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HIGHLIGHTS

e Three novel hole-transporting materials with DHNP moiety have been synthesized.
e The DHNP is a potential candidate for constructing stable and efficient PSCs.
e The best device performance was the DC-1-based device with PCE of 18.09%.

ARTICLE INFO ABSTRACT
Keywords: The stability and photovoltaic performance of perovskite solar cells (PSCs) are greatly affected by the use of hole-
Hole transporting materials (HTMs) transporting materials (HTMs). Polycyclic aromatic hydrocarbons (PAHs) are known for their planar structures,

Perovskite solar cells (PSCs)
Dihydronaphthopentaphene
Polycyclic aromatic hydrocarbon

which facilitate efficient charge transport and intermolecular interactions, resulting they possess unique elec-
tronic and optical properties. In this study, we describe the synthesis of three D-n-D type PAHs-based HTMs
compounds (DC-1, DC-2, and DC-3) that contain dihydronaphtho[1,2,3,4-rst]pentaphene (DHNP) as a =
conjugation bridge, p-methoxy group-substituted arylamine, and diphenylamine-substituted carbazole groups as
the donor groups. These DHNP-based molecules can be used as hole-transporting materials in PSCs due to their
favorable frontier molecular orbitals (HOMO/LUMO) energy levels. The PSC devices fabricated with DC-1
yielded a highly efficient power conversion efficiency (PCE) of 18.09%, outperforming those based on DC-2
(13.21%) and DC-3 (14.91%), and slightly higher than those using control spiro-OMeTAD (16.93%). The
proposed novel D-n-D molecules demonstrate potential as HTMs with promising performance for PSCs and
contribute to the development of high-efficiency perovskite solar cells.

1. Introduction third-generation solar cells gain great attention due to their adaptable
fabrication, cost-effectiveness, strong absorbance, long diffusion length

Solar energy is considered one of the most promising renewable and carrier lifetime, low exciton binding energy, and good charge
energy sources, capable of adapting to environmental risks and replac- transport mobility [2-5]. Since the groundbreaking work of Miyasaka
ing traditional energy sources like petroleum products [1]. Among and co-workers in 2009, perovskite materials have been used as active
various generations of solar cells, perovskite solar cells (PSCs) in the layers for photovoltaic applications [6]. Until now, the certified power
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conversion efficiency (PCE) of PSCs is 25.7% to date [7], which was due
to the unique photoelectric characteristics of hybrid perovskite crystals,
and the use of well-matched interfacial materials [8,9].

Generally, typical PSC devices have four main components: elec-
trodes, hole-transporting materials (HTMs), perovskite sensitizer, and
electron transporting materials (ETMs). To achieve high-efficiency
perovskite solar cells (PSCs), hole-transporting materials (HTMs) are
critical components that allow for efficient extraction of positive charges
generated by sunlight [10], making them one of the promising strategies
[11]. Besides extracting holes from the active layer and transporting
them to the electrode, HTMs are also used as passivation materials to
passivate perovskite defects [12-15], as an energy barrier to avoid
electrons from being transported to the anode, to isolate moisture to
improve device stability, and to increase Voc by matching the HOMO
energy level with the energy level of perovskite [16,17].

At present, there are mainly four different types of HTMs have been
widely studied in PSCs, namely, inorganic HTMs [18,19], polymer
HTMs [20,21], organometallic HTMs [22,23], and organic small mole-
cule HTMs [24,25]. Small molecule HTMs, in particular, have seen
extensive development due to their structural designability and
simplicity in synthesis and purification. The small organic molecule with
a D-n-D architecture has been successfully employed in PSCs because
donor groups and/or n-bridge units can be varied to adjust their energy
levels. Additionally, these HTMs have well-tailored molecular configu-
rations, good morphology, high hole mobility and conductivity, and
relatively low synthetic cost [22]. It is well known that the most widely
used organic small molecule HTM for PSCs is spiro-OMeTAD [26]. The
performance of a PSC device fabricated with spiro-OMeTAD can ach-
ieve a PCE of over 23.7% [27]. Due to the high production costs of
spiro-OMeTAD, researchers are making a lot of effort to develop more
affordable small organic HTMs. In general, these molecules structure
comprised of n-conjugated spacer with arylamine derivatives [28,29],
and/or carbazole [30,31] derivatives. Disubstituted carbazole HTMs
owing to their electron-donating property and required building blocks
for effective HTMs and can improve chemical stability have been also
broadly explored recently [32,33].

In recent years, several new materials have emerged as potential
HTMs for use in PSCs. One such class of materials that has received
significant attention is polyaromatic hydrocarbons (PAHs), due to their
unique electronic and optical properties [34,35]. PAHs are renowned for
their planar structure, which facilitates efficient charge transport and
intermolecular interactions. As a result, they exhibit high carrier
mobility and low recombination rates, making them ideal for developing
high-performance PSCs. PAHs can significantly improve charge transfer
at the interface between the hole-transporting layer and the perovskite
active layer. Various types of PAHs have been investigated as potential
HTMs, including anthracene [36,37], cyclopentalhi]aceanthrylene
[38], anthradithiophene [39], dihydrodinaphthopentacene [40], pyrene
[41], dibenzo[g,p]lchrysene [42], anthanthrone [43], acene [44]. Some
PAH-based HTMs have demonstrated power conversion efficiencies
(PCEs) of around 21%, which is comparable to or higher than that of
spiro-OMeTAD [45,46]. However, the search for more economical
HTMs with high efficiency and stable devices remains a crucial issue.

With a continued focus on PAHs-based HTMs for PSC applications,
we report the synthesis of three new HTMs, DC-1, DC-2, and DC-3,
based on dihydronaphtho[1,2,3,4-rst]pentaphene (DHNP) as a n-spacer
with electron-donor groups such as diphenylamines, triphenylamines,
and diphenylamine-substituted carbazole. DHNP is a rigid ladder-type
n-extended polyaromatic hydrocarbon with a large planar n-conju-
gated structure, consisting of an anthracene fused with two phenyl
groups, which may facilitate intermolecular interaction and enhance the
hole transporting ability. We have studied the absorption and emission
properties, thermal stability, electrochemical properties, and hole
transport abilities of these three novel DHNP-based compounds. We
found that the HOMO energy levels of these new HTMs are similar to
that of spiro-OMeTAD and match well with the valence band of the
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perovskite (—5.43 eV). Encouragingly, when used as HTMs in n-i-p
planar PSCs devices, DC-1, DC-2, and DC-3 achieved high PCEs of
18.09%, 13.21%, and 14.91%, respectively, with superior device sta-
bility compared to doped spiro-OMeTAD (16.93%) under similar con-
ditions. We will discuss the syntheses, characterization, and device
performance of these PSCs in detail.

2. Results and discussion
2.1. Synthesis of the materials

The key starting material compound 5 was synthesized by following
the literature procedures [47] for the synthesis of ladder compound
(SLMC) and showed in Scheme 1. Palladium-catalyzed Suzuki coupling
reaction between diboron ester-substituted anthracene 2 and 1 afforded
the 9,10-di(5-bromo-4-hexylbenzophenon-2yl)anthracene 3. The diol
compound 4 was obtained by reaction 4-hexylphenyllithium with 3 and
then followed by ring closure with boron trifluoride etherate to afford
the desired stepladder compound 1 in 82% yield. It is noteworthy that
the cyclization reaction can produce syn- and anti-ring cyclization
regioisomers. The anti-ring closed isomer would display doublet of
doublet signal of 1- and 5-positions aromatic protons of the anthracene
unit in the 'H NMR spectrum. However, the 'H NMR spectrum of
compound 5 showed a singlet signal at 6.97 ppm which was assigned the
protons of 2- and 3-positions of the anthracene unit, indicating it was
syn-ring closure product. This result was supported by
literature-reported polymer products SLPPPA and LPPPA containing
syn-closed isomers [47], but differed the anti-ring closed isomer SLMC
compound, although both have similar reaction conditions. The possible
formation process of compound 5 was formed intermediate 4A and then
syn-closed to form compound 5, shown in Fig. S1. In order to try to get
the anti-ring closed product, we have attempted to modify the reaction
conditions whatever added excess trifluoride etherate, change temper-
ature or reaction time, but the ring-closure reaction still formed the
syn-ring closed isomer. Compound 5 is readily soluble in common sol-
vents such as chloroform, tetrahydrofuran, dichloromethane, and
toluene.

The synthetic route of DC-1, DC-2, and DC-3 are illustrated in
Scheme 1. DC-1 and DC-3 were obtained from Buchwald-Hartwig cross-
coupling reaction between 5 with 4,4-dimethoxydiphenylamine (6),
and N3,N3,N6,N6-tetrakis(4-methoxyphenyl)-9H—carbazole-3,6-diamine
(8). DC-2 was synthesized by Stille cross-coupling between 5 and 4-
methoxy-N-(4-methoxyphenyl)-N-(4-(tributylstannyl)phenyl)benzen-
amine (7). For ease of fabrication of the PSCs devices, these new DHNP-
based HTMs are advantageous because they are soluble in most common
organic solvents such as DCM, chloroform, tetrahydrofuran, toluene,
chlorobenzene, and dichlorobenzene. These three new synthesized
compounds were characterized by 'H and '>C NMR and high-resolution
mass.

2.2. Optical properties

The UV-Vis absorption spectra of DC-1, DC-2, and DC-3 in both
solution and thin films are presented in Fig. 1, and the corresponding
data are collected in Table 1. The maximum absorption peaks of DC-1,
DC-2, and DC-3 were observed at 556 nm, 526 nm, and 523 nm,
respectively, and were attributed to their intramolecular charge transfer
(ICT) character. The bathochromic absorption shift of DC-1 was attrib-
uted to a stronger ICT interaction, whereas the red-shifted absorption
observed in DC-1 to DC-3, compared to spiro-OMeTAD, was due to the
extended n-conjugation length of the anthracene moiety. The thin-film
absorption spectra of DC-1, DC-2, and DC-3, as depicted in Fig. 1(b),
exhibited a bathochromic shift of 7-13 nm compared to the corre-
sponding solutions, indicating the presence of n—x stacking interactions
in the thin-film. The fluorescence spectra of these newly synthesized
compounds were measured in DCM solution and are presented in
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Fig. 1. Absorption spectra of DC-1, DC-2, and DC-3 (a) in solution (DCM); (b) in thin film.
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Table 1

Photophysical and Electrochemical data of DC-1, DC-2, DC-3, and spiro-OMeTAD.
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HTM Jhax (s0ln) (e x 10° M em™) (nm) Ay (film) (nm)  A3n(soln) (nm)  E§o(ev)  HOMO/LUMO (eV)  To/Te (°C)  pf (em?V's™h)
DC-1 556(4.01) 566 610 2.13 ~4.99/-2.85 401/105 4.05 x 107°
DC-2 526(2.84) 536 577 2.25 ~5.29/-3.05 418/130 1.32 x 107°
DC-3 523(3.83) 530 563 2.28 ~5.09/-2.81 423/170 2.70 x 107°
Spiro-OMeTAD [40]  385(5.24) 396 430 3.04 -5.15/-2.11 422/129 1.49 x 107°

[a] Maxima absorption and emission peaks were obtained in dichloromethane. [b] Maxima absorption peaks in the thin film. [c] The value of Eq_o was determined
from the intersection of absorption and emission spectra. [d] T4: thermal decomposition temperature, Tg: glass transition temperature. [e] Hole mobilities.

Fig. S2. The emission peaks of DC-1, DC-2, and DC-3 were located at
610 nm, 577 nm, and 563 nm, respectively. The Stokes shift values
ranged from 40 to 57 nm, supporting the charge-transfer characteristics
of the materials. This finding indicates that these HTMs exhibit signifi-
cant structural deformation in the excited state, which is beneficial for
improving pore-filling and enhancing hole extraction ability. The optical
energy band-gap for DC-1, DC-2, and DC-3, acquired from the inter-
section of absorption and emission spectra, was found to be 2.13, 2.25,
and 2.28 eV, respectively.

2.3. Electrochemical properties

The alignment of energy levels between the perovskite and HTMs
impacts the V¢ of the perovskite solar cell. We used electrochemical
measurements to calculate the energy levels of these newly synthesized
HTMs, and the corresponding data are summarized in Table 1. The
representative cyclic voltammograms are shown in Fig. 2(a). As depicted
in Fig. 2(a), the first oxidation potentials of DC series compounds were
attributed to the removal of electrons from arylamine donor groups and
were used to estimate the HOMO energy levels. The HOMO values of
DC-1, DC-2, and DC-3 were determined to be —4.99 eV, —5.29 eV, and
—5.09 eV, respectively, indicating that the trend of donor strength was
diphenylamine > diphenylamine-substituted carbazole > triphenyl-
amine. The schematic energy level of DC-1, DC-2, and DC-3 is presented
in Fig. 2(b). The estimated HOMO values of these HTMs were higher
than that of the perovskite valence band (ca. —5.43 eV), indicating that
the energy level alignment between the HTMs and perovskite was
suitable for hole extraction and transport at the interfacial region. In
PSCs, the Vo was determined by calculating the energy difference be-
tween the HOMO of HTMs and the Fermi level of the metal oxide, which
was used as the electron transport material [48]. DC-2 has a lower
HOMO energy level than DC-1 and DC-3, indicating that it may achieve
higher Vo¢ in the PSCs. Moreover, the LUMO energy levels of DC-1,
DC-2, and DC-3 are higher than the conduction band of CH3NH3Pbl3
perovskite (—3.93 eV), implying their ability to obstruct electron
transfer to the hole transporting layer, thereby preventingcharge
recombination [49]. The energy gap of DHNP-based HTMs was reduced

compared to spiro-OMeTAD, which can be attributed to the introduc-
tion of the extended n-conjugate PAHs DHNP segment into the D-n-D
structural configuration.

2.4. Thermal stability

Thermodynamic stability of HTM is a crucial factor for the long-term
reliability of PSC devices. The thermal gravimetric analysis of DC-1, DC-
2, and DC-3 also shows high decomposition temperatures (T4 > 400 °C
with 5% mass loss), stability of HTMs was determined by thermogra-
vimetric analysis and differential scanning calorimetry, and the relevant
data are presented in Table 1. As shown in Fig. S3, the decomposition
temperature for DC-3 (423 °C) is slightly higher than that of DC-1
(418 °C), DC-2 (401 °C). Moreover, the thermal gravimetric analysis of
DC-1, DC-2, and DC-3 also shows high decomposition temperatures (Tq
> 400 °C with 5% mass loss), which indicates that these materials are
highly thermally stable for use in PSCs. The glass transition temperature
(Tg) of DC-1, DC-2, and DC-3 are 105 °C, 130 °C, and 170 °C (Fig. 54).
The higher T, of HTMs relative to spiro-OMeTAD signifies a more stable
amorphous state, which is favorable for the stability of PSC devices.

2.5. Theoretical computation

We conducted theoretical calculations based on density functional
theory (DFT) to understand the electronic properties of the HTMs. The
optimized ground state molecular geometry and the dihedral angles
between DHNP core and arylamine or disubstituted carbazole donors
are displayed in Fig. S5 and Fig. S6. As shown in Fig. S6, DC-3 exhibited
a dihedral angle of approximately 49° between the carbazole moiety and
central DHNP part, which was larger than that of DC-1 with diarylamine
groups. This larger angle may help to prevent serious aggregation. It is
also consistent with DC-3 having the smallest Ayax of ICT band, which is
due to the larger dihedral angle. Except for DC-3, which has a more
twisted DHNP due to the use of a larger disubstituted carbazole donor
group (Fig. S5), DC-1 and DC-2 exhibited curved planar structure of
central aromatic core, which is beneficial for hole mobility. The calcu-
lated HOMO energies of DC-1, DC-2, and DC-3 were found to be —4.14
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Fig. 2. (a) Cyclic Voltammograms of DC-1, DC-2, and DC-3 measured in DCM solution. (b) Energy level diagram of DC-1, DC-2, DC-3, and spiro-OMeTAD,

and CH3NH3PbI;.
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eV, —4.36 eV, and —4.24 eV, respectively (Fig. S7), which is consistent
with the trend of the experiment results. Fig. 3 illustrates the distribu-
tion of the frontier molecular orbitals for DC-1, DC-2, and DC-3. Except
for DC-3, where the HOMO is mainly localized on one carbazole donor
group, the electron distribution of the HOMO in DC-1 and DC-2 is
mainly delocalized across the entire molecule. Furthermore, the LUMO
is localized on the central DHNP core, indicating intramolecular charge
transfer for these HTMs, which is beneficial for hole transfer properties.

2.6. Morphology and water contact angle

The cross-section and surface quality of the PSCs with different HTMs
spin-coated on perovskite films were employed the scanning electron
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microscopy (SEM) characterizations to investigate. It is well known that
a very smooth and uniform morphology benefits the improvement of the
coverage of the hole-transporting layer and helps to reduce grain
boundaries. The cross-sectional SEM images in Fig. S8 indicate that DC-
1 and DC-3 present high-quality films, similar to spiro-OMeTAD, while
DC-2 contains multiple pinholes. The top-view SEM images of DC-1
coated on perovskite films, as shown in Fig. 4, exhibit a uniform HTM
layer. In contrast, in spiro-OMeTAD-, DC-2-, and DC-3-based PSCs,
some particles were found, and observable pinholes were formed in the
DC-2 and DC-3 films. We also performed atomic force microscopy
(AFM) to investigate the surface roughness of the HTMs and the results
showed in Fig. S9. The HTMs were coated on perovskite (MAPbI3), and
AFM images were taken with HTMs. The perovskite coated with DC-1
was show the relative small root mean square (RMS) value (8.81 nm)
than DC-2 (19.17 nm) and DC-3 (12.15 nm), and similar with spiro-
OMeTAD (8.81 nm). In conclusion, DC-1 has relatively good film-
forming properties, which are helpful for charge transport and can
improve the overall PCE.

HTMs are expected to serve a dual role in improving device stability.
Not only do they act as materials for hole extraction and transportation,
but they are also expected to create a hydrophobic layer that helps
prevent moisture and oxygen infiltration, thus enhancing device sta-
bility in humid environments. To evaluate the hydrophobicity of HTMs,
contact angle testing was performed on devices with an FTO/perov-
skite/HTM (doped) structure, and the results are presented in Fig. S10.
All the HTMs had a contact angle greater than 80°, which is higher than
that of spiro-OMeTAD (74.8°). The hydrophobicity of HTMs was
observed to decrease in the order of DC-1 > DC-2 > DC-3 > spiro-
OMeTAD. These results indicate that DC-1, DC-2, and DC-3 possess
good hydrophobic abilities and can resist water attachment.

Employing the space-charge-limited current (SCLC) method can be
useful for investigating the hole-transporting properties, which is
another crucial aspect to take into account when developing optimal
HTMs for PSCs. Fig. 5(a) illustrates the responses obtained from current-
voltage (J-V) measurements conducted on hole-only devices featuring
an ITO/NiO,/HTM/MoO3/Ag structure without any additives. The hole
mobility of DC-1, DC-2, and DC-3, and spiro-OMeTAD calculated by

(b)

PVK/DC-1

ELA000 10 e’ A Brvm 250 Ok SFIN)

Fig. 4. Top view SEM images of (a) PVK/spiro-OMeTAD; (b) PVK/DC-1; (c) PVK/DC-2; (d) PVK/DC-3.
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Mott-Gurney equation is 4.05 x 107>, 1.32 x 107>, 2.70 x 107>, and
1.49 x 107> ecm?V~1s7}, respectively. Although we expected that using a
rigid DHNP conjugated core would be advantageous for hole mobility,
the results show that there is no significant increase in hole mobility
compared to spiro-OMeTAD. Among these newly synthesized HTMs,
DC-1 shows the highest hole mobility due to the smooth film
morphology of the DC-1 film, which effectively conducts photo-
generated holes and reduces charge recombination. To assess the ability
of perovskite/HTMs to transfer holes, we investigated their steady-state
photoluminescence. The PL spectra of perovskite with and without HTM
films are displayed in Fig. 5(b). The perovskite/HTM films showed sig-
nificant photoluminescence (PL) quenching compared to perovskite
uncoated with HTM film, which suggests that the holes generated by the
excited perovskite layer can be extracted effectively by the HTMs [50].
Among the four HTMs tested, spiro-OMeTAD was the most effective in
quenching the excited perovskite, while DC-2 was the least effective due
to its poor film-forming. The hole-extracting efficiency of DC-1 at the
interface of perovskite and HTM was the highest and consistent with its
photovoltaic performance. Furthermore, we demonstrate that DC-1 ex-
hibits superior hole-transporting properties, as evidenced by TRPL
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measurements. The relevant data is presented in Fig. S11 and Table S1.
Notably, DC-1 boasts the shortest average carrier lifetime of 6.98 ns
among the HTMs, indicating its remarkable ability to efficiently extract
photogenerated holes in the perovskite solar cell.

2.7. Photovoltaic devices

To evaluate the performance of the new DHNP-based small mole-
cules (DC-1, DC-2, and DC-3) as HTMs, PSCs devices were fabricated by
employing them in the ITO/SnO,/perovskite/(MAPbI3)/HTM/Au
structure. To enhance device performance, lithium bis(tri-
fluoromethanesulfonyl)imide (LiTFSI) and 4-tert-butylpyridine (t-BP)
were added to all cells. The perovskite layer was then spin-coated with
HTMs that had been dissolved in chlorobenzene. Cross-sectional SEM
was used to image the spiro-OMeTAD, DC-1, DC-2, and DC-3 based
PSCs, as shown in Fig. S8. The SEM images indicate that the HTMs on the
perovskite surface were well-covered, and a clear layer-by-layer struc-
ture was observed. Fig. 6(a) displays the current-density-voltage (J-V)
curves of PSCs that use DC-1, DC-2, and DC-3 as the HTM and MAPbI; as
the light absorber, measured under simulated solar illumination (AM
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Fig. 6. (a) J—V curves under AM 1.5 illumination. (b) IPCE spectra for the devices employing doped DC-1, DC-2, DC-3, and spiro-OMeTAD. (c) Dark J-V curves of

the control device. (d) Stability test based on DC-1 and spiro-OMeTAD.
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Table 2

Photovoltaic performance of PSCs with doped DC-1, DC-2, and DC-3 HTMs and spiro-OMeTAD.
HTM Jge (mA/cm?) Voe (V) FF PCE(%) EQE_J%. (mA/cm?) PCE(%)°
DC-1 21.89 1.06 0.78 18.09 20.75 17.15
average” 21.03 + 0.86 1.05 + 0.01 0.76 £+ 0.02 16.78 +1.31
DC-2 17.51 1.02 0.74 13.21 16.46 12.42
average® 16.54 + 0.97 1.00 + 0.02 0.72 £ 0.02 11.9 +£1.31
DC-3 20.03 1.02 0.73 14.91 18.97 14.12
average” 19.26 £+ 0.77 1.00 + 0.02 0.72 £ 0.01 13.86 + 1.7
Spiro-OMeTAD 22.1 1.05 0.73 16.93 20.99 16.09
average® 19.26 + 0.77 1.03 £ 0.02 0.71 £ 0.02 15.61 + 1.32

[a] Based on 10 PS C devices. (DC-1 and DC-3: 10 mM with 3000 rpm for 30 s; DC-2: 30 mM with 2000 rpm for 30s; spiro-OMeTAD: 65 mM with 2000 rpm for 30s) [b]

Estimatd from the EQE spectra. [c] Estimated PCE via combining the EQE_Jg..

1.5G, 100 mW cm2). The photovoltaic parameters of PSC devices,
including Jsc, Voc, FF, and PCE, are summarized in Table 2.

The power conversion efficiency (PCE) of DC-1-based PSCs is
18.09%, the short-circuit current density (Jsc) is 21.89 mA em 2, the
open-circuit voltage (Voc) is 1.06 V, and the fill factor (FF) is 0.78.
Notably, the PCE of the DC-1-based PSCs was significantly higher than
those of the DC-2-based PSCs (13.21%) and DC-3-based PSCs (14.91%).
Fig. 6(b) displays the measured EQE spectrum of the device, which in-
dicates an error value of approximately 5-7%. Additionally, we utilized
the integrated Jg. from EQE to estimate the PCE of the devices, as out-
lined in Table 2. The calculated PCEs for the PSCs based on DC-1, DC-2,
DC-3, and spiro-OMeTAD were found to be 17.15%, 12.42%, 14.12%,
and 16.09%, respectively. The observed difference in power conversion
efficiency among the PSCs is likely attributable to variations in the film-
forming properties of the respective HTMs when coated on the surface of
the perovskite layer. Specifically, the film-forming property of the HTM
on the perovskite surface may have contributed to the higher PCE
observed in the DC-1-based PSCs relative to those using DC-2 and DC-3.
The SEM image of the surface (Fig. 4) that the DC-1-based thin film on
MAPbDI3; was showed more uniform and smoother than others. The
performance of DC-1-based PSCs also surpassed the spiro-OMeTAD-
based device with a PCE of 16.93% (Jsc of 22.10 mA em ™2, Vg of 1.05
V, and FF of 0.73) under the same condition. In general, the slightly
higher HOMO energy level of DC-1 than that of DC-2 and DC-3 should
led to smaller Vo value. However, DC-1-based device showed the
highest Voc among them. The factors such as carrier mobility, film-
forming properties, and charge recombination will affect the Vp¢ in
PSCs. To investigate charge carrier recombination, we conducted dark-
current measurements (Fig. 6(c)). The reverse current density value of
HTMs decrease in the order of DC-2~DC-3 > spiro-OMeTAD > DC-1,
which is consistent with the trend of the Vp¢ in PSCs. The trap-filled
limit voltages (Vrg) of DC-1, DC-2, and DC-3 from space-charge
limited current measurement were 0.248V, 0.330V, and 0.275 V,
respectively. The relatively low Vrp, value for DC-1 based device
implied the smaller the trap-state density and will reduce the trap-
assisted recombination, resulting in a higher Vp¢ [51]. Therefore, we
conjecture the higher V¢ and fill factor are dominated by hole mobility
and film morphology in this work. Hence, the more uniform film and
high mobility of DC-1-based PSCs showed the higher V¢ and FF in PSCs.
Fig. 6(b) displays the monochromatic incident photon-to-current effi-
ciency (IPCE) spectra and the corresponding integrated current density.
The IPCE spectra indicate that photocurrent generation begins at about
815 nm, consistent with the band gap of MAPbI3 [52]. The
photon-to-current response of the devices ranges from 300 nm to 815
nm. The devices using DC-1 and spiro-OMeTAD have similar spectral
responses, which are higher than those of the DC-2- and DC-3-based
cells. As expected, DC-2 exhibits a relatively lower IPCE response
around 380 nm-780 nm region. The integrated Js¢ of devices with DC-1,
DC-2, DC-3, and spiro-OMeTAD are 21.89 mA em ™2, 17.51 mA cm 2,
19.33 mA cm_z, and 22.09 mA cm_z, respectively, which are in good
agreement with the experimental J—V measurements. The statistical
distribution of photovoltaic performance in these three novel

HTMs-based PSCs was shown in Fig. S12, the results show that these
HTMs-based PSCs have good reproducibility.

For the PSCs, long-term stability is an important issue in terms of
commercialization. The long term stability of PSCs based on DC-1
without encapsulation was monitored at 35% humidity for 30 days. As
shown in Fig. 6(d), the DC-1-based PSCs maintained close to 80% of
initial PCE (18.09%) after 30 days with a PCE of 13.20%, while the ef-
ficiency of the spiro-OMeTAD-based device decreased remarkably with
a PCE of 7.24%. Therefore, the result demonstrates that the DC-1-based
PSC exhibit better stability compared to spiro-OMeTAD, which may be
due to the smooth film-forming property preventing the moisture and
oxygen.

For commercialization purpose of PSCs, developing cost-effective
HTM with good photovoltaic performance properties is a good way to
reduce the cost of the PSCs. We have estimated the cost of DC-1, and the
calculation is shown in Table S2—S85. Compared to the cost of spiro-
OMeTAD (~400 USD/gram, Sigma-Aldrich), the cost of the best per-
formance HTM DC-1 is 33.23 USD per gram, which is significantly lower
than spiro-OMeTAD. It suggests that using DC-1 as HTM for PSCs was a
relatively low-cost promising candidate material.

3. Conclusion

To summarize, we have synthesized and characterized three new D-
n-D type PAHs-based HTMs (DC-1, DC-2, and DC-3) based on a DHNP
core structure for potential use in PSCs. The HTMs have similar photo-
physical, electrochemical, and thermal properties with high thermal
stability, making them practical for use in photovoltaic devices. SCLC
measurements demonstrated that DC-1 has higher hole mobility than
the other two compounds due to the smoother film morphology. PL
quenching result showed that DC-1 possesses better hole transfer ability.
Out of the three HTMs, DC-1 exhibited the highest PCE (18.09%), sur-
passing the devices fabricated using DC-2 (13.21%), DC-3 (14.91%) and
spiro-OMeTAD (16.93%) under simulated solar illumination (AM 1.5G,
100mWem 2). The lower Voc values of DC-2 and DC-3 were due to the
poor film-forming properties. Overall, DHNP-based HTMs are potential
candidates for stable and efficient PSCs, and further modifications to
their structure may improve their performance.

4. Experimental section

Materials and Characterization: Unless stated otherwise, all chemical
reactions were conducted under an atmosphere of pre-purified nitrogen
using Schlenk techniques, and the all commercial materials were used
without further purification. THF and toluene used were distilled from
Na/benzophenone prior to use. Column chromatography was conducted
using glass columns packed with silica gel (60 M, 230-400 mesh). Cyclic
voltammetry experiments were conducted using an electrochemical
workstation (CHI 611E) with a conventional three-electrode configu-
ration. Absorption and emission spectra were measured with a Jasco V-
730 UV-Vis spectrophotometer and Jasco FB-8300 spectrofluorometer,
respectively, using dichloromethane as a solvent at room temperature. A
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concentration of 1 x 10> mol mL~! was used for solution UV/visible
and PL measurements. 'H and '3C NMR spectra were recorded on a
Bruker 400 MHz spectrometer. The thermal decomposition temperature
was determined by a Thermal Gravimetric Analyzer (TGA, Q50), and
differential scanning calorimetry (DSC) was performed on a NETZSCH
DSC 214 Polyma DSC21400A-0324-L under nitrogen atmosphere.
Melting points were determined with a Buchi melting point B-540.

Compound 6 [53], 7 [40], and 8 [54] were prepared according to the
procedures outlined in the literature method. Compound 5 was syn-
thesized along with the literature method [47].

Fabrication and Characterization of PSCs: An efficient PSC was fabri-
cated with ITO/SnOy/perovskite/HTM/Au. ITO-conducting glass (ITO
glass, Solaronix TCO22-7; sheet resistance = 7 Q square’l) and a SnO-
blocking layer was applied on the ITO substrate through a solution
process. Deposited the SnO; layer on the ITO glass substrate by spin-
coating at 3000 rpm for 30 s. Sinter the dense SnO, film on a heat
plate at 150 °C for 30 min, then cool down for the next step. Afterwards,
using a single-step method to produce the perovskite layer. 200 mg of
methylammonium iodide and 576 mg of lead iodide was dissolved in 1
mL dimethylformamide and stirred at 60 °C for 8 h. The dense SnO, film
was spin coated with this solution at 5000 rpm for 30 s and heated on a
hot plate for 10 min. After that, a solution composed of HTM (spiro-
OMeTAD: 65 mM, DC-1, DC-2, and DC-3: 15 mg in 1 mL chloroben-
zene), 17.5 pL of lithium bis(trifluoromethanesulfonyl)imide (520 mg in
1 mL CH3CN) and 4-tert-butyl pyridine dissolved in acetonitrile and
chlorobenzene was spin-coated at 2000 rpm for 30 s to form hole-
transporting layer under the Ny condition. A 100 nm gold electrode
was thermally evaporated on the top of the perovskite layer to complete
the PSC encapsulation. Scanning electron microscopy (SEM) with a cold-
field-emission scanning electron microscope (Hitachi SU8010; acceler-
ation voltage, 0.1-30 kV; working distance, 4.0-6.0 mm) was used to
measure the cross-section and surface morphology of the PSCs. The J-V
curves and IPCE spectra measurements processes were as follows. The
devices parameters were obtained under incident light with an intensity
of 100 mWem 2 (as measured using a thermopile probe; Oriel 71964)
generated by a 300 W solar simulator (Oriel Sol3A Class AAA Solar
Simulator 9043A, Newport) and passed through an AM1.5 filter (Oriel
74110). Using an Oriel reference solar cell (Oriel 91150) and adjusted to
1.0 sun (100 mW cm 2) to further calibrated the light intensity. A
monochromator (Oriel 74100) under short-circuit conditions was used
to record the monochromatic quantum efficiency. A black metal mask
(0.09 cm?) was placed over the devices during the J-V and IPCE
measurements.

Theoratical computations: The theoretical computations were per-
formed using Gaussian09 package software. To optimize the geometry of
the molecules, a hybrid B3LYP functional and 6-31G* basis set were
utilized. Excited states were characterized using TD-DFT. Additionally,
the frontier orbital plots of the HOMO and LUMO were created with
Gauss View 06.
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