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Doping High-Mobility Donor-Acceptor Copolymer
Semiconductors with an Organic Salt for High-Performance

Thermoelectric Materials

Jing Guo, Guodong Li,* Heiko Reith, Lang Jiang, Ming Wang, Yuhao Li, Xinhao Wang,
Zebing Zeng, Huaizhou Zhao, Xinhui Lu, Gabi Schierning, Kornelius Nielsch, Lei Liao,

and Yuanyuan Hu*

Organic semiconductors (OSCs) are attractive for fabrication of thermoelectric
devices with low cost, large area, low toxicity, and high flexibility. In order to
achieve high-performance organic thermoelectric devices (OTEs), it is essen-
tial to develop OSCs with high conductivity (), large Seebeck coefficient (S),
and low thermal conductivity (k). It is equally important to explore efficient
dopants matching the need of thermoelectric devices. The thermoelectric
performance of a high-mobility donor-acceptor (D-A) polymer semiconductor,
which is doped by an organic salt, is studied. Both a high p-type electrical
conductivity approaching 4 S cm™' and an excellent power factor (PF) of

7 yW K=2 m" are obtained, which are among the highest reported values for
polymer semiconductors. Temperature-dependent conductivity, Seebeck coef-

ficient and power factor of the doped materials are systematically investigated.

Detailed analysis on the results of thermoelectric measurements has revealed

Energy and environment are still two
major issues that are currently widely con-
cerned and urgently need to be solved. It
is equally important to reuse waste energy
as well as develop new energy sources. For
instance, thermoelectric (TE) materials
could convert environmental waste heat,
such as automobile exhaust and industrial
waste heat, burning lost heat and excess
solar heat, etc. into electrical energy, which
is promising for relieving energy short-
ages and reducing environmental pollu-
tion.}=3] Excellent thermoelectric materials
are supposed to have both good electrical
conductivity and poor thermal conduc-
tivity, and their performance is ultimately

a hopping transport in the materials, which verifies the empirical relation-
ship: S «< 07'/* and PF « ¢'/2 The results demonstrate that D-A copolymer
semiconductors with proper combination of dopants have great potential for

fabricating high-performance thermoelectric devices.

determined by a dimensionless thermo-
electric figure of merit, known as ZT:

S*oT
K

ZT = 1)
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where T is the absolute temperature (K), S is the thermopower
or Seebeck coefficient (V K!), o is the electrical conductivity
(S m™), and « is the thermal conductivity (W K™' m™!). Among
these parameters, the product of S? and & is called PF, which is
also an important parameter for estimating TE performance./*
A high ZT value is correlated with a high energy conversion
efficiency, which means that more energy can be obtained with
the same amount of heat. The development of high-efficiency
TE devices mainly relies on the development of TE materials
owing high ZT values. Presently, the majority macro or micro
TE devices are achieved mainly using inorganic semiconduc-
tors such as Bi,Te; and its compounds.”'% However, these
materials are generally toxic, rigid, brittle, and spare, rending
them limited applications in some cases.

In contrast, organic semiconductor materials, due to the
attractive advantages of light-weight, flexibility, and low-cost
processing methods, have become a focus in many research
fields over the past few decades, such as organic light-emitting
diodes (OLEDs),'! organic field-effect transistors (OFETs),*2!
and organic photovoltaics (OPVs).[3] Organic semiconductors
have also gained intensive interest for applications in thermo-
electric devices because of their intrinsic low k values, and
great progress has been made in the development of organic
thermoelectric devices (OTEs).>1#'71 The most heavily studied
organic material for OTE applications is PEDOT: PSS, which
is commonly used in OLEDs and OPVs as a highly conduc-
tive polymer, and yields the best thermoelectric performance
with a ZT value of 0.42.18 Poly(2,5-bis(3-dodecylthiophen-2-yl)
thieno[3,2-b]thiophene) (PBTTT)! and poly 3-hexylthiophene
(P3HT)2Y are two p-type organic semiconductors which have
been frequently investigated for thermoelectric studies. Due to
the low conductivity in pristine organic semiconductors, doping
is generally indispensable for achieving high thermoelectric
performance. For example, Kemerink et al. have shown sequen-
tial “surface doping” by spin—coating organic semiconductor
(P3HT) solution and dopant (F,TCNQ) solution in sequence.
A conductivity of 4 S cm™! of and PF around 7 uW K2 m™!
were achieved for very thin films (25 nm).2!) Chabinyc et al.
reported vapor-doping PBTTT with F,TCNQ, and obtained a
6 0of 670 S cm™ and a S of 42 uV K7}, which lead to a large
PF of 120 uW K2 m1[22 Inspired by the fact that the per-
formance of n-type OTEs is much lagging behind the p-type
counterparts, in recent years researchers have paid intensive
attention to investigating OTEs based on n-type semiconduc-
tors.[623-2] Typical examples include N-DMBI-doped N2200,
which has a 6 of 8 x 107 S cm™, a S of 850 uV K', and a
resulting PF of 0.6 uW K2 m~1.[%] Recently Pei et al. reported
the usage of BDPPV for thermoelectric applications by doping
with N-DMBI, which exhibited a ¢ of 14 S cm™ and PF up to
28 uW K2 m~.1?l Zhu and his colleagues have spent a lot of
efforts on developing n-type thermoelectric materials,2%2#26]
and they have reported, by far, the highest PF values of organic
thermoelectric materials, namely the N-DMBI-doped small
molecule Q-DCM-DPPTT, which has a 6 of 45 S cm™, a S of
660 uV K ' and a PF of over 200 uW K2 m™.

Even though great progress has been made in the develop-
ment of OTEs, there are still a lot of important issues remaining
to be addressed or to be further investigated. First, it is noted
that only a few typical organic semiconductors, such as the
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p-type ones P3HT and PBTTT, have been intensively studied
for thermoelectric applications. However, it is very worthwhile
spending more effort on other organic semiconductors, espe-
cially given that a handful of D-A copolymer semiconductors,
which have the record mobility for polymer semiconductors,
have been developed in the last few years.”’-3% It is reported
that the maximum ZT achievable in a material is bounded by
an intrinsic parameter named transport coefficient (o), which
is a conductivity essential to the charge transport model devel-
oped by Synder et al.B" Given that the conductivity of semi-
conductor is positively correlated with its carrier mobility when
the carrier concentration remains the same, semiconductors
with intrinsic high mobility are naturally preferred as ther-
moelectric materials. Second, as well known, doping is indis-
pensable for achieving high thermoelectric performance. By
far the most commonly used dopants for p-doping is F,TCNQ
(n =2, 4), while the most frequently used n-dopant is N-DMBI.
These dopants either have a very deep lowest unoccupied mole-
cule orbitals (LUMO) (p-dopants) or a very shallow highest
occupied molecule orbitals (HOMO) (n-dopants), and can
effectively dope the semiconductors by forming ion-pairs or
charge transfer complex.?? In the past few years, the dopants
and doping techniques for organic semiconductors have been
progressed tremendously, with novel dopants like Lewis acid
(for p-doing) and Lewis base (for n-doping) demonstrating sig-
nificant doping effects for improving performance in OFETS or
OPVs.3330 However, these new doping techniques have not
been fully implemented for OTE applications, and therefore it
is worth exploring novel dopants to further enhance the ther-
moelectric performance of OTEs.

Within this background, here we report a systematic
study on the thermoelectric properties of a typical high-
mobility D-A copolymer semiconductor poly[4-(4,4-dihex-
adecyl-4H-cyclopenta[1,2-b:5,4-b"]dithiophen-2-yl)-alt-[1,2,5]
thiadiazolo[3,4-c]pyridine] (PCDTPT, molecule structure in
Figure 1a) to reveal the potential of D-A copolymers for OTE
applications. In conjunction with PCDTPT, an organic salt trityl
tetrakis(pentafluorophenyl) borate (TrTPFB, molecule structure
in Figure 1b) was employed for doping as it has been reported to
p-dope PCDTPT by a simple solution-blending method in our
previous works.[738 By varying the doping concentrations, the
characteristic parameters of thermoelectric materials such as o,
S and Kk were investigated in the temperature range of room
temperature (RT = 300 K) to 400 K. It is found that the 5 wt%
doped semiconductors have the maximum PF of 7 uW K2 m™!
with electrical conductivities approaching 4 S cm™ and Seebeck
coefficients of =150 uV K~'. Compared to the pristine PCDTPT,
the PF and relevant ZT values of 5 wt% doped semiconduc-
tors are enhanced by at least three orders of magnitude. These
experimental results have indicated that high-mobility D-A
copolymers are promising for high-performance thermoelec-
tric materials, and that Tr'TPFB can be an effective p-dopant for
OTE applications, thereby demonstrating a new route to the
fabrication of high-performance OTEs.

The molecule structures of PCDTPT and TrTPFB are shown
in Figures 1a and 1b, respectively. The electrical performance of
pristine PCDTPT field-effect transistors (FETS) in a bottom-gate
bottom-contact configuration (BGBC) is illustrated in Figure 1c,
from which a saturation mobility of 0.45 cm? V™! s7! can be

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. The molecule structures of a) PCDTPT and b) dopant TrTPFB; c) The electrical performance of PCDTPT and P3HT FETs.

obtained. For comparison, we have included the electrical per-
formance of P3HT devices fabricated by the same processing
ways, while its mobility is on the order of 1073 cm? V! 57,
almost two orders of magnitude lower than that of PCDTPT.
The results indicate that PCDTPT is an intrinsically high-
mobility semiconductor and it is supposed to be preferred for
thermoelectric applications.

UV-vis-NIR absorption spectrum is often used to identify
whether a sample is doped because it is simple and easily
available. The pristine PCDTPT was found to have an absorp-
tion peak at around 885 nm (Figure 2a). It is seen that as the
content of TrTPFB increases, the absorption peak gets slightly
red-shifted, and the intensity of the main peak is weakened,
which may be due to the gradual decrease in the proportion of
PCDTPT in the doped samples. Moreover, enhanced absorp-
tion in the near infrared region is observed in the doped
samples and this absorption gets stronger as the doping con-
centration increases, suggesting that polarons were formed by
the doping.*’l The above features are especially noticeable for
the 10 wt% TrTPFB doped samples. To further confirm that
PCDTPT was doped by TrTPFB, electron spin resonance (ESR)
measurements were performed at room temperature. As seen
in Figure 2b, even the 1 wt% TrTPFB doped sample shows
strong paramagnetic signals, demonstrating the existence of

(3)
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£ w3 % TrTPFB -
'

= e 5 % TrTPFB -

= «== 10 % TrTPFB| 5

8 -

2 g
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=
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Z ' ' '

400 800 1200 1600

Wavelength (nm)

Figure 2. a) The UV-vis-NIR absorption spectra of PCDTPT and doped s
pristine PCDTPT and 1 wt% doped sample.
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unpaired electrons.B4 In contrast, PCDTPT and pure TrTPFB
(see Figure S2a, Supporting Information) samples were
observed without paramagnetic signals. The ESR results fur-
ther confirm that doping occurs when TrTPFB is blended
with PCDTPT. Furthermore, we have also attempted to dope
PCDTPT with two other commonly used dopants: F,TCNQ and
B(CgFs)3.202233490 Tt turns out that the doping effect of the two
dopants are much weaker than that of T'TPFB (see Figures S3
and S4, Supporting Information), indicating TrTPFB is more
preferred as the dopant to PCDTPT. All these results justify our
choice of the combination of PCDTPT with TrTPFB for thermo-
electric studies.

In order to investigate the effect of doping on the surface
morphology of PCDTPT films, AFM measurements were car-
ried out and the results are shown in Figure 3. It is seen that
the surface morphology of the pristine PCDTPT films exhibit
very amorphous features, with a small RMS of 0.953 nm. As
TrTPFB is introduced into the films, some ordered structures
seem to appear. Meanwhile, the RMS values of the doped films
are also observed to be generally higher than that of the pristine
one (see Figure S5, Supporting Information). The zoomed-in
AFM images, which were scanned with a size of 1 X 1 um, are
illustrated in Figure 3d,ef. To further understand the effect of
TrTPFB on film structure of PCDTPT, grazing incidence wide

(b)

e PCDTPT
2.0x10°F == 1 % TrTPFB
0.0 V
2.0x10°}
3340 3350 3360 3370

Magnetic field (Gauss)

amples with doping ratio increasing from 1 to 10 wt%; b) ESR spectra of
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Figure 3. Morphology and structural characterization results. The AFM images of a,d) Pristine PCDTPT; b,e) 3 wt% TrTPFB doped; and c,f) 10 wt%
TrTPFB doped PCDTPT films; 2D GIWAXS scattering images of g) Pristine PCDTPT, h) 3 wt% TrTPFB doped, and i) 10 wt% TrTPFB doped PCDTPT

films.

angle Xray scattering (GIWAXS) measurements were per-
formed, with the data shown in Figure 3 g-i. Obvious (100)
and (200) lamellar peaks are observed at q, = 0.240 A™' and
0.476 A1 for both the pristine and doped samples, implying
the strong edge-on ordering of the polymer molecular packing.
In addition, it is seen that the intensity of the peaks gradually
decreases as the doping ratio increases (see Figure S6, Sup-
porting Information), indicating the film crystallinity becomes
weaker after doping.

To evaluate the thermoelectric properties of the semicon-
ductor materials, we examined the electrical conductivity, See-
beck coefficient and thermal conductivity of the doped films.

Adv. Electron. Mater. 2020, 6, 1900945 1900945 (4 of 7)

As shown in Figure 4a, though the electrical conductivity of the
pristine PCDTPT film is only about 1073 S cm™, it can be three
orders of magnitude enhanced by doping, with a maximum
o of about 4 S cm™! achieved at 400 K for the 10 wt% doped
sample. It is seen that o tends to become saturated when the
doping ratio is over 10 wt%. Furthermore, an increasing o with
T was observed, which indicates thermally activated transport
behaviors in the materials. By fitting the o—T data with an Arre-

henius equation ¢ =0, exp(— ﬁ) , we can obtain the values of

activation energy E,. Apparently, E, gets lower as the doping
ratio increases, as seen in the plot of the E, versus Oy (room

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. The results of thermoelectric measurements, a) electrical conductivity, c) Seebeck coefficient and e) power factor as a function of temperature
for samples with different dopant concentrations; b) Activation energy Ej extracted from the temperature-dependent electrical conductivity shown in
(a). The blue dashed line corresponds to the value of kzT = 26 meV and oy is the room temperature conductivity; d) Seebeck coefficient and f) Power
factor at different temperatures as a function of electrical conductivity. The slope of the pink dashed lines in (d) and (f) are —1/4 and 1/2, respectively.

temperature conductivity) in Figure 4b, which is consistent
with previous reports.?”) Notably, the E, values obtained in
this work are much lower than those of P3HT: F,TCNQ and
PBTTT: F,TCNQ reported by Chabinyc at al.,l?”! with the lowest
Ej extracted from the 10 wt% doped sample comparable to the
kgT limit, (T = 300 K). The low E, shown in this work is prob-
ably resulted from the low activation energy of semiconductor
PCDTPT, which was reported to have an E, of only 40 meV
for the field-effect mobility.l’® It is also likely that the dopant
TrTPFB contribute to the low E, in the PCDTPT: TrTPFB
system, which remains to be investigated further.

Figure 4c exhibits the Seebeck coefficients of the four doped
samples measured at different temperatures. The sign of S is
consistent with the fact that holes are majority carriers in the
semiconductor. It is noticed that S is almost independent with
temperature, which is documented as an indication of hop-
ping transport that is commonly seen in organic semiconduc-
tors,>?4 and this observation is consistent with the thermally
activated transport as revealed by the temperature-dependent

Adv. Electron. Mater. 2020, 6, 1900945 1900945 (5 of 7)

conductivity measurements mentioned above. Furthermore,
we note that S decreases from about 400 uV K! for the 1 wt%
doped sample to 90 uV K! for the 10 wt% doped one. The
decreasing S with increasing dopant concentration has been
frequently observed in the doped organic semiconductors. Of
particular interest is that the correlation between S and o in
this PCDTPT: TrTPFB system seems to follow the empirical
relationship S w6 when doping ratio is less than 10 wt%, as
indicated by the dash line in Figure 4d.5%l The mechanism of
such a relationship is still unclear yet. Nevertheless, the consist-
ence of the above results with previous literature reports cor-
roborates the reliability of our measurements.

With the measured electrical conductivities and Seebeck
coefficients, the PF for the doped PCDTPT samples can
be readily obtained. Figure 4e illustrates the temperature-
dependent PF for the samples with four doping ratios. The PF
is found to increase with temperatures, which can be ascribed
to the thermally activated conductivity. It turns out the 5 wt%
doped sample yields the highest PF values, with a maximum

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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PF approaching 7 uW K2 m™! at 400 K. This is not the highest
PF for p-doped organic semiconductors, but still among
the highest PFs for D-A structured copolymer semiconduc-
tors.*#1l In addition, we have plotted the dependence of PF
on o, and found that the data is in line with the relationship:
PFe< 0'/2, as shown in Figure 4f. This is actually a natural result
of S e 071/* given that PF = $? 0.

Moreover, we measured the in-plane thermal conductivities
of the doped samples for obtaining ZT values. The thermal
conductivities were found to vary between 0.3-0.4 W K m™!
for different doping ratios, with a specious trend of increasing
thermal conductivity with increasing doping ratios (see
Figure S7a, Supporting Information). According to the meas-
ured x, the ZT values were obtained instantly, and the highest
ZT we have achieved is about 0.007 for the 5 wt% doped sample
(see Figure S7b, Supporting Information). Note that in our ther-
moelectric measurement setup, all three characteristic param-
eters, namely o, S, and k, were measured on the same sample
in the in-plane direction. Therefore, the ZT values presented in
this work stand the actual in-plane thermoelectric properties
with an error bar around 15%.*3]

In conclusion, we have performed systematic studies of the
thermoelectric properties of a high-mobility D-A copolymer
semiconductor PCDTPT, which was doped by an organic salt
dopant TrTPFB. The combination of UV-vis-NIR spectra and
ESR characterizations indicates that the dopant can effectively
p-dope the semiconductor, and thus has a dramatic influence
on the electrical conductivity and Seebeck coefficient. Tem-
perature-dependent measurements on conductivity, Seebeck
coefficient and power factor have yielded in-depth informa-
tion regarding the thermoelectric performance of the material.
The doped PCDTPT is found to adopt hopping transport with
very low activation energy. The Seebeck coefficient and power
factor in the materials are observed to follow the empirical
relationship of: S 07 '/* and PFe /2, respectively. A high
power factor up to 7 uW K2 m™! for the 5 wt% TrTPFB-doped
PCDTPT was obtained, which is among the highest PF values
for p-type D-A copolymer semiconductors. Moreover, the low
in-plane thermal conductivity of about 0.4 W K™! m™! results
in an in-plane ZT value of 0.007 for that doped sample. It is
for the first time that the high-mobility PCDTPT together
with TrTPFB are reported for thermoelectric investigations.
These results demonstrate that high-mobility D-A copolymer
semiconductors represent a promising class of materials for
high-performance OTEs. The exploration of novel dopants like
TrTPFB also opens up new opportunities for further enhance-
ment of OTE performance.

Experimental Section

Preparation of Doped Samples: TrTPFB (purchased from Strem
Chemicals, Inc.) and PCDTPT were dissolved in chlorobenzene
(purchased from Sigma-Aldrich, Inc.) to form solutions at
concentrations of 5 and 20 g L™', respectively. Immediately thereafter,
different amounts of the two solutions were mixed to obtain solutions
of 1, 3, 5, and 10 wt% TrTPFB doped PCDTPT solutions. Then, all
the mixed solutions were diluted to a concentration of 10 g L™ for
structural characterizations and further thermoelectric property
measurements.
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Doping  Characterizations and  Film  Morphologies:  UV-vis-NIR
absorption spectra were measured with UV-3600PLUS (SHIMADZU)
in solution samples. To confirm the occurrences of doping in the
system, electron spin resonance (ESR) (JES-FA200) measurements were
also carried out. The samples were prepared by dropping solutions
into paramagnetic tubes and then dried in a glove box. In order to
characterize the film morphology, semiconductor solutions were spin
coated on SiO,/Si substrates at 2000 rpm for 30 s, followed by thermal
annealing at 150°C for 10 min. Then, atomic force microscopy (AFM)
measurements were performed in non-contact mode on a Park XE-7
System.

Fabrication — and  Characterization — of  Field-Effect  Transistors:
Bottom-contact electrodes (Cr/Au: 2 nm/30 nm) were defined by
photolithography on Si**/SiO, (300 nm) substrates with a channel
length of 160 um and width of 1000 um. The substrates were cleaned
sequentially using deionized water, acetone, and isopropanol, and blown
dry by nitrogen gas. Subsequently, the substrates were passivated by
trichloro(octadecyl)silane to reduce surface traps. PCDTPT and P3HT
films were deposited onto the substrates as described above. The
electrical performance of the devices was measured in glove box by an
Angilent B2912A source meter.

Electrical Conductivity, Seebeck Coefficient and Thermal Conductivity
Measurements: To characterize the thermoelectric properties of our
samples, the as-fabricated solutions with various doping ratios were
separately transferred onto pre-structured measurement platforms
(see Figure S1, Supporting Information)#?*3l via dip-dropping method.
First, the platforms were baked on a hot plate at 50 °C for 12 h, and
then annealed at 150 °C for 10 min. Finally, the sample was naturally
cooled down to room temperature. The film thicknesses of each device
were measured by a stylus profilometer (Bruker Dektak) and listed in
Table S1, Supporting Information. More fabrication details of the pre-
structured platform could be found in ref. [42]. Based on this kind of
platform, the full in-plane thermoelectric properties of thin film (o, S,
and k) could be measured.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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