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ABSTRACT: Molecular doping of organic semiconductors creates Enhancing n-doping Cubhy
Coulombically bound charge and counterion pairs through a charge- = by tackling electrostatic N(kc s
transfer process. However, their Coulomb interactions and strategies interaction 'x_g}'
to mitigate their effects have been rarely addressed. Here, we report

that the number of free charges and thermoelectric properties are %ﬂun
greatly enhanced by overcoming the Coulomb interaction in an n-
doped conjugated polymer. Poly(2,2’-bithiazolothienyl-4,4’,10,10'- ;
tetracarboxydiimide) (PDTzTI) and the benchmark N2200 are n-
doped by tetrakis (dimethylamino) ethylene (TDAE) for thermo- t
electrics. Doped PDTzTI exhibits ~10 times higher free-charge \
density and 500 times higher conductivity than doped N2200, leading b 3
to a power factor of 7.6 uyW m~! K2 and ZT of 0.01 at room B ?
temperature. Compared to N2200, PDTzTI features a better
molecular ordering and two-dimensional charge delocalization,
which help overcome the Coulomb interaction in the doped state. Consequently, free charges are more easily generated
from charge—counterion pairs. This work provides a strategy for improving n-type thermoelectrics by tackling
electrostatic interactions.

"§20=7.6 pWm K2
l‘, 0=4.6 S cm”
Doped
PDTZTI

P I olecular doping is an effective strategy for modifying volts."*'® Such strong Coulomb interaction reduces the

the electronic properties of conjugated polymers for number of free charges and subsequently the doping
. . . . 1-4 . 14 . .
a variety of organic optoelectronic devices. " For efficiency. © Moreover, as noted by several theoretical studies,
emerging organic thermoelectrics (OTEs), doping is used to the counterions are likely to broaden the density of states
modulate carrier density (1), thereby optimizing thermo- (DOS) and act as Coulomb traps to reduce the carrier

electric properties [i.e., electrical conductivity (), Seebeck mobility.”"®
coefficient (S), and power factor (§%6)].°~"° Doplng of the .
organic materials normally occurs in two steps Flrst integer
or partial charge transfer (CT) between host and dopant
molecules occurs, forming Coulombically bounded charge and
counterion pairs, hereafter referred to as a charge-transfer
complex (CTC)."”~"* It is worth mentioning that such a CTC
is not specific for the integer or partial CT. In the secondary
step, the CTC creates free charges through thermal ionization.

Nevertheless, the critical question of how to
overcome the Coulomb interaction has been rarely addressed
in organic thermoelectrics. More importantly, there has been a
lack of deep understanding how the molecular structure
influences the doping process and thermoelectric properties.
Poly{[N,N’-bis(2-octyldodecyl)-naphthalene-1,4,5,8-bis-
(dicarboximide)-2,6-diyl] (NDI)-alt-5,5’-(2,2'-bithiophene)

Typlcally, con}ugated polymers have low dielectric constants Received: May 6, 2019
(¢, ~ 3)," which are expected to lead to binding energies of Accepted: June 10, 2019
the CTC on the order of several hundred millielectron- Published: June 10, 2019
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Figure 1. (A) Molecular structures of hosts (N2200 and PDTzTI) and dopant TDAE. (B) ®B97XD/6-31G(d, p) relaxed potential energy as
a function of torsional angle for the repeating unit NDI-T2 and DTzTI of polymer semiconductor N2200 and PDTzTI, respectively. The
side chains were truncated to methyl for calculation simplicity. (C) Electrical conductivity and (D) Seebeck coefficient and power factor
values of N2200 and PDT=ZTI films exposed to TDAE vapor for different periods.

(T2)} (N2200) is a benchmark n-type donor—acceptor (D—
A) conjugated polymer with a large electron affinity and good
electron mobility () of >0.1 cm® V™' s in organic thin-film
transistors (OTFTs).'”">' As the first trial for n-type
polymeric thermoelectrics, n-doping of N2200, however, yields
a low electrical conductivity of ~1 X 107 S cm™" and power
factor of 0.1 yW m™' K~2>* Afterward, numerous research
efforts have been stimulated to design better n-type conjugated
polymers for OTEs by modifying the backbones and side
chains to achieve favorable energetics, high electron mobility,
planar structure, and good host/dopant miscibility.”*~** For
example, Wang et al. reported increased backbone planarity, 7-
stacking, and electron affinity in an NDI-based D—A
copolymer by using bithiazole rather than bithiophene as
donor moiety.”> Pei and co-workers reported enhanced
thermoelectric performance by tuning electron affinity and
improving electron mobility through the use of halogen-atom
substituted backbone.”>*° Recently, we demonstrated that by
embedding sp>-N into the donor moiety, the DOS
distributions of the D—A copolymer can be tailored.”* By
doing so, the electrical conductivity is improved by a factor of
>1000. Particularly, the use of polar glycol ether side chains has
been reported by us and other groups to effectively increase
the host/dopant miscibility and thus improve the doping
efficiency of n-doped conjugated polymers.”’ " Most of the
previous works improve the n-doping of conjugated polymers
by tuning factors influencing the first step of the doping
process. Despite fast progress, the fundamental question
regarding which properties of the host or dopant materials
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govern the electrostatics in a doped film has been open for
inquiry thus far. Recently, we demonstrated that in lightly n-
doped fullerene derivatives, the polar glycol ether side chains
help screen the Coulomb interaction and boost the doping
efficiency to values approaching 100%.’* Schwartz and co-
workers proposed that shielding charges (polarons) from
counterions by a steric cluster dopant dramatically increases
the number of free charges and carrier mobility in a p-doped
conjugated polymer.”> However, there has been no report
addressing how to effectively overcome the Coulomb
interaction in an n-doped conjugated polymer for advancing
n-type organic thermoelectrics.

Here, we report that the number of free charges and
thermoelectric properties can be dramatically enhanced by
overcoming the Coulomb interaction in an n-doped con-
jugated polymer. Poly(2,2’-bithiazolothienyl-4,4’,10,10’-tetra-
carboxydiimide) (PDTZTI), a recently developed acceptor—
acceptor (A—A) homopolymer with good n-type transport
behavior in organic field-effect transistors,”® has not been
investigated in thermoelectric devices. We selected PDTzTI
and the benchmark N2200 as the host for n-type thermo-
electrics. Under the optimized doping conditions, PDTzTI
shows ~10 times higher free-charge density and 500 times
higher conductivity compared to those of N2200. Hence, the
doped PDTzTI displays a remarkable power factor of 7.6 yW
m™' K2 and figure of merit ZT of 0.01, which represents one
of the best results for n-type polymeric thermoelectrics. Such
dramatic performance enhancement in doped PDTzTI is
mainly attributed to the mitigated Coulomb interaction

DOI: 10.1021/acsenergylett.9b00977
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Figure 2. Molecular packing in neat thin films. 2D GIWAXS patterns (A and C) and linecuts in the in-plane and out-of-plane directions (B

and D) for neat N2200 and PDTZTI films, respectively.

compared to that of N2200. In particular, PDTzTI chains pack
into larger crystal domains, which keep the counterions far
from the charges on polymer chains, therefore increasing the
chance of charges escaping from the counterions. Moreover,
enhanced molecular planarity and packing density of PDTzTI
together with minimized D—A character promote two-
dimensional charge delocalization, which helps charges escape
from the Coulomb interaction. As such, the CTCs are more
easily dissociated into free charges in doped PDTzTI Our
study provides insight into the doping process of conjugated
polymers and could be helpful for future material design for
advancing n-type organic thermoelectrics.

Figure 1A displays the chemical structures of the host
conjugated polymers (PDTzTI versus N2200) and an n-type
dopant, tetrakis (dimethylamino) ethylene (TDAE). In spite of
the electron-rich character of thiophene or thiazole in the
backbone, the highly electron-withdrawing imide group
strengthens the building block DTzTI as an electron
acceptor.’® >’ Consequently, PDTZTI is a typical A—A
homopolymer (versus the D—A copolymer N2200).*° In
comparison to thiophene, thiazole in the building block can
reduce the steric hindrance and promote intramoleclar
noncovalent N---S interactions.*” These aspects are expected
to increase the backbone planarity. Indeed, based on density
functional theory (DFT) calculations in Figure 1B, the DTzTI
backbone displays a completely planar conformation with a
very small energy-minimized dihedral angle of 0.18° as
compared to that (72°) of the N2200 repeat unit. The
improved backbone planarity is intended to facilitate a better
packing order and charge delocalization for PDTZTL>

The cyclic voltammetry characterization of N2200 and
PDTzTI thin films was performed to study the effects of
backbone structure on the energetics (Figure S1). PDTzTI and
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N2200 show an identical lowest unoccupied molecular orbital
(LUMO) level of —3.8 V. The similar LUMOs indicate the
high electron affinities of the two conjugated polymers,
enabled by the strong electron-withdrawing imide groups.
Notably, the influences of the energetics on the doping process
could be excluded in the present study. TDAE vapor-soaking
proves to be an effective n-doping method for many
conjugated polymers with alkyl side chains including
N2200.3*** Moreover, doping occurs after film formation,
which has been recently pointed out to have minimized effects
on the morphology of the active layer." Hence, this method
was employed to dope n-type conjugated polymers in this
work as well (see the Supporting Information for details).
Figure 1C shows the four-point electrical conductivities of
N2200 and PDTzTI films soaked in the TDAE vapor for
varying periods (Figure S2). The neat N2200 and PDTzTI
films show very low electrical conductivities of 1.0 X 107'° S
em™ and 9 X 107'° S cm™!, respectively. Doping N2200
quickly results in a peak electrical conductivity of 7 X 107 S
cm™ after TDAE soaking for 30 min. In contrast, it takes 8 h
of doping for PDTzTI to reach its optimized electrical
conductivity of 4.6 S cm™', which represents one of the best
conductivities for n-doped conjugated polymers (Table S1).
Figure 1D displays the Seebeck coefficients and power
factors of doped N2200 and PDTzTI films (Figure S3). The
Seebeck coeflicient of the doped N2200 film was changed from
—662 to —99.7 uV K™! by modulating the soaking time from 1
min to 3 h. The negative sign of the Seebeck coeflicient
differentiates electrons as the dominant charge carriers. The
PDTzTI film exposed to TDAE vapor for 10 min exhibits a
Seebeck coefficient of —638 1V K™'. When the soaking time is
increased up to 8 h, the Seebeck coeflicient of doped PDTzTI
gradually decreases to —129 yV K™'. The Seebeck coefficient is

DOI: 10.1021/acsenergylett.9b00977
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Figure 3. Top-gate/bottom-contact OTFT output and transfer characteristics of (A and B) N2200- and (C and D) PDTzTI-based devices.
(E) Plots of S—o relations for doped N2200 and doped PDT2TI films and the fit to Snyder’s model (s = 3 and 65y = 5 X 1073 S cm™).

determined by the difference between the Fermi energy level
(Ep) and the transport energy level (E;).*> The reduced
absolute Seebeck coeflicients indicate increased doping levels
with the Ex moving toward the Er.*” At a soaking time of 8 h,
an optimized power factor of 7.6 uW m™' K™* was achieved in
doped PDT2T1, which is much higher than that (0.06 4W m™
K™?) of doped N2200 films. This represents one of the best
results for n-type polymeric thermoelectrics (Table S1). We
measured the in-plane thermal conductivity (k) of PDTzTI
film before and after the doping process (see details in the
Supporting Information). It was found that the doping process
exerts a negligible influence on k), and the doped PDTzTT at a
soaking time of 8 h exhibits a K of 0.22 + 0.02 Wm™ ! K ! at
room temperature (Table S2). The figure of merit ZT for
doped PDTZTI was accordingly calculated to be 0.01 at room
temperature.

The two-dimensional (2D) grazing incidence wide-angle X-
ray scattering (GIWAXS) patterns and corresponding linecuts
of the neat N2200 and PDT=T1 films are displayed in Figure 2.
Both polymers adopt a mixed face-on and edge-on orientation.
The N2200 chain tends to pack mostly with a face-on
orientation relative to the substrate, while the PDTZTI chain
prefers the edge-on orientation. For neat N2200, the (100)
and (200) peaks at 0.25 and 0.51 A™' along the out-of-plane
direction were clearly seen. For neat PDTZTI film, the (100),
(200), and (300) peaks at g, = 0.27, 0.54, and 0.81 A~" were
observed, respectively. The two polymers exhibit a (010)
reflection at g, = 1.6 A™' for N2200 and Gy = 172 A7 for
PDTzT]I, associated with 7—7 stacking distances of ~3.9 and
~3.6 A, respectively. The smaller spacing for PDTZTI indicates
a much closer m-stacking, which is likely a consequence of
having a more planar backbone. Additionally, the 7-stacking
coherence length of PDTZTI is 26 A, which is larger than that
(19 A) of N2200; the same holds true for the lamellar
coherence length (150 A versus 98 A). As such, PDTzTT has a
higher crystallinity than N2200. The doping process exerts
slight influences on the extent of the developed crystallinity
and the chain packing orientation (Figure SS). Figure S6
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displays the surface morphologies of neat films and doped films
for different periods measured by atomic force microscopy
(AFM). Both neat N2200 and PDTzTI films show fibril-
textured morphologies, which are expected to facilitate the
charge transport. The TDAE vapor doping of these polymers
appears not to influence their morphologies. These results
indicate that vapor doping has minimized effects on the
crystalline microstructures, which constitute the primary
charge transport network.

To compare the charge transport between N2200 and
PDTZTI films in the undoped state, we fabricated top-gate/
bottom-contact (TGBC) OTFTs with a device structure of
glass/Au/neat n-type polymer/CYTOP/AL Panels A—D of
Figure 3 display the corresponding output and transfer
characteristics of the OTFTs. The devices based on N2200
and PDTzTI have comparable and high average saturation
electron mobilities of 0.4 and 0.8 cm® V™' 57!, respectively.
The large difference in electrical conductivity between the
doped N2200 and PDTzT1I is, therefore, unlikely to originate
from their intrinsic charge transport properties but is specific
to the doped state. To gain an insight into the mechanism by
which charges move in the doped states, we investigated the
S—o relationships (Figure 3E). We then attempted to fit the
S—o curve of doped PDTZTI by using Snyder’s model,** which
has been reported to properly portray the evolution of
thermoelectric parameters with varying doping levels for
many doped organic systems.””*>** The derived characteristic
shape of the S—o curve was recently rationalized by Kemerink
et al. in a classical Mott-type variable-range hopping model.**
The best fit in a broad range of conductivity for doped
PDTzTI was obtained with a transport parameter of s = 3 and
transport coeficient of oy = § X 107> S cm™. It is interesting
to note that the S—o of doped N2200 follows the same fit at a
soaking time of 1 min. It suggests that the charge transport in
doped N2200 behaves similarly to that in doped PDTzTI at
very low doping, which is to be expected given the similar
OTFT mobilities and energetics of both polymers. However,
further doping of N2200 leads to a faster change in S with o
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Figure 4. UV—vis—NIR absorption spectra of the neat and doped films of (A) N2200 and (B) PDTzTI and Mott—Schottky plots of (C)
TDAE-doped N2200 and (D) TDAE-doped PDTZTI films for different periods. The capacitances were measured at a frequency of 10 Hz,
and the extracted free-charge densities are indicated next to the corresponding curves.

than that of doped PDTzTL Fitting the S—o¢ curve of doped
N2200 with Snyder’s model is impossible, and we surmise that
0Ogg is not contstant with varying doping level.

Incorporating dopant molecules into the host matrix may
disrupt the microstructure of the latter, leading to degradated
charge transport. This possibility can be almost excluded here
because of the minimized effects of vapor doping on the
microstructure (as evidenced by GIWAXS and AFM results).
Alternatively, the doping process generates charges and
counterions. The latter is able to adversely impact charge
transport in a variety of pathways, such as broadening the DOS
and inducing deep Coulomb traps.'”'®*" It appears that the
charge transport of doped PDTzTI was more tolerant to the
presence of counterions, showing a consistent charge transport
mechanism at a wide range of doping levels. In contrast, by
furthering the doping level of N2200, the number of
counterions increases and free charges are more easily captured
by the Coulomb traps, causing degraded charge transport with
decreasing og,. Why PDTzTI is more tolerant to counterions
than N2200 and the evidence of the Coulomb traps in the
latter system will be discussed in later sections.

Panels A and B of Figure 4 show the UV—vis—NIR
absorption spectra of neat and doped N2200 and PDTzTI
films. The neat N2200 thin film exhibits two characteristic
neutral peaks at 390 and 706 nm, which are assigned to the
m—n* transition and an intramolecular charge-transfer
transition, respectively.46 However, the neat PDTZTI film
displays two higher-energy adjacent neutral peaks at 519 and
560 nm. Upon TDAE doping, the transitions in those neutral
spectral peaks gradually decrease in intensity, accompanied by
the appearance of two absorption bands located at
approximately 500 and 820 nm for N2200. These new spectral
features are attributed to the polaron-induced transi-

1560

tions.””**” We speculate that doping PDTZTI induces such
polaron transition as well, leading to a new absorption band
between 620 and 900 nm.

As explicated in the introduction, the molecular doping is a
two-step process. Generally, the loss of the transitions in the
original spectra of the neat polymer films is caused by the first
step, that is, the formation of CTC.'* At a soaking of 30 min,
the original peak intensity of N2200 decreased by 27%, while
that of PDTzTI decreased by 20%. After 8 h, the original peak
intensities of N2200 and PDTzTI decreased by 30% and 34%,
respectively. These results indicate that more time is required
for TDAE vapor to dope the PDTZTI film than the N2200,
possibly because the former is more closely packed with a
higher crystallinity and an edge-on dominated orientation (see
GIWAXS data in Figure 2). Eventually the extent to which the
host molecules react with the dopant to form CTCs is
comparable between N2200 and PDTzTI. However, the
similar extent of this reaction does not necessarily translate
into a similar number of free-charge carriers, as charges in
CTCs need to overcome the Coulomb interaction to actually
become “free”.

We measured the free-carrier density (n) by using
admittance spectroscopy on ion-gel-based metal—insulator—
semiconductor (MIS) devices (see details in the Supporting
Information).”” Panels C and D of Figure 4 display the Mott—
Schottky plots of MIS devices based on doped N2200 and
PDTZTTI films. The Mott—Schottky analysis gives free-carrier
density as*®

2
ac,”
q€o€x o

(1)
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Figure S. Temperature-dependent (A) carrier density in the doped N2200 and PDTZTI and (B) the bulk mobilities in various doped
polymer films. (The black and red horizontal dashed lines represent OTFT mobilities of neat N2200 and PDTzTI films, respectively.)

Table 1. Summarized Material Parameters of Neat and Doped N2200 and PDTzTI Thin Films

host LUMO* (eV) OTET y (cm?V~'s7!) Omax (S cm™h) §? 6 (WWm™ K™?) ZT n? (x10" cm™3) bulk 4% (cm?V~'s™")
N2200 -3.8 0.4 0.007 0.06 1.5+ 03 0.003
PDTzTI -3.8 0.8 4.6 7.6 £ 0.5 0.01 16 + 6 0.2
B umo = —e(ES + 4.8) €V,%° where E2%* is the onset reduction potential versus Fc/Fc* in the cyclic voltammetry curve. bFree—charge density

extracted from Mott—Schottky analysis at the point of maximum electrical conductivity.

where ¢, and C, are the dielectric constant of the active layer moieties after charging.’>>* In stark contrast, PDTZTI is an
and the total capacitance of the MIS devices, respectively. The acceptor—acceptor type homopolymer with a completely
doped N2200 soaked in TDAE vapor for 0.5 h exhibits a free- planar backbone, allowing for a homogeneous relaxation
carrier density of (1.5 + 0.3) X 10" cm™, which slightly along the intrachain direction in a charged state. Additionally,
increases to (2.1 & 0.3) X 10" cm™ after 8 h of soaking. The the large polarity of thiazole core enhances the intermolecular
doped PDTZTI film shows a free-carrier density of 1.0 X 10" interaction for tight packing, enabling a spatially extended 7-
cm™? at a soaking time of 0.5 h. After 4 and 8 h of soaking, the system. Earlier studies on regioregular poly-3-hexylthiophene
free-carrier density increases to (3.8 + 1.2) X 10" and (1.6 + showed, by means of optical spectroscopy, that interchain
0.6) X 10* cm™, respectively. Assuming the total site density order or coupling plays a 6decisive role in the formation of
of 8 X 10 cm™3,* the doping levels of the doped N2200 and delocalization polarons.”>*° In a similar sense, the molecular
PDTZTI films at a soaking time of 8 h were determined to be motif of PDTZTI promotes a better charge delocalization over
0.026 and 0.2, respectively. Apparently, PDTzTI was doped intra- and intermolecular directions. As such, the improved
with many more free charges generated than N2200. charge delocalization in doped PDTzTI might also contribute

Why are the CTCs in the doped PDTZTI system more easily to facilitate the CTC dissociation into free charges compared

to doped N2200.
Therefore, we suggest that the higher yield of free charges
from CTCs in doped PDTZTI may stem from the mitigated

dissociated to yield free charges than those in the case of
N2200? This question pushed us toward exploring factors
which could impact the Coulomb interaction. On the one : : : ) A
hand, the extremely planar PDTzTI chains tend to 7-stack into Coulomb '1nterac't10n governed 'by 1ts' crystalline p roperties
larger crystalline domains than those of N2200, which was together with an improved two-dimensional charge delocaliza-

evidenced by GIWAXS data (Figure 2). A large crystalline tion. The free charﬁes are generated from the CTCs by the

domain could potentially keep the counterion distant from the following equation:

charge residing on the polymer, therefore increasing the . Nere

chance of charges escaping from the Coulomb interaction. On n ~ Nere = 1 + expl(Eyp — Eore)/ (ko T)]

the other hand, the answer might be best framed in terms of SXPLEr cTe B @)
charge generation in organic photovoltaics (OPV). In a donor/ where Nire, Nere, and Ecpe are the density of ionized CTC
acceptor blend organic photovoltaic device, the photoinduced states, the total density of CTCs, and the energy of CTCs,
charge-transfer (CT) process gives rise to bound electron— respectively. Easier free-charge generation in doped PDTzTI
hole pairs (CT states) at heterojunction interfaces, and should correspond to a smaller activation energy (A) of free
sequential charge generation requires a driving energy to charge. To verify this point, we performed Mott—Schottky
overcome the Coulomb interaction existing in the CT analysis on the doped N2200 and PDTZTI films under
states.””*! It is well-established that charge delocalization can temperature variations (Figure S7). Figure SA shows the
promote the dissociation of CT states into long-range Arrhenius-type plots of the carrier density versus temperature.
separated charge carriers.”” We hypothesized that free-charge The extracted activation energy A in the doped N2200 film is
generation from CTCs in doped organic systems may be 101 meV. Indeed, the doped PDTZTI exhibits a much smaller

analogous to charge generation in OPV devices. As N2200 is a A of 57 meV. A recent study conducted by Tietze et al.

typical donor—acceptor type copolymer, charges (polarons) su%§ested that a large energetic disorder could lead to a small
are largely localized within a few repeating units because of A.™" This possibility can be almost excluded here, as PDTzTI
backbone distortion or asymmetric relaxations of the two shows a high molecular order (see the GIWAXS and AFM
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data), high OTFT mobility of 0.8 cm? V7! s7Y and near
temperature independence of Seebeck coefficient (Figure
S8A).*>* Therefore, a lower activation energy A results from
easier dissociation of CTCs and hence corresponds to an
increased number of free charges at a given density of CTCs.

In the following we continue to explore the effects of the
Coulomb interaction on the charge transport in the two doped
films. The bulk mobilities of doped films were calculated on
the basis of the formula 6 = ¢ X n X q and are displayed
together with the OTFT mobilities in Figure 5B and Table 1.
Regardless of their similar OTFT mobilities, the two
molecularly doped conjugated polymers exhibit very distinct
bulk mobilities. At the point of maximum conductivity, the
doped PDTZTT presents a bulk mobility of 0.2 cm? V™! s7},
much higher than that (3 X 107 cm® V™' s7') of the doped
N2200. The lower bulk mobility of the doped N2200 further
proves the adverse effects caused by the counterions. In
contrast, the doped PDTzTI displays a mobility similar to that
derived from “counterion-free” OTFT devices. It therefore
strongly indicates a greatly mitigated Coulomb interaction in
doped PDTzTL

The Arrhenius-type plots of the electrical conductivity for
the doped N2200 and PDTZTI films are displayed in Figure
S8B. The extracted activation energies (E,.) for doped N2200
and PDTzTI are 222 and 71 meV, respectively. E . is the sum
of the activation energies of the mobility and the carrier
density. Hence, the activation energy of mobility was
calculated to be 121 meV for the doped N2200 and 14 meV
for the doped PDTZTTL. In a disordered system, charge hopping
mobility is considered to be thermally activated, largely
depending on the difference between the E; and Er. However,
the Ex — Ep offsets are comparable between the two doped
polymers because of their similar Seebeck coefficients (S = (Eg
— Er)/qT). The large activation energy of the mobility cannot
be explained by a small Ex — E; (~30 meV) in the doped
N2200. A more reasonable explanation is that counterions
serve as Coulomb traps, and therefore, the trapped charges
require additional energy to hop to the E;. These adverse
effects appear to be minimized in the doped PDTzTI. Another
benefit of the electrostatic strategy for increasing the doping
level and electrical conductivity is the negligible effect on the
Seebeck coeflicient. This is evident as the doped PDTzTI
shows a Seebeck coefficient similar to that of doped N2200 at
the point of maximum conductivity. The present work offers a
way to overcome the trade-off between electrical conductivity
and Seebeck coefficient in optimizing the power factor.

In summary, we performed an in-depth study on vapor
doping two n-type conjugated polymers (N2200 versus
PDTzTI) for thermoelectrics. Doped N2200 film was
characterized by an inefficient free-charge generation, poor
charge transport, and a very low power factor of 0.06 yW m™"
K2 In contrast, doped PDTZTI demonstrated huge enhance-
ments in terms of free-charge generation and transport, leading
to a remarkable conductivity of 4.6 S cm™, power factor of 7.6
UW m™ K2, and ZT of 0.01 at room temperature. Such large
differences are rooted in their different molecular motifs.
Particularly, the compact geometry of the building block
DTzTI leads to PDTZzTI with more planar and tightly packed
backbone and minimized D—A character relative to N2200.
These features endow PDTzTI with a better molecular
ordering and charge delocalization, which help overcome the
Coulomb interaction in the doped state. Consequently, free
charges are more easily generated from charge—counterion
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pairs. It is worth mentioning that most experiences for
designing thermoelectric polymers are transferred from those
developed in OPV and OTEFT fields where semiconducting
properties are emphasized. However, the design of an ideal
thermoelectric polymer should emphasize properties that affect
the performance in the doped state. Our study provides useful
insights into the factors governing the electrostatics in charged
conjugated polymers and suggests a new direction for the
design of better thermoelectric materials.
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