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Inspired by the superior properties of dibenzofulvene-triphenylamine hole transporting materials (HTMs), a
rationally designed type of HTM with furan as the side-arm bridge has been synthesized, namely, FF-
OMeTPA. A dibenzofulvene-triphenylamine HTM with thiophene as the side-arm bridge (FT-OMeTPA) is also
prepared. The effect of heteroatomic sulfur-to-oxygen change on the molecular and photovoltaic properties
in perovskite solar cells was investigated. The experimental and theoretical results illustrate that the furan-
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based molecule has better conjugation than the thiophene-based one, leading to higher hole mobility. The
PSC employing oxygen-containing FF-OMeTPA delivered a power conversion efficiency (PCE) of 21.82%,
whereas the FT-OMeTPA-based PSC exhibited a lower PCE of 18.01%. Significantly, the FF-OMeTPA-based
devices also outperform those employing conventional spiro-OMeTAD. In addition, the studied molecules

DOI: 10.1039/d2ma00908k

Open Access Article. Published on 07 December 2022. Downloaded on 11/6/2025 11:25:34 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

rsc.li/materials-advances

Introduction

Perovskite solar cells (PSCs) have drawn wide attention because
of their high efficiency and low-cost preparation process, show-
ing excellent development potential. During recent years, the
power conversion efficiency (PCE) of the PSC has rapidly
increased from 3.8% to 25.7%.""° PSCs have a sandwich-like
structure in which the perovskite layer is sandwiched between
the hole transport layer and the electron transport layer. Hole
transporting materials (HTMs) play an important role in
extracting holes from the absorption perovskite layer and
transmitting them to the electrode.” At the same time, the
HTM is conducive to the separation of carriers in the perovskite
layer and reduces the influence of carrier recombination on the
efficiency and stability of the devices.®® At present, the reported
HTMs can be roughly divided into three categories: inorganic
semiconductors, polymers, and organic small-molecular HTMs.
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exhibit comparable device stability and much lower synthesis cost than spiro-OMeTAD.

Of these, small-molecular HTMs have attracted much attention
because of the minor differences among different batches, the
easy solution preparation process, and the fact that their
molecular properties can be optimized by cutting and tuning
the molecular structure.'®'' To date, small-molecular 2,27,
7'-tetrakis(N,N-di-p-methoxyphenyl)-amine-9,9’-spirobifluorene
(spiro-OMeTAD) is a commonly used HTM, and devices using
this material have the highest PCE of PSCs."'* However, the
complex preparation process and inferior hole mobility of
spiro-OMeTAD led to the development of a lot of new alter-
natives with varied building blocks."®> Among the reported
small-molecular HTMs, dibenzofulvene-triphenylamine mole-
cules with thiophene as the side-arm bridge have been widely
used for efficient p-i-n PSCs."*™"” On the other hand, the
introduction of heteroatomic oxygen or sulfur into the mole-
cular structure has been widely used to tune the properties of
small organic molecule HTMs in PSCs.'®° There are lone
electron pairs on oxygen-containing or sulfur-containing func-
tional groups such as thiophene and furan, which can interact
with perovskites, provide exchange channels between holes and
perovskites, and passivate perovskite surface defects;>"** in
addition, the interaction between heteroatoms can also pro-
mote molecular packing and improve hole mobility.*® In our
previous reports, we noted that the HTMs with an oxygen-
containing furan unit or similar structures exhibit higher device
PCEs than those with a sulfur-containing thiophene unit.**>°
Inspired by these results, a new dibenzofulvene-triphenylamine
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Fig. 1 (a) Chemical structure of FT-OMeTPA and FF-OMeTPA. (b) Normalized UV-Vis absorption spectra in DCM solution. (c) CV of FT-OMeTPA and

FF-OMeTPA. (d) Molecular energy level alignments.

HTM with furan as the side-arm bridge (FF-OMeTPA) has been
designed and prepared. The introduction of heteroatom oxygen
and sulfur can adjust the energy level and improve the morphol-
ogy of the film. Therefore, a dibenzofulvene-triphenylamine HTM
with thiophene as the side-arm bridge (FT-OMeTPA) is also
selected as the reference, which has been proved as an efficient
HTM for p-i-n PSCs."?

The chemical structures of FT-OMeTPA and FF-OMeTPA are
shown in Fig. 1a. Both FT-OMeTPA and FF-OMeTPA exhibit
suitable band energy alignhment with perovskite and similar ther-
mal stability. Interestingly, the hole mobility of the molecule is
enhanced by altering thiophene with furan, resulting in a better
hole migration ability. When used in PSCs, the furan-containing
FF-OMeTPA-based device displays a high PCE of 21.82%, which
is substantially higher than the devices with FT-OMeTPA
(PCE = 18.01%) and conventional spiro-OMeTAD (PCE = 21.02%).

Results and discussion

The effect of heteroatomic sulfur-to-oxygen change on the
optical properties is studied by ultraviolet-visible (UV-Vis)

absorption measurements. The normalized UV-Vis spectra of
FT-OMeTPA and FF-OMeTPA in DCM solution are shown in
Fig. 1b. The related data are listed in Table 1. The absorption
peak wavelengths of FT-OMeTPA are 375 nm and 460 nm,
respectively; the absorption peak wavelengths of FF-OMeTPA
are 369 nm and 472 nm, respectively. The absorption peak near
300 nm wavelength is mainly due to the existence of a benzene
ring and C—C, which causes the n-n* transition to overlap with
the vibration of the benzene ring.'® The most substantial
absorption peaks in the wavelength range of 300-400 nm were
mainly attributed to the n-n* transition of unbonded lone
electrons on thiophene/furan. In addition, the absorption
peaks of FT-OMeTPA and FF-OMeTPA in the visible regions
are caused by the intramolecular charge transfer transition
(ICT) between donor and acceptor units, illustrating better n
conjugation through FF-OMeTPA.">*”*® Besides, Fig. S1 (ESI{)
illustrates the absorption spectra of FT-OMeTPA and FF-
OMEeTPA in the film state. The absorption edge is significantly
red-shifted from solution to film (15 nm and 14 nm for FT-
OMeTPA and FF-OMeTPA, respectively), which has been noted
in many conjugated materials.>>*° The optical bandgap (E,) of

Table 1 The photophysical, electrochemical, thermal, conductivity, and hole mobility data of FT-OMeTPA and FF-OMeTPA

HTM Japs” (NM) E (eV) HOMOF (eV) LUMO? (eV) T, (°C) p(em? vt s o (S ecm™?)
FT-OMeTPA 375, 460 2.23 —5.30 —3.07 106 2.72 x 1074 2.68 x 1074
FF-OMeTPA 369, 472 2.24 —5.28 —3.04 115 4.34 x 1074 3.67 x 1074

“ The absorption peak in DCM solution. ? Determined from the UV-Vis absorption edge (film state, Fig. S1, ESI). © Measured in tetra-n-butyl
ammonium hexafluorophosphate solution, using three electrode systems with Fc/Fe™ as an external standard. ¢ Calculated from Erumo =

Enomo + .
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FT-OMeTPA and FF-OMeTPA is calculated to be 2.23 eV and
2.24 eV (from the absorption spectra of the film state),
respectively.

The highest occupied molecular orbital (HOMO) level of the
molecules is determined by cyclic voltammetry (CV), as shown
in Fig. 1c. With ferrocene/ferrocenium (Fc/Fc') as the reference,
the HOMO energy levels of FT-OMeTPA and FF-OMeTPA are
around —5.30 eV and —5.28 eV, respectively, which can well
match the valence band of the perovskite (~—5.65 eV) and is
conducive to the migration of holes to the electrode. The lowest
unoccupied molecular orbital (LUMO) levels of FT-OMeTPA
and FF-OMeTPA are calculated to be —3.00 eV through HOMO
and E,. The significantly higher LUMO level of them compared
with that of the perovskite conduction band (~—4.05 eV)
ensures an effective blocking of electron transport to the
electrodes. The molecular energy level alignments with perovs-
kite are shown in Fig. 1d.

To further understand the electron density distribution,
electrostatic surface potential diagram, and optimized geo-
metric structure of frontier molecular orbitals of FT-OMeTPA
and FF-OMeTPA, time-dependent density functional theory
(DTDFT) calculations are performed at the B3LYP/6-311G*
level. As illustrated in Fig. S2 (ESIt), the theoretical calculated
HOMO level of FT-OMeTPA and FF-OMeTPA is —4.91 eV and

FT-OMeTPA
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—4.90 eV, which are consistent with the trend of the
experimental data. The higher HOMO level of FF-OMeTPA than
FT-OMeTPA further illustrates the better conjugation of FF-
OMeTPA.*! The electronic density distributions of FT-OMeTPA
and FF-OMeTPA are similar. LUMOs are mainly located at the
core of fluorene-bridged-thiophene or fluorene-bridged-furan,
while HOMOs are located at fluorene and extended methoxy-
triphenylamine units. Since there are many orbital overlaps in
HOMOs of adjacent molecules during molecular accumulation,
the HOMO distribution characteristics of these materials are
conducive to hole transport.**> At the same time, the distribu-
tion characteristics of electronic density in the ground state and
excited state of molecules indicate that there is intramolecular
charge transfer (ICT) between methoxytriphenylamine and the
core, which is also demonstrated by the UV-vis results.** In the
optimized geometry structures (Fig. 2a, top view), the dihedral
angle between the fluorene and adjacent thiophene is larger
than that of the furan counterpart; therefore, the better planar
configuration of FF-OMeTPA (further confirmed by Fig. 2b, side
view) may be attributed to the tight molecular packing, which is
beneficial to obtain a higher hole mobility.***” For the electro-
static surface potential (ESP) of FT-OMeTPA and FF-OMeTPA,
the negative electrostatic (red part) and positive electrostatic
potential (blue part) are located on the whole molecule and

FF-OMeTPA

-0.046  mm

- wemm  (0.046

Fig. 2 Geometry-optimized configurations of (a) top view and (b) side view. (c) Electrostatic surface potential maps from TDDFT calculations.
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overlap. It is worth noting that compared with the sulfur-
containing FT-OMeTPA, the core part of the oxygen-
containing FF-OMeTPA has more negative charges, which will
give FF-OMeTPA a stronger electron absorption ability.>® The
thermal stability of FT-OMeTPA and FF-OMeTPA is evaluated by
differential scanning calorimetry (DSC, Fig. S3, ESIt). The glass
transition temperatures (Ty) of FT-OMeTPA and FF-OMeTPA are
106 and 115 °C, respectively, which exhibit a similar varied
trend to our previous report.>»* The higher 7, indicates a more
amorphous nature, which is beneficial for forming uniform
films and enhancing the device stability.>**°

After interpreting the properties of the materials, the conven-
tional n-i-p mesoscopic architecture PSCs with the structure of
FTO/bI-TiO,/mp-Ti0»/C8¢.05(FAg.85MAg 15)0.05PD(Io.85Br0.15)s/ HTM/
Au were fabricated to evaluate the performance of FT-OMeTPA
and FF-OMeTPA in solar cells. In the same batch, spiro-OMeTAD
as the HTM was also made into the same type of device as a
reference. The structure of PSCs is presented in Fig. 3a. The
detailed device fabrication process is shown in the ESI.{ Previous
studies have found that the appropriate deposition amount of
HTM has a significant influence on the PCE of PSCs,****> and FT-
OMETPA also exhibited this behavior in previous work.'®> There-
fore, the deposition amount of the investigated HTM on device
performance was also explored, and the concentration was 60, 40,
and 20 mg mL ™', respectively. As illustrated in Fig. 3b and
Table S1 (ESIf), the concentration of HTMs has a noticeable
effect on the device performance. When FT-OMeTPA and FF-
OMETPA are at medium concentrations (40 mg mL "), the PCE of
the device is the highest. It is worth noting that the thiophene-
containing molecule FT-OMeTPA exhibits a very poor PCE when

View Article Online
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the concentration is high (60 mg mL™"), but the device exhibits
considerable PCE when the concentration decreases. No matter
in which concentration, the PCE of FF-OMeTPA in PSCs is higher
than that of FT-OMeTPA. Fig. S4 (ESIt) shows a scanning electron
microscopy (SEM) image of a device employing the HTM with the
concentration of 40 mg mL ™. The device consisted of a TiO,
layer (~110 nm, including compact and mesoporous layer),
perovskite layer (500-600 nm), and a ~ 70 nm-thick layer of HTM.

Fig. 3¢ shows the current density-voltage (J-V) curves of the
best-performing PSCs with different HTMs among 16 devices
(Table S2, ESIt). The champion FF-OMeTPA-based PSC exhib-
ited a high PCE of 21.82%, with an open-circuit voltage (V,.) of
1.15 V, a short-circuit current density (J.) of 24.87 mA cm 2,
and a fill factor (FF) of 76%. The PCE of the best FT-OMeTPA-
based PSCs was only 18.01%, with a J;. of 24.08 mA cm ™2, a V,,
of 1.11 V and an FF of 67%. As a reference, the spiro-OMeTAD-
based device exhibits a PCE of 21.02%. Though the device with
different HTMs display hysteresis (Fig. 3c), the FF-OMeTPA-
based cell exhibits a higher PCE than that of FT-OMeTPA and
spiro-OMeTAD. Fig. 3d exhibits the external quantum efficiency
(EQE) spectra for the PSCs. It is estimated that the integrated /.
values of FT-OMeTPA, FF-OMeTPA, and spiro-OMeTAD are
22.51, 23.08, and 22.61 mA cm >, respectively, which is con-
sistent with the J. results of J-V (Table 2).

To explore the superior device performance of FF-OMeTPA
and the effect of molecular structure on the photovoltaic
properties, the carrier mobility, film-forming properties, and
hole extraction ability, etc., of different HTMs were investigated.
The dark -V characteristic curve of the hole-only device with a
FTO/PEDOT:PSS/perovskite/HTM/Au structure was tested by
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Table 2 Summary of the performances of PSCs using FT-OMeTPA,
FF-OMeTPA, or spiro-OMeTAD

HTM Scan direction Ji. (mA cm ™) V. (V) FF (%) PCE (%)
FT-OMeTPA Reverse 24.08 1.11 67 18.01
Forward 24.04 1.09 60 15.78
FF-OMeTPA Reverse 24.87 1.15 76 21.82
Forward 24.84 1.12 71 19.73
Spiro-OMeTAD Reverse 24.21 1.16 75 21.02
Forward 24.10 1.15 69 19.14

the space charge-limited current (SCLC) method to study their
carrier transport characteristics. The obtained J-V curves and
data are shown in Fig. 4a and Table 1. The calculated hole
mobility of the oxygen-containing molecule FF-OMeTPA
(434 x 107* ecm® V' s7') is higher than the sulfur-
containing molecule FT-OMeTPA (2.72 x 10~* em® V™' s71).
In addition, we fabricated the hole-only devices with a FTO/
HTM/Au structure to measure the conductivity of FT-OMeTPA
and FF-OMeTPA with additives (Fig. 4b). The result
indicates that FF-OMeTPA has the highest conductivity of
3.67 x 107" S em™?, while FT-OMeTPA has a conductivity of
2.68 x 10~* S em™'. Therefore, the molecule with a furan unit
exhibits a higher carrier mobility than that of its thiophene
counterpart, which is consistent with the above DFT results
(better planar configuration of FF-OMeTPA) and many reported
theoretical and experimental results.*****> The series resis-
tance of the FT-OMeTPA-based device will increase more than
that of FF-OMeTPA when the HTM layer is thickened, which is
the reason why FT-OMeTPA presents a low device performance

View Article Online
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under a high concentration due to its low carrier mobility.**> On
the other hand, the concentration of FF-OMeTPA exhibits a tiny
influence on device performance due to its higher carrier
mobility.

To evaluate the charge transfer kinetics at the perovskite/
HTM interface, steady-state photoluminescence (PL) and time-
resolved PL (TRPL) decay measurements were performed. As
illustrated in Fig. 4c, compared with the PL spectrum of pure
perovskite films grown on glass, the intensity of the steady-state
PL spectra is significantly suppressed after HTM deposition on
perovskite films, and the order of the suppression effect was FF-
OMeTPA > FT-OMeTPA, which was consistent with the trend
of hole mobility. Fig. 4d shows the corresponding TRPL curves
of the perovskite film with different HTMs. The average decay
time (dual-exponential fitting) of FT-OMeTPA, FF-OMeTPA, and
spiro-OMeTAD is around 10.0, 5.8, and 5.5 ns, respectively.
Therefore, FF-OMeTPA has a relatively strong hole extraction
ability compared with FT-OMeTPA,**"*® which could be a factor
for the higher device efficiency and V,..*” Moreover, the hole
extraction ability of FF-OMeTPA is also comparable with spiro-
OMEeTAD.

The surface morphology of the HTM films was investigated
using scanning electron microscopy (SEM) and atomic force
microscopy (AFM). The SEM results (Fig. 5a-c) illustrate that
both FT-OMeTPA and FF-OMeTPA could form uniform mor-
phology on the perovskite layer, which could be a result of the
superior film morphology of branched HTMs.***° The root-
mean-square (RMS) roughness value of the perovskite layer is
about 49 nm. After the perovskite was coated with HTMs, the
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RMS values of the FT-OMeTPA and FF-OMeTPA-based films
were 23 and 21 nm, respectively. Therefore, FF-OMeTPA would
form a slightly more uniform film on the perovskite layer than
FT-OMeTPA, which can be a result of its good molecular
accumulation.’®>" The surface hydrophobicity of the molecules
doped on perovskite is determined by water contact angle
measurement (Fig. S5, ESIT). It can be found that the water
contact angle decreases after the HTMs were doped, which
could be a result of the hydrophilicity of the dopants. Never-
theless, the water contact angle increases after doping a HTM
coating on the perovskite surface, which indicates that the
HTM can hinder water erosion and improve the stability of
the device. Fig. 5b shows the PCE changes of the device in 56
days in a dark environment without encapsulation. The devices
are stored at room temperature (~30 °C) and low humidity
(~10%). It can be seen that the PCEs of all the devices exhibit a
slight downward trend, which could be a result of the existence

520 | Mater. Adv., 2023, 4, 515-522

of dopants.*" Nevertheless, the FF-OMeTPA-based device pre-
sents relatively better stability than FT-OMeTPA, which should
be due to its better thermal stability and hydrophobicity.
Finally, the cost of FF-OMeTPA in laboratory synthesis and
purification is around 34.5 $ per g (Tables S3 and S4, ESIY),
which is remarkably lower than that of spiro-OMeTAD, suggest-
ing its superior application potential.

Conclusion

In summary, a fluorene-bridged-furan triphenylamine-based
hole transporting material was designed and developed. Com-
pared with the sulfur-containing thiophene counterpart, the
developed furan-based molecule has a higher hole mobility,
higher T, and smoother surface morphology. When used in
PSCs, the furan-based HTM displays a higher PCE with minor

© 2023 The Author(s). Published by the Royal Society of Chemistry
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hysteresis compared with the thiophene-based one. Notably,
the device with a furan-based molecule also surpasses conven-
tional spiro-OMeTAD.
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