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SPECIAL TOPIC — Organic and hybrid thermoelectrics

Donor-acceptor conjugated copolymer with high thermoelectric
performance: A case study of the oxidation process
within chemical doping

Liangjun Chen(F45:75 #)f, Wei Wang(F4E)", Shenggiang Xiao( 4 4E5%)*, and Xinfeng Tang(JF #714)3
State Key Laboratory of Advanced Technology for Materials Synthesis and Processing, Wuhan University of Technology, Wuhan 430070, China

(Received 22 September 2021; revised manuscript received 25 October 2021; accepted manuscript online 1 November 2021)

The doping process and thermoelectric properties of donor-acceptor (D-A) type copolymers are investigated
with the representative poly([2,6’-4,8-di(5-ethylhexylthienyl)benzo[1,2-b;3,3-b] dithiophene]3-fluoro-2-[(2-ethylhexyl)-
carbonyl]thieno[3,4-b]thiophenediyl)) (PTB7-Th). The PTB7-Th is doped by FeCl; and only polarons are induced in its
doped films. The results reveal that the electron-rich donor units within PTB7-Th lose electrons preferentially at the initial
stage of the oxidation and then the acceptor units begin to be oxidized at a high doping concentration. The energy levels
of polarons and the Fermi level of the doped PTB7-Th remain almost unchange with different doping levels. However, the
morphology of the PTB7-Th films could be deteriorated as the doping levels are improved, which is one of the main reasons
for the decrease of electrical conductivity at the later stage of doping. The best electrical conductivity and power factor are
obtained to be 42.3 S-cm~! and 33.9 uW-mK 2, respectively, in the doped PTB7-Th film at room temperature. The power
factor is further improved to 38.3 uW-mK 2 at 75 °C. This work may provide meaningful experience for development of
D-A type thermoelectric copolymers and may further improve the doping efficiency.

Keywords: donor-acceptor copolymer, doping, oxidization process, thermoelectric performance

PACS: 85.30.De, 72.80.Le

1. Introduction

Thermoelectric technology has gained extensive attention
for several decades as a clean energy technology that can con-

[1-4] Recently,

vert waste heat energy into electricity directly.
with the growing demand for organic thermoelectric devices in
wearable next-generation electronic devices, conjugated poly-
mers have shown great potential in thermoelectric applications
at moderate temperatures. Because conjugated polymers have
advantages such as flexibility, light-weight, good thermal sta-
bility, and mechanical properties for applications.>®! ZT or
power factor (PF) is usually adopted to measure the thermo-
electric performance of conjugated polymers, both of which
have a positive correlation with their Seebeck coefficient ()
and electrical conductivity ().l Among the few reported
classes of conjugated polymers, p-type homopolymers, rep-
resented by poly(3,4-ethylenedioxythiophene) (PEDOT) and
poly(3-hexylthiophene) (P3HT), are the lead ones in the ther-
moelectric performance.3! To date, the thermoelectric devices
based on PEDOT/Bi;Tes have provided the highest ZT up to
0.58 at room temperature.'” However, some intrinsic proper-
ties determined by their chemical structure limit their further
development, such as the hygroscopic nature and counterion
effects of PEDOT:poly(styrene sulfonate) (PEDOT:PSS) and
the untunable wide bandgap (1.9-2.0 eV) of P3HT.I'%-11]
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As an alternative class of conjugated polymers for the
thermoelectric application, a donor-acceptor (D-A) type con-
jugated copolymer typically consists of an electron-rich donor
unit and an electron-deficient acceptor unit. The energy
state (e.g., energy band and levels) and aggregation be-
havior (e.g., molecular packing orientation and ordering)
of a D-A type copolymer can be tuned flexibly by molec-
ular engineering as the needs.!'””!5] The chemical struc-
ture optimization has therefore become one of the effec-
tive means to develop high-performance D-A type copoly-

(8,16-18]

mers in thermoelectric application. For instance,

Woo et al. designed and synthesized a D-A type conju-
gated copolymer named PCPDTSBT by replacing the alkyl
side-chains in poly[(4,4’-bis(2-ethylhexyl)cyclopenta[2,1-
b:3, 4-b’]dithiophene)-alt-(benzo[c][1,2,5] thiadiazole)]
(PCPDTBT) with bis(alkylsulfanyl)-methylene substituents.
The extended chain planarity and the sulfur-sulfur (S-S)
chalcogen interactions lead to the improved molecular pack-
ing and crystallinity of PCPDTSBT. When doped with
the Lewis acid B(Cg¢Fs5)3, PCPDTSBT presented ~1 order
higher optimized ¢ (7.47 S-cm~!) than that of PCPDTBT
(0.65 S-cm™!) with asuperior PF of 7.73 uW-m~!.K~?2 at
room temperature.!'°! Although some progress has been made
in D-A type thermoelectric copolymers, their performance is
still lagging behind the homopolymers like P3HT and PE-
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DOT. On the one hand, it could be attributed that there are
only a few D-A type copolymers that have been successfully
applied in thermoelectrics, which limits bringing the potential
of such copolymers into play. On the other hand, the doping
of such D-A type copolymers has not been fully explored yet.
Doping plays a critical role in improving the ¢ of conjugated
polymers, which is essentially a redox reaction. When sub-
jected to the oxidation process, the same units in a p-type
homopolymer (e.g. P3HT) have the almost equivalent ability
to lose an electron. However, the donor and acceptor units
within a copolymer have quite a different electronegativity,
generally inducing the formation of a charge transfer com-
plex within the copolymer.?%! Tt may result in a complicated
oxidation process and evolution of electric structures in D-A
type copolymers during doping. Understanding such doping
processes in D-A type copolymers clearly is conducive to
carry out the targeted chemical structure optimization and to
improve the doping efficiency.

In this work, the representative two-dimensional
(2D) D-A  type  copolymer, poly([2,6'-4,8-di(5-
ethylhexylthienyl)benzo[1,2-b;3,3-b]dithiophene]3-fluoro-2-
[(2-ethylhexyl)-carbonyl]thieno[3,4-b]thiophenediyl) (PTB7-
Th) was chosen to investigate the thermoelectric performance
and doping process of the D-A type copolymers for the first
time due to its great potential in the thermoelectric applica-
tion. The thienyl alkane side chains in PTB7-Th lead to the
extended conjugated plane and better interchain 7—7m overlap-
ping, and thus PTB7-Th could offer higher carrier mobility
than its one-dimensional counterparts with linear alkyl side
chains (PTB7).[21:221 In addition, the electron-rich thiophenes
in the side chains narrow the bandgap of PTB7-Th to 1.59 eV
from 1.84 eV of PTB7, which has been suggested to be benefi-
cial to obtain a better Seebeck coefficient.!!%23-23 The p-type
chemical doping of PTB7-Th was performed by immersing its
film with an oxidant solution of FeCl; in nitromethane. The
results reveal that oxidation does not occur simultaneously on
the donor units and the acceptor units when doping PTB7-Th
while the donor units lose electrons earlier and more quickly
than the acceptor units. The o of the doped PTB7-Th arrives at
42.3 S-cm~! at room temperature while the room temperature
S remains ~ 90 wV-K~! in the high doping levels. The high-
est PFs of 33.9 and 38.3 uW-mK 2 are obtained in the doped
PTB7-Th films at room temperature and 75 °C, respectively.

2. Experimental details
2.1. Materials

PTB7-Th was
Stille cross-coupling polycondensation reactions between
(4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)-benzo [1,2-b:4,5-
b’]dithiophene-2,6-diyl)bis(trimethylstannane) (BDTT) and
2-ethylhexyl -4,6-dibromo-3-fluorothieno[3,4-b]thiophene-2-

synthesized via palladium-catalyzed

carboxylate (FTT). BDTT (98%) and FTT (98%) adopted
in this work were purchased from Derthon. The detailed syn-
thetic procedure was described in our previous publication. >3]
The number-average molecular weights (M,,) of PTB7-Th was
22618 g-mol~! with a PDI of 2.22. Ethanol (AR, 99.7%),
acetone (AR, 99.5%), and isopropanol (AR, 99.7%), and ni-
tromethane (CP, 98.5%) were purchased from Sinopharm. Su-
perdry chlorobenzene (99.8%) was purchased from J&K. An-
hydrous FeCls (AR, 99%) were purchased from MACKLIN.
All of the chemicals were used without further purification.

2.2. Device fabrication

Glass substrates (2 cmx2 cm) were cleaned in deionized
water, ethanol, acetone, and isopropanol sequentially with ul-
trasound assists and then the substrates were blown dry with
nitrogen. The substrates were then further cleaned by UV-
ozone for 10 min before using. PTB7-Th was dissolved in
chlorobenzene with a concentration of 25 mg-mL~!. A PTB7-
Th film was obtained by spin-coating on the glass substrate at
1000 rpm for 1 min. The as-prepared films were dried nat-
urally in ambient air. Anhydrous FeCl; was dissolved in ni-
tromethane with a concentration of 0.01 mol-L~!. The PTB7-
Th films were immersed in the FeCl; solution for a specified
time, rinsed with nitromethane, and subsequently blown dried
with nitrogen before being transferred instantly to a measure-
ment system. The humidity in air was controlled at 30%—40%
during processing.

2.3. Characterization

The molecular weight of PTB7-Th was determined by gel
permeation chromatography (GPC). The thermogravimetry
(TG) analysis was carried out on a NETZSCH thermogravi-
metric analyzer (STA449F3) at a heating rate of 10 °C-min~!
under nitrogen. UV-vis absorption spectra were measured on a
Shimadzu UV-1750 spectrophotometer. UV-vis-NIR absorp-
tion spectra were obtained on a Lambda 750 S spectropho-
tometer. Cyclic voltammogram (CV) measurements were car-
ried out in a solution of 0.1 mol-L™! tetrabutylammonium
hexafluorophosphate (BusNPFg) in anhydrous acetonitrile as
the supporting electrolyte on a CHI60SE electrochemical an-
alyzer. Raman spectra were collected on a LabRAM HR
Evolution Raman Spectrometer using a 532 nm laser (Horiba
Scientific).
field emission scanning electron microscope (FESEM, Hitachi

The film morphology was characterized by a

SU8020). The thickness of films was measured on a stylus
profiler (DEKTAK-XT). The chemical valence of elements
was determined using x-ray photoelectron spectroscopy (XPS)
(ESCALAB 250Xi). The work function was measured with
the aid of ultraviolet photoemission spectroscopy (UPS) (VG
MultiLab 2000), and the Fermi level was set to O through the
calibration of the gold sheet. The grazing incident wide-angle
x-ray scattering (GIWAXS) measurements were carried out
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with an Xeuss 2.0 SAXS/WAXS laboratory beamline using
a Cu x-ray source (8.05 keV, 1.54 A) and a Pilatus3R 300K
detector. The electrical conductivity and the Seebeck coeffi-
cient of the films were measured simultaneously by a four-
point method under helium atmosphere utilizing a commercial
ULVAC-RIKO ZEM-3 apparatus.

3. Results and discussion
3.1. Material characterization

The thermal, optical, and electrochemical properties of
PTB7-Th have been measured and the results are summa-
rized in Table S1 in the supplementary information. Thermo-
gravimetric analysis indicates that PTB7-Th is of good ther-
mal stability. As presented in Fig. S1, there is almost no
mass change detected for PTB7-Th when the temperature is
lower than 300 °C and the decomposition temperature (7g,
5% weight loss) of PTB7-Th is up to 369.6 °C under N, at-
mosphere. The UV-vis absorption spectra of PTB7-Th in a
chlorobenzene solution (with 1 x 1073 mg~mL_1) and a film
are depicted in Fig. S2 in the supplementary information. The
absorption of PTB7-Th film is mainly located from 450 to
750 nm with the highest absorbance peak at 711 nm. The
optical band gap (Egopt) of PTB7-Th was 1.58 eV derived
from its absorption onset (784 nm) in the film. The highest
occupied molecular orbital (HOMO) energy level (—5.23 eV)
of PTB7-Th was calculated from the oxidation onset poten-
tial (0.531 V vs ferrocene) determined by cyclic voltammetry
(Fig. S3). The lowest unoccupied molecular orbital (LUMO)
energy level was estimated to be —3.64 eV according to

Erumo = (Exomo + Eg opt) €V.

3.2. Mechanism of chemical doping PTB7-Th

Upon chemical doping, polarons and bipolarons have
been proposed to be the dominant two possible kinds of charge
carriers in a conjugated polymer, and new electronic levels in
the gap between HOMO and LUMO levels are created. [26-28]
This charge carriers state in doped conjugated polymers is usu-
ally described as doping level.?*3% UV-vis-NIR measurement
was firstly carried out on the doped PTB7-Th films to inves-
tigate the nature of the charge carriers. Depicted in Fig. 1
are the UV-vis-NIR spectra of the PTB7-Th films with dif-
ferent doping levels, obtained by immersing them in an oxi-
dant nitromethane solution of FeCls (with 0.01 mol-L™!) over
a different time at room temperature. The undoped PTB7-Th
film shows a strong absorption peak at 651 nm (peak I) with
a shoulder peak at 711 nm (peak II). For PTB7-Th, peak I is
attributed to the 7—7* transitions on the conjugated backbones
of PTB7-Th while peak II is derived from the intermolecular
interaction and ordering of PTB7-Th.[?%3!l When doped for
30 s, a new absorption peak appears around 1119 nm (peak
I). As the doping time increases to 45 min, peak Il shows

an improving absorption intensity with an isosbestic point at
761 nm, suggesting that only polarons formed in this dop-
ing process.!3>7331 Such an increase in the intensity of peak
Il is a manifestation of higher doping levels.*%37] In addition,
peaks I and I both show a rapid decrease of absorption in-
tensity while peak II takes an obvious blueshift in the doping
process. It hints that the chemical doping in PTB7-Th could
weaken both the 7—r* transitions on its conjugated backbones
and its structural ordering.

undoped
doped for 30 s
doped for 2 min

0.7F 11
0.6
0.5
0.4
0.3/
0.2}
0.1
ok

doped for 5 min

doped for 10 min

doped for 20 min

doped for 30 min

IIT
doped for 45 min

1 1 1 1 1 1
600 900 1200 1500 1800 2100 2400
Wavelength (nm)

Fig. 1. UV-vis-NIR spectra of the PTB7-Th films immersed in
0.01 mol-L~! solution of FeCls in nitromethane for a different time
at room temperature.

Absorbance per 100 nm thickness

To reveal the effect of doping on the electronic struc-
ture of PTB7-Th, UPS analysis was performed to calculate
the work function of the PTB7-Th with different doping levels
(Fig. 2(a)). The work function can be calculated according to
@ = hv — (Ecytoft — EFermi)- In the PTB7-Th film immersed for
30 s, its Eqytofr 1S estimated to be 16.39 eV. As the immersion
time increases, the Ecyof Of the doped PTB7-Th almost re-
mains unchanged. When the immersion time is up to 45 min,
the E.ywoff Of the doped PTB7-Th moves slightly towards the
lower binding energy for only 0.02 eV. The work functions
of the doped PTB7-Th films immersed for 30 s, 10 min, and
45 min thus could be determined to be 4.81, 4.81, and 4.83 eV,
respectively. Their corresponding Fermi levels could be ob-
tained, which are quite close (Fig. 2(b)). Moreover, the ap-
pearance of peak Il in the PTB7-Th films with different dop-
ing levels proved that the formation of polarons changes the

36371 Such peaks in

electronic transitions in the PTB7-Th film.!
the UV-vis-NIR spectra correspond to the transition from the
lower subgap level (ay) to the higher subgap level (@) of the
doped PTB7-Th.[?*38] The energy levels of polarons can be
calculated from the absorption onset of the corresponding peak
I and the calculated results are presented in Fig. 2(b).[26-30-38]
With the increasing immersion time from 30 s to 45 min, the
relative energy of the higher subgap maintains at —3.93 eV
while the lower subgap is located at —4.94 eV to —4.95 eV in
the doped PTB7-Th. In brief, it can be concluded that chem-
ical doping gives rise to the polaron level in PTB7-Th but the
polaron level stays almost unchanged with the improving dop-
ing levels, and so do their Fermi levels.
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(b)

CB LUMO = —-3.65 eV,

0.02 eV
—
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" " 1 " 1 "
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Binding energy (eV)

LUMO LUMO LUMO
wi=—3.93 eV wi=—3.93 eV wj=—3.93 eV
______________________________ Higher subgap level
Br=_481eV
w494 el Lower subgap level
HOMO HOMO HOMO
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Fig. 2. Secondary electron cutoff region (a) and the energy level diagram (b) of the PTB7-Th films immersed in 0.01 mol-L~" nitromethane

solution of FeClj for a different time at room temperature.

The formation of polarons is inevitably accompanied by
the distortion of the polymer backbone. As an easy and ac-
cessible way to study the backbone structure and the ordering
of conjugated polymers, Raman spectrum was thus measured
to reveal the structural characteristics evolution of PTB7-Th
in the doping process (Fig. 3).**!l In the neutral PTB7-Th
film, peak 1 (at 1470 cm~") and peak 2 (at 1504 cm™!) corre-
spond to stretching vibration mode (C=C) of free thiophenes
and fused thiophene in BDTT units respectively (Fig. 3(b)).
Peak 3 (at 1536 cm™!) is a coupled vibration of stretching
vibration (C=C) of fused thiophene in BDTT units to the
stretching mode (C=C) of non-fluorinated thiophene in FTT
units while peak 4 (at 1577 cm™!) corresponds to the quad-
rant stretching mode coupled to the stretching mode (C=C) of
fluorinated thiophene in FTT units. >3] As the doping levels in-
crease, the doping treatment not only does present a shift of the
positions of the Raman bands towards a lower frequency but
also makes the stretching vibrations and quadrant stretching
weaker. It may attribute to the shortened conjugation length in
the doped PTB7-Th, resulting from the oxidation of the con-
jugation units in PTB7-Th during the doping process. When
immersing the PTB7-Th film for 30 s, peak 2 and peak 3 both
shift to 1500 cm~! and 1534 cm™!, respectively, while the Ra-
man shifts of peaks 1 and 4 nearly remain unchanged. It im-
plies that the donor units of BDTT in PTB7-Th were preferen-
tially oxidized at the initial stage of the doping process and this
oxidation mainly occurred on the fused rings of BDTT in the
polymer backbone. As the immersion time increases to 2 and
5 min, there are almost no further shifts in peak 2 and 3. How-
ever, peak 1 obviously moves to the lower frequency with a
weakened intensity, suggesting that the oxidation on free thio-
phenes in BDTT units occurred after immersing for 2 min.
As the immersion time increases up to 10 min, peaks 2 and 3
further shift to 1499 cm~! and 1532 cm™!, respectively, with
the weakened intensity of peak 4, suggesting that the acceptor
units of FTT gets oxidized. After the immersion for 45 min,
peaks 2 and 3 shift to 1496 cm ™! and 1531 cm ™!, respectively,
while peak 4 almost disappears. Besides their decreasing in-

tensity, these feature peaks also become broader with the in-

creasing doping levels, suggesting their reduced structure or-
dering of PTB7-Th.[*?] It is worth noting that the up-shifts of
Raman bands have been observed in the degradation process of
PTB7 when exposing it to light and oxygen.*3! The opposite
shift trend of Raman bands suggests that chemical oxidation

and degradation have different reaction mechanisms.

— undoped 2 3 (a)

—— doped for 30 s
doped for 2 min
doped for 5 min

—— doped for 10 min

—— doped for 20 min

—— doped for 30 min

—— doped for 45 min,

Intensity

P R R TR S T
1350 1400 1450 1500 1550 1600
Raman shifts (cm™1!)

BDTT FTT (b)
r s 1T 1‘{1 1
R 0. _o

R: 2-ethylhexyl

PTB7-Th

Fig. 3. Raman spectra of PTB7-Th films immersed in the 0.01 mol-L~!
nitromethane solution of FeCls for a different time at room temperature.

To further reveal the oxidation process in the doped
PTB7-Th film, XPS analysis was conducted to explore the
chemical states of C and S elements in PTB7-Th at differ-
ent doping levels for investigating their electron loss mech-
anism. Figure 4 shows the C (1s) core-level spectra of the
PTB7-Th films with different doping levels. All binding en-
ergies were referenced to the neutral carbon C (1s) peak at
284.6 eV (284.6 eV was determined by the spectrometer). [*4]
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The C (1s) spectrum of neutral PTB7-Th features five compo-
nents: C=C bond (at 284.1 eV),[*3] C—C bond (at 284.6 eV),
C-S bond (at 285.4 eV),[*1 C-0O bond (at 286.4 eV), #4461 C—
F, and O-C=0 bond (at 288.9 eV).[*7*8] The intensity ratio
of C=C/C-C was calculated and summarized in Table 1. It
could find that the intensity ratio of C=C/C—C decreases as

in PTB7-Th have a higher priority for losing electrons during
the oxidation process than the C—C bonds. In addition, the C
(1s) (C-S bond) binding energy decreases to 285 eV with the
oxidation of the C=C bonds. It hints that the electron cloud
in C-S bond drifts towards the C atoms after the C=C bond
loses electrons, which well explains the electron transfer from

the immersion time increases. It indicates that the C=C bonds S atoms to the backbone. [49-50]
Undoped (a) Doped for 30 s (b)
—C=C —C=C
—C—-C —C-C
® —C-S é —C-S
5| —Cc-F&O-C=0 2| —C-F&O-C=0
Q O
O
] 1 1 1 1 a | 1 1 1 1 —
290 288 286 284 282 290 288 286 284 282
Binding energy (eV) Binding energy (eV)
Doped for 10 min () Doped for 45 min (d)
—C=C —C=C
—C-C —C-C
—(C-8§ —C-S
2 2
£|—cCc-F&O-C=0 E|—CF&O-C=0
Q Q
O O
[ 1 1 1 1 ] 1 1 1 1
290 288 286 284 282 290 288 286 284 282

Binding energy (eV)

Binding energy (eV)

Fig. 4. C 1s core-level spectra for PTB7-Th films immersed in 0.01 mol-L ™! nitromethane solution of FeCls for a different time at room
temperature: (a) undoped (for O s), (b) for 30 s, (c) for 10 min, and (d) for 45 min.

Table 1. Intensity ratio of C=C/C—C at different doping levels.

45 min
0.83:1

30s
0.91:1

10 min
0.88:1

Immersion time 0
Intensity ratio of C=C/C-C  1:1

The S (2p) core-level spectra for PTB7-Th films with dif-
ferent immersion time are presented in Fig. 5. The S (2p) elec-
tron binding energy of thiophene in the BDTT units is distin-
guished from that in the FTT units according to the disparity
in electron-richness of thiophene units between donor and ac-

(4748511 The S (2p) electron binding energy in the

ceptor units.
donor part is denoted as S' and that in the acceptor part as
S2.
ferent doping levels is summarized in Table 2. In a neutral
PTB7-Th film, the peak of S' (2p 3/2) is located at 163.32 eV
while the peak of S? (2p 3/2) is located at 163.91 eV. After
immersing for 30 s, the peak S' (2p 3/2) moves to higher bind-
ing energy while the peak S* (2p 3/2) is still at 163.91 eV. It

proves that the thiophene unit from the donor unit preferen-

The variation of S (2p) electron binding energy at dif-

tially loses electrons at the initial stage of the oxidation pro-

cess. When immersion time increases to 10 min, the peak

S'(2p 3/2) moves to 163.48 eV while the peak S> (2p 3/2)
shows an obvious shift to 163.95 eV. It suggests that the thio-
phenes in the acceptor units start to lose electrons and those
in the donor units were further oxidized. As the doping time
increases to 45 min, the peak S' (2p 3/2) remains unchanged
and the peak S? (2p 3/2) moves slightly to 163.97 eV. It im-
plies that electron loss mainly occurs on the acceptor units in
the later stage of doping. Given that acceptor units are less
electron-rich than the donor units, it is more difficult for the
thiophenes in the acceptor units to lose electrons during the
oxidation process. Thus, the binding energy shifts of the peak
S2 (2p 3/2) is much smaller than peak S1 (2p 3/2) in the oxi-
dation process.

The oxidation process of the doped PTB7-Th can be de-
scribed by the process shown in Fig. 6. The C=C bonds in
fused thiophenes of donor units are the first to be oxidized
by FeCls. A polaron corresponds to a positive charge on an
oxidized unit. As the immersion time in the FeCls solution
prolongs, the increase of oxidized units in PTB7-Th resulted

in its improving doping level. When the doping level reaches a
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high level, the acceptor units in PTB7-Th began to be oxidized,
which also happens on their C=C bonds of fused thiophenes.
Such simultaneous oxidation in the donor and acceptor units

would accelerate the increase of the doping level. In the later
stage of doping, the oxidization in PTB7-Th mainly occurs in
its acceptor units.

Undoped (a)

— 8! 2p3/2
— 8! 2p1/2
— S? 2py)s
— 52 2pyye

Intensity

Doped for 30 s (b)

— St 21)3/2
— S! 2py)s
— 82 2p3)2
— 52 2p1/2

Intensity

167 166 165 164 163 162
Binding energy (eV)

167 166 165 164 163 162
Binding energy (eV)

Doped for 10 min
— st 2p3/2
— gt 2[)1/2
— S 21’:;/2
— 2 21)1,/2

Intensity

Doped for 45 min (d)

— ! 2p3/2
— S! 2pys
— S2 2pg3)2
— 52 2pyss

Intensity

n n " 1 n n
167 166 165 164 163 162
Binding energy (eV)

167 166 165 164 163 162
Binding energy (eV)

Fig. 5. S (2p) core-level spectra for PTB7-Th films immersed in 0.01 mol-L~! solution of FeCls in nitromethane for a different time at room

temperature: (a) undoped (0 s), (b) 30 s, (c) 10 min, and (d) 45 min.

Table 2. Binding energy of S (2p) electron at different oxidation levels.

Immersion time ~ S!'2p3/2  S22p3/2  S'2pl/2  S22pl2
Undoped 163.32 163.91 164.52 165.11
30s 163.45 163.91 164.65 165.11
10 min 163.48 163.95 164.68 165.15
45 min 163.48 163.97 164.68 165.17

Increasing doping time duration

» & ® O - & O o> P e Pe > - ® o

# : positive charged donor unit
@ : positive charged acceptor unit

: donor unit
@ : acceptor unit

Fig. 6. Schematic diagram for the electron loss process of doping PTB7-
Th with FeCl3.

3.3. Morphology evolution in the doped PTB7-Th films

FESEM analysis was firstly carried out to figure out the
effect of chemical doping on the surface of the PTB7-Th films.
As shown in Fig. S4, the as-prepared neutral PTB7-Th film is
smooth and flat but the nanoparticles appear on its film sur-
face after being doped. Both the density and the size of such
nanoparticles increase with the longer immersion time, which
significantly enhances the surface roughness of the PTB7-Th

films. When the PTB7-Th film is immersed for 45 min, the
nanoparticles spread almost across its whole surface and the
morphology deteriorates seriously, which is not conducive to
efficient charge transfer. Furthermore, grazing incident wide-
angle x-ray scattering (GIWAXS) was then adopted to inves-
tigate the evolution of molecular packing and structural order-
ing in the PTB7-Th films with different doping levels. The de-
tailed GIWAXS characteristics have been summarized in Ta-
ble S2. As shown in Fig. 7, the GIWAXS patterns indicated
that the PTB7-Th films all present the preferable face-on ori-
entated molecular packing, according to the (100) and (010)
diffraction in the in-plane (IP) at ¢, =~ 0.264 A~! and in the
out-of-plane (OOP) directions at g, =~ 1.61 A~!. The GI-
WAXS profiles and patterns of the neutral and doped PTB7-
Th film do not show a remarkable difference in the initial dop-
ing stage. It means that the molecular packing and structural
ordering of PTB7-Th are relatively stable during this oxida-
tion period. As the immersion time increased to 45 min, the
slightly higher g, observed in OOP implies a closer 71— stack-
ing adopted in this PTB7-Th film while its OOP (010) diffrac-
tion peak becomes broad and blunt. It suggests that the struc-
tural ordering and crystallinity of the PTB7-Th become worse
with the increasing doping levels, which is consistent with the
results in the UV-vis-NIR as well as Raman spectra.
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Fig. 7. GIWAXS profiles (a) and patterns (b) along the out-of-plane (OOP) and in-plane (IP) directions of the neutral and doped PTB7-Th films

immersed in a 0.01 M FeCl3/CH3NO; solution for a different time.

3.4. Thermoelectric performance

The thermoelectric parameters o, S, and PF of the PTB7-
Th films with different doping levels were measured at room
temperature (Fig. 8).
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Fig. 8. (a) Electrical conductivity, Seebeck coefficient, and (b)
power factor at room temperature of the PTB7-Th films immersed in
0.01 mol-L.~! nitromethane solution of FeCl; for a different time.

The o increases dramatically from 1.44 to 42.3 S-cm™!

during the initial stage with the doping time from 30 s to
10 min. When the immersion time is 30 s, polaronic charge
carriers in the PTB7-Th film were less mobile with a low dop-
ing concentration because they were trapped in the coulom-
bic potential wells created by dopant counterions. When the
higher doping concentration was realized in the sample im-
mersed for 10 min, the coulombic potential wells began to

overlap gradually, which reduces the energy barrier for pola-
ronic transport and thus promotes the electrical conductivity.
As the doping time increased to 30 min, the acceptor units in
PTB7-Th were oxidized and the concentration of polarons ar-
rived at a high level. The o thus lowly increases and tends to
saturations with the maximum of 46.4 S-cm~!. Although the
concentration of polarons remains at a high level with the dop-
ing time further increasing to 45 min, the o rapidly decreases
to 17.0 S-cm ™! as a result of the deterioration of the morphol-
ogy and shortening of the conjugation length. The S presents
an inverse trend to the o with the increasing doping time. The
S of the PTB7-Th film decreases initially from 212.2 uV-K~!
to 89.4 wV-K~! with the doping time from 30 s to 10 min and
then levels off as the doping time increases with the lowest S of
84.4 uwV-K~!. Finally, the highest PF of 33.9 uW-mK~2 was
obtained in the PTB7-Th film immersed for 10 min at room
temperature.

To explore the temperature-dependent thermoelectric
transport properties of the doped PTB7-Th, the o, S, and PF
as a function of temperature were measured with the three
representative samples (the PTB7-Th films doped for 2, 10,
and 45 min, respectively). As presented in Fig. 9, the in-
creasing temperature results in the decreasing ¢ of all three
samples with a slow decline from 30 to 50 °C and an ac-
celerated decline from 50 to 75 °C. It may indicate a heav-
ily doped semiconducting behavior attributed to a change in
carrier concentration.’?] As the temperature rises, the dedop-
ing process could occur in these three samples, which results
in their decreased doping levels and thus drops their carrier
concentration.>3! The S of the three samples presents an op-
posite trend to o with the increasing temperature. The sample
with 10 min doping possesses the highest & while the sam-
ple with 2 min doping possesses the highest S in the whole
measured temperature range. The PF of the three samples im-

proves steadily as the temperature rises. The PTB7-Th film

028507-7



Chin. Phys. B 31, 028507 (2022)

doped for 10 min offers the highest PF than the other two
at every measured temperature and its PF tends to be sta-
ble when the temperature is over 50 °C. The highest PF thus

reaches 38.3 uW-mK~2 at 75 °C in the PTB7-Th film doped
for 10 min, enhancing from its PF of 33.9 uW-mK~? at room

temperature.

Temperature (°C)

—T [ f

g —e—0 (a)| " & a0t (c)

3] - —~— X

5 10 ¢ o | = 200F — | F " ¢
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Fig. 9. Temperature-dependent (a) electrical conductivity, (b) Seebeck coefficient, and (c) power factor of the PTB7-Th films immersed in
0.01 mol-L~! solution of FeClj in nitromethane for 2 min, 10 min and 45 min.

4. Conclusions

In summary, we have systematically examined the oxida-
tion mechanism of FeCl3 doping in PTB7-Th and its effect on
thermoelectric performance. At the early stage of doping, only
the C=C bonds of fused thiophenes in the donor units lose
their electron and the oxidization resulted in the formation of
polarons. When the doping levels arrived at a high level, oxi-
dation occurred in its acceptor units. This doping in PTB7-Th
only induces polarons while the resulted energy levels of po-
larons and the Fermi level of the doped PTB7-Th remain un-
changed with the increasing doping levels. However, the con-
tinuous deterioration is observed in the surface roughness and
structural ordering of the PTB7-Th films as the doping time
prolongs, which has a negative effect on the charge transfer
and thus limits their further performance improvement. The ¢
of the PTB7-Th film increases to its maximum of 42.3 S-cm ™!
after doping for 10 min while the S of the PTB7-Th with high
doping levels maintains a high value of ~ 90 uV-K~! at room
temperature. A high PF of 33.9 uW-mK~? was also obtained
in the PTB7-Th film immersed for 10 min at room temper-
ature, which further improved to 38.3 [,LW‘I’IIK_Z at 75 °C.
This work provides a case for understanding the doping pro-
cess in D-A type copolymers, which is meaningful for opti-
mizing their structure design and realizing the efficient doping
for higher thermoelectric performance.
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