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Abstract: Here, we present a synthesis of three novel conjugated block-copolymers (BCP) with
general formula P3HT-bridge-TBO, where P3HT is a poly(3-hexyl)thiophene, TBO is a thiophene-
benzothiadiazole block, and the bridge is composed of two fluorene units (FF) or two thiophenes
(TT) or a mixture (TF). It is demonstrated that the physicochemical properties of the materials with
different bridges are similar. Furthermore, P3HT-bridge-TBO materials are investigated in PSCs
with classical n-i-p configuration for the first time. PSCs with BCPs reach average efficiencies with
a top of 14.4% for P3HT-FF-TBO. At the same time, devices demonstrate spectacular long-term
operation stability after 1000 h under constant illumination with minor changes in efficiency, while
PSCs with state-of-the-art hole-transport layer demonstrate unstable behavior. This groundbreaking
work demonstrates the potential of BCP to ensure the stable operation of perovskite photovoltaics.

Keywords: block-copolymers; double hole-transport layers; perovskite solar cells

1. Introduction

Conjugated polymers consisting of alternating donor and acceptor units are attractive
semiconducting materials with applications spanning all fields of organic electronics [1–4].
Such a popularity of these materials grew out of the straightforward tunability of electronic
structure, charge transfer and film formation properties through the material design via
incorporation of various donor and acceptor units. Additionally, the solubility of conjugated
polymers in common organic solvents enables possible thin film deposition using printing
and roll-to-roll techniques.

One of the possible directions toward the design of novel conjugated polymers is
connecting independent donor and acceptor polymeric blocks through the bridge structure.
Such block copolymers (BCPs) offer opportunities of obtaining a plethora of nanoscale-
ordered structures due to self-assembling of materials in the bulk and in solutions [5,6].
The ability of BCPs to undergo nanoscale segregation and form stable conglomerates of
donors and acceptors with the size of domains depending on the annealing regime was
exploited in single-component organic solar cells [7].

The connection between two parts can be established by a simple C-C bond or have
an individual structure [7]. In a recent work, it was shown that the nature of the connecting
bridge may impact the photovoltaic performance of material [8]. In particular, a poly-
mer containing a non-conjugated bridge demonstrated superior performance in organic
solar cells, which was attributed to a more efficient charge separation due to hampering
bimolecular charge recombination and, hence, a longer charge lifetime.
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Poly(3-hexyl)thiophene (P3HT) is a very popular donor polymer in organic solar
cell research and state-of-the-art polymeric hole-transport material for PSCs [9,10]. The
widespread use of the material is mostly attributed to the simple synthesis and low price
compared to other popular p-type semiconductors, such as PTAA. However, due to insuffi-
cient hole mobility, the material is usually applied in PSCs with doping, which increases
the total price of device [11]. Nevertheless, P3HT is a great basis for the design of novel
materials, and it can be particularly used as a donor part of block-copolymers.

Synthesis of fully conjugated polymer for organic electronic devices is usually con-
ducted via cross-coupling reactions of functionalized P3HT with AB-type monomers,
or with AA- and BB-type monomers, which is called modular strategy [12]. For ex-
ample, a synthesis of BCP comprising benzodithiophene-bithiophene donor block and
naphthalenediimide-selenophene acceptor lead to an efficient single-component organic
solar cell [13].

Another photovoltaic technology, which attracts a lot of attention as a potential low-
cost and highly efficient way to harvest solar energy is perovskite solar cells (PSCs). Possess-
ing the efficiencies comparable to that of commercial crystal silicon solar cells, perovskite
material offers the opportunity for solution-based deposition and simple upscaling using
printing techniques [14,15]. The main challenge hampering PSC commercialization is the
low stability of devices. Among the factors leading to stability decrease, there are phase
instability under working conditions, thermal-, photo- and electrochemical degradation,
reaction with moisture and oxygen of the air, etc. [16–18]. One of the well-studied com-
ponents of the perovskite degradation mechanism is the reversible decomposition of the
photoactive layer and migration of volatile decomposition products from the structure,
which yet may be suppressed by using appropriate hole-transport layers with all the
features for efficient charge transfer and good encapsulation properties [19,20].

Recent research has revealed the exceptional potential of a double hole-transport layer
based on a combination of organic and inorganic p-type materials to efficiently conserve
perovskite material and provide selective hole extraction [13]. However, it was shown that
the organic component polytriarylamine (PTAA) requires further optimization [21,22].

The unique film-formation properties of BCPs owed to their ordering in thin films
ensure improved charge transfer properties, which makes these materials promising for
application as charge-transport layers in perovskite solar cells. The number of such reports
is limited to the work of Ma et al., where three BCPs containing P3HT block and the second
block incorporating either silolodithiophene or cyclopentadithiophene or dithienopyrrole
were investigated as hole-transport layer in inverted p-i-n perovskite solar cells [23]. The
special interlayer based on poly(sulfobetaine methacrylate) zwitterionic polymer was used
atop BCPs to improve affinity of the surface to DMF and, hence, refine the quality of
perovskite film. The superior characteristics of devices with silolodithiophene-based BCPs
were attributed to proper material’s energy level alignment with that of perovskite, and
efficient hole-extraction.

Another example of the rational design of a block copolymer demonstrates a random
copolymer RCP based on benzodithiophene and 2,1,3-benzothiadiazole [24]. The material
was engineered to provide perfect energy level alignment (HOMO = −5.41 eV) and high
charge transfer properties (hole mobility up to 1.85 × 10−3 cm2 V−1 s−1). Application of
RCP as dopant-free HTM in classical PSCs enabled high efficiency PCE = 17.3%.

In this work, we designed and synthesized a set of novel BCPs with the general struc-
ture of P3HT-bridge-TBO consisting of P3HT and thiophene-benzoxadiazole block using
the modular strategy. The connection between blocks was established using thiophene-
thiophene (TT) or thiophene-fluorene (TF), or fluorene-fluorene (FF) bridges, which is
reflected in the names of materials. The undoped BCPs were applied as hole-transport
materials in perovskite solar cells with n-i-p configuration. Moderate efficiencies of devices
were achieved with 14.4% maximum for BCP with TT bridge, while the spectacular opera-
tional stability under constant illumination for more than 1000 h was observed for devices
with all materials. The presented results reveal the potential of using block copolymers as
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hole-transport materials for highly stable perovskite solar cells and pave a way for stable
perovskite photovoltaics.

2. Materials and Methods

All solvents and reagents were purchased from Sigma-Aldrich (Darmstadt, Germany)
or Acros Organics (Geel, Belgium), if not otherwise stated, and used as received or purified
according to standard procedures.

Absorption spectra were obtained using an Avantes AvaSpec-2048 optical fiber spec-
trometer.

Molecular weight characteristics of conjugated polymers were obtained using a Shi-
madzu LC20 instrument. The measurements were performed using freshly distilled
chlorobenzene as an eluent (flow rate 0.5 mL min−1, column temperature 50 ◦C). The
column was calibrated using a series of custom-made F8BT standards with PDI < 1.5.
Molecular weights of the F8BT standards were crosschecked additionally using a “Waters
Alliance GPCV 2000” instrument equipped with a multi-angle scattering detector HELEOS
II (Wyatt).

Purification of low molecular weight compounds (key building blocks) was performed
using preparative GPC at Shimadzu LC20 instrument equipped with a Shodex GPC K-2001
50Å 6 µm, (20 × 300 mm). Freshly distilled toluene was used as an eluent (flow rate
1 mL min−1, column temperature 40 ◦C).

2.1. General Procedure Used for Synthesis of Block-Copolymers

Corresponding P3HT-bridge-Br (5 mol % or ca 0.01 eq), 4,7-Dibromo-5,6-bis(octyloxy)
benzo[c][1,2,5]oxadiazole (1 eq), 2,5-Bis(trimethylstannyl)thiophene (1 eq), tetrakis
(triphenylphosphine)palladium(0) (10 mol %), and 20 mL toluene were introduced into the
50 mL double-necked flask filled with argon, and refluxed for 24 h. Polymer formation
was controlled during the reaction with gel permeation chromatography. At the end of the
reaction the mixture was cooled to room temperature and 200 mL of deionized water was in-
troduced. The organic fraction was extracted with toluene, washed three times with 150 mL
of water. The solvent was partially removed at the rotary evaporator and polymeric fraction
was precipitated with methanol. The precipitated product was filtered through cellulose
thimble and purified using Soxhlet apparatus with acetone, hexane, dichloromethane, and
chlorobenzene for 12 h each. The fraction extracted with chlorobenzene was precipitated
with methanol and dried under reduced pressure during 24 h.

Polymer P3HT-TT-TBO was synthesized from P3HT-TT-Br. Yield = 64%. Mw = 41 kDa,
PDI = 1.8.

Polymer P3HT-TF-TBO was synthesized from P3HT-TF-Br. Yield = 39%. Mw = 36 kDa,
PDI = 1.6.

Polymer P3HT-FF-TBO was synthesized from P3HT-FF-Br. Yield = 26%. Mw = 30 kDa,
PDI = 1.5.

2.2. Device Fabrication

The ITO (Kintec, Kowloon, Hong Kong) was used as a bottom electrode. A combina-
tion of zinc and hydrochloric acid was used to create an electrode pattern on ITO. Samples
were cleaned by sequential ultrasonication in isopropanol, water, and acetone, and then
subjected to an air plasma treatment (50 W) for 5 min.

2.2.1. Deposition of Electron-Transport Layers

The 10% SnO2 aqueous solution from AlfaAesar (Haverhill, MA, USA) was spin-
coated at 4000 rpm in the air. The samples were annealed at 175 ◦C for 20 min. The
samples were then transferred to the glovebox and annealed at 150 ◦C for 10 min. The
layer of 6,6-phenyl-C61 butyric acid (PCBA) synthesized according to the literature [25]
was spin-coated from solution in chlorobenzene (0.2 mg/mL) at 3000 rpm, and samples
were annealed at 100 ◦C for 10 min.
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The ZnO solution was prepared by dissolving Zn acetate (100 mg) in monoethanolamine
(33 µL) and 2-methoxyethanol (1 mL) and spin-coated atop ITO at 6000 rpm. The samples
were gradually heated from room temperature to 200 ◦C, where they were annealed for one
hour. They were then heated to 300 ◦C and then returned to room temperature. ZnO was
spin-coated with the CH3NH3I (MAI) solution (8 mg/mL in isopropanol) at 3000 rpm. The
samples were annealed for 4 min at a temperature of 300 ◦C, then they were placed into
the glovebox and heated for 5 min at 100 ◦C before the PCBA was deposited as described
above.

2.2.2. Perovskite Deposition

CH3NH3PbI3. To make the CH3NH3PbI3 (MAPbI3) perovskite solution (1.4 M), stoi-
chiometric amounts of MAI and PbI2 were dissolved in DMF and NMP (4:1). Perovskite ink
was spin-coated onto the cooled substrates at 4000 rpm, quenched with toluene at 13 s and
allowed to spin for 40 s. The samples were placed on the cold surface for 20 min, gradually
heated to 80 ◦C, and then annealed for 5 min.

CsFAPbI3. The CsFAPbI3 solution with 1.4 M concentration was prepared by dissolv-
ing CsI (99 mg), (NH2)2CHI (434 mg), and PbI2 (1474 mg) in DMF and DMSO (17:3). The
perovskite layer was spin-coated at 4000 rpm, quenched with ethyl acetate after 17 s, and
immediately placed onto the heater at 100 ◦C for 10 min annealing.

2.2.3. Deposition of Double-HTL and Top Electrodes

The referenced hot PTAA solution (6 mg/mL in chlorobenzene) was spin-coated on
top of the perovskite at 3000 rpm. PTAA was synthesized as described in the literature [26].

Hot solutions of BCPs were deposited using preliminary optimized conditions (Figure S6).
The metal oxides were thermally evaporated from a tungsten boat under reduced

pressure onto the whole surface of the sample. The source’s power was gradually increased
until a stable evaporation rate of 0.2 Å s−1 was reached. The thickness was controlled with
quartz crystal.

The top electrodes (silver or aluminum) were thermally evaporated under reduced
pressure via a shadow mask that defined the 0.072 cm2 device area.

2.3. Device and Glass Characterization

The perovskite solar cells’ characteristics were collected under a simulated AM1.5G
illumination (100 mW/cm2), provided with a Newport Verasol AAA solar simulator and
Advantest 6240 A source-measurement units. UV–vis spectra were measured in an inert
atmosphere using an AvaSpec-2048-2UVVIS fiber spectrometer integrated with an MBraun
glovebox. Electrochemical characterization was performed as reported previously [27].

3. Results and Discussion

In this work, three novel block copolymers with general structure P3HT-bridge-TBO
were synthesized: where P3HT refers to a poly(3-hexyl)thiophene donor block, TBO is an
acceptor block comprising thiophene (T) and benzoxadiazole (BO) moieties, and the bridge
is a connector for donor and acceptor components. Three bridges were investigated as
connections: TT, TF and FF, where F is fluorene. The synthetic pathway towards P3HT-
bridge-TBO block copolymers is presented in Figure 1.



Organics 2023, 4 101Organics 2023, 4, FOR PEER REVIEW 7 
 

 

 

Figure 1. Synthesis of block copolymers by modular strategy. 

Therefore, the P3HT-bridge-Br (0.01 eq.) basis was introduced into the Stille polycon-

densation with 2,5-Bis(trimethylstannyl)thiophene (1 eq.) and dibromosubstituted ben-

zooxadiazole (1eq) in the presence of Pd(PPh3)4. After multistep purification from low 

molecular weight products, the successful synthesis of the polymer was evidenced with 
1H NMR spectroscopy (Figures S2–S4) and gel permeation chromatography (Figure 2a). 

In particular, the signal of thiophene functionalized with bromine (chemical shift of 2.58 

ppm) disappeared, while the signals corresponding to the fluorene bridge were observed 

at the 7.3–7.7 ppm range. The ratio between block components of each polymer is sum-

marized in Table 1. 

The molecular weight (Mw) of P3HT-TT-TBO was found to be 41 kDa with a polydis-

persity index (PDI) of 1.8 and a ratio between P3HT and TBO of 61:49. BCPs with fluorene 

in the bridge moiety possessed lower molecular weights of 36 kDa and 30 kDa for TF and 

FF bridge, respectively, with the narrow molecular weight distribution (PDI = 1.6–1.5) and 

shorter length of TBO block. 

Table 1. Physicochemical, optical, and electrochemical properties of block-polymers P3HT-TT-

TBO—P3HT-FF-TBO. 

Name Mw, kDa * PDI * P3HT:TBO Ratio ** 𝛌𝐞𝐝𝐠𝐞 𝐀𝐁𝐒 
𝐟𝐢𝐥𝐦 , nm Eg, eV HOMO, eV LUMO *, eV 

Td, 

°C  

P3HT-TT-TBO 41 1.8 61:49 734 1.69 −4.92 −3.23 314 

P3HT-TF-TBO 36 1.6 67:33 728 1.70 −4.94 −3.24 303 

P3HT-FF-TBO 30 1.5 65:35 734 1.69 −4.91 −3.22 299 

* Mw and PDI are extracted from GPC. ** block ratio is estimated from 1H NMR spectra. 

The thermal stability of BCPs was studied by thermogravimetric analysis. According 

to the results, BCPs are thermally stable in the range of operating temperatures of perov-

skite solar cells (Figure S9). Decomposition temperatures (Td) of BCPs with TT, TF, and FF 

Figure 1. Synthesis of block copolymers by modular strategy.

The starting reagent for all materials was P3HT functionalized with Br synthesized
using the Kumada reaction, as described previously (Scheme S1) [12]. This approach leads
to the regioregular polymer with a low polydispersity index [28,29]. The structure of
P3HT-Br was confirmed by 1H NMR spectroscopy (Figure S1). The signals with a chemical
shift of 2.62 ppm and 2.58 ppm correspond to methylene protons of hexyl groups on
terminal thiophenes, respectively. The insignificant amount of unfunctionalized P3HT
was discovered due to the difference of the integral intensity of signals, which is however
considered potentially harmless to the final polymerization, as it bears no functional groups,
which can terminate the reaction. Finally, the degree of polymerization was calculated
based on the ratio between the intensity of signals of terminal thiophenes and that in the
main chain. According to the calculation the molecular weight of the donor block was
estimated to be 8.3 kDa, which was also confirmed by gel-permeation chromatography
(Figure 2a).

At the next step, the bridging moiety was added to the donor part. The functionalized
P3HT-Br was modified with a ten-fold excess of 2,5-bis(trimethylstannyl)thiophene and
then with a ten-fold excess of 2,5-dibromothiophene under the condition of Stille cross-
coupling to form P3HT-TT-Br. In order to form the P3HT-TF-Br at the second step Stille
reaction with 2,7-dibromofluorene was used; and the building block with two fluorene
units was obtained in two steps via Suzuki cross-coupling of P3HT-Br with a ten-fold excess
of corresponding functionalized fluorene moieties (Figure 1). The modified P3HT-bridge-Br
was purified and introduced into the polymerization reaction.

Synthesis of block-copolymers was conducted using a modular strategy previously
reported for the synthesis of P3HT-b-DPP block-copolymer [12]. This synthetic strategy
implies growing the second polymeric chain directly on the monofunctional P3HT-Br using
AA and BB-type monomers. Such an approach is beneficial in terms of simple preparation
of AA and BB-type monomers, possible energy level adjustment via monomer variation,
and high purity of the target molecule.
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Therefore, the P3HT-bridge-Br (0.01 eq.) basis was introduced into the Stille poly-
condensation with 2,5-Bis(trimethylstannyl)thiophene (1 eq.) and dibromosubstituted
benzooxadiazole (1eq) in the presence of Pd(PPh3)4. After multistep purification from low
molecular weight products, the successful synthesis of the polymer was evidenced with 1H
NMR spectroscopy (Figures S2–S4) and gel permeation chromatography (Figure 2a). In
particular, the signal of thiophene functionalized with bromine (chemical shift of 2.58 ppm)
disappeared, while the signals corresponding to the fluorene bridge were observed at the
7.3–7.7 ppm range. The ratio between block components of each polymer is summarized in
Table 1.

Table 1. Physicochemical, optical, and electrochemical properties of block-polymers P3HT-TT-TBO—
P3HT-FF-TBO.

Name Mw, kDa * PDI * P3HT:TBO
Ratio ** λfilm

edge ABS, nm Eg, eV HOMO, eV LUMO *, eV Td,
◦C

P3HT-TT-TBO 41 1.8 61:49 734 1.69 −4.92 −3.23 314
P3HT-TF-TBO 36 1.6 67:33 728 1.70 −4.94 −3.24 303
P3HT-FF-TBO 30 1.5 65:35 734 1.69 −4.91 −3.22 299

* Mw and PDI are extracted from GPC. ** block ratio is estimated from 1H NMR spectra.

The molecular weight (Mw) of P3HT-TT-TBO was found to be 41 kDa with a polydis-
persity index (PDI) of 1.8 and a ratio between P3HT and TBO of 61:49. BCPs with fluorene
in the bridge moiety possessed lower molecular weights of 36 kDa and 30 kDa for TF and
FF bridge, respectively, with the narrow molecular weight distribution (PDI = 1.6–1.5) and
shorter length of TBO block.

The thermal stability of BCPs was studied by thermogravimetric analysis. According to
the results, BCPs are thermally stable in the range of operating temperatures of perovskite
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solar cells (Figure S9). Decomposition temperatures (Td) of BCPs with TT, TF, and FF
connection bridges were found to be 314, 303, and 299 ◦C, respectively, which is reflected
in Table 1.

The electronic structures of the materials were evaluated using cyclic voltammetry and
absorption spectroscopy in thin films (Figure 2b,d). In particular, the optical bandgap of
polymers was determined as Eg = 1240/λfilm

edge ABS , where the edge was found as a crossing
between a tangent to the absorption maximum peak and the baseline. Polymers possess
similar bandgaps in the range of 1.69–1.70 eV. Interestingly, a bathochromic shift of the peak
corresponding to P3HT component was observed moving from the solution to the thin
film, which suggests the ordering of the material in solid state. Furthermore, using cyclic
voltammetry the highest occupied molecular orbital (HOMO) energy levels were calculated
as HOMO = −(Eox+ 4.8) eV, where Eox is the onset of the oxidation peaks [21]. The onsets
of oxidation potentials for P3HT-TT-TBO, P3HT-TF-TBO and P3HT-FF-TBO were found to
be 0.12 V, 0.14 V, and 0.11 V corresponding to the HOMO energies of −4.92 eV, −4.94 eV,
and −4.91 eV, respectively. For determination of the lowest unoccupied molecular orbital
(LUMO) energy level the equation LUMO = Eg + HOMO was used leading to −3.23, −3.24,
and −3.22 eV LUMO levels of materials. Therefore, it is worth noting that the ratio of P3HT
to TBO, as well as the structure of the connecting bridge, do not affect the energy of the
boundary orbitals and the energy band gap (Table 1).

The estimated HOMO energy levels of the obtained BCPs were found in imperfect but
suitable alignment with the valence band of the most popular perovskite material MAPbI3,
which could lead to energy losses and lower characteristics of devices. Nevertheless, it
was of particular interest to compare the performance of materials with various bridges in
PSCs. Therefore, at the next step, the BCPs were investigated as hole-transport materials
(HTLs) in PSCs and optimal deposition conditions for BCPs were identified. For this
purpose, PSCs with classical n-i-p configuration were fabricated (Figure 3a). In brief, the
bottom transparent electrode (ITO) was covered with SnO2 electron-transport layer, which
was further passivated with 6,6-phenyl-C61 butyric acid (PCBA) [25]. Furthermore, the
photoactive layer CH3NH3PbI3 (MAPbI3) was spin-coated, and the hole-transport layer
represented by one of the BCPs or polytriarylamine (PTAA) for the reference cells was
deposited. In each optimization experiment, reference devices were fabricated with the
PTAA synthesized using Suzuki polycondensation [26]. Finally, molybdenum oxide and
silver electrodes were evaporated to complete the structure.

A total of 240 devices with block-copolymers and PTAA were fabricated to generate
full and reliable statistics and define optimal deposition conditions (Figure S5). The dis-
tributions of power-conversion efficiencies (PCEs, %), open-circuit voltages (VOC, mV),
short-circuit current densities (JSC, mA cm−2), and fill factors (FF, %) for the devices with
BCPs are summarized in Table 2. The values of the short-circuit current densities were
confirmed using EQE (Figure S6).

Devices with BCPs delivered modest efficiencies with the highest PCE of 14.4% re-
ceived for devices with P3HT-FF-TBO. The expected energy losses due to the mismatch
between the energy levels of perovskite and polymers led to significantly lowered VOC
values compared to that of the reference devices.

Additionally, the noticeable hysteresis between forward and reverse scans was regis-
tered, which is usually related to the substantial density of defects on the interface between
HTL and perovskite (Figure 3c). Taking into consideration the tendency of BCPs to self-
assemble, we suggested as a reason for hysteresis behavior the formation of defects at the
interface with perovskite functioning as sites for charge recombination [30].
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Table 2. Characteristics of perovskite solar cells with different BCPs presented as max (average± stan-
dard deviation).

Name HI VOC, mV JSC, mA
cm−2 FF, % PCE, %

MoOx only 0.83 164
(260 ± 70)

11.7
(7.3 ± 3.1)

57
(35 ± 13)

1.6
(0.6 ± 0.7)

PTAA 0.07 1046
(1014 ± 14)

22.2
(20.5 ± 1.6)

76
(70 ± 5)

17.3
(14.6 ± 1.7)

P3HT-TT-TBO 0.36 861
(843 ± 35)

22.5
(21.8 ± 0.6)

70
(55 ± 16)

13.4
(10.3 ± 3.3)

P3HT-TF-TBO 0.30 895
(878 ± 9)

20.8
(20.0 ± 1.0)

64
(51 ± 13)

11.6
(9.0 ± 2.0)

P3HT-FF-TBO 0.37 835
(900 ± 50)

23.4
(21.4 ± 1.4)

73
(52 ± 15)

14.4
(9.5 ± 3.3)

The short lifetime of charges was confirmed by photoluminescence (PL) spectra of
samples with configuration glass/MAPbI3/HTL and glass/MAPbI3 as reference. The
efficient perovskite PL quenching and short lifetime of PL signal observed in time-resolved
PL spectra of bilayer stacks with BCPs may be related to either their good hole-extracting
ability or charge trapping on the defects. The PL decays were described with two expo-
nential trends and fitted accordingly; the extracted carrier lifetimes are summarized in
Table S1.

According to previous reports, the hysteresis issue was also observed in PSCs for
devices with perovskite and BCP layers being in direct connection [23,24]. However, it was
shown that an introduction of an additional zwitterionic interlayer allows the hysteresis to
heal and push the characteristics of devices to higher levels [23].
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As the hysteresis issue can be suppressed with the proper interlayer, we proceeded
further with the investigation of the stability of PSCs with BCPs under various conditions.

Preliminary, the sensitivity of the photoactive layer to the moisture and oxygen of
the air is a critical obstacle to practical application; therefore, the hydrophobicity of the
perovskite coverage is crucial to ensure perovskite protection from harmful factors. For
evaluating the hydrophobicity and quality of the coverage provided by BCPs we measured
the contact angle (θ) of water with the surface of BCP films on the glass (Figure 4). The
high values of contact angle θ = 94–97◦ between water and BCP surface which did not
change after 20 s indicated the hydrophobic nature of BCP films. Thus, we assume that the
hydrophobic properties of block copolymers are sufficient to protect the photoactive layer
from exposure to water.
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Additionally, the surface of the glass/BCPs and glass/perovskite/BCPs samples was
characterized using atomic force microscopy (AFM) (Figures S7 and S8). The surface of
the sample with P3HT-TT-TBO is covered with high columnar-like formations, while the
morphology of P3HT-TF-TBO and P3HT-FF-TBO is more uniform and reflects that of bare
perovskite. Such an inhomogeneous surface of P3HT-TT-TBO may be related to the lower
solubility of the polymer due to higher molecular weights.

At the next step, the stability of the devices under constant illumination was investi-
gated (Figure 5). The previously reported modified architecture of PSCs using ZnO as ETL
and CsFAPbI3 perovskite was used in this experiment [21]. The lower ITO electrode was
coated with a solution of ZnO and further passivated with MAI and PCBA. The photoactive
layer was spin-coated and BCPs were deposited atop. The vanadium oxide and Al electrodes
completed the architecture to be ITO/ZnO:MAI:PCBA/perovskite/BCPs/VOx/Al [31].

The non-encapsulated devices were placed into a degradation chamber embedded in
a glovebox with an inert atmosphere (oxygen and water concentration < 0.01 ppm). The
illumination power of the white LEDs was 57 ± 3 mW cm−2 and the temperature was
maintained within 45 ± 1 ◦C for 1000 h, which corresponds to the degradation protocol
ISOS-L-2I [32]. During the experiment, the current-voltage characteristics were monitored
and the evolution of PCE for devices with BCPs and for PTAA are presented in Figure 5.

The low characteristics of fresh devices, which improve after some time under illu-
mination, are common to this configuration and can be explained by a burn-in of defects.
Devices containing P3HT-TT-TBO showed stable behavior with modest efficiencies during
the whole experiment. PSCs with BCPs containing fluorene demonstrated an increase
in efficiency since the starting point and stable work up to the end of the experiment.
Current-voltage characteristics of degraded devices are given in Figure S10. It is interesting
to note that for devices with P3HT-FF-TBO and P3HT-FT-TBO the hysteresis decreased
significantly at the end of the experiment. Therefore, the probable reason for high hys-
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teresis of fresh devices could be defective interface of the material with perovskite, which
improved after exposure to light and temperature. Finally, the most unstable behavior was
observed for the reference devices, which, however, stays in accordance with the previously
reported results [21]. A decrease in the stability of devices with PTAA is related to the
growth of polymer-based filamentous structures through the film of the photoactive layer.
In sum, devices containing BCPs show excellent stability under constant illumination, the
hysteresis was reduced for fluorene-containing materials, and devices with P3HT-TF-TBO
demonstrated the best performance at the end of the stability test.
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4. Conclusions

In this work, we designed and synthesized three conjugated block-copolymers with
P3HT-bridge-TBO structure where the bridge structures are thiophene-thiophene, thiophene-
fluorene, or fluorene-fluorene pairs. It was shown that the nature of the bridge does not
significantly impact electronic structures of the materials and their morphology in thin films.
However, the high molecular weight of P3HT-TT-TBO may lead to its reduced solubility
in organic solvents and, thus, to the appearance of formations on the surface of thin films
revealed by AFM.

Then, the materials were applied as organic components of hybrid HTL in n-i-p
PSCs and demonstrated efficiencies up to 14.4% for P3HT-TT-TBO. The main losses of the
efficiency were due to low values VOC and hysteresis behavior. The possible strategy to
enhance the efficiency could consist in introducing more donor units into the structure of
individual polymeric blocks to lower HOMO level and avoid energy losses coming from
energy level misalignment with perovskite valence band. Furthermore, using steady-state
and time-resolved photoluminescence it was shown that PL intensity of perovskite covered
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with all block copolymers is substantially quenched and charge carrier lifetime is short,
which can be attributed to the good hole-extracting ability of presented block-copolymers.

Most importantly, devices with P3HT-bridge-TBO materials demonstrated high opera-
tion stability under constant illumination during 1000 h without a drop of characteristics,
while fluorene-containing polymers P3HT-TF-TBO and P3HT-FF-TBO delivered even
higher efficiencies at the end of the experiment without hysteresis.

The presented scientific findings reveal a great potential of block-copolymers as HTLs
for highly stable PSCs.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/org4010008/s1, Scheme S1: Synthesis of P3HT-Br; Figure S1:
Gel-permeation chromatography of P3HT-Br; Figures S2–S4: NMR Spectra; Figure S5: Optimiza-
tion of deposition conditions; Figure S6: EQE; Figure S7: AFM of the samples with configuration
perovskite/HTM; Figure S8: AFM of bare BCPs; Figure S9: TGA of block copolymers; Figure S10:
J-V characteristics of degraded PSCs with P3HT-bridge-TBO block copolymers as HTM; Figure S11:
Current-voltage characteristics for device with MoOx as HTL; Figure S12: Cross-sectional SEM of PSC;
Table S1: Charge carrier lifetime extracted from time-resolved photoluminescence measurements.
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