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ABSTRACT: Spiro-OMeTAD is a widely used hole transport material (HTM) in o . W
perovskite solar cells (PSCs), but its inherent low hole mobility and poor thermal : : - : L1.0
stability affect the overall performance of PSCs. To overcome these limitations, 25N MEER "“"'"9

we develop a series of fluorene-terminated Spiro-type HTMs, engineered by i " g : @ @ 0.8
modulating the fluorene substitution site and 7-conjugated intensity. Among ¢ =] I | .O @00 O. W
these, the p-BM material exhibits high energetic ordering in film, appropriate £ .| § | .OO'@OC o8 o
energy levels, and efficient carrier extraction, enabling PSCs to achieve power ? = | é
conversion efficiencies (PCEs) of 25.5% and 24.03% for aperture areas of 0.0625 3 101 2 C ngh glass transiton temvera'"fe 04 3
and 1 cm?, respectively. Additionally, a perovskite solar mini-module (size 16 £ 5 s -patay
cm?) based on p-BM HTM achieved a PCE of 22.4%. More importantly, p-BM ° °] w ......................... - i
exhibits a high glass transition temperature and enhanced film hydrophobicity, 0 . ettt
significantly improving the stability of devices in relation to heat and humidity. % 1 @& 3 3 B & i

Our findings provide a promising alternative HTM for developing efficient and Yoltase®

stable perovskite photovoltaic devices.

eveloping practical renewable energy devices is crucial energy levels with the perovskite absorber and the excellent
D for driving the global green energy transition. Halide solubility and hence processability.ls’16 However, Spiro-

perovskite solar cells (PSCs) have emerged as a OMeTAD’s inherent low conductivity and hole mobility
leading candidate for next-generation photovoltaic technology make it difficult to achieve effective hole extraction and
due to their low cost and ease of fabrication."” Following over transport in the PSC devices.”™'* Moreover, the Spiro-
a decade of development, single-junction PSCs’ power OMeTAD film is not resistant to high humidity and
conversion efficiency (PCE) now exceeds 26%, competitive temperature conditions, resulting in poor PSC stability."”*
with state-of-the-art silicon solar cells.”™® Despite the huge Although many rigid structured HTMs have been developed to
improvement in PCEs, long-term stability issues continue to enhance charge mobility and film stability, most of the
limit the commercialization of PSCs.” Typically, the most proposed molecules have yet to achieve satisfactory PCEs.”' >

advanced n-i-p PSCs present a sandwich structure, composed Recently, most efforts to improve the PCE and stability of
of an n-type electron-selective layer at the bottom, a perovskite PSCs via modification of the HTM have focused on structural
absorber in the midcgllge, and a p-type hole transport material modification of Spiro-OMeTAD. For example, Jeong et al.
(HTM) at the top.”” The HTM is essential in extracting reported enhanced HTM intrinsic properties by replacing the
photogenerated holes, blocking reverse electron injection, and symmetric peripheral group diphenylamines with asymmetric

10—12
inhibiting charge recombination. Notably, for n-i-p PSCs, phenylnaphthylamine edges, improving the device’s thermal
HTMs comprise mostly small organic molecules or polymers

whose intrinsic properties significantly affect the hygrothermal

stability of the devices. Received: November 20, 2024
The small organic molecule, 2,2',7,7’-tetrakis(N,N-di-p- Revised:  December 29, 2024

methoxyphenylamine)-9,9’-spirobifluorene (Spiro-OMeTAD), Accepted:  January 17, 2025

constructed from a spirobifluorene (Spiro) core and four bis(4- Published: January 23, 2025

methoxyphenyl)amine donor units, is the most extensively

used HTM in PSCs."”'* This is due to the well-matched
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stability (>78.5% PCE retention after 400 h at 60 °C).”’
Another approach is to increase the 7 conjugation, which could
improve the hole mobility. Spiro-type HTMs introducing
conjugated units, such as polycyclic fluorene, carbazole,
dibenzofuran, and biphenyl in the periphery, have been
reported.¥**™*! Jeon et al. introduced 9,9-dimethylfluorene
as the z-conjugation periphery and synthesized an HTM
termed DM, which significantly enhanced the efficiency of
PSCs.”" Although considerable benefits were obtained with
this strategy, the influence of z-conjugated units on the
material properties and performance aspects lacks detailed
studies. Therefore, systematically investigating the effect of z-
conjugation strategies on the performance of Spiro-type HTMs
will further advance the progress of the PSCs.

In this work, we designed and synthesized three Spiro-type
HTMs, DM, p-DM, and p-BM, by incorporating different
fluorene structural units with various substitution sites and 7-
conjugated intensity. We investigated the influence of the
conjugation position (C, position for DM; C, position for p-
DM) and the conjugation intensity (for p-BM) on their
physicochemical and optoelectronic properties. We found that
repositioning the fluorene connection from the C, to the C;
site significantly enhances the energetic ordering of HTM
films. Moreover, extending the conjugated strand in p-BM
increases its glass transition temperature (Tg) to 211.8 °C,
significantly enhancing the thermal stability of the films and the
resulting PSC devices. The optimized fluorene-terminated 7-
conjugation system enhances charge transport and energy level
alignment. The p-BM HTM exhibits the highest conductivity
and deeper Fermi levels (Ep) promoting charge transfer at the
perovskite/HTM interface and reducing nonradiative recombi-
nation. Consequently, PSCs based on p-BM achieved PCEs of
25.49% and 24.03% for 0.0625 and 1.0 cm* aperture areas,
respectively. Perovskite solar mini-modules with a 16 cm?”
aperture area delivered a PCE of 22.40%. p-BM based
unencapsulated PSCs demonstrated excellent humidity and
thermal and operational stability.

The structures of the conventional HTM Spiro-OMeTAD
and fluorene-terminated Spiro-type HTMs are shown in Figure
1. DM, p-DM, and p-BM were synthesized via a two-step route
comprising two Pd,(dba);-catalyzed Buchwald—Hartwig cou-
pling steps, in which the first step yielded the peripheral donor
substituted with the fluorene unit and the second step coupled
the 2,2,7,7'-tetrabromo-9,9’-spirobifluorene core with the four
peripherals; see Scheme S1 in the Supporting Information
(SI). The structures of these HTMs were characterized by 'H
and C NMR spectroscopy and MALDI-TOF mass
spectrometry (Figures S1—S12). Benefiting from the highly
twisted skeleton of the Spiro core, all three HTMs possess
good solubility in commonly used organic solvents (ethyl
acetate, dichloromethane, tetrahydrofuran, and chlorobenzene)
of >240 mg/mL (Figure S13), which facilitates thin film
deposition.”"*

The normalized ultraviolet—visible absorption (UV—vis)
spectra of DM, p-DM, and p-BM in solution and solid state are
shown in Figure S14. In dichloromethane solution, DM, p-DM,
and p-BM exhibit maximum absorption peaks at 402, 387, and
373 nm, respectively, with the energy gaps (Eg) determined to
be 2.93, 3.00, and 2.97 eV, respectively, based on E = 1240/
Aonset- The spectra of all three materials are slightly red-shifted
in the film state compared to in solution, which may be
attributed to closer molecular packing and enhanced
intermolecular interactions.””*> The temperature-dependent
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Figure 1. Structures of Spiro-OMeTAD, DM, p-DM, and p-BM and
a summary of the design strategy.

UV—vis spectra in Figure 2a—c show that these materials all
possess temperature-dependent aggregation properties. Nota-
bly, p-DM and p-BM display one absorption peak at 100 °C
and two separate absorption peaks at 0 °C, and the outer
shoulder peak increases significantly with decreasing temper-
ature. This suggests that the temperature-dependence
aggregation properties of p-DM and p-BM are slightly stronger
than DM, attributed to the enhanced z-conjugation system of
the fluorene terminal unit.’>***> Subsequently, considering the
temperature impact on charge hopping in semiconductor
materials, we further constructed hole onléy devices to evaluate
the energetic ordering of HTM films.”® Generally, organic
semiconductors with weak intermolecular interactions will lead
to disordered molecular stacking and exhibit a stron
temperature dependence owing to the high activation energy.’
As shown in Figure 2d—f and Figure S1S, the carrier mobility
of p-BM films is much less responsive to temperature, with a
disorder parameter (o) of only 38 meV, which is much lower
than that of 64 and 98 meV for p-DM and DM. This indicates
that the p-BM molecules generate a high energy ordering in the
films, which would be favorable for carrier extraction and
transport.””*” Cyclic voltammetry (CV) measurements
(Figure 2g) reveal that the highest occupied molecular orbital
(HOMO) energy levels for DM, p-DM, and p-BM are —S5.12,
—5.12, and —5.13 eV, respectively. Among these HTMs, p-BM
exhibits deeper HOMO levels, probably due to the weaker
electron-donating capacity of the extended fluorene units.
Density functional theory (DFT) simulations (Figure S16)
show that the electron density of the lowest unoccupied
molecular orbital (LUMO) of p-DM and p-BM transfers
broadly toward the fluorene end-groups due to z-conjugated
extensions of the peripheral unit, which could promote the
intermolecular charge transfer and thus enhance the device
carrier transport.””’" Note, the gas state during the simulation
and the liquid state during the CV measurement might be
responsible for the inconsistent energy levels."”*' In addition,
the electrostatic potential (ESP) of p-BM shows that it has a
weak charge-polarized structure, indicating it should have good
electrochemical stability (Figure S17).*%***

https://doi.org/10.1021/acsenergylett.4c03233
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Figure 2. UV—vis absorption spectra of (a) DM, (b) p-DM, and (c) p-BM in chlorobenzene as a function of the temperature. Temperature-
dependent dark-state J—V curves of (d) DM, (e) p-DM, and (f) p-DM films. Inset: schematic illustration of the device structure. (g) CV
curves of DM, p-DM, and p-BM. (h) DSC curves of DM, p-DM, and p-BM. (i) Statistical diagrams of hole mobility and conductivity values

for doped Spiro-OMeTAD, DM, p-DM, and p-BM films.

Modulation of the fluorene terminated z-conjugated system
also impacts the thermal stability of the HTMs. Thermogravi-
metric analysis (TGA) reveals that the decomposition
temperatures (Ty) of HTMs at 5% weight loss all exceed
450 °C (Figure S18), which is much higher than the thermal
degradation temperature of perovskite crystals.** Differential
scanning calorimetry (DSC) data affords a T, value of 211.8
°C for p-BM mainly attributed to the increased conjugation
intensity and significantly larger molecular weight, which is
much higher than that of p-DM (170.2 °C) and DM (165.6
°C) and is almost 100 °C higher than Spiro-OMeTAD (Figure
2h).* The T, for p-BM is also one of the highest values among
Spiro-type HTMs (Table S7). Thus, the excellent thermal
stability of p-BM should allow it to function at high operating
temperatures (the optical, electrochemical, and thermal
properties of these materials are summarized in Table S1).

The film morphology and electronic properties of HTMs
deposited on perovskite films were investigated. Scanning
electron microscope (SEM) images (Figure S19) show that all
three fluorene-terminated HTM films are uniform and dense,
whereas the Spiro-OMeTAD film exists with many harmful
pinholes. The film surface’s root-mean-squared (RMS) rough-
ness was measured using atomic force microscopy (AFM). As
shown in Figure S20, the p-DM and p-BM films exhibit
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smoother surfaces with RMS of 16.6 and 16.3 nm, respectively,
compared to 22.3 and 19.2 nm for the Spiro-OMeTAD and
DM films. The dense and homogeneous film morphology
facilitates interfacial contact and hole transport. Accordingly,
conductive atomic force microscopy (C-AFM) measurements
provide an average conductivity (6,) of 33.4, 45.1, and 91.6 pA
for the DM, p-DM, and p-BM films, respectively (Figure 3d—
f). The o, value was verified by conductivity measurements;
see Figure S21 and Table S2. The hole mobility was also
evaluated by using the space-charge-limited current (SCLC)
method (Figure S22 and Table S3). The results show that the
hole mobility of the doped DM, p-DM, and p-BM films are
199 x 107 2.78 X 107 and 3.01 X 107* cm>V~ s
respectively, which agrees well with the trend of hole transfer
integrals from the simulations of their dimers (Figure S23).
The charge transport capacities of these fluorene-terminated
HTMs are higher than those of the conventional HTM Spiro-
OMeTAD (Figure 2i), which can be attributed to the elevated
molecular 77-conjugation as well as the enhanced intermolec-
ular interactions.

The energy level structure of the HTMs was explored using
ultraviolet photoelectron spectroscopy (UPS); see Figure 3a,b.
The secondary electron cutoffs (E y.g) of the DM, p-DM, and
p-BM films are 17.91, 17.69, and 17.66 eV, respectively, and

https://doi.org/10.1021/acsenergylett.4c03233
ACS Energy Lett. 2025, 10, 915-924
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Figure 3. (a) Secondary electron cutoff and (b) valence band of UPS spectra for the DM, p-DM, and p-BM films. (c) Energy-level diagrams
for perovskite, DM, p-DM, and p-BM films. C-AFM images of (d) DM, (e) p-DM, and (f) p-BM HTMs coated on perovskite films. KPFM
images of (g) DM, (h) p-DM, and (i) p-BM HTMs coated on perovskite films.

the corresponding Ep were calculated as —3.31, —3.53, and
—3.56 eV, respectively. The more negative E is beneficial for
energy level alignment and promotes hole extraction by HTM
from the perovskite,'”***” which was confirmed by Kelvin
probe force microscopy (KPFM). As shown in Figure 3g—i,
the surface potentials of the HTM films follow a p-BM > p-DM
> DM trend, consistent with the UPS results. Furthermore,
combined with the Ej values, the ionization potentials of the
DM, p-DM, and p-BM films were calculated as —4.97, —5.03,
and —5.06 eV, respectively. The HOMO levels obtained by
photoelectron spectroscopy in air (PESA) also closely match
the values measured via the UPS (Figure S24). Figure 3c
shows the energy level arrangement of the perovskite and the
HTM layers. The p-BM has deeper Ez and HOMO energy
level, aligning well with the valence band of the perovskite
layer, which should help to minimize voltage losses in
PSCg 42248

To investigate the effect of the HTMs on photovoltaic
performance, we fabricated n-i-p PSCs with an architecture
comprising the FTO/TiO,/SnO,/(FAP-
bL3)g.99,(MAPbBr; ) 00s/ HTM/Au electrode. A corresponding
cross-sectional SEM image with p-BM is shown in Figure 4a,
with the thickness of the p-BM HTM layer being around 140
nm. A comparison of the best J—V curves of the PSCs based on
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doped DM, p-DM, and p-BM HTMs under AM 1.5G
illumination are shown in Figure 4b. The DM based devices
have a PCE of 24.11% with an open-circuit voltage (Vo) of
1.158 V, a short-circuit current density (Jsc) of 25.28 mA
cm™?, and a fill factor (FF) of 82.37%. The p-DM based PSCs
achieve a PCE of 24.86% with a V3¢ of 1.174 V, a J5¢ of 25.60
mA cm ™2, and an FF of 82.69%. With the extended fluorene 7-
conjugated system in p-BM, the resulting PSCs achieved a PCE
of 25.49% accompanied by a Vo of 1.184 V, a J5¢ of 25.77 mA
cm™?, and an FF of 83.56%. To the best of our knowledge, a
PCE of 25.49% is among the highest values for n-i-p PSCs
employing Spiro-type HTMs (Table S7). This enhanced
device performance was attributed to the p-BM well-matched
energy levels and excellent charge transport properties. Figure
4c shows the external quantum efficiency (EQE) spectra, with
the integrated Jsc values estimated as 24.19, 24.49, and 24.77
mA cm~ for the DM, p-DM, and p-BM based devices,
respectively, which agrees well with the Js. values obtained
from the J—V measurements. Furthermore, the device
performance of the fluorene-terminated HTMs is higher than
that of conventional Spiro-OMeTAD (Figures S25 and S26).

Stabilized photocurrents and PCEs of the PSCs based on
three different HTMs were recorded at maximum power
points (1.01 V for DM, 1.02 V for p-DM, and 1.04 V for p-
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Figure 4. (a) Cross-sectional SEM image of the p-BM based PSC. (b) J—V curves of the PSCs based on DM, p-DM, and p-BM HTMs under
AM 1.5G 100 mW cm? illumination (active area of 0.0625 cm?). (c) EQE curves of the PSCs based on DM, p-DM, and p-BM HTMs. (d)
Stabilized PCEs and Jy for PSCs based on DM, p-DM, and p-BM HTMs. (e) J—V curves of 1.0-cm> PSCs based on DM, p-DM, and p-BM
HTMs. (f) Statistics of PCEs for DM, p-DM, and p-BM based PSCs with a large area (1.0 cm?).

BM) (Figure 4d). We obtained the stabilized PCEs of 23.87%,
24.33%, and 25.24% for the DM, p-DM, and p-BM based
devices, respectively. The device’s hysteresis index (HI) based
on DM, p-DM, and p-BM are 4.8%, 3.9%, and 3.3%,
respectively (Figures S27-S29). Additionally, the PSCs
based on different HTMs show excellent reproducibility
(Figure S30). To further evaluate the performance of the
three HTMs, large-area (1.0 cm®) PSCs were also fabricated
(Figure 4e and Table S4). Champion PCEs of 22.38%, 23.48%,
and 24.03% were achieved for the DM, p-DM, and p-BM based
PSCs with an aperture area of 1.0 cm?, respectively. Figure 4f
depicts the statistical distribution of PCEs for the correspond-
ing devices. Notably, the reproducibility of the large-scale
PSCs based on p-BM is superior to that of DM and p-DM.
The excellent photovoltaic performance of the p-BM based
PSCs may also be attributed to boosted hole extraction, as
evidenced from steady-state photoluminescence (PL); see
Figure S31. PL mapping was also conducted to investigate the
quenching intensity of the HTMs on the perovskite from the
perspective of a two-dimensional (2D) surface (Figure Sa—c).
The data demonstrate that the perovskite/p-BM films exhibit
quenching efficiencies higher than those of the perovskite/DM
and perovskite/p-DM films, along with improved emission
uniformity. From time-resolved photoluminescence (TRPL)
measurements, the 7,,. of the perovskite film is reduced from
184.1 ns for the bare sample to 138.0, 110.9, and 97.9 ns, after
coating with DM, p-DM, and p-BM, respectively (Figure Sg
and Table SS). The more efficient hole extraction and
interfacial transport of p-BM were attributed to the enhanced
hole mobility and conductivity resulting from its extended p-
conjugated system.”**” Femtosecond transient absorption
spectroscopy (fs-TAS) measurements were carried out to
further elucidate the ultrafast carrier dynamics at the interface
of the perovskite/HTM.’>>" As shown in Figure 5d—f and
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Figure S$32, all samples exhibit a primary photobleaching (PB)
peak (AA < 0) at the band edge position at around 769 nm,
which gradually weakens with time. Moreover, within the same
delay time, the varying intensity of the PB peaks for the
different films implies there are differences in the carrier
separation rates.”” The decay kinetics of the PB peak was
investigated by fitting the exciton lifetimes of the fs-TAS using
a biexponential decay function (Figure Sh), and the relevant
parameters are summarized in Table S6. The fast lifetime (7,)
is related to hole extraction from photoexcited perovskite to
the valence band of the HTM. Compared with the 7, value of
319.2 ps for the perovskite/DM sample, the shorter 7; of
perovskite/p-DM (236.7 ps) and perovskite/p-BM (104.5 ps)
samples indicates an increased speed of hole injection, which
explains the enhancement of V¢ in the p-DM and p-BM based
PSCs. The slow decay (7,) might be assigned to excited-state
decay or carrier recombination in the perovskite films, and 7,
values for perovskite/DM, perovskite/p-DM, and perovskite/
p-BM are 3414.6, 1485.0, and 1174.6 ps, respectively. The
shorter 7, value of the perovskite/p-BM sample indicates that
carrier separation is more effective, with the holes rapidly
transferred to the back electrode.>

To further elucidate the charge recombination mechanism in
the PSCs, the dependence of V¢ on the light intensity was
studied. As shown in Figure S33, the slopes of the fitting curves
are in the following order: DM based device (1.71 kT/q) > p-
DM based device (1.32 kT/q) > p-BM based device (1.21 KT/
q)- A lower slope value indicates that defect-induced
Shockley—Read—Hall recombination is significantly inhibited,
i.e, as in the p-BM based devices.>® This observation is also
supported by electrochemical impedance spectroscopy (EIS)
measurement (Figure S34), where p-BM based PSCs exhibit
relatively larger charge recombination resistance (R,..). Mott—
Schottky plots further reveal that the built-in potential (V};) of
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the p-BM based PSCs is estimated to be 1.06 V, higher than
that of p-DM (1.00 V) and DM (0.97 V) (Figure 5i). The
appreciable increase in the Vj; of the p-BM based PSCs
confirms the larger driving force for carrier separation and
transfer, resulting in less interfacial charge accumulation.

We performed water contact angle measurements to analyze
the hydrophobicity of the HTM films. As shown in Figure 6a,
the water contact angles of the DM, p-DM, and p-BM films are
94.6°, 94.9°, and 105.6°, respectively, compared to the water
contact angle of the bare perovskite film of 76.1°. The superior
hydrophobic barrier provided by the p-BM HTM should
prevent the degradation of the perovskite film upon moisture
exposure. Subsequently, we evaluated the long-term humidity
stability of the PSCs by tracking the PCE evolution of the
unencapsulated devices under ambient conditions with a
relative humidity (RH) of 30—40%. After storage for up to
4,000 h, the DM, p-DM, and p-BM based PSCs maintained
43.5%, 75.0%, and 93.8% of their initial PCEs, respectively
(Figure 6b). We also compared the stability of perovskite with
p-BM and Spiro-OMeTAD coated films under >85% high RH
conditions (Figure S$35). Obviously, the black phase of
perovskite coated with p-BM films remained longer, indicating
excellent resistance to moisture. The influence of the HTMs
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on the thermal stability of PSCs at 85 °C was also evaluated in
a glovebox filled with N,. As shown in Figure 6, the difference
in the performance degradation of PSCs based on different
HTMs is minor during the initial 240 h period; however, the
decay rate varies thereafter. The thermal aging tests
demonstrate that the p-BM based PSCs are more thermally
stable, retaining 80.4% of the initial efficiency after aging at 85
°C for S00 h, attributable to the high T, of 211.8 °C of p-BM,
which inhibits the transition of the HTM film from an
amorphous state to a crystalline state. Additionally, the
unencapsulated p-BM based PSCs maintain 97.9% perform-
ance after 1,000 h under continuous irradiation (AM1.5G, N,)
at the maximum power point (Figure 6d), highlighting its
outstanding operational stability.

To assess the scalability of the novel p-BM materials for
large-area applications, we fabricated a batch of 4 X 4 cm®
perovskite solar mini-modules to evaluate the scale-up
potential of the p-BM HTM, as shown in Figure 6e. The
modules achieved a champion PCE of 22.40%, with a V¢ of
6935 V, a Jsc of 411 mA cm™% and an FF of 78.71%,
representing a highly competitive efficiency value (Figure 6f).

In summary, we developed a class of fluorene-terminated
Spiro-type HTMs in which the site and size of the z-
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of the solar module based on the p-BM HTM.

conjugated system strongly influence their properties, specif-
ically enhancing carrier extraction and shifting the Eg, to better
match the perovskite valence band. These new HTMs were
evaluated in PSCs and mini-modules, with the PSCs based on
the p-BM HTM affording PCEs of 25.5% and 24.03% for
devices with aperture areas of 0.0625 and 1 cm?, respectively.
Unencapsulated devices exhibit excellent stabilities under
continuous one sun exposure tracked at MPP, at elevated 85
°C and in ambient air with a 30—40% RH. Moreover, we
fabricated a mini-module with a size of 16 cm* using p-BM as
the HTM, achieving a champion PCE of 22.4%. The approach
highlights that Spiro-type HTMs may be enhanced using
molecular design strategies. Given the excellent properties and
scalability of the p-BM HTM, this specific molecule is a
promising candidate for applications in PSCs and other
optoelectronic devices.
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