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A B S T R A C T   

Conjugated polymers are promising hole-transport materials (HTMs) for designing efficient and stable perovskite 
solar cells (PSCs). The structure of polymer backbone and position of side substituents greatly influences their 
electronic properties, film morphology, and hence, the charge extraction and charge transport characteristics of 
HTMs. Herein, we design two novel donor-acceptor conjugated polymers based on benzodithiophene (BDT) 
bearing triisopropylsilyl substituents and thiophene-flanked thiazolothiazole block (Tz) with different side chain 
position. In polymer in-BDTTz alkyl chains are placed “toward” to the Tz moiety, while in aus-BDTTz “outward” 
to the Tz block. Polymeric HTM in-BDTTz enables 18.7% power conversion efficiency in devices outperforming 
that of PSCs with aus-BDTTz and reference devices employing poly(triarylamine) (PTAA). Furthermore, PSCs 
with in-BDTTz as HTM demonstrates stable operation comparable to that of PTAA-based devices. These findings 
feature alkylsilyl-substituted benzodithiophene-based polymers as promising dopant-free hole-transport mate
rials for efficient and stable perovskite photovoltaics.   

1. Introduction 

Conjugated polymers are promising semiconductor materials for the 
next-generation electronic devices such as organic solar cells [1], pho
todetectors [2], organic field-effect transistors [3] and sensors [4]. In the 
recent years, conjugated polymers are also extensively investigated as 
charge transport materials for perovskite solar cells (PSCs) [5]. PSCs 
attract great attention because of high power conversion efficiencies 
(PCEs) approaching 26% [6] and easy fabrication of devices by printing 
techniques (slot-die coating, inkjet printing etc.) [7]. These advantages 
make PSCs potentially capable to supplant silicon-based solar cells in the 
market. However, lagging behind in reaching long-term operation sta
bility of PSCs hinder their commercialization [8]. One of the efficient 

ways to stabilize devices lies in introducing organic semiconductors as 
charge transport materials [9–13]. Employing of polymeric 
hole-transport materials (HTMs) with fine-tuned energy levels in PSCs 
ensures selective hole extraction, prevents direct contact between 
perovskite absorbers and metal electrode, and protects perovskite layer 
from moisture ingress due to hydrophobic nature of organic compounds 
[14]. Therefore, design of dopant-free polymeric HTMs with high charge 
transport characteristics, good energy level alignment with valence 
band of perovskite, and high photo- and thermal stability is an important 
benchmark for development of efficient and stable PSCs. 

Previously, benzodithiophene-based (BDT) conjugated polymers 
were shown to be promising HTMs for perovskite solar cells [15,16]. 
Incorporation of BDT building block with high planarity and symmetry 
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into polymer backbone was found beneficial for achieving high charge 
carrier mobility [17,18]. Furthermore, functionalization of BDT in po
sitions 4 and 8 by various heteroaryl or alkyl substituents enables 
additional tuning of optoelectronic and physicochemical properties of 
resulting polymers such as energy of highest occupied molecular orbital 
(HOMO), lowest unoccupied molecular orbital (LUMO) and solubility. 
In our recent work, we demonstrated that BDT-based polymer BDT-BTB 
comprising R3Si- side groups (Fig. 1) exhibited better film-forming 
ability and higher hole mobilities as compared to analogues with alkyl 
or alkoxy chains. Using BDT-BTB as HTM in PSCs enabled encouraging 
PCEs of 17.4% [19]. 

In this work, we report on synthesis of two novel conjugated poly
mers in-BDTTz and aus-BDTTz containing triisopropylsilyl-substituted 
benzodithiophene block and thiophene-flanked thiazolothiazole (Tz) 
moiety and its investigation as HTM for n-i-p perovskite solar cells 
(Fig. 1). The electron-deficient thiazolothiazole attracts much interest 
due to straightforward synthesis of donor-acceptor polymers with high 
charge-transport characteristics [20,21], high oxidative stability [22, 
23], good thermo- and photostability [24,25], which is very important 
for efficient and long-term operation of PSCs. Since the position of alkyl 
side chains might strongly influence the charge transport properties of 
polymers [26–28], we additionally varied the placement of 2-ethylhexyl 
substituents on thiophene rings to investigate this effect for designed 
polymers. 

PSCs with in-BDTTz as HTM delivered high PCEs approaching 19%, 
thus demonstrating great potential of polymers with alternating ben
zodithiophene and thiazolothiazole building blocks for high- 
performance of perovskite photovoltaics. 

2. Results and discussion 

The synthesis of key monomer M1 and conjugated polymers in- 
BDTTz and aus-BDTTz is shown in Fig. 2. The thiazolothiazole-based 
monomers M2 and M3 were prepared according to previously re
ported methods [29,30]. 

First, thiophene-3-carboxylic acid was treated with thionyl chloride 
affording thiophene-3-carbonyl chloride. The reaction of compound 1 
with diethylamine in methylene chloride gave N,N-diethylthiophene-3- 
carboxamide 2, which was treated with n-butyllithium followed by 
quenching of intermediate with water. The reaction of formed benzo 
[1,2-b:4,5-b’]dithiophene-4,8-dione 3 with (5-(triisopropylsilyl)thio
phen-2-yl)lithium 5 followed by reduction of the corresponding diol 
with tin (II) chloride in hydrochloric acid produced compound 6. The 
monomer M1 was obtained by lithiation of 6 with n-BuLi in THF and 
treatment of dilithiated derivative with trimethylchlorostannane. The 
Stille polycondensation reaction between monomers M1 and M2 or M3 
resulted in conjugated polymers in-BDTTz and aus-BDTTz. The detailed 
synthetic procedures are described in the Supporting Information. 
Additionally, we estimated the cost of synthesis of the polymers 

according to the previously reported calculation model [9]. The cost of 
both polymers (ca. 307 $/g) is lower than that of the state-of-the-art 
PTAA HTM (423 $/g). 

In order to remove low molecular weight impurities, polymers in- 
BDTTz and aus-BDTTz were washed in the Soxhlet apparatus with 
hexane, acetone, chloroform and chlorobenzene followed by concen
tration of the chlorobenzene fractions and precipitation of the polymer 
with ethanol. The molecular weight characteristics of polymers were 
determined by gel permeation chromatography relative to polystyrene 
standards. The weight-average molecular weights (Mw) of in-BDTTz and 
aus-BDTTz were estimated as 213 kDa and of 151 kDa, respectively 
(Table 1). Polymers showed moderate solubility in chlorobenzene (CB) 
and 1,2-dichlorobenzene (DCB) at room temperature. Thermal proper
ties of polymers were investigated using thermogravimetry (TGA, 
Fig. 3a) and differential scanning calorimetry (DSC). 

As can be seen from Fig. 3, both polymers exhibited high thermal 
stability with decomposition temperature above 400 ◦C that is much 
higher than temperatures of the fabrication and operation conditions of 
PSCs. DSC measurements (Fig. S1, Supporting Information) showed that 
there are no thermal transitions upon heating and cooling cycles 
implying low crystallinity of polymers in the solid-state. Thus good 
morphological stability of HTM films can be expected under operation 
conditions of PSCs. 

Optical properties of conjugated polymers were investigated using 
absorption spectroscopy and photoluminescence (PL) spectroscopy 
(Fig. 3b). The optical properties of in-BDTTz in diluted 1,2-dichloroben
zene solution and in films are very similar (Fig. S2). 

The solution of in-BDTTz exhibited two major absorption maxima of 
541 nm and 579 nm, whereas the maxima for polymer film are located at 
535 nm and 580 nm (Table 1, Fig. S2). A negligible spectral shift of long- 
wavelength band when going from solution to solid state might be due to 
aggregation of macromolecules in solution at room temperature. On the 
contrary, aus-BDTTz demonstrated a noticeable bathochromic shift of 
44 nm implying the self-ordering of polymer chains in films. The emis
sion bands in photoluminescence (PL) spectra exhibited similar red-shift 
to absorption bands. PL maxima are located at 622 and 673 nm for in- 
BDTTz, and at 618 nm and 673 nm for aus-BDTTz. The small Stokes 
shifts of 987.7 cm− 1 for in-BDTTz and 1331.9 cm− 1 for aus-BDTTz 
reveal a minor structural difference between the excited and ground 
states of polymers as well as low reorganization energy of the polarons, 
which limits the intrinsic mobility of semiconductor molecules [31,32]. 
The optical bandgap of polymers were calculated as Eopt

gap = 1241/λfilm
int , 

where λfilm
int is wavelength at intersection of absorption and PL bands. As 

can be seen, Eopt
gap values of in-BDTTz and aus-BDTTz are almost the 

same (ca. 2.1 eV). 
The energies of frontier molecular orbitals of polymers were esti

mated from cyclic voltammetry measurements of thin films (CV, 
Fig. 3c). The energies of the highest occupied molecular orbital were 

Fig. 1. Structures of conjugated polymers BDT-BTB from the previous work [19], and in-BDTTz and aus-BDTTz obtained in this work.  
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determined as HOMO = − e(Eox
onset +4.8) eV, where Eox

onset is onset oxida
tion potential and 4.8 eV is absolute redox potential of ferrocene/fer
rocenium couple vs. vacuum level [33]. Oxidation potentials were found 
to be 0.4 V for in-BDTTz and 0.5 V for aus-BDTTz. Assuming that E1/2 of 
the Fc/Fc+ redox couple was 0.043 V versus Ag/AgNO3 reference elec
trode, the HOMO energies were found to be − 5.16 eV and − 5.26 eV for 
in-BDTTz and aus-BDTTz, respectively (Table 1). Since no reduction 
peaks were registered on CV curves, the energies of the lowest unoc
cupied molecular orbital (LUMO) were calculated from energy bandgap 
and HOMO energies as Eopt

gap +HOMO. With respect to the valence band of 
perovskite (− 5.4 eV for CH3NH3PbI3 or MAPbI3 [34]), HOMO energy 

levels of both polymers are suitable for extraction of photogenerated 
holes from MAPbI3. At the same time, the estimated LUMO levels lie 
higher than conduction band of MAPbI3 (− 3.9 eV) to prevent electron 
transfer to hole-collecting electrode. The energy level diagram of used 
materials in the PSCs is depicted in Fig. 3d. 

Hole mobilities (μh) of in-BDTTz and aus-BDTTz were measured by 
space charge limited current (SCLC) technique in hole-only devices with 
a structure of ITO/PEDOT:PSS/Polymer/MoO3/Ag. The μh values were 
calculated from the Mott-Gurney square law J = (9/8)ε0εrμh(V2/L3), 
where ε0 is vacuum permittivity, εr is the dielectric constant of polymers 
(generally, 3.0–3.5 for organiс semiconductors), μh is the hole mobility, 

Fig. 2. Synthesis of monomer M1 and conjugated polymers in-BDTTz and aus-BDTTz.  

Table 1 
Physicochemical, optical, and electrochemical properties of polymers in-BDTTz and aus-BDTTz.  

Polymer Mw, kDa(Mw/Mn) λsol
max/ λfilm

max, nm λPL
max, nm Eopt

gap, eV HOMO, eV LUMO, eV Td, ◦C μh, cm2V− 1s− 1 

in-BDTTz 213(2.1) 579/538,586 622,673 2.05 − 5.16 − 3.11 429 2.81 × 10− 4 

aus-BDTTz 151(3.2) 527/535,571 618,673 2.07 − 5.26 − 3.19 435 2.14 × 10− 4  
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V is the effective applied voltage, and L is the thickness of polymer films. 
The obtained hole mobilities of 2.81 × 10− 4 cm2V− 1s− 1 for in-BDTTz 
and of 2.14 × 10− 4 cm2V− 1s− 1 is for aus-BDTTz, which is higher than 
that of state-of-the-art HTM PTAA [35]. 

At the next step, conjugated polymers in-BDTTz and aus-BDTTz 
were investigated as hole transport materials in PSCs with n-i-p 
configuration. The details of PSCs fabrication are provided in the Sup
porting Information. Briefly, the ITO substrates were covered with SnO2 
followed by passivation with the fullerene derivative phenyl-C61-butyric 
acid [36]. The photoactive perovskite layer MAPbI3 was deposited atop 
in an inert atmosphere. Then, polymeric HTMs in-BDTTz or aus-BDTTz 
were spin-coated from chlorobenzene solution. Finally, the MoOx and 
the silver electrode were thermally evaporated under vacuum, resulting 
in the architecture of ITO/SnO2:PCBA(15 nm)/MAPbI3(300 nm)/HTM 
(15 nm)/MoOx(20 nm)/Ag(100 nm). The optimal deposition conditions 
for each HTM were estimated in preliminary experiments and were 

found to be the same for both materials: spin-coating of 7 mg mL− 1 

warm solution (60◦) of the undoped polymer at 5000 rpm. The J-V 
curves and EQE spectra of the best devices are presented in Fig. 4, and 

Fig. 3. TGA curves measured in inert atmosphere (a); Absorption and PL spectra (b), and CV curves (c) of polymers in thin films; energy level diagram (d).  

Fig. 4. J-V curves for best devices with different HTMs. Solid lines correspond to forward scans and dashed lines correspond to reverse scans (a); EQE spectra (b); 
steady-state PL spectra for films of polymers (c) and TRPL spectra for glass/perovskite/HTM stacks (d). 

Table 2 
Photovoltaic performance of PSCs based on PTAA, in-BDTTz and aus-BDTTz.  

HTM VOC, mV JSC, mA cm− 2 FF,% PCE,% 

PTAA 1040a(1040 ±
30)b 

21.8(21.4 ±
0.3) 

77.5(74.8 ±
6.1) 

17.4(16.6 ±
1.7) 

in-BDTTz 1060(1060 ± 10) 22.5(22.2 ±
0.2) 

79.1(77.4 ±
4.6) 

18.7(18.4 ±
0.2) 

aus- 
BDTTz 

1080(1070 ± 10) 21.9(21.0 ±
0.4) 

67.0(66.0 ±
1) 

15.7(15.2 ±
0.4)  

a Maximal value (average ± standard deviation). 
b Average characteristics for sixteen devices. 
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the parameters of PSCs are summarized in Table 2. The photovoltaic 
parameters of PSCs obtained from reverse scans are presented in 
Table S1 (Supporting Information). 

PSCs with in-BDTTz outperformed devices with aus-BDTTz and 
with the reference polymer PTAA. The best devices exhibited power 
conversion efficiencies of 18.7% with open-circuit voltages (VOC) of 
1.06 V, short-circuit current densities (JSC) of 22.5 mA cm− 2 and fill 
factors (FF) of 79%. The JSC values from J–V curves of the corresponding 
PSCs are in agreement with the JSC values calculated from the integra
tion of EQE spectra (Fig. 4a). Interestingly, the highest open-circuit 
voltages were obtained for PSCs with aus-BDTTz. The reason for this 
is probably better energy level alignment between the HOMO of this 
material and the perovskite valence band. Nevertheless, the highest 
short-circuit currents and fill factors were registered for devices 
comprising in-BDTTz thus justifying good charge transfer characteris
tics of this material as well as good electrical contact with the perovskite 
layer. 

To evaluate the hole extraction ability of obtained polymers, steady- 
state photoluminescence (PL) and time-resolved photoluminescence 
(TRPL) spectra of bilayer structures with configuration perovskite/HTM 
were performed. 

The observed PL quenching of samples was of the same intensity, 
while a slightly stronger quenching can be seen for aus-BDTTz (Fig. 4c). 
The TRPL data supports the results showing low charge carrier lifetime 
in perovskite covered with developed HTMs (Fig. 4d). It should be 
mentioned that a shoulder related to the internal photoluminescence of 
polymers contributes to the shape of TRPL decay curves. 

In the next step, we investigated the surface of polymer films using 
contact angle measurements (Fig. 5a). 

The contact angle of water on polymer films exceeded 90◦, revealing 
the highly hydrophobic nature of the polymer films. This allows the 
expectation of good protection of the perovskite layer from the moisture 
ingress when covered with BDTTz materials. The height profile of the 
polymer films was also characterized. According to atomic force mi
croscopy (AFM) measurements, the film aus-BDTTz contains a sufficient 
amount of larger formations on the surface implying different aggre
gation behavior of polymers. The root-mean-square roughness for films 
based on in-BDTTz and aus-BDTTz were found to be 2.23 nm and 3.57 

nm, respectively. 
Additionally, the operation stability of devices containing the best 

performing material in-BDTTz was investigated under continuous illu
mination of LED light in an inert atmosphere (75 mWcm− 2; O2 and H2O 
< 0.1 ppm; 45 ◦C). Encouragingly, almost no PCE loss for devices was 
found. Indeed, after the short burn-in period, the efficiency of both in- 
BDTTz- and PTAA-based PSCs stabilized and remained unchanged after 
375 h of continuous operation (Fig. S3). All of the results demonstrated 
that the novel polymers comprising alternating benzodithiophene and 
thiazolothiazole building blocks are favorable to improve the device 
performance as well as stability, which provides new guidelines for HTM 
designing strategies. 

3. Conclusion 

In this work, we have successfully designed two novel polymeric 
hole-transport materials by modification of our previously synthesized 
benzodithiophene-benzothiadiazole-based conjugated polymers. Intro
duction of the thiazolothiazole motif into backbone of polymers had a 
positive effect on their thermal stability, charge-transport characteristics 
and energy levels alignment with valence band of perovskite. The 
variation of 2-ethylhexyl side chains position on thiophene ring did not 
significantly affect the optical or physicochemical properties of poly
mers, though distinctly influence the HOMO level energies and hole 
mobilities. Polymer in-BDTTz, where the alkyl chains were placed “to
ward” the Tz moiety provided higher charge mobilities that resulted in 
enhanced performance of PSCs. Devices incorporating in-BDTTz HTMs 
delivered PCEs approaching 19% and stable performance under 
continuous illumination underlying the importance of molecular design 
for improving efficiency and stability of perovskite solar cells. 
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