning Kelvin probe
microscopy (SKPM), when the doping levels were competi-
tive (46 mol% of (RuCp*mes)2 and 43 mol% of (N-DMBI)2),
the lamellar distance of (RuCp*mes)2 was larger and much
rougher, as well as a failure in calculating π–π stocking dis-
tance. These outcomes suggested that a designed effective
dopant with smaller and more planar structure could help
achieving high thermoelectric performance.

Among all the afore mentioned features that can affect
conductivity, the aggregation structure of the conjugated back-
bone is the most determinative. Many decreases in conduc-
tivity can be regarded as the contribution of destroyed pla-
nar backbone stacking. These backbone stacks allow charge
carriers to delocalize among different polymer chains, thus to
promote electron conduction. This process is amplified by n-
doping so that enough mobile carriers can be released into the
polymer matrix which can eventually have sufficient conduc-
tivity for practical uses. The occurrence of polarons and bipo-
larons is the key to understand the physical mechanism of this
process. When doped effectively by n-type dopants, charge
transfer among dopant and polymer backbone will lead lat-
tices of the polymer to be distorted, the excess electrons may
be delocalized along the backbone, and a polaron is created.
As the doping level increases, the band gaps will come closer
and enlarge in width, activating more electrons to be delocal-
ized, the wave functions in neighbor or same backbones will
partially lap over each other, this more activated delocalization
is called bipolaron state. Since only effective doping can en-
hance the properties of thermoelectric devices, too high dop-
ing level may do harm to eventual conductivity by destroying
stacking condition and forming dopant aggregation, a proper

doping level with patterned and fine stacked polymer back-
bones will maximum the conductivity.

4. Significance of rigid and planar backbone
As mentioned before, a planar backbone structure may

optimize the π–π stacking thus increase the polaron in-
terchain delocalization. In conventional n-type backbones,
mostly the repeating units are connected by single-bond, leav-
ing a certain level of dihedral rotational freedom, which
may hinder the delocalization of polarons after doping.
In 2016, Fabiano group introduced a novel n-type poly-
mer poly(benzimidazobenzophenanthroline) (BBL) with lad-
der structure backbone.[35] By implementing double-bond to
form conjugated chains, they successfully achieved a torsion-
free planar polymer backbone in homopolymer. Doped with
TDAE, a strong reductive agent, its conductivity could reach
a high value of 2.4 S/cm (Fig. 3(c)). BBL is not a donor–
acceptor polymer like P(NDI2OD-T2) in this article as coun-
terpart, and contributed by extremely rigid aromatic rings and
double-bonds on backbones, it also possesses higher ther-
mal stability and high glass transition temperature. More-
over, many rigid n-type polymer thermoelectrical materials
may suffer from poor processibility, while BBL can be fab-
ricated by solution process, which grants it large feasibility
in future massive printing manufacture. Combining these ad-
vantages, BBL appears to be an outstanding potential can-
didate for high performance n-type OTEs. The conductiv-
ity of pristine BBL was about 10−7 S/cm, after exposed in
TDAE vapor with various time from several seconds to over
20 hours, the after-doped conductivity first raised to a maxi-
mum parameter of about 2 S/cm, then slightly dropped down
to lower degree and finally remained stable, suggested great
resistance to over doping, compared to other D-A type poly-
mers. An extra durability test then elucidated that the doped
BBL could maintain the electrical conductivity after kept in
nitrogen atmosphere after several weeks. In UV-vis-NIR spec-
tra testes aided with TD(DFT) calculations, compared with
pristine BBL, appearance of a new band at about 900 nm
was observed (Fig. 3(b)), which was ascribed to the affec-
tion of doping induced polaron transition. When the doping
level ascended, the experimental trend of strengthening po-
laronic effect was agreed to the calculated results. Benefit-
ted from the planar spatial conformation, the spin densities
on BBL and P(NDI2OD-T2) oligomer chains were investi-
gated, a three-units length delocalization of polaron on BBL
was assumed, while there was merely one unit in length on
P(NDI2OD-T2), as shown in Fig. 3(a), suggesting that the pla-
nar structure induced polaron transport was superior to donor–
accepter character, further the conductivity. Since the BBL
can retain the ordered and planar structure in a long range,
these delocalized charge carriers can easily travel through the
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backbone, giving lower Arrhenius activation energy to BBL
than P(NDI2OD-T2), 0.12 eV and 0.28 eV, respectively. GI-
WAXS and TEM were applied to scan the morphology of the
doped polymer. The before and after doping P(NDI2OD-T2)
exhibited an obvious disappearance of face-on orientation, the
(010) peak smoothness implied a degradation of π–π stack-
ing. The BBL samples underwent a substantial change while
being doped in different levels. From all the scattering out-
comes, both pristine and doped BBL possessed best π stack-
ing structure and order. After fabricated into thin films, the
Seebeck coefficients of BBL and P(NDI2OD-T2) were tested,
underwent a reverse trend to conductivity change upon doping,
the best Seebeck coefficient and conductivity occurred respec-
tively as −400± 25 µV/K and 1.7 S/cm. When came to the
highest σ , the Seebeck coefficient decreased to−60±4 µV/K.

For comparison, the Seebeck coefficient of P(NDI2OD-T2)
varied from −790± 14 µV/K to −150± 5 µV/K when σ

raise from 1× 10−4 S/cm to 3× 10−3 S/cm (Fig. 3(e)). In-
terestingly, the thermal variation affected the performance of
doped P(NDI2OD-T2) largely due to the more flexible mi-
crostructure. Another critical index, power factor, BBL with
0.43 µW·m−1·K−2 in maximum was more than one order of
magnitude higher than 0.013 µW·m−1·K−2 of P(NDI2OD-
T2). This research demonstrated that a rigid planar backbone
structure polymer is superior to traditional D-A polymers in
doping efficient and electrical conductivity. Several further re-
searches including modifying BBL backbone, computational
simulation to understand its mechanism and comparing BBL
made devices to other counterparts, were reported.[48]

Fig. 3. The example of rigid n-type ladder polymer BBL.[35] (a) Spin (α and β ) density distributions of the longest BBL (n = 8, top) and
P(NDI2OD-T2) (n = 5, bottom) oligomers, as calculated at the UDFT-BS and UDFT levels, respectively. (b) Experimental (left) and calculated
(right) UV–vis–NIR absorption spectra of BBL and P(NDI2OD-T2) films for different TDAE exposure times. (c) Electrical conductivity of BBL
and P(NDI2OD-T2) films as a function of the TDAE exposure time (doping time) and (d) temperature dependence of the electrical conductivity
(normalized to 300 K) for doped BBL and P(NDI2OD-T2) samples. (e) Electrical conductivity σ and Seebeck coefficient S versus TDAE doping
time for BBL and P(NDI2OD-T2) films and Seebeck versus conductivity data for BBL and P(NDI2OD-T2). Adapted with permission, copyright
2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

Since tailoring the backbone of BBL is a tough work,
researchers have turned their eyes onto different processing
techniques of BBL in order to further enhance device prop-
erties. Reported again by Fabiano group, a sequential dop-
ing process allows BBL-made OTE appears to be more ther-
mally stable.[34] The widely used N-DMBI was choose to
be the dopant, the thin film device was prepared by dynam-
ically drop N-DMBI solution onto dried BBL film while spin-
ning. In following examinations, this sequential doped BBL

showed highest electrical conductivity when it was annealed
at 210 ◦C, reached about 1.1±0.3 S/cm, which was similar to
previously reported TDAE doped BBL. The Seebeck coeffi-
cients of doped BBL reduced monotonically while the anneal-
ing temperature increased, dropped from −212±20 µV/K to
−112± 14 µV/K while the temperature raised from 70 ◦C to
210 ◦C. The best power factor occurred when the annealing
temperature was 190 ◦C, reaching to 1.5±0.3 µW·m−1·K−2.
Notably, this sequential N-DMBI doped BBL possessed out-
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standing thermal stability, after heated at 190 ◦C for 20 h, the
properties of the film remained the same, which indicated that
such material was heavy-duty. Cooperated by EPR analysis,
optical absorption spectroscopy and vibrational spectroscopy
characterization, it was found that the increasing trend of
charge carrier density was agreed to the change of polaronic
property, though it kept raising after 210 ◦C while the oc-
currence of dopant loss because of energetic disorder at high
temperature. Moreover, in GIWAXS, a slight increase of π–π

stacking of doped BBL was observed. These outcomes sug-
gested that obtaining good polaronic property is the key to gain
high performance n-type polymer.

PPV is another potential candidate with rigid coplanar
backbone. Lu et al. synthesized two PPV derivatives (struc-
ture schematic in Fig. 4(a)), LPPV-1 and LPPV-2, with differ-
ence in the side function group.[49] The PPVs are connected by
carbon double bonds, which grants them stiffness and almost
planar backbone structure with a merely 2.7◦ torsion angel be-
tween the two blocks (Fig. 4(b)). Four highly electron-drawing
carbonyl function groups provided PPV with low LUMO as
−4.49 eV. These specialties offered PPV and its derivates

longer charge carrier delocalization length up to 6 units on the
polymer chain. The air stability was tested to be over a week.
When possessing similar molecular weight and dispersity in-
dex, PPV-1 with smaller-R alkyl function group was superior
to LPPV-2 with larger-R function group. In GIWAXS mea-
surement, LPPV-1 exhibited closer π–π stacking. Processed
into thin film OTE devices, LPPV-1 exhibited 1.1 S/cm and
1.96 µW·m−1·K−2 in conductivity and power factor, respec-
tively (Figs. 4(c) and 4(d)), which was among the highest so-
lution processed n-type polymers. Since the electron mobil-
ity of LPPV-1 was one-fold higher than that of LPPV-2 while
both of them possessed similar polaron density, the intrinsic
electron mobility was considered to be a critical fact that deter-
mined the eventual performances, while such difference could
be gained by regulating the monomer structure. Moreover, the
air stability of LPPV-1 was observed as a merely 2% deteriora-
tion in performance after exposed in air for a week (Figs. 4(e)
and 4(f)). In conclusion, the rigid backbone structure, combin-
ing the deep LUMO level induced by electron-deficient build-
ing blocks, leads the LPPV-1 to be a highly conductive and
stable n-type thermoelectric polymer.

Fig. 4. PPV derivatives as rigid coplanar backbone n-type polymer.[49] (a) Rigid coplanar PPV derivative, LPPV structure; (b) DFT optimized
geometries of LPPV. (c) Conductivity of the doped polymers at different concentrations of the dopant N-DMBI. (d) Seebeck coefficients and power
factors of LPPV-1 for different dopant ratios. (e) Conductivity stability of the doped LPPV- 1 film in air in comparison to that reported TBAF-doped
ClBDPPV. (f) Seebeck coefficient and power factor stability of the doped LPPV- 1 film in air under humidity of 50%–60%, and temperature of
298 K. Adapted with permission, copyright 2019 Wiley-VCH Verlag GmbH &Co. KGaA, Weinheim.

5. Molecular design for more planar backbone
Though the ladder-shape backbone structure grants BBL

and other polymers outstanding thermoelectric performance,
the issue of processibility remains to be critical. Most of these
polymers are hard to be produced by common organic solu-
tion process but strong organic acids, which is fatal to envi-
ronmental protection and industrial production. However, the
idea of more planar and rigid backbone promoting n-type ther-
moelectric performance could be applied to extended material
systems.

By modifying the conventional widely used n-type poly-
mer P(NDI2OD-T2), a novel NDI2OD based polymer was
synthesized and investigated by Fabiano and Marks group
together.[50] By replacing bithiophene (T2) with bithiazole
(Tz2), a function group with more electron-deficient abil-
ity, the strong D-A character is weakened, structures shown
in Fig. 5(a), which thus enhances the eventually high elec-
trical conductivity and power factor. Since higher molec-
ular weight indicates longer polymer chain, which is bene-
ficial to charge carrier mobility, active-zinc polymerization
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is implemented.[51–53] The number-average molecular weight
and dispersity of obtained P(NDI2OD-Tz2) are determined by
gel permeation chromatography (GPC), which are 32.2 kDa
and 1.7, respectively, suggesting relatively high molecular
weight and narrow weight dispersity. Compared to tested
data of P(NDI2OD-T2) in TGA and DSC, the melting and
crystallizing temperatures of P(NDI2OD-Tz2) rise by 16 ◦C
and 24 ◦C, respectively, exhibiting better intermolecular con-
nection. These two polymers also possess different LUMO
and HOMO levels, the LUMO level of P(NDI2OD-Tz2) is
−4.10 eV while P(NDI2OD-T2) is −3.99 eV, the HOMO
level of P(NDI2OD-Tz2) is −5.90 eV, lower than −5.46 eV
of P(NDI2OD-T2). Such outcomes suggest potentially higher
stability in ambient atmosphere and a reduced D-A charac-
teristics for P(NDI2OD-Tz2). Further investigation of con-
formational and aggregational structures of P(NDI2OD-Tz2)
was also explored. By aiding with density functional the-
ory (DFT) calculation of co-planar conformations at 0◦ and
180◦ (Fig. 5(b)), it is obvious that P(NDI2OD-Tz2) can be
better planarized by –Tz2 function groups branched onto the
backbones than P(NDI2OD-T2), inducing stronger interac-
tions among molecules. The calculation result in 180◦ in-
dicates a more popular quasi-planar conformation at room
temperature. After fabricated into organic field effect tran-
sistors (OFETs), both P(NDI2OD-T2) and P(NDI2OD-Tz2)
show competitive electron mobilities of 0.10 cm2·V−1·s−1

and 0.20 cm2·V−1·s−1, respectively. But after exposed in

TDAE dopant for various times, the electrical conductivity
of the two polymers shows dramatical changes and diverse
performance. The pristine P(NDI2OD-Tz2) possesses merely
10−8 S/cm and warps to 0.07± 0.02 S/cm after doped with
TDAE for a short time scale of 16 s, which is over 30 times
higher than that of P(NDI2OD-T2) when doped to the highest
conductivity (Fig. 5(c)). Quantitative EPR measurement re-
sults of the two polymers at their maximum conductivity sug-
gest a lower work function of P(NDI2OD-Tz2) than that of
P(NDI2OD-T2), the respect spin density is 8.65×1020 cm−3

and 2.46× 1019 cm−3. Since both of the polymers have sim-
ilar LUMO, HOMO and electron mobility, it is reasonable to
ascribe such difference to better doping efficiency that resulted
from backbone structure variation. UV-nis-NIR and GIWAXS
patterns show stronger π–π stacking effect and closer inter-
chain distance, which are consistent with the formation of neg-
ative polarons. The Seebeck coefficient of P(NDI2OD-Tz2)
drops from −732±31 µV/K to −227 µV/K, while the power
factor reaches the maximum of 1.5 µW·m−1·K−2 (Figs. 5(e)
and 5(f)), which is over a hundred times higher than the high-
est power factor obtained by P(NDI2OD-T2). However, the
TDAE will instantly deteriorated by air, which prevents the
doped polymers from practical use. Then the P(NDI2OD-Tz2)
is doped with another well known dopant DMBI and tested,
for the poor miscibility of DMBI is also well known, the out-
come of conductivity is much lower than that of TDAE doped
P(NDI2OD-Tz2).

Fig. 5. Modifying the classic n-type polymer P(NDI2OD-T2) for a more planar backbone.[50] (a) Chemical structures of P(NDI2OD-T2) and
P(NDI2OD-Tz2); (b) ωB97X-D/6-311G** relaxed potential energy–θ profiles for the indicated structures. The dashed line denotes kBT ≈
0.6 kcal·mol−1 at 298 K. (c) Electrical conductivity of P(NDI2OD-Tz2) and P(NDI2OD-T2) films as a function of TDAE tvapor. (d) Optical
absorption spectra (inset, optical images) of P(NDI2OD-Tz2) films before and after TDAE doping (tvapor = 15 h). (e) Seebeck coefficient and
(f) thermoelectric power factor (PF) as a function of TDAE exposure time for P(NDI2OD-Tz2) and P(NDI2OD-T2) films. Adapted with permis-
sion, copyright 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

Others also utilized the concept of creating charge car-
rier mobile-friendly planar backbones. In another work, Liu et
al. modified PNDI2TEG-2T repeating unit by replacing alkyl
with ethylene glycol substituents, the dihedral angle was re-

duced from 40◦ to 1◦, largely improved the planarity of the
polymer backbone.[54] The electron rich bithiophene function
group was replaced by electron donative bithiazole. The in-
troduction of N atoms was ascribed to be the reason of more
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planar structure. In GIWAXS measurement, beside the con-
ventional reflection indicated a π–π stacking of NDI blocks,
an extra peak at about 3.6 Å may related to the π–π stacking
of the introduced bithiazoles. Doped with N-DMBI, the modi-
fied PNDI2TEG-2Tz exhibited 1.8 S/cm of conductivity when
the dopant percentage was 21%. This result was 5 grades of
magnitude higher than the best of PNDI2TEG-2T, which was

observed when the dopant concentration was 42 mol%. To-

gether with −159± 8 µV/K in Seebeck coefficient, the PF of

PNDI2TEG-2Tz was calculated to be 4.6±0.2 µW·m−1·K−2,

tremendously higher than that of PNDI2TEG-2T. These out-

comes proved that the strategy used to modify PNDI2TEG-2T

was a success to regulate D-A characters.

Fig. 6. Novel pNB based n-type thermoelectric polymers.[37] (a) Chemical structures of polymers pNB, pNB-Tz, and pNB-TzDP. (b) DFT calcu-
lation results of backbone geometry. (c) Dopant-ratio-dependent electrical conductivities, Seebeck coefficients and power factors of polymer films.
(d) Cartoon representations of molecular packing of pNB, pNB-Tz, and pNB-TzDP polymer films before and after doping. Copyright 2020 The
Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. Impact of backbone regiochemistry.[55] (e) Equilibrium molecular
structures and SOMOs of the charged (i.e., anionic) species for RR and RI oligomers (n = 5). Calculations are at the UωB97X-D/6-311G* level
for the RR and at the BS-UωB97X-D/6-311G* level for the RI. (f) Electrical conductivity of RR- and RI-P(NDI2OD-T2) bulk films as a function
of TDAE exposure time and N-DMBI molar ratio. Adapted with permission, 2019 American Chemical Society.

In devotions of enhancing conductivity and thermoelec-
tric performance of n-type polymer by tailoring the molecular
D-A character and steric conformation, several other works are
noted. Wang and Takiyama investigated the impact of back-
bone orientation by synthesizing two pNB derivates, as shown
in Fig. 6(a).[37] The differences between these three molecular
are the –R function groups branched on naphtodithiophenedi-
imide (NDTI) and the connection units between NDTI and
bithiopheneimide (BTI). On the unit of pNB-Tz, the NDTI
and BTI are connected by two –Tz function groups, on pNB-
TzDP, the side chains of NDTIs are further modified from
2-decyltetradecyls to 3-decylpentadecyls. Such modifications
lead to a more linear backbone conformation of Pnb-Tz and
pNB-TzDP than original pNB. The following GIWAXS pat-

terns elucidated a shift of polymer backbone orientation, from
face-on of pNB to edge-on of pNB-Tz and then to bimodal
of pNB-TzDP. The π–π stacking distance and intensity were
strengthened, moreover, the interchain aligned side chains of-
fered larger free space than pNB in pNB-Tz and pNB-TzDP,
implying better doping ability, which was proved by following
experiments. After doped with N-DMBI, for pNB-TzDP, the
σ reached to 11.6 S/cm, over 1000 times higher than pNB and
100 times higher than pNB-Tz (Fig. 6(c)), this may attributed
to better accommodation to dopant, which originally resulted
from larger side chain volume and a lower Ea. The power fac-
tor of pNB-TzDP was also several folds higher than that of
other two counterparts, estimated as 53.4 µW·m−1·K−2. To
understand these large variations in properties, UV-vis-NIR
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spectroscopy was applied. Since the branching point of side
chain may affect the π-conjugation effect, the pNB-TzDP was
superior to two counterparts because it is branched at a fur-
ther position on the backbone, weakened the hinderance of
dopant mixing together with polymer chain. Several new ab-
sorptions were found, which were attributed to some pola-
ronic changes on the polymer backbones after doping. With
stronger and more intensive polaronic effect, the pNB-TzDP
eventually gained higher charge carrier density, doping level
and other properties. In a specially designed GIWAXS test, the
micro aggregational structures of polymers in varied dopant
ratios were investigated. The packing distance of pNB-TzDP
was almost the same as pristine sample, even after doped at
50 mol%, the lamellar packing distance only occurred slight
rise, from 22.1 Å to 22.6 Å. Furthermore, the π–π stacking
distance also remained unchanged, indicating that dopants are
likely to stay in amorphous area, such as among side chains,
the schematic cartoon is illustrated in Fig. 6(d). These results
proved that lamellar orientation, chain conformation, stacking
distance and polaron induced conductive charge carrier path-
ways are essential to achieve high performances.

Through donor engineering, Yang et al. reported a novel
D-A polymer with high charge carrier mobility,[56] they syn-
thesized two D-A polymers: PDPH and PDPF, replacing H+

atoms with F+, the electron-withdrawing ability of donor moi-
ety was reinforced. Though these two pristine monomers
showed competitive charge carrier mobility and other prop-
erties, PDPF could be better doped by n-type dopant and more
stable stacking structure after doping. Doped with N-DMBI,
when the doping level increased, the Coulomb traps began to
affect the polarons, thus the charge carrier mobility improved.
PDPF reached its highest conductivity at 7% N-DMBI con-
tent as 1.30± 0.20 S/cm, while the doped PDPH can only
reach three grades of magnitude lower while with even heav-
ier doping level. PDPF could also maintain the performance of
conductivity longer than PDPH. The Seebeck factor of PDPF
was −235 µV/K, 5 times higher than that of PDPH, as well as
grades of magnitude higher in power factors than other refer-
ences. In coming GIWAXS and AFM scans, intrinsic PDPH
and PDPF were similar in lamellar and π–π stacking struc-
ture, but after doping process, PDPF displayed good miscibil-
ity with N-DMBI and larger crystalized area, the π–π stacking
distance remained almost the same. These all suggested better
chain stacking and packing.

The idea of tailoring steric demand and donor–acceptor
character can be also found in many recent researches. More-
over, some investigations also focused on more detailed mi-
cro structure of single building block. Wang and Fazzi et
al. discussed the impact of backbone regiochemistry on the
properties of n-doped D-A polymers.[55] In Wang and Fazzi’s
research about P(NDI2OD-T2), they investigated the differ-
ence of conductivity, charge density and polaronic structure
derived from regioirregular (RI) and regioregular (RR) chain

comformations. Unlike the conventional homopolymers such
as P3HT as a counterpart in the paper, the more twisted RI-
P(NDI2OD-T2) with less charge carriers and rougher mor-
phorlogy shows higher doped electrical conductivity. After
investigated by implementing by several methods of charac-
terization and DFT calculation, these outcomes are attributed
to the RI structure has made P(NDI2OD-T2) to be more tol-
erable to disorder. RI-P(NDI2OD-T2) can also doped heavier
than RR-P(NDI2OD-T2) (Fig. 6(f)). In EPR test, RI structure
possess more paramagnetic species, which is considered to be
the contribution of different chain structure, polaronic struc-
ture and spin density calculated by DFT (Fig. 6(e)). More-
over, though the spatial microstructures of both P(NDI2OD-
T2) seem to be different, it appears that the intrachain sterics
are not affected, thus RI-P(NDI2OD-T2) may show similar
LUMO energy and chain comformation.

6. Summary and outlook
In this review, a brief introduction of n-type OTEs on the

materials side is given. We first illustrated the working princi-
ples of OTEs, and what it takes to build high performance OTE
device, that is a delicate balance between electrical conductiv-
ity, thermal conductivity and Seebeck coefficient, as well as
equivalent p- and n-components when building into a commer-
cially valuable thermoelectric generator. The relatively low
doping efficiency and thus low electrical conductivity of n-
type OTEs are one of the key issues to be solved at current
stage. We have examined some of the latest answers in this
area, including the efforts of lowering the LUMO levels of n-
type polymers, weakening the D-A characteristics of classical
conjugated semiconducting polymers, increasing the miscibil-
ity of polymer matrix and the dopants, and most importantly
improving the planarity and rigidity of the polymer backbone.
That can be done by utilizing ladder type polymers with tough
lock between repeating units, or by tuning the steric confor-
mation with modified functional groups and substituters. The
combination of the key points mentioned above seems to give
the best performance n-type OTEs to date.

After years of developing and many record-breaking
works published, the structure–property relationship of n-type
thermoelectric polymers is becoming more evident and a read-
ily available knowledge. Recently, new reports like regulating
the thermo-conductivity of the doped system, or employing
mixed ionic-electronic TE effects have emerged, giving high
n-type ZT over 0.3 and 0.2,[57,58] respectively, which may in-
fuse the field with new vitality.
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