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It has been widely recognized that hole transporting materials (HTMs) play a key role in the rapid
progress of perovskite solar cells (PVSCs). However, common organic HTMs such as spiro-OMeTAD not
only suffer from high synthetic costs, but also usually require the additional chemical doping process
to improve their hole transport ability, which unfortunately induces the terrible stability issue. There-
fore, it is urgent to develop low-cost dopant-free HTMs for efficient and stable PVSCs. In this work, we
have successfully developed a new class of efficient dopant-free fluoranthene-based HTMs (TPF1-5) with
quite low lab synthetic costs by combining donor-acceptor and branched structure designs. The detailed
structure-property study revealed that tuning the twisted arms at different substitution sites would reg-
ulate the intermolecular interactions and film-forming ability, thereby significantly affecting the perfor-
mance of the HTMs. By applying these HTMs in conventional PVSCs, the dopant-free TPF1-based devices
not only achieved the best efficiency of 21.76%, which is comparable to that of the doped spiro-OMeTAD
control devices, but also showed much better operational stability, which maintained over 87% of the

initial efficiency under maximum power point tracking after 1038 h.
© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

As a new generation of thin-film photovoltaic technology, per-
ovskite solar cells (PVSCs) have made an incredibly rapid progress
in power conversion efficiency (PCE) in a short period of time [1,2],
thereby showing great potential for commercialization, combined
with their advantages of low material cost of perovskites, com-
patible solution processing and high defect tolerance [3,4]. Cur-
rently, the long-term stability is the major obstacle to this com-
mercialization progress [5-7], and one of the major reasons is
the use of ionic and hydroscopic dopants in the processing of or-
ganic hole transporting materials (HTMs) [8-10]. Due to the typi-
cal sandwich device architecture of PVSCs, the HTMs play the criti-
cal roles in extracting and transporting holes, thus mitigating non-
radiative recombination losses to ensure high device performance
[11,12]. So far, most of the commonly used HTMs, such as 2,2/,7,7’-
tetrakis(N,N-di-p-methoxyphenylamine)-9,9’-spirobifuorene (spiro-
OMeTAD), unfortunately have low hole mobilities and conductiv-
ities, thus requiring an additional doping process with lithium
bis(trifluoromethyl sulfonyl)imide (Li-TFSI) and 4-tert-butylpyridine
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(tBP) [13-15]. However, Li-TFSI is a hydroscopic salt that tends to
undergo ionic migration, while tBP is volatile and can dissolve the
perovskite, all of which are detrimental to the device stability of
PVSCs [16-18].

The construction of dopant-free HTMs has been confirmed as
an effective solution to overcome the instability caused by doping,
and a variety of new dopant-free HTMs with PCEs over 22% have
been developed [19-22]. The donor-acceptor (D-A) structure is a
mainstream design strategy for dopant-free HTMs, as it can gen-
erate efficient intermolecular interactions to enhance hole mobility
[23-25]. However, strong planar -7 stacking and intermolecular
D-A interactions could affect the processability of HTMs and in-
duce poor film morphology, which is detrimental to the contact of
HTM with the perovskite and other layers [26]. Considering this
problem, branched structure with high steric hindrance at the pe-
riphery has been reported to improve the film forming ability and
thermal stability of the film morphology [27,28]. In this context,
it is worthwhile to develop the D-A type branched HTMs, which
is hopeful to simultaneously achieve efficient hole transport, good
processability and stable film morphology.

Fluoranthene exhibits a rigid planar fused ring structure with
an electron deficient character, which is favorable for improving
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Fig. 1. Illustration of the design of dopant-free HTMs (TPF1-5).

thermal stability and 7-7 stacking [29,30]. In addition, it also has
the advantages of easy synthesis and multiple functionalization
sites. Our previous work has shown that fluoranthene is a suitable
core unit for the construction of dopant-free D-A type HTMs, with
PCEs above 20% realized [31,32]. Here, as shown in Fig. 1, we have
further developed a class of fluoranthene-based D-A type branched
HTMs (TPF1-5) with low lab synthetic costs by attaching differ-
ent types of donor units such as para-methoxy substituted triph-
enylamine (p-TPA), meta-methoxy substituted triphenylamine (m-
TPA) and phenyl unit to the fluoranthene core at different substi-
tution sites (7,8,9,10-sites). The effect of structural variations on the
HTM performance was elucidated, and among these new HTMs,
the fabricated champion conventional PVSC based on TPF1 deliv-
ered the best PCE of 21.76%, which is comparable to the doped
spiro-OMeTAD. What is more, benefiting from the removal of the
dopants and the hydrophobic effect of HTM, the TPF1-based device
showed a much better operational stability than the doped spiro-
OMeTAD control device, which maintained over 87% of its initial
PCE after 1038 h.

The synthetic route of TPF1-5 is shown in Scheme 1, with the
synthetic details and characterization data provided in Support-
ing information. First, acenaphthenequinone (1) was reacted with
dibenzyl ketone (2) or its brominated derivative (3) via the Kno-
evenagel reaction to afford compounds 4 and 5, respectively. They
then underwent a typical Diels-Alder reaction followed by sim-
ple decarbonylation with diphenylacetylene (6) or its brominated
derivative (7) to obtain the critical intermediates (8-10) with dif-
ferent degrees of bromination for further functionalization. Finally,
TPF1-5 were synthesized by a Pd-catalyzed Buchwald-Hartwig re-
action with satisfied yields between compounds (8-10) and bis(4-
methoxyphenyl)amine (11) and bis(3-methoxyphenyl)amine (12),
respectively. Overall, the entire synthesis process of TPF1-5 is sim-
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ple and efficient due to the use of fluoranthene as the core, which
therefore significantly reduces their synthetic costs. As shown in
Table 1, the estimated lab synthesis costs of TPF1-5 are no more
than 17 $/g, and the cheapest TPF2 has a cost of only 8.23 $/g,
which is even less than one tenth of the lab synthesis cost of spiro-
OMeTAD (91.67 $/g) [33].

To understand the geometry structure and electron distribution,
density functional theory (DFT) calculations were used to simulate
TPF1-5 at B3LYP/6-31G(d,p) level with Grimme’s D3B] empirical
dispersion correction (Fig. 2, Figs. S1 and S2 in Supporting infor-
mation). As expected, all the peripheral arms attached to the pla-
nar fluoranthene are twisted with a torsion angle over 60°, and
for TPF3, the four arms are even more twisted due to the large
steric hindrance between the p-TPA units. The twisted arms may
help to regulate the molecular stacking and improve the solution
processability. In addition, the highest occupied molecular orbital
(HOMO) and lowest occupied molecular orbital (LUMO) energy lev-
els were also calculated, which are mainly located on the TPA units
and the fluoranthene core, respectively. The HOMOs and LUMOs of
TPF1-3 (-4.54/-1.66eV, -4.53/-1.66eV and -4.41/-1.55¢eV, respec-
tively) are higher than those of TPF4 and TPF5 (-4.83/-1.70eV and
-4.73/-1.66 eV, respectively), indicating that the substitution sites
of fluoranthene core have a negligible effect on the energy lev-
els, while the methoxy substitution sites show a pronounced effect
owing to the inductive effect [34,35]. The slightly increased energy
levels of TPF3 may be due to its more TPA substitutions. From the
electrostatic potential (ESP) analysis, the fluoranthene core has a
negative electrostatic potential with more electron cloud, confirm-
ing the push-pull electron effects in the D-A structure.

The optical, electrochemical, and thermal properties of TPF1-
5 were characterized, with the data listed in Table 1. The UV-vis
absorption spectra in dichloromethane (DCM) solutions and films
are displayed in Figs. 3a and b, showing two absorption bands
at around 300 and 400nm, ascribed to the localized m-7* and
intramolecular charge transfer (ICT) absorption, respectively. It is
worth noting that TPF2 and TPF5 (TPA arms at 8,9-sites) exhibit
an obvious and redshifted shoulder peak at ~380nm compared to
TPF1 and TPF4 (TPA arms at 7,10-sites) due to the different push-
pull effects. The optical energy band gaps (Egs) are calculated by
the film absorption edges, showing that TPF1-3 with p-TPA arms
exhibit narrower Egs than TPF4-5 with m-TPA arms, and TPF3 has
the narrowest Eg of 2.67 eV. This is because that the para-methoxy
substitution can facilitate effective ICT, and TPF3 has more p-TPA
substitutions.

The electrochemical cyclic voltammetry (CV) curves of TPF1-5
films are presented in Fig. 3c, and the HOMO levels versus Fc/Fc*
were calculated to be about -5.0eV for TPF1-3 and -5.2eV for
TPF4-5, respectively. The trend obtained from the CV results is
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Scheme 1. Synthetic route of TPF1-5.
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Table 1

Optical, thermal, electrochemical, and charge transport properties of TPF1-5.
HIM  Cost ($/8)  Amaxsol (NM)?  Amaes (NM) ® Agnserss (M) Egope (V)€ HOMO (V)¢ LUMO (eV) ¢ gy (em? V-'s)e Ty (O)F
TPF1 9.32 296 299 446 2.78 —5.03 -2.25 8.23x 1073 445
TPF2 8.23 302 305 445 2.79 —5.06 —2.27 513 x 1073 441
TPF3 16.85 303 304 465 2.67 —4.99 -2.32 7.67 x 103 444
TPF4 9.34 297 301 431 2.88 -5.21 -2.33 2.69x 1073 448
TPF5 11.04 308 311 425 2.92 —5.20 —2.28 1.32x 107> 434

2 The maximum wavelength of the absorption band in solution and films.

b The long wavelength edge of solution and films.

¢ Optical band gap calculated from the long wavelength tail of films.

d Measured from electrochemical experiments using ferrocene as the reference.
¢ Hole mobilities measured by the SCLC method.

 The 5% weight loss temperature determined by the TGA analyses under nitrogen at a heating rate of 10 °C/min.
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Fig. 2. Calculated geometry structure and electrostatic potential distribution of TPF1-3.
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Fig. 3. Absorption spectra of TPF1-5 in dichloromethane solutions (A) and films (B). (C) CV curves of TPF1-5 in film state. (D) DSC curves of TPF1-5 measured under
nitrogen at a heating rate of 10 °C/min. (E) XRD patterns of TPF1-5 powders. (F) The hole injection characteristics measured by the SCLC method based on a device structure

of ITO/PEDOT:PSS/HTM/Mo0s /Ag.

consistent with that from calculation. It was further confirmed by
the ultraviolet photoelectron spectroscopy (UPS) measurement (Fig.
S3 in Supporting information), demonstrating that the HOMO lev-
els of TPF1 and TPF4 are -5.24 and -5.39eV, respectively. As re-
ported [36-38], the differences in HOMOs between CV and UPS
(~0.2eV) may be due to the polarization/solvation energies or con-
tact with the metal electrode in CV measurements. We further

used the HOMO levels from the CV results to evaluate the LUMO
levels by using the equation Ejymo = Enomo + Eg, all of which were
calculated to be about -2.3eV.

Thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC) measurements were performed under nitrogen
at a heating rate of 10 °C/min. From TGA curves in Fig. S4 (Sup-
porting information), all HTMs show high thermal stability with
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similar onset temperatures of decomposition (Tys, corresponding
to 5% weight loss) over 430 °C, possibly due to the thermally sta-
ble fluoranthene core, which meets the requirement for an ideal
dopant-free HTM [39,40]. In addition, TPF1-5 undergo different
phase transitions according to the DSC analysis (Fig. 3d). TPF1-3
with p-TPA arms powders show a sharp peak with the melting
points (Tmys) of 263, 230, and 277 °C, respectively, while TPF4 un-
dergoes a phase transition at ~95 °C and TPF5 has a low Ty, of 160
°C. For TPF4 and TPF5, the meta-methoxy substitutions could break
the symmetry of the molecular configuration and suppress the in-
termolecular interactions, making it difficult to detect Ty, of TPF4
and lowering the Ty, of TPF5 [41,42]. For TPF1-3, no phase transi-
tion can be found before melting over 230 °C, which may help to
maintain the stable film morphology during long-term operation
of PVSCs [43,44].

On the other hand, the DSC results indirectly indicate that
TPF1-5 have different molecular stacking behavior in the solid
state [45]. To confirm this, we have collected the X-ray diffraction
(XRD) patterns of their crystalline powders. As illustrated in Fig. 3e,
TPF1 with p-TPA arms at 7,10-sites displays the most diffraction
peaks with the strongest -7 molecular stacking diffraction peak,
while TPF4 with m-TPA arms at 7,10-sites is difficult to observe any
long-range ordered molecular stacking, indicating its amorphous
state. These results thus suggest that the intermolecular interac-
tions are influenced by both the number and position of substitu-
tions on the fluoranthene core and the methoxy substitution sites,
and either more branched structure or meta-methoxy substitution
could suppress the intermolecular interactions.

As mentioned above, the hole mobility (u;) of HTMs is de-
termined by the intermolecular interactions in the solid state,
which needs to be high enough to be dopant-free. Therefore,
we evaluated the pups of dopant-free TPF1-5 films using the
space charge limited current (SCLC) method with hole-only devices
(ITO/PEDOT:PSS/HTM/Mo0O3/Ag). The corresponding J-V curves are
shown in Fig. 3f and the fitted w,s of the HTMs are listed in
Table 1. The uys follow an order of TPF1 > TPF3 > TPF2 > TPF4
> TPF5, with the values of 8.23 x 107>, 7.67 x 1075, 5.13 x 107>,
2.69x 107>, and 1.32 x 10~ cm? V-1 s-1, respectively, which are
quite consistent with the XRD results. Compared to TPF4-5 with
m-TPA arms, TPF1-3 with p-TPA arms show improved crystallinity
and favorable film formation process to achieve higher w;s, pos-
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sibly due to the less symmetrical structure of the former. Further-
more, the molecular structure of the TPA arms at 7,10-sites could
be responsible for the highest p;, of TPF1, allowing less steric hin-
drance to ensure much stronger -7 stacking, as evidence by XRD
results.

The intermolecular interactions also affect the film morphology,
which is important for the contact resistance of HTMs with other
layers [46,47]. The atomic force microscopy (AFM) images of TPF1-
5 films in Fig. S5 (Supporting information) show that TPF1, TPF3
and TPF5 exhibit more uniform and smoother film surface than
TPF2 and TPF4 with a root mean square (RMS) surface roughness
of less than 0.3 nm. Furthermore, the densely packed tiny grains
can be observed in the images of TPF1 and TPF3, which however
are invisible for TPF5, which indicates a relatively enhanced aggre-
gation for TPF1 and TPF3 films, and thus well explains their high
LS. We also collected the AFM images of HTMs coated on the per-
ovskite layer. As displayed in Fig. S6 (Supporting information), af-
ter covering with HTMs, the RMS of the perovskite layer decreased
significantly from 24.6nm to less than 17 nm, indicating that the
HTMs can be uniformly coated and form better contact with other
layers, which is further confirmed by their scanning electron mi-
croscope (SEM) images (Fig. S7 in Supporting information).

To investigate the device performance of TPF1-5, we
fabricated conventional n-i-p PVSCs with an architecture
of FTO/SnO,/Perovskite/HTM/MoO3/Ag (Fig. 4a), in which

FAO‘71 MAO.ZQPbIZ.ﬂ Bl'().]lclo']g (FA formamidinium, MA: methy-
lammonium) was chosen as the photoactive layer and processed
by a two-step method. The HTMs were processed by spin-coating
method without dopants and the film thickness was controlled at
20-30nm. Other device fabrication details are given in Supporting
information. Fig. 4b shows the energy level alignment of the
components in PVSCs, demonstrating that the HOMO levels of
TPF1-5 are matched with the perovskites to extract the holes and
the relatively high LUMO levels can efficiently block the electron
transport [48].

The current density-voltage (J-V) curves of champion PVSCs
measured under AM 1.5G irradiation at 100mW/cm? are shown
in Fig. 4c, and the photovoltaic parameters are listed in Table 2.
The device based on dopant-free TPF1 delivered the highest PCE of
21.76%, with an open circuit voltage (Voc) of 1129V, a short cir-
cuit current density (Jsc) of 24.12mA/cm?, and a fill factor (FF) of

O
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Fig. 4. (A) The device structure of n-i-p PVSCs. (B) Energy alignment of components in devices. (C) J-V curves of the best performing PVSCs based on dopant-free TPF1-5.
(D) J-V curves with different scan directions in PVSCs based on dopant-free TPF1. (E) Stable output current and PCE of the dopant-free TPF1-based device under a constant
bias of 0.97 V. (F) EQE spectra with the integrated short-circuit current density for champion devices.
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Table 2
Device parameters of the n-i-p PVSCs based on dopant-free TPF1-5 and doped Spiro-OMeTAD.
HTMs Voc (V) Jsc (mA/cm?) FF (%) PCE (%) HI (%)
TPF1 1.11940.011 23.74+0.28 78.45+1.10 20.84 +0.60 2.99
(1.129) (24.12) (79.91) (21.76)
TPE2 1.108+0.012 23.13+0.32 76.29+1.18 19.56 +0.63 5.16
(1.118) (23.49) (77.41) (20.33)
TPF3 1.119+0.010 23.64+0.30 78.14+1.10 20.68+0.57 3.03
(1.130) (23.93) (79.40) (21.47)
TPF4 1.108+0.012 23.13£0.32 74.59+1.22 18.58 +0.65 5.95
(1.090) (23.54) (75.92) (19.48)
TPF5 1.099+0.011 22.43+0.34 7217 +1.45 17.80+0.68 5.71
(1.113) (22.85) (73.65) (18.73)
Spiro-OMeTAD 1.122+0.011 24.3240.27 77.76 +1.09 21.23+0.60 459
(1.131) (24.69) (79.54) (22.21)
79.91%. The PCEs of the champion devices based on TPF2-5 were A - B o
20.33%, 21.47%, 19.48%, and 18.73%, respectively. In addition, as - +sw o - —;’mwm
shown in Fig. 4d and Fig. S8 (Supporting information), the forward £ 081 :palm / 208 —— PVKITPF2
and reverse scans of TPF1- and TPF3-based devices show negligi- = ——PVKITPF3 | £ = PVKIFES
. . L. o & 06 1 PVK/TPF4 5 064 PVK/TPF4
ble hysteresis with a calculated hysteresis index (HI) of only ~3% E PVK/TPES / \\ E PVK/TPF5
according to the equation of HI= (PCE,.yaq-PCEreverse )/PCEforwards 3 04 / & 044
while other devices exhibit relatively high HIs exceeding 5%. It is 5 024 5 0.2
. . . - =
impressive that dopant-free TPF1-based devices perform compa- A= S
rably to the doped Spiro—OMeTAp control devices (PCE=22.21%, e T 0 o s o 00 200 300 400
HI=4.59%). The dopant-free devices were further operated at a c Wavelength (nm) D Time (ns)
constant bias near the maximum power point (MPP) for 200s 104 1.04
- - . L : - 1.99 ys ——TPF1 o 0.97 ms ——TPF1
(Fig. 4e and Fig. S9 in Supporting information), and the TPF1- 5 08 \ 278 ys ——TPF2 2 sl 0,62 me —e—TPF2
based device showed a stabilized PCE (21.40%) and a stabilized 3 . e e | 2 087 ms ——TPF3
Jsc (22.06 mA/cm?2). Besides, the external quantum efficiency (EQE) 208 \ 3.40ps TPF5 2106- 040 ms —— TP
spectra (Fig. 4f) of the TPF1-5 based devices were collected and B o4 3
the integrated Jsc values were calculated to be 23.37, 22.64, 23.18, § ‘g
22.70, and 21.88 mA/cm?2, respectively, which are in good agree- $02 S
ment with the actual experimental data. These results therefore 0.0 st
confirm the reliability of the device performance. In addition, the 10 e (ss) = 2

histograms of the photovoltaic parameters are shown in Fig. S10
(Supporting information), suggesting good reproducibility for all
dopant-free devices.

Based on the device results, it is interesting to note that the
device performance is highly correlated with the hole transport
properties of the HTMs rather than the HOMO levels. As shown
in Fig. S3, although TPF4 has a ~0.2eV lower HOMO energy level
than TPF1, they show an almost identical Fermi energy level, which
could therefore allow a similar quasi-Fermi level splitting (QFLS) in
devices. As reported, the QFLS dominates the V¢ in PVSCs [49,50].
Furthermore, it is worth noting that in addition to the appropri-
ate energy level alignment between HTM and perovskite, the non-
radiative recombination loss at the interface also plays an impor-
tant role in determining the Vjc. Here, the smoother film mor-
phology and higher hole mobility of TPF1 than TPF3 should help
to reduce the contact resistance and facilitate the hole transport,
thereby reducing the non-radiative recombination loss at the in-
terface [51]. All the above factors finally lead to similar Vpcs.

To futher deeply investigate the mechanism behind the de-
vice performance difference, the interfacial charge dynamics have
been investigated by conducting steady-state photoluminescence
(PL) and time-resolved PL decay measurements of pure perovskite
films and those covered with HTMs, and the correpsonding sprctra
are shown in Figs. 5a and b, with the detailed parameters listed in
Table S2 (Supporting information). TPF1 and TPF3 can quench the
PL to less than 10% of its initial intensity, with TPF1 performing
better. The TRPL decay profiles are fitted by a biexponential de-
cay function (I(t)=A; exp(—t/tq)+A; exp(—t/t,)+Ag), where the
decay profiles are separated into two exponential decay compo-
nents, and the A; and A, are the weights of these two compo-
nents in the overall decay process. The fast decay (t; < 30ns) is
attributed to the trap-mediated non-radiative recombination, while

Fig. 5. (A) Steady-state PL spectra and (B) time-resolved PL spectra of perovskite
films covered with and without HTMs. (C) Transient photocurrent decay curves and
(D) transient photovoltage decay curves of devices based on TPF1-5 with decay
time noted.

the slow decay (t, > 50ns) is attributed to the radiative recombi-
nation [52,53]. Both 77 and t, of the perovskite films are impres-
sively reduced after covered with HTMs, with the average lifetime
Tave decreasing from 183.3ns to less than 60ns, with a trend of
TPF1 < TPF3 < TPF2 < TPF4 < TPF5. These PL results therefore are
consistent with their hole mobilities.

What is more, the calculated A;/A, ratios show a significant dif-
ference, with a trend of PVK/TPF1 (217.0%) > PVK/TPF3 (203.8%)
> PVK/TPF2 (87.4%) > PVK|TPF4 (67.1%) > PVK/TPF5 (54.1%) >
PVK (4.3%). For conventional PVSCs, the bulk perovskite properties
should have less influence on the A;/A, ratios, so the difference in
Aq/A; ratios could be attributed to the different interface induced
by different HTMs [54,55]. These results further confirm that TPF1
and TPF3 exhibit a more efficient hole extraction than others. In
addition, the good film contact of TPF1 and TPF3 can mitigate the
defect density at the interface, well explaining their higher t, val-
ues [56,57].

We further measured the transient photocurrent (TPC) and
transient photovoltage (TPV) decay curves to study the interfacial
charge dynamics. The TPC curves in Fig. 5¢ show that TPF1-5 have
the decay times of 1.99, 2.78, 2.27, 3.23, and 3.40 ps, respectively.
The faster decay of the photocurrents in TPF1 and TPF3 also con-
firms their more efficient hole extraction and transport [58,59]. The
decay time in TPV curve is usually attributed to the charge recom-
bination. As shown in Fig. 5d, TPF1-5 exhibit the decay times of
0.97, 0.62, 0.87, 0.40, and 0.29 ms, respectively. The longer decay
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Fig. 6. (A) Device stability of unencapsulated devices based on dopant-free TPF1 and doped spiroOMeTAD under MPP tracking in N, atmosphere at room temperature. (B)
SEM images and (C) contact angles with respect to water of perovskite films covered with and without HTMs. Note: all SEM images use the same scale bar as in PVK/TPF5.

times of TPF1 and TPF3 can be due to the better contact with per-
ovskite layer, which can reduce the recombination centers. Besides,
the efficient hole extraction may also play a role in mitigating the
recombination by reducing the density of the carriers [60,61], well
corresponding to their TRPL results.

Impressed by high PCE of dopant-free TPF1, we have carefully
evaluated its unencapsulated device stability. Fig. S11 (Supporting
information) shows that dopant-free TPF1-based PVSC can retain
91.3% of its initial PCE after 1080h storage under ambient condi-
tions (RH: 30%) at room temperature, which is much better than
that of the doped spiro-OMeTAD control device (71.9%). We also
measured the device operational stability operated at MPP in N,
at room temperature, and the results are provided in Fig. 6a. It
can be easily seen that TPF1-based device presents an impressive
operational stability, which retained 87.2% of its initial PCE after
1038 h, while the control device degraded to the 57.2% of its initial
PCE after only 410 h operation. We then collected the SEM images
of perovskite films covered with and without HTMs, which were
aged for 2 days in ambinet conditions. As shown in Fig. 6b, the
pure perovskite film shows bright regions in the grain boundaries,
which are less observed in the PVK/HTM samples. These bright re-
gions are assigned to the Pbl,, originating from the degradation of
perovskites induced by the moisture or oxygen [62,63]. These re-
sults thus strongly suggest the protective effect from HTMs, which
can be further verified by the XRD patterns (Fig. S12 in Supporting
information). The water contact angles of the perovskite films cov-
ered with and without HTMs are shown in Fig. 6¢c, showing that
the contact angles can increase from 72.0° to over 93° after cov-
ering HTMs. The more hydrophobic the surface, the more it will
resist moisture, which may be the reason for the protection effect.
As a result, the significantly improved device stability of TPF1 is at-
tributed to the absence of dopants, the high thermal stability and
the hydrophobic surface [64,65].

In summary, we have successfully designed and synthesized
five fluoranthene-cored D-A type branched dopant-free HTMs
(TPF1-5) for conventional PVSCs via a facile synthesis. By changing
the arm structure, number and substitution sites, the intermolecu-
lar interactions, film morphologies, optical properties, energy lev-
els, hole mobilities of the resulting HTMs can be well regulated.
Benefiting from the highest hole mobility and favourable film mor-
phology, TPF1 with p-TPA substituted at 7,10-sites shows the best
hole extraction/transport ability at the interface, thereby enabling
the highest PCE of 21.76% among these dopant-free HTMs. Further-

more, the unencapsulated PVSC based on dopant-free TPF1 per-
forms a much better stability than the doped spiroOMeTAD control
device, which retained 87.2% of its initial PCE after MPP tracking
for 1038 h in N, at room temperature. This work thus is a strong
confirmation of the feasibility of the D-A type branched structure
in the development of efficient and stable HTMs.
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