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Perovskite solar cells (PSCs) are one of the most promising emerging 
photovoltaic technologies. The power conversion efficiency (PCE) 
of PSCs has reached >26%, which is close to that of crystalline 
silicon solar cells, demonstrating the great potential of PSCs 
technology.1,2 To achieve high efficiency and stability of PSCs, it is 
necessary to ensure the matching of energy levels of charge transfer 
interlayers and perovskite absorber material, as well as uniformity 
and low defect concentration in the charge transport layers. From 
this point of view, organic p-conjugated polymers are considered 
as promising hole transport materials (HTMs) for PSCs.3

Organic conjugated donor–acceptor polymers can serve as 
dopant-free HTMs for the fabrication of efficient and stable PSCs 
due to their inherent advantages such as tunable frontier orbital 
energy levels, chemical and thermal stability and good carrier 
mobility.4–9 The introduction of fluorine atoms into the polymer 
backbone is an effective approach to optimize the optoelectronic 
properties of conjugated polymers by lowering the frontier orbital 
energy.10–15 In addition, fluorine atoms promote the planar 
configuration of the polymer backbone, which results in their 
favorable packing in thin films and a more pronounced tendency to 
aggregate when going from solutions to thin films compared to their 
fluorine-free counterparts.16 Note that 2,1,3-benzothiadiazole is 
an actively used fragment for organic semiconductor materials 
due to its planar and rigid geometry, heteroatom interactions, high 
absorption coefficient, electrochemical stability and electron-
withdrawing ability.17

In this communication, we report the synthesis of two new 
polymers whose molecular structures consist of alternating thiophene 
and benzothiadiazole moieties. We have particularly focused on 
investigating the effect of introducing fluorine atoms into the 
polymer backbone on the optoelectronic properties of the designed 

materials and their performance as HTMs in PSCs. The aim of 
this work was to evaluate the potential of the molecular design 
strategy involving the introduction of fluorine substituents in the 
context of further rational development of promising materials 
for high-efficiency PSCs.

Conjugated polymers P1 and P2 were synthesized via a 
palladium-catalyzed Stille polycondensation reaction using 
monomers M1 and M2, respectively, in combination with monomer 
M3 (Scheme 1). Detailed syntheses of key monomers and polymers 
P1 and P2 are provided in Online Supplementary Materials.

The resulting polymers were precipitated with methanol and 
purified by a series of Soxhlet extractions with acetone, hexane, 
dichloromethane, chlorobenzene and finally 1,2-dichlorobenzene. 
The polymer fractions extracted with the last two solvents were 
collected, concentrated in  vacuo and then precipitated with 
acetone. Dynamic gel permeation chromatography was used to 
analyze the relative molecular weight characteristics of polymers 
P1 and P2 (Table  1). Polymer P2 showed a lower molecular 
weight than polymer P1, presumably due to strong intermolecular 
aggregation resulting in decreased solubility and precipitation 
from the reaction mixture starting at the lower molecular weight.

The thermal properties of the conjugated polymers were 
studied by thermogravimetric analysis under nitrogen atmosphere 
at a heating rate of 10 °C min−1. The thermogravimetric curves are 
shown in Figure S5 (see Online Supplementary Materials) and 
the results are listed in Table 1. The decomposition temperatures 
(Td, at 5% weight loss) for polymers P1 and P2 were around 
414 °C, indicating good thermal stability of these polymers.

The optical properties of polymers P1 and P2 were investigated in 
solutions and thin films by UV-VIS spectroscopy [Figure 1(a),(b)]. 
Both polymers in 1,2-dichlorobenzene solution show two absorption 
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bands in the range of 400–800 nm [see Figure 1(a)]. The band 
near 400 nm can be attributed to the p–p* transition within the 
monomeric units of the polymer backbone, while the broader 
bands in the long-wavelength region of 600–750 nm are assigned 
to the intramolecular charge transfer interaction between the 
donor and acceptor units. The absorption band maxima of 
fluorinated polymer P2 are blue-shifted compared to those of 
polymer P1. The absorption spectrum of the thin film of polymer P1 
shows minimal changes compared to that in solution. The spectra 
of polymer P2 in solution and thin films show a shoulder at 
around 700 nm, indicating enhanced aggregation of macromolecules 
at room temperature. For fluorinated polymer P2, the absorption 
spectra of thin films show a slight bathochromic shift compared 
to solution, indicating additional aggregation in the solid state [see 
Figure 1(b)]. The optical band gaps (Eg

opt) of 1.60 and 1.65 eV for 
polymers P1 and P2, respectively, were estimated from the Tauc 
plots [see Table 1 and Figure 1(c)]. The band gap of polymer P1 is 

slightly smaller than that of its fluorinated counterpart P2. The 
photoluminescence (PL) band maxima of polymers P1 and P2 are 
located at 802 and 780 nm, respectively, which is consistent with the 
band gap values estimated from the absorption spectra [Figure 1(d )].

The electrochemical properties of the polymers were investigated 
using cyclic voltammetry (CV) measurements and the obtained 
CV curves are shown in Figure S6. The energies of the highest 
occupied molecular orbital (HOMO) and the lowest unoccupied 
molecular orbital (LUMO) were estimated using the standard 
approach: EHOMO = −[Eox

onset (vs. Fc+/Fc) + 4.8]/eV18 and ELUMO = 
= Eg

opt + EHOMO/eV. The corresponding numeric data are 
summarized in Table 1. The HOMO and LUMO energy levels of 
the fluorinated polymer P2 were slightly lower than those of the 
non-fluorinated polymer P1 (see Table 1). The observed difference 
is apparently due to the presence of electron-withdrawing fluorine 
atoms in polymer P2.

The photovoltaic performance of polymers P1 and P2 as HTMs 
was investigated in PSCs fabricated in n-i-p architecture with the 
ITO/SnO2/PCBA/MAPbI3/HTM/VOx/Ag structure [Figure S7(a)]. 
To passivate the surface defects on the SnO2 layer, we deposited 
a phenyl-C61-butyric acid (PCBA) layer [Figure S7(b)]. Poly[bis
(4-phenyl)(4-methylphenyl)amine] (PTA), which is commonly 
used in n-i-p PSCs, was used as a reference HTM [see Figure S7(b)]. 
Figure 2(a),(b) shows the current–voltage characteristics of the 
champion devices assembled with polymer P1, polymer P2 and 
PTA as HTMs. The device parameters are summarized in Table 2.
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Scheme  1  Reagents and conditions: i, Pd2(dba)3, (o-MeC6H4)3P, toluene.

Table  1  Physicochemical and optoelectronic properties of polymers P1 and P2.

Polymer Mw
a/kDa Mw/Mn

b Td
c/ °C  lsol

max ( lmax
film )d/nm Eg

opte/eV PLmax
f/nm Eox

onset
g/V vs. Fc+/Fc HOMO (LUMO)h/eV

P1 165 1.19 414 406, 670, 740 (405, 662, 720) 1.60 802 0.31 −5.11 (−3.51)
P2   21 2.96 414 386, 600 (396, 635) 1.65 780 0.42 −5.22 (−3.57)

a Weight-average molecular weight. b Polydispersity index. c Decomposition temperature corresponding to 5% weight loss. d Absorption maxima of polymers 
in solution (thin film). e Optical energy band gap estimated using Tauc plots derived from absorption spectra of thin films. f Photoluminescence maxima of 
polymers in thin films. g Potential of oxidation wave onset. h HOMO energy estimated from CV measurements and LUMO energy estimated as Eg

opt + HOMO.
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Figure  1  Optical properties of (1) polymer P1 and (2) polymer P2: absorption 
spectra (a) in 1,2-dichlorobenzene solutions and (b) in thin films, (c) Tauc 
plots for thin films and (d ) steady-state PL spectra in thin films.

l/nm

(a) (b)

–20

–10

0

10

Voltage/mV

0

20

40

60

80

100

0

5

10

15

20

25

C
ur

re
nt

 d
en

si
ty

/m
A

 c
m

−
2

2000 600 1000

1

1

1

3

3

3

2

2
2

1'
3'

2'

E
Q

E
 (

%
)

In
te

gr
at

ed
 J

SC
/m

A
 c

m
−

2 
 

300 500 700 900

Figure  2  Photovoltaic performance of polymers P1 and P2 as HTMs in n-i-p 
PSCs: (a) current–voltage curves for (1)–(3) forward and (1')–(3')  reverse 
scan directions and (b) EQE and short-circuit current density spectra of the 
PSCs using (1) polymer P1, (2) polymer P2 and (3) PTA as HTMs.
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PSCs using fluorinated polymer P2 as the HTM showed 
improved photovoltaic performance compared to devices fabricated 
with its non-fluorinated counterpart P1. Polymer P2 provided 
higher open-circuit voltage (VOC = 1.047 V) and short-circuit 
current density (JSC = 23.4 mA cm−2), resulting in a PCE of 18.6%, 
while non-fluorinated polymer P1 delivered a PCE value just over 
14% (see Table 2). Interestingly, this trend is in good agreement 
with the fact that the HOMO level of polymer P2 is 0.11 eV closer 
to that of perovskite (−5.35 eV), which may reduce the potential 
barrier for charge carrier extraction from MAPbI3 into the charge-
transport layer. Devices with polymer P2 as the HTM show 
slightly better photovoltaic performance than PTA under the 
same experimental conditions.

The morphology and uniformity of the polymer films deposited 
on the perovskite absorber layer are crucial for the efficient 
performance of the PSCs. We used atomic force microscopy 
(AFM) and infrared scattering-type scanning near-field optical 
microscopy (IR s-SNOM)19 to visualize the morphology of the 
polymer films. Figure 3 shows the AFM scanning and IR s-SNOM 
mapping images of the perovskite/HTM stacks. In some areas of 
the scans, the MAPbI3/polymer P1, MAPbI3/polymer P2 and 
MAPbI3/PTA films show weak contrast, which is likely due to the 
surface topography of the perovskite layer revealed in the AFM 
images. Probably, in this case, the polymer films are thinner at the 
top of the perovskite grains. Therefore, a weak signal corresponding 
to the perovskite sublayer is visible. Scanning of the MAPbI3/
polymer P1 samples revealed the presence of multiple point defects, 
which appear as blue spots [Figure 3(b)] and red spots [Figure 3(c)]. 
Such defects enable a direct contact of MAPbI3 with VOx and the 
top electrode, which negatively affects the efficiency and stability 
of the fabricated PSCs. In contrast, the MAPbI3/polymer P2 
stacks exhibit a high degree of uniformity of the coatings formed by 

polymer P2. Thus, the remarkable difference in the uniformity of 
the films made of polymers P1 and P2 is most likely responsible 
for the drastically different photovoltaic performance of PSCs 
with these two polymers as hole-transport layer materials.

In conclusion, we synthesized two novel (TBT)n-type conjugated 
polymers P1 and P2, consisting of thiophene blocks and non-
fluorinated or fluorinated benzothiadiazole moieties, respectively. 
The introduction of fluorine atoms into the polymer backbone was 
found to have a strong influence on the physicochemical (particularly 
molecular weight and solubility), optical and electrochemical 
properties of the polymers. The obtained polymers were investigated 
as HTMs in PSCs. Devices assembled using the fluorinated 
polymer P2 showed significantly improved photovoltaic performance 
compared to cells with the non-fluorinated analog P1 and the 
reference PTA. Importantly, IR s-SNOM mapping shows that the 
presence of fluorine atoms in polymer P2 improves the morphology 
of the polymer film, resulting in an excellent uniform coating 
deposited on top of the perovskite absorber layer. Thus, 
introducing fluorine atoms into the backbone of the (TBT)n-type 
conjugated polymers is a promising strategy for designing new 
HTMs for PSCs with enhanced photovoltaic performance.

This work was supported by the Russian Science Foundation 
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Supplementary data associated with this article can be found 

in the online version at doi: 10.71267/mencom.7632.
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Table  2  Characteristics of n-i-p PSCs fabricated using polymer P1, polymer 
P2 and PTA as HTMs.

HTM
Scan 
direction

VOC
a/V

JSC
b/ 

mA cm−2
FFc (%) PCEd (%)

P1 Forward 1.004 21.7 66 14.3
Reverse 0.964 21.3 67 13.8

P2 Forward 1.047 23.4 75 18.6
Reverse 1.041 23.3 73 17.9

PTA Forward 1.024 21.8 80 17.8
Reverse 1.019 21.8 78 17.5

a Open-circuit voltage. b Short-circuit current density. c Fill factor. d Power 
conversion efficiency.
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Figure  3  Morphology of (a)–(c) polymer P1, (d )–( f ) polymer P2 and (g)–
(i) PTA films deposited on perovskite absorber films: (a),(d ),(g) AFM 
topography images and IR s-SNOM mapping images at the characteristic 
frequencies of the IR absorption bands of (b) polymer P1, (e) polymer P2, 
(h) PTA and (c),( f ),(i ) MAPbI3 perovskite.
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