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Perovskite solar cells are among the most promising photovoltaic technologies in academia and have the

potential to become commercially available in the near future. However, there are still a few unresolved

issues regarding device lifetime and fabrication cost of perovskite solar cells in order to be competitive

with existing technologies. Herein, we report small organic molecules with introduced vinyl groups as

hole transporting materials, which are capable of undergoing thermal polymerization, forming solvent-

resistant 3D networks. Novel compounds have been synthesized from relatively inexpensive starting

materials and their purification is less time-consuming when compared to polymers; therefore this type

of hole transporter can be a promising alternative to lower the manufacturing cost of perovskite solar cells.
1. Introduction

Organic–inorganic hybrid perovskite solar cells (PSCs) have
been attracting exceptional interest among scientists since
2009, when they were rst reported in the literature as light-
energy converting devices with an efficiency of 3.8%.1

Currently, their record power conversion efficiency (PCE) has
reached 25.8%,2 demonstrating their potential as the fastest-
advancing solar cells and proving their competitiveness with
the most established inorganic materials such as silicon, CIGS
and CdTe.3 An astonishing performance of PSCs is a result of
excellent optical and electrical properties of halide perovskites,
such as broad absorption range and high absorption coeffi-
cient,4 high carrier mobility, long charge carrier diffusion
length and lifetime.5,6 Moreover, PSCs demonstrate additional
appealing features such as uncomplicated manufacturing, light
weight and low cost.7

However, there are several issues in both types of PSCs, n-i-p
and p-i-n structured, regarding the efficiency, long-term
stability and manufacturing cost of devices. For conventional
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getautis@ktu.lt

ineering, University of Colorado, Boulder,

le, UMR 8181–UCCS–Unité de Catalyse et
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PSCs, where hole transporting material (HTM) is deposited on
top of the perovskite layer, one of the main advantage is that
organic semiconductors in general require milder processing
conditions in comparison to inorganic counterparts.8,9

However, the oxidative doping process, which is used to match
the indispensable electrical conductivity, and slow morpho-
logical degradation of HTMs have a substantial negative effect
on the long-term stability of devices.10,11 As an alternative, p-i-n
structured PSCs are not affected by aforementioned drawback
since dopants are unnecessary for hole transporting layers
(HTLs) in such device architecture. Furthermore, inverted PSCs
allure researchers not only because of negligible J–V hysteresis
effect,12 but also because of the simplicity of their
manufacturing,13 which enables new possibilities for their
application in tandem solar cells.14 On the other hand, since
perovskite layer is solution-processable from a mixture of polar
dimethylformamide:dimethyl sulfoxide (DMF:DMSO) solvents
the selection of suitable HTMs is signicantly reduced. Hence,
up to now polymers such as poly(3,4-ethylenedioxythiophene)
polystyrene sulfonate (PEDOT:PSS), poly(triarylamine) (PTAA)
and poly[3-(4-carboxybutyl)thiophene-2,5-diyl] (P3CT) are oen
chosen as organic HTLs for p-i-n structured devices.15 However,
polymers are not ideal HTMs in terms of difficult synthesis and
tedious purication procedures. As an alternative, small organic
molecules with a capability to be in situ polymerized into
solvent-resistant 3D networks have been recently reported,
demonstrating relatively high performances in inverted PSCs.16

Fluorene derivatives are important building blocks for HTMs
in organic light-emitting diodes,17 organic thin-lm transis-
tors,18 dye-sensitized solar cells19 and, recently, PSCs with a re-
ported PCE exceeding 17%.20 Wide applicability is reasoned by
RSC Adv., 2023, 13, 26933–26939 | 26933
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excellent hole drimobility and simple functionalization of the
molecule with a variety of introduced different groups, enabling
ne-tuning of electrical and optical properties of HTMs. Addi-
tionally, uorene is known for its relatively low cost, thus uo-
rene derivatives are excellent candidates for the synthesis of
hole transporters, at the same time increasing the chances of
commercial application of PSCs.21

In this study, thermally cross-linkable uorene-based HTMs,
functionalized with two vinylbenzyl groups, were synthesized
and investigated. As a result of thermal polymerization these
HTLs demonstrate good solvent resistance. Also, the cross-
linking process has a positive effect on the hole dri mobility
values of the compounds. Moreover, novel polymerized mate-
rials have proven to have more successful application in inver-
ted architecture PSCs than compared to unpolymerized layers,
which demonstrates the potential of dopant-free cross-linkable
HTMs.

2. Results and discussion

The synthetic route to obtain cross-linkable compounds is
shown in Scheme 1. 2,7-Dibromouorene was chosen as
Scheme 1 The synthetic route of fluorene-based HTMs.

26934 | RSC Adv., 2023, 13, 26933–26939
a starting material for both nal compounds V1498 and V1499
because of its commercial availability and relatively low price.
During the rst step, Suzuki reaction of the starting compound
and either 4-aminophenylboronic acid pinacol ester or 3-ami-
nophenylboronic acid pinacol ester were used to synthesize
precursors 1 and 3, respectively. Aerwards, aminated-precur-
sors were condensed with 2,2-bis(4-methoxyphenyl)
acetaldehyde, following previously published procedure,22 to
isolate intermediate compounds 2 and 4. During the third step,
a simple alkylation reaction with 4-vinylbenzylchloride was
used to generate 75% of the target product V1498 and 64% of
V1499. Novel structures were fully characterized by nuclear
magnetic resonance (NMR) spectroscopy, elemental analysis
(EA), and mass spectrometry (MS) techniques. Detailed
synthesis procedures are described in the ESI.†

The synthesis cost estimations of V1498 and V1499 have
been performed following the procedure established by Ose-
dach et al. (Table S1 and S2 in the ESI†).23 The material price of
1 g of either HTM (V1498 – 57V per g, V1499 – 101V per g) is
signicantly lower than the cost of 1 g of the most frequently
used polymers (PTAA – 3040V per g, P3CT – 500V per g).
© 2023 The Author(s). Published by the Royal Society of Chemistry
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View Article Online
Therefore, the production cost of perovskite solar cells should
decrease accordingly.

To evaluate optical properties of newly synthesized uorene-
based compounds ultraviolet-visible (UV-vis) absorption and
photoluminescence (PL) spectra were measured from the thin
lms. The spectra are shown in Fig. 1 and the pertinent data are
summarized in Table 1. The absorption maximum (lmax) of
V1498 was observed at 388 nm, while a hypsochromic shi of
around 50 nm is observed for the compound V1499 (lmax = 342
nm) due to the reduced p-conjugated system and differently
substituted uorene arms, which increase steric hindrance,
therefore phenyl rings become more twisted out of the plane.
Aer the cross-linking process the absorptionmaximum of both
HTMs have shied hypsochromically (lmax = 343 nm for V1498,
Fig. 1 (a) UV-vis absorption (solid line) and photoluminescence (dashed
heating curves of HTMs (scan rate 5 °C min−1, N2 atmosphere); cross-link
solutions, prepared by dipping spin-coated and cured at adequate temp

Table 1 Thermal, optical and photophysical properties of fluorene-base

ID Tg
a (°C) Tp

a (°C) Tdec
a (°C) lmax

b (nm) IP
c (eV) E

V1498 152 212 395 261; 388 5.32 2
V1498 cross-linked 5.26
V1499 145 216 410 261; 342 5.49 3
V1499 cross-linked 5.43

a Polymerization (Tp) and glass transition (Tg) temperatures determined
temperatures observed from TGA, respectively (10 °C min−1, N2 atmosp
potentials of the lms measured using PESA. d Eg estimated from the in
− Eg.

f Mobility value at strong electric elds. g Mobility value at zero eld

© 2023 The Author(s). Published by the Royal Society of Chemistry
lmax = 328 nm for V1499). PL spectra have shown that the
emission maximum of V1498 and V1499 is at 478 and 488 nm,
respectively, with large Stokes shi values of 90 nm (V1498) and
146 nm (V1499), which indicate that molecules can undergo
large geometrical changes when excited, improving pore-lling
of HTM.24 The intersection of absorption and emission spectra
was used to calculate the optical gap (Eg) of thin lms and were
estimated to be similar for both compounds, V1498 and V1499,
respectively, at 2.84 and 3.00 eV (Fig. 1).

To evaluate thermal stability of HTMs and to study the cross-
linking process, thermogravimetric analysis (TGA) and differ-
ential scanning calorimetry (DSC) were used. Both uorene-
based compounds showed high thermal decomposition
temperatures (Tdec) corresponding to 5%weight loss, with a Tdec
line) spectra of thin films of V1498 and V1499; (b) DSC first and second
ing experiment of V1498 (c) and V1499 (d) films. The absorption of the
eratures HTM films into THF for the respective duration.

d compounds

g
d (eV) Eea

e (eV) mf (1 × 106 V cm−1) (cm2 V−1 s−1) m0
g (cm2 V−1 s−1)

.84 2.48 1.6 × 10−3 5 × 10−5

2.42 8 × 10−3 2 × 10−4

.00 2.49 2.3 × 10−4 1.5 × 10−6

2.43 6 × 10−4 3 × 10−5

by DSC, scan rate 5 °C min−1; N2 atmosphere. Decomposition (Tdec)
here). b Absorption spectra were measured of thin lms. c Ionization
tersection of absorption and emission spectra of solid lms. e Eea = IP
strength.

RSC Adv., 2023, 13, 26933–26939 | 26935
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of 395 °C for V1498 and 410 °C for V1499, as shown in TGA
analysis (Fig. S1, ESI†) and summarized in Table 1. DSC analysis
demonstrates that both HTMs are fully amorphous since there
were no endothermic peaks detected during both heating cycles
(Fig. 1). During the rst scan of V1498 the glass transition (Tg)
process was observed at 152 °C, followed by an exothermic peak
at 212 °C corresponding to a thermal polymerization process.
During the second scan there were no phase transitions detec-
ted, which indicates that the formation of cross-linked polymer
was successful. During the rst heating cycle of V1499 a slightly
lower Tg of 145 °C was observed, followed by a polymerization
peak at 216 °C, while no distinct transitions could be found on
the second scan heating up to 260 °C.

Fluorene-based HTLs' ability to form cross-linked networks
was evaluated by measuring the optical absorption before and
aer rinsing of the spin-coated lm, by using UV-vis spectros-
copy (detailed cross-linking procedure can be found in the
ESI†). The results are demonstrated in Fig. 1. Aer annealing
the lms of V1498 and V 1499 at 212 °C and 216 °C, respectively,
for 15 minutes the absorbance of the rinsed solutions dimin-
ishes, which indicates that the lms are only partially cross-
linked under these conditions. Therefore, a longer time frame
was used to quantitatively cross-link the lms. The cross-linking
process for both monomers was completed aer annealing for
roughly 60 minutes. As an additional verication of a complete
cross-linking process and the conversion of vinyl groups,
Fourier-transform infrared spectra were recorded (Fig. S5, ESI†).
Aer thermal polymerization the characteristic peaks of the
Fig. 2 (a) Water contact angles of V1498 and V1499 before and after
mobilities in films of V1498 and V1499 before and after the cross-linkin
porting layers of V1498 and V1499 before and after the cross-linking pr

26936 | RSC Adv., 2023, 13, 26933–26939
vinyl groups at the 990–991 cm−1 and 904–906 cm−1 dis-
appeared, which conrms a complete cross-linking reported
previously.25,26

Contact angle measurements were carried out to evaluate
surface properties of neat and cross-linked lms. As demon-
strated in Fig. 2, contact angles of water droplets on the
annealed lms increased around 10° when compared to contact
angles on uncross-linked lms. Moreover, a comparison
between neat perovskite layer (Fig. S2†) and HTLs showed that
HTMs have at least 15° larger contact angle than pristine
perovskite. Therefore, it is expected that cross-linked HTLs with
an improved hydrophobicity would result in an increased device
stability.

To study charge transport properties of the novel HTMs
xerographic time-of-ight (XTOF) technique was used (Fig. 2),
the results are presented in Table 1. Compound V1498
demonstrates excellent hole drimobility of 1.6× 10−3 cm2 V−1

s−1 at strong electric elds. Sterically hindered compound
V1499 displays one order of magnitude lower charge trans-
porting properties, although still comparable to those of other
prominent HTMs used in PSCs.27,28 Moreover, the hole mobil-
ities of cross-linked lms were also measured, the results
indicate that charge transport properties of both compounds
largely improve, which might be a result of the enhanced
intermolecular packing caused by the cross-linking process.

The solid-state ionization potentials (IP) of uorene-based
HTMs were evaluated by using the photoelectron spectroscopy
in air (PESA). As shown in Fig. 2, the highest occupiedmolecular
the cross-linking process; (b) electric field dependencies of hole drift
g procedure; (c) and (d) photoemission in air spectra of charge trans-
ocedure.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Two solar cell structures used in this study.
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orbital (HOMO) energy level of V1498 and V1499 was demon-
strated to be −5.32 and −5.49 eV, respectively. As expected, the
cross-linking process only had a negligible effect on these
values by reducing the IP of both compounds by 0.06 eV. The
lowest unoccupied molecular orbital (LUMO), calculated from
the IP and Eg, is 2.48 and 2.49 eV for not cross-linked V1498 and
V1499, respectively (Table 1). HOMO and LUMO energy levels of
these HTMs are suitable for the application in PSCs.29,30

To evaluate the efficacy of synthesized compounds acting as
HTLs in PSCs, inverted p-i-n structured devices were fabricated
and characterized having the structure of: an indium tin oxide
Fig. 4 J/V measurements of the champion PSCs prepared with V149
comparison of J/V curves of cross-linked V1499, demonstrating reverse
new HTMs, before and after cross-linking.

© 2023 The Author(s). Published by the Royal Society of Chemistry
(ITO)-coated glass substrate/HTM/perovskite/LiF/C60 as elec-
tron transport layer (ETL)/bathocuproine (BCP)/a silver elec-
trode (Fig. 3). Triple-cation perovskite31 was used as an
absorbing layer with a nominal precursor solution composition
of Cs0.05(FA0.83MA0.17)0.95Pb(I0.83Br0.17)3. The organic HTLs were
deposited on ITO by spin-coating their toluene solution. For the
cross-linking, substrates were annealed in a nitrogen atmo-
sphere at 212 °C for 1 h for V1498 and at 216 °C for 1 h for
V1499. The detailed information for PSC fabrication is provided
in the ESI.†
8 (a) and V1499 (b) before and after cross-linking, reverse scan; (c)
and forward scans; (d) statistical distribution of PCE values of PSCs with

RSC Adv., 2023, 13, 26933–26939 | 26937
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Table 2 Photovoltaic parameters of the studied PSCs using different HTMs. The data derived from J/V scans (reverse and forward), and includes
average standard deviation, as well as the best performance parameters (in brackets)

HTMa Jsc
b (mA cm−2) Voc

b (mV) FFb (%) PCEb (%)

V1498 8.2 � 0.5 (9.2) 585 � 57 (688) 46.6 � 9.7 (66.7) 2.2 � 0.6 (3.2)
V1498 cross-linked 16.0 � 1.2 (17.7) 946 � 13 (972) 71.9 � 2.6 (74.9) 10.9 � 1.2 (12.9)
V1499 9 � 0.2 (9.3) 686 � 40 (735) 59.5 � 5.8 (66.8) 3.7 � 0.5 (4.4)
V1499 cross-linked 18.5 � 0.5 (19.1) 1001 � 16 (1029) 71.9 � 5.2 (75.4) 13.3 � 1.1 (14.7)
Me-4PACz 21.5 � 0.3 (21.9) 1126 � 3 (1129) 80.6 � 0.6 (81.6) 19.5 � 0.3 (20.0)

a Concentration of 1.5 mg ml−1 was used for uorene-based HTMs. b The average and standard deviation values were calculated from 6 devices.
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The photocurrent density–voltage (J/V) characteristics were
used to evaluate the photovoltaic performance of the fabricated
devices. Both devices containing monomer lms demonstrated
low open-circuit voltages (VOC) of 688 mV for V1498 and 735 mV
for V1499 of best performing devices, as shown in Fig. 4 and
Table 2. Lower VOC values can be attributed to an increased
interfacial recombination.32 As expected, deeper HOMO level of
V1499 results in a higher VOC value33 when compared to V1498.
Additionally, the PSCs with the neat lms were compared with
the devices containing thermally cross-linked HTLs to assess
the impact of the cross-linking process on the device perfor-
mance. VOC values of devices containing V1498 and V1499 were
signicantly enhanced aer annealing up to 1029mV. The same
trend can be observed for the ll factor (FF), where values aer
the cross-linking process increased from approximately 67 to
75% for champion devices. As demonstrated in Fig. 4, PCE of
PSCs containing neat lms was by 80% (for V1498) on average
lower compared to the devices with cross-linked HTLs. Only
a small hysteresis was recorded (Fig. 4). Signicantly improved
device performance (from 4.4 to 14.7% for V1499) while using
the annealed HTMs could be attributed to the higher FF and
hole dri mobility's values,34 therefore, a better charge trans-
port through the lm. The results are also in agreement with the
UV-vis absorption spectra. The reference device with Me-4PACz
HTM showed a maximum efficiency of 20%.

3. Conclusions

To summarize, two new uorene-based HTMs were designed
and synthesized. Both compounds contain two vinyl groups,
therefore they can undergo thermal cross-linking process,
which proceeds at ∼214 °C for 1 h. The cross-linked HTLs
demonstrate higher hole dri mobilities, increased FF and
open-circuit voltage values when compared to the devices con-
taining neat lms. As a result, p-i-n structured PSCs with ther-
mally polymerized layers improve PCE by 80% on average,
demonstrating a great promise of the proposed strategy.
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