Downloaded viaNATL TAIWAN UNIV on November 11, 2020 at 12:45:57 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

IENAPPLIED MATERIALS

XINTERFACES

Research Article

www.acsami.org

Thiophene-Fused Butterfly-Shaped Polycyclic Arenes with a
Diphenanthro[9,10-b:9’,10’-d]thiophene Core for Highly Efficient
and Stable Perovskite Solar Cells

Samala Venkateswarly,” Yan-Duo Lin,*© Kun-Mu Lee,*“ Kang-Ling Liau, and Yu-Tai Tao™

I: I Read Online

Article Recommendations ‘

Cite This: ACS Appl. Mater. Interfaces 2020, 12, 50495-50504

ACCESS | [l Metrics & More | @ Supporting Information

ABSTRACT: Two polycyclic heteroarene derivatives, namely, V-1 and V-2, with a diphenanthro-
[9,10-5:97,10'-d]thiophene (DPT) core tethered with two diphenylaminophenyl or diphenylamino
groups were first synthesized and used as hole-transporting materials (HTMs) in perovskite solar
cell (PSC) fabrication. The novel HTMs exhibit appropriate energy-level alignment with the
perovskite so as to ensure efficient hole transfer from the perovskite to HTMs. V-2 with the
diphenylamino substituent on DPT exhibited impressive photovoltaic performance with a power pCE-18.60% PCE<10.32% |
conversion efficiency of 19.32%, which was higher than that of V-1 (18.60%) and the benchmark O o o 08 10 T2
2,2',7,7' -tetrakis-(IN,N-di-p-methoxyphenyl-amine)-9,9’-spirobifluorene (spiro-OMeTAD) Voltage (V)
(17.99%), presumably because of a better hole extraction, higher hole mobility, and excellent

film-forming ability, which were supported by steady-state photoluminescence (PL), time-resolved PL, the hole mobility experiment,
scanning electron microscopy, and atomic force microscopy measurements. Meanwhile, V-2-based PSCs exhibited better long-term
durability than that with V-1 and the state-of-the-art spiro-OMeTAD, which is ascribable to the excellent surface morphology and
hydrophobicity of the film. This systematic study suggests that DPT-based molecules are good potential candidates as HTMs for

Current density (mAcm?)

achieving high-performance PSCs.

KEYWORDS: polycyclic arenes, diphenanthro[9,10-b:9',10’-d]thiophene, perovskite solar cell, hole-transporting materials,

herringbone packing motif

1. INTRODUCTION

Organic—inorganic hybrid material perovskite solar cells
(PSCs) have attracted a great deal of attention in the past
decades for their unique characteristics, including their large
light absorption coefficient, high charge-carrier mobility, low
production cost, long exciton diffusion length, and outstanding
power conversion efficiencies (PCEs).' "> The PCEs of PSCs
have increased rapidly from 3.8 to more than 25%, as certified
by the National Renewable Energy Laboratory. They are highly
regarded as promising alternatives to silicon solar cells.'*~"”
In general, the conventional architecture (n—i—p) PSCs are
composed of electron-transporting materials, perovskite crystal
layers, and hole-transporting materials (HTMs). It is generally
known that the HTM plays a crucial role in long-term stability
and achieving high performance for PSCs. So far, 2,2',7,7’-
tetrakis-(N,N-di-p-methoxyphenyl-amine)-9,9’-spirobifluorene
(spiro-OMeTAD) is the most commonly used organic HTM
for high-performance PSCs because it can not only facilitate
hole extraction and transfer but also suppress charge
recombination. However, the spiro-OMeTAD molecule suffers
from complicated synthesis and purification processes, leading
to a relatively high commercial price. Thus, it is of limited
practical applications.'®'” In light of these drawbacks, a variety
of alternative HTMs have been explored, including those based
on inorganic HTMs, organic polymers, and small molecular
HTMs. 20728 Among these HTMs, organic small molecular
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HTMs have the advantages of facile synthesis, easy
purification, and handy batch-to-batch reproduction. There-
fore, diverse building blocks have been developed as central
scaffolds for PSCs, such as cyclopentadithiophene,”
benzodithiophene,?’6 triazatruxene,”” >’ helicene,* bimesity-
lenes,*! naphthodithiophene,42 and so forth.

Polycyclic heteroarenes with extended z-conjugation are
widely exploited for their application in organic field-effect
transistors, organic light-emitting diodes, and organic photo-
voltaics.*” ™ In particular, sulfur-containing polycycles have
been intensively investigated because of the strong S---S and
S--m intermolecular interactions for providing high charge
mobility, making them useful functional materials.*® Recently,
a variety of novel S-heteroaromatic 7-extended HTMs have
been reported as the central core with high PCEs for PSCs
because of the thiophene—iodine interaction.”” =" Undoubt-
edly, incorporation of the S-containing heteroarene unit in the
molecule is a promising approach for highly efficient HTMs for
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Figure 1. Chemical structures of V-1 and V-2.
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PSCs. In our previous work, we have observed that a class of
polycyclic derivatives containing benzo[3,4]phenanthro[1,2-
b]benzo[3,4]phenanthro[2,1-d]thiophene (BPBPT) and
diphenanthro[9,10-b:9,10'-d]thiophene (DPT) frameworks
show a mobility in the range of 0.16—2.03 cm® V™' s7* for
field-effect transistor devices, where near-cofacial 7—7 stacking
is suggested to be one of the reasons to deliver moderate-to-
high hole mobility.””>® We believe that the highly cofacial
packing motifs and thus greater electronic couplings generally
expected from neighboring molecules can also hold promise
for their use in PSCs.

Inspired by these advantages, we report the first synthesis of
two new DPT-based small molecules end-capped with different
arylamino arms, denoted as V-1 and V-2, as shown in Figure 1,
as well as their application in PSCs. To the best of our
knowledge, the DPT core has never been used as small
molecular HTMs for PSCs. Here, the energy-level alignment,
X-ray diffraction, thermal stability, and photophysical and
electrochemical properties were systematically investigated.
Meanwhile, the film morphology of the V series on the
perovskite surface was investigated by scanning electron
microscopy (SEM) and atomic force microscopy (AFM). A
smooth and compact film without pinholes has been achieved

by V series HTMs, facilitating a better hole extraction from the
perovskite layer. The experimental measurements of hole
mobility, steady-state photoluminescence (PL), and time-
resolved PL (TRPL) revealed that the V-2 HTM showed a
better hole extraction capability. Furthermore, density func-
tional theory (DFT) calculation was performed to elucidate
the electronic properties of DPT-based HTMs. The typical n—
i—p PSCs with a device structure of FTO/TiO,/MAPDI;/
HTM/Ag were fabricated. The device based on V-1 exhibited
a promising PCE of 18.60%. Impressively, the PSC device
using V-2 showed a remarkable PCE, reaching up to 19.32%,
with excellent device stability after aging for 300 h under a
constant humidity of 40% in the dark. The PCEs of cells using
these new HTMs V-1 and V-2 are superior to that of the state-
of-the-art spiro-OMeTAD-based device (17.99%). These
results indicate that DPT derivatives are promising z-linkers
for efficient HTMs in PSCs.

2. RESULTS AND DISCUSSION

2.1. Synthetic Procedures. The new HTMs, V-1 and V-2,
were prepared following the synthetic route as shown in
Scheme 1. The starting material 2,5-dibromo-3,4-diphenylth-
iophene (1) was synthesized according to the reported
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procedure.” Twofold Suzuki coupling reaction was performed
on compound 1 with 4-bromophenyl boronic acid to afford
compound 2, which was converted into compound 3 in
excellent yield via regioselective Scholl reaction using FeCl; as
an annulating agent. Twofold Suzuki—Miyaura coupling
between 6,12-dibromodiphenanthro[9,10-5:9’,10’-d]thiophene
(3) and 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-
phenyldi(4-methoxyphenyl)amine (4)*' in the presence of
the palladium catalyst gave V-1 in 85% yield. Buchwald—
Hartwig coupling between compound 3 and bis(4-
methoxyphenyl)amine (5) gave V-2 in 83% yield. These two
HTMs exhibited good solubility in common organic solvents,
such as chloroform, dichloromethane (DCM), and THEF, at
room temperature. The syntheses of these new HTMs via a
cross-coupling reaction were simpler than the multistep
synthesis of spiro-OMeTAD.

2.2, Crystal Structure Analysis and DFT Calculations.
To gain further information about the molecular structures of
DPT-based HTMs, single crystals of V-2 suitable for X-ray
crystallograghy were obtained by the physical vapor transport
method.”>” The X-ray crystal structure of V-2 shows that
compound V-2 crystallizes into orthorhombic crystal packing,
with a space group of P2,2,2,. The molecule displays a twisted
fjord of the polycyclic framework with a dihedral angle of 25.5°
between the two benzophenanthro rings (Figures 2a and S1,

Figure 2. (a) Top view and side view of the molecule V-2. (b)
Packing motif of V-2.

Supporting Information), which is similar to that previously
observed for the crystal structure of DPT derivatives.”” The
crystal is composed of a layer-by-layer structure with a two-
dimensional herringbone-type packing motif. The two adjacent
molecules afford an edge-to-face disposition (Figure 2b), and
the shortest intermolecular distance (C—H:--x) is about 2.98
A, which is expected to enhance the intermolecular charge
carrier transport because of intermolecular CH/7 interactions,
and may contribute to its charge mobility.

To further understand the electronic properties of V-1 and
V-2, density functional theory (DFT) calculation was
conducted by using Gaussian 03 at the B3LYP/6-31 (d,p)
level. The optimized structures, molecular orbitals, and energy
diagrams are shown in Figure 3. The optimized geometries of
V-1 and V-2 show that the DPT scaffold is twisted. However,
the peripheral arylamines are in a propeller-like shape with the

(a)

Figure 3. (a) Top and side views of the optimized geometry of V-1
and V-2 calculated with DFT at the B3LYP/6-31G (d,p) level
program. (b) Energy diagram and electron distribution of V-1 and V-
2.

nitrogen atom at the center. The dihedral angles between two
planar polycyclic frameworks were about 25° for the new
materials, which is consistent with the crystal structure of V-2.
The noncoplanar and fused structure may perturb their cofacial
packing and may induce amorphous properties. As shown in
Figure 3b, in both V-1 and V-2, the electron density of the
HOMO is mainly located around the central framework,
suggesting that the DPT backbone can work as an excellent
bridge to enhance electronic communication between the
segments. However, the electron density of the LUMO is
mainly delocalized on the bridge group and exhibits an overlap
to some extent, indicating a strong Coulomb interaction, which
is beneficial to hole extraction and hopping. By DFT
calculation, the HOMO and LUMO energy levels of V-1
and V-2 are evaluated to be —4.57/—1.47 and —4.40/—1.19
eV, respectively.

2.3. Thermal, Photophysical, and Electrochemical
Properties. The thermal stability of V-1 and V-2 were
evaluated by the thermogravimetric analysis (TGA) and
differential scanning calorimetry (DSC) measurements. As
shown in Figure 4a, V-1 and V-2 exhibited excellent thermal
stability by TGA, with a 5% weight loss occurring at
temperatures higher than 440 °C, which is higher than that
for the spiro-OMeTAD (417 °C).>* As shown in Figure 4b,
DSC scans of V-1 and V-2 exhibited the glass-transition
temperatures (T,) at 171 and 164 °C, respectively, during the
second heating cycle. These were also higher than that of
spiro-OMeTAD (126 °C).>* DSC curves confirm that the V
series HTMs are naturally amorphous, which is beneficial to
the formation of homogeneous films and the corresponding
long-term photostability of PSCs. These results demonstrated
that HTMs V-1 and V-2 had good thermal stability and are
suitable for application in PSCs.

The UV—vis absorption spectra of V-1 and V-2 in DCM and
in the thin-film state are shown in Figure 4c, and the
corresponding optical characteristics are summarized in Table
1. V-1 and V-2 exhibited two similar absorption bands at
around 295 and 410—430 nm, respectively, which should come
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Figure 4. (a) TGA curves and (b) DSC curves of HTMs V-1 and V-2. (c) Normalized absorption and emission spectra of V-1 and V-2 in solution
and in the film state.

Table 1. Photophysical and Electrochemical Data of V-1 and V-2

HTMs Ay (nm) (e X 10* M~ Cmil) Aem” (nm) /‘Labsb (nm)  Euomo® (eV) Eo—od (eV)  Erumo® (eV) Ipf (eV)  Euomo® (eV)  Erumo® (eV)
V-1 412 (7.51) 527 420 -527 2.69 —2.58 -533 —4.57 —147
V2 427 (643) 499 437 —524 270 —2.54 —5.20 —4.40 ~1.19

“Absorption and emission maximum in DCM. bAbsorption maximum in the thin-film state. “Measured in THF/tetra-n-butylammonium

hexafluorophosphate (0.1 M) solution by using CV. “The value of E,_, was calculated from the intersection of normalized absorption and

fluorescence spectra. “Calculated from Eyopmo — Eg_o- fonization potential was determined by the photoemission in air method from the solid
state. $Values calculated at the DFT/B3LYP/6-31G(d,p) level.
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Figure 5. (a) Cyclic voltammograms of V-1 and V-2 with 0.1 M TBAPF, in DCM at a scan rate of 100 mV~". (b) Energy-level diagram of different
components employed in the PSCs. (c) Photoemission yield plots of V-1 and V-2 in air.

from a similar backbone structure. The first absorption peak results indicate that the HOMO energy level of the two new
can be attributed to the z—z* transitions originating from HTMs can match with the valence band of the perovskite
arylamine moieties, while the second absorption band can be (—5.43 eV). Furthermore, the LUMO energy levels of V-1 and
attributed to intramolecular charge transfer from arylamine to V-2 were calculated via the equation E; ;0 = Egomo — Eo—o to

the DPT unit. It was found that the UV—vis spectra of V-2 be —2.58 and —2.54 eV, respectively, which are higher than the
showed a red shift of 15 nm compared with that of V-1 in the conduction band of the perovskite (—3.92 eV), disfavoring the

solution, which can be ascribed to the stronger electron- electron transfer from the perovskite to the Ag counter
donating ability of the former.”> Upon film formation, the electrode and preventing the charge recombination.””
absorption spectra of V-1 and V-2 were broadened and slightly Apparently, the HOMO and LUMO energy levels are in
shifted by 8 and 10 nm to a longer wavelength, respectively, perfect agreement with that predicted from DFT calculation
compared to those of dilute solutions, presumably because of (Figure 3b). To gain a better understanding in energy-level
the intermolecular 7—7 interactions, which may be expected matching of V-1 and V-2 in PSCs, photoelectron spectroscopy
for a more or less planar backbone of our derivatives. It is in air (PESA) was employed to measure the solid-state
expected to enhance charge carrier mobility and conductivity. ionization potential (I,) of the thin films (Figure Sc and Table
The fluorescence spectrum of V-1 is significantly red-shifted, 1). The I, values for V-1 and V-2 were measured to be —5.33
with the maximum at 527 nm compared with that of V-2 (499 and —5.20 eV, respectively, which are in accordance with the
nm) as a result of the expanded 7-electron system. On the HOMO levels determined from the CV experiments and the
other hand, the optical band gaps (E,_,) calculated from the values derived from the DFT calculation.
crossing point of the normalized emission and absorption 2.4. Hole Mobility and PL Properties. The hole mobility
spectra for V-1 and V-2 are 2.69 and 2.70 eV, respectively. It is is a vital factor for the potential HTMs in PSCs. Therefore, the
well consistent with the computational results of DFT. hole mobility measurements of the V series and spiro-
The electrochemical properties of the two HTMs were OMeTAD were determined by using the space-charge-limited
investigated by cyclic voltammetry (CV) measurement in current method with a hole-only device structure of indium tin

DCM solution containing 0.1 mM tetrabutylammonium oxide/poly(3,4-ethylenedioxythiophene):poly-
hexafluorophosphate (TBAPF,) as a supporting electrolyte (styrenesulfonate) (PEDOT:PSS)/HTM/MoO;/Ag (Figure
(Figure Sa). The corresponding data are summarized in Table S2). The hole mobility values of V-1 (2.85 X 10™* cm? V™!
1. Moreover, the energy-level diagram of V-1 and V-2 and the s7') and V-2 (4.32 X 107* cm® V™' s7!) were higher than that
other components of PSCs are shown in Figure 5b. As shown of spiro-OMeTAD (1.76 X 10~* cm® V™' s7"), which could be
in Figure Sa, the HOMO levels of V-1 and V-2 were calculated ascribed to the more planar backbone and herringbone-type
to be —5.27 and —5.24 eV, respectively, which were both stacking geometry in DPT-based HTMs. This is advantageous
slightly deeper than that of spiro-OMeTAD (—5.22 eV). The for intermolecular hole transfer, and thus, we expect that V-2
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Figure 6. (a) Steady-state PL spectra and (b) TRPL decay of the perovskite film and perovskite/HTM:s.

could be an effective HTM for high-efliciency PSCs. In
addition, the slightly higher hole mobility of V-2 compared to
V-1 could be attributed to the stronger electron-donating
ability, which is in accordance with the results of absorption
spectra of V-1 (4, = 412 nm) and V-2 (4, = 427 nm).
In order to investigate the hole extraction behaviors at the
interface between the new DPT-based HTMs and the
perovskite, the steady-statePL was measured. Figure 6a
shows the strong PL intensity of the pristine perovskite film.
After capping the perovskite with a layer of the V series or
spiro-OMeTAD, the PL intensity exhibited a considerable
quenching effect, and the quenching efficiencies are ca. 75, 77,
and 71% for V-1, V-2, and spiro-OMeTAD, respectively,
indicating more effective hole extraction from the perovskite at
the perovskite/HTM interface and less charge recombination
of V-2. This is consistent with the higher hole mobility of V-2.
The charge dynamics at the perovskite/HTM interface is
further investigated by TRPL measurements. As shown in
Figure 6b, the TRPL spectra of the bare perovskite deposited
on the glass substrate without any HTM overlayer exhibited a
long-living decay fitted with a monoexponential time constant,
and the PL lifetime is 120.8 ns (Table 2). In contrast, the

Table 2. Lifetime and Weight Fractions Derived from TRPL
Decay Traces

HTM 7, (ns) Al (%) 1, (ns) A2 (%) T (ns)
None 120.8 100 120.8
V-1 22.99 82.1 5.01 179 19.78
V-2 20.95 64 3.54 36 14.69
spiro-OMeTAD 25.76 78.6 4.44 21.4 21.21

lifetimes of the perovskite coated with V-1, V-2, or spiro-
OMeTAD are about 19.78, 14.69, and 21.21 ns, respectively,
by fitting the TRPL spectra with a biexponential mode. It is
clear that V-2 exhibited the shortest decay lifetime, which is
shorter than that of V-1 and spiro-OMeTAD, indicating that
V-2 has a more eflicient hole extraction capability from the
perovskite, which is consistent with the PL results.

To investigate the thin-film morphology of V and spiro-
OMeTAD HTMs on the perovskite layers, tools such as SEM
and AFM were employed. The deposited new V HTMs and
spiro-OMeTAD films on the perovskite film were smooth,
uniform, and homogeneous, with excellent surface coverage.
No obvious pinholes and defects were observed on the surface
in the top-view SEM images, as shown in Figure 7a—c. The
surface morphology of these HTM films on top of the
perovskite was also measured by AFM in the tapping mode
(Figure 7d—f). For films deposited on the perovskite layers, the
root-mean-square (rms) roughness for V-2 decreased to 2.67

50499

nm, as compared to 5.17 nm for V-1 and 5.78 nm for spiro-
OMeTAD. Obviously, the V-2 HTM layer coated on the
perovskite had a smoother and more uniform morphology,
which not only would be beneficial to charge extraction at the
perovskite/HTM interface but also would protect the
perovskite layer underneath from moisture penetration, thus
contributing to the stability of the PSC devices.

2.5. Device Performance. To explore the potential of the
V series as HTMs in device applications, conventional PSCs
with a configuration of FTO/¢-TiO,/mp-TiO,/CH;NH;Pbl;/
HTM/Ag were prepared, with additives such as 4-tert-
butylpyridine (¢t-BP) and lithium bis-
(trifluoromethanesulfonyl)imide (Li-TFSI) incorporated as
dopants in the HTM layer (the details of the device fabrication
process are presented in the Supporting Information). The
cross-sectional SEM pictures of the devices are shown in
Figure 8a. The thicknesses of the perovskite and HTM layers
are around 450 and 150 nm, respectively. The current
density—voltage (J—V) characteristics of PSC devices (shown
in Figure 8b) were recorded under AM 1.5 illumination (100
mW cm?), and the related photovoltaic parameters of PSCs
are listed in Table 3. The PSCs with spiro-OMeTAD as the
HTM were also fabricated for comparison.

The V-1-based PSCs offered a champion PCE of 18.60%,
together with a V,. of 1.10 V, a J. of 22.54 mA cm ™2, and a fill
factor of 0.75 for the reverse scan condition. In contrast, the
devices based on V-2 achieved an encouraging PCE of 19.32%,
with a V. of 1.09 V, a J,. of 22.72 mA cm™2, and an FF of 0.78.
Under the same conditions, the device employing spiro-
OMeTAD as the HTM layer reached a lower PCE of 17.99%,
with a V. of 1.08 V, a J,. 0of 22.51 mA cm™%, and an FF of 0.74.
It is noticed that all the photovoltaic parameters of the best
device with V-2 were higher than the corresponding values for
devices based on V-1 and spiro-OMeTAD except for V.. The
improved J. of V-2 can be attributed to a higher hole mobility
and a better hole extraction ability, which lead to a hole-
transfer efficiency higher than those of V-1-based devices, as
discussed in the steady-state PL and hole mobility measure-
ment (Figures 6a and S2). The FF values were enhanced for V-
2-based PSCs compared to that of V-1-based devices because
of a more smooth and even film morphology deposited on top
of the perovskite layer (Figure 7) so that the charge
recombination at the interface was reduced, which is evidenced
in the TRPL study (Figure 6b). In addition, the V series
HTMs and spiro-OMeTAD exhibit a slight J—V hysteresis in
both the reverse and forward scanning directions, as shown in
Figures 8b and S3, and the results are summarized in Table 3.
These results demonstrate the superior potential of the new
DPT-conjugated system as the HTM in PSC fabrication. In
addition, the device fabricated with V-2 without the dopant
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Figure 7. Top-view scanning electron micrograms of perovskite films prepared on (a) V-1, (b) V-2, and (c) spiro-OMeTAD. AFM micrograms and
3D images of (d) V-1, (e) V-2, and (f) spiro-OMeTAD films deposited on top of the perovskite.

delivered an even lower V,_ of 0.93 V, a J,. of 20.72 mA cm 2,
and an FF of 0.42, affording a PCE of 8.07% (Figure S4). The
steady-state efficiency of the device using V series HTMs was
further examined after 300 s operation at the maximum power
point. As shown in Figure 8¢, the V-1- and V-2-based PSC
devices achieved stabilized PCEs of 19.05 and 18.04%,
respectively, which are in accordance with the PCE values
obtained from J—V curves.

The incident photon-to-current conversion efliciency
(IPCE) spectra of the PSCs based on V-1, V-2, and spiro-
OMeTAD are shown in Figure 8d. The V-2-based device
showed an IPCE spectrum response higher than those of V-1-
and spiro-OMeTAD-based devices in the range of 400—750
nm. The integrated J,. values from IPCE spectra for the device
based on V-1, V-2, and spiro-OMeTAD were estimated to be
21.08, 21.52, and 20.91 mA cm™2, respectively, which are in
line with the ] from the J—V measurement. The higher ]
obtained for V-2-based devices can be ascribed to the high
yield of hole transfer and hole extraction ability at the interface.
The reproducibility of the device characteristic was also
investigated. The histogram of the photovoltaic parameters
using V-1 and V-2 as HTMs was plotted based on 15 devices,
as shown in Figure SS. The average PCEs of the V-1- and V-2-
based devices are 17.67 and 18.86%, respectively, with a low
standard deviation (Table 3). This attests the good
reproducibility of device performance based on the two new
HTMs.

To gain further insight into the interfacial charge carrier
extraction and the recombination process in PSCs, electro-
chemical impedance spectroscopy (EIS) was performed at a
bias of 0.7 V under dark conditions. The results were fitted
using the equivalent circuit models. As shown in Figure 8e, the
high-frequency region corresponds to the transfer resistance
(R,,) of the devices. The low-frequency semicircle corresponds
to the charge recombination resistance (R..) of the HTMs/
perovskite interface. The R, values of the devices are in the
following order: V-2 > V-1 > spiro-OMeTAD, which indicates
that the charge recombination could be effectively reduced in
the V-2-based device. This result is in good agreement with the
larger J,. and FF values (Table 3), thus contributing to the
better photovoltaic performance.

Long-term stability is a crucial issue for the commercial
application of PSC devices. We conducted the aging test of
PSC devices with V-1, V-2, or spiro-OMeTAD as the HTM for
300 h under ambient conditions without encapsulation with an
85% relative humidity at ca. 25 °C. As shown in Figure 9, the
devices with V-1 and V-2 exhibited good long-term stability,
retaining 80 and 85% of their initial PCEs after 300 h. In
contrast, the device containing spiro-OMeTAD as the HTM
retained only 63% of the original PCE during the same time
period. Apparently, our V series HTMs outperform spiro-
OMEeTAD in terms of the PSC device stability, which might be
ascribed to the smooth and homogeneous surface on the
perovskite layer surface. The wettability of the V-1, V-2, and
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Figure 8. (a) Cross-sectional SEM micrograms of completed PSCs using V-1 and V-2 HTMs. (b) J—V characteristic curves of the optimized device
based on V-1, V-2, and spiro-OMeTAD as HTMs under the reverse scan. (c) The stabilized PCE of PSC devices for V-1, V-2, and spiro-OMeTAD
near the maximum power point voltages. (d) IPCE spectra and integrated current densities of PSC devices with V-1, V-2, and spiro-OMeTAD as
HTMs. (e) EIS of devices employing V-1, V-2, and spiro-OMeTAD in the form of a Nyquist plot.

Table 3. Device Parameters Extracted from J—V Curves Using the V Series and Spiro-OMeTAD as HTMs under a 1 sun
Ilumination (100 mW cm™2, AM 1.5G) with Different Scan Directions”

HTM scan direction V. (V) Joo (mA cm™?) FF PCE (%)” average PCE (%)°
V-1 reverse scan 1.10 22.54 0.75 18.60 17.93 + 0.75
forward scan 1.09 22.05 0.73 17.55
V-2 reverse scan 1.09 22.72 0.78 19.32 18.88 + 0.87
forward scan 1.07 23.26 0.76 18.92
spiro-OMeTAD reverse scan 1.08 22.51 0.74 17.99 17.32 + 0.80
forward scan 1.06 23.08 0.71 17.37

“Performances of devices measured using a 0.16 cm? active area. "Values refer to the cell having the best PCE. “Calculated on the basis of

measurement of 15 cells.
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Figure 9. Long-term stability of the V-1, V-2, and spiro-OMeTAD-
based PSCs.

spiro-OMeTAD films may play a role in blocking the moisture
from the perovskite layer. Thus, we measured the contact
angles on the V-1 and V-2 films to be 73.3 and 78.7°,
respectively, which are higher than the angle on the spiro-
OMeTAD film (69.7°), indicating that V-2 is more moisture-
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resistant and thus prevents water penetration into the
perovskite films, leading to improved device stability.

3. CONCLUSIONS

In conclusion, we have developed two novel polycyclic
heteroarenes as hole-transporting small molecules, namely,
V-1 and V-2, based on a DPT central core. Their photo-
physical, electrochemical, and photovoltaic properties were
investigated. V-2 incorporating two diphenylamino groups on
the DPT core has a slightly lower HOMO level along with
higher hole mobility compared with V-1 and the benchmark
material of spiro-OMeTAD. Steady-state PL measurements of
perovskite/HTM layers showed much stronger quenching in
the case of V-2, indicating more efficient hole extraction and
transfer at the interface of perovskite/V-2. Moreover, the
TRPL experiment evidenced more efficient collection of
photogenerated holes at the interface between the molecular
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layer and the perovskite layer when compared with V-1 and
spiro-OMeTAD, achieving the best performance for the V-2-
based device. It is suggested that the herringbone packing
mode of V-2 in the crystal structure may increase charge
transport pathways and thus enhance charge mobility. As a
consequence, the champion device with V-2 gave an
impressive PCE of 19.32% with small hysteresis, which is
superior to 18.60% obtained from V-1 and 17.99% from spiro-
OMeTAD under the same conditions. In addition, the
unencapsulated device based on V-2 exhibited higher stability
compared with that based on V-1 and spiro-OMeTAD so that
over 85% of its initial cell efficiency can be retained after 300 h
at a relative humidity around 85%. These results demonstrate
that the new molecular design strategy based on DPT as a
building block can be a promising strategy for achieving high
efficiency and stable PSCs.

4. EXPERIMENTAL SECTION

The required starting materials were acquired from the commercial
supplies. The coupling reactions, including the Buchwald—Hartwig
reaction, Suzuki reaction, and iron chloride-mediated Scholl reactions,
were performed under a N, atmosphere. The products were purified
through column chromatography using silica gel. The essential
solvents were distilled and dried prior to use in reactions and
spectroscopic measurements. Proton and C-13 NMR spectra were
recorded with an AV-III-400 spectrometer in deuterated DCM or
chloroform, with tetramethylsilane as the internal standard at room
temperature. MALDI-TOF mass spectrometry was carried out with an
Applied Bio systems 4800 proteomics analyzer. UV—vis and emission
spectra were recorded in DCM using a V-SS0JASCO UV/VIS
spectrometer and HITACHI F-4500 fluorimeters, respectively.
Furthermore, electrochemical properties were examined by CV in
DCM at room temperature with tetrabutylammonium hexafluor-
ophosphate (0.1 M) as the electrolyte. PESA was performed using a
photoelectron spectrometer (AC-2, Riken Reiki).

4.1. Synthetic Procedures. 4.1.1. Synthesis of 2,5-Bis(4-
bromophenyl)-3,4-diphenylthiophene (2). A mixture of 2,5-
dibromo-3,4-diphenylthiophene (1) (3 g, 7.65 mmol), 4-bromophen-
yl boronic acid (3.21 g, 15.3 mmol) and aqueous (aq) potassium
carbonate (10.57 g, 76.5 mmol; in SO mL of water) was dissolved in
250 mL of toluene in a 500 mL round-bottom flask equipped with a
condenser. The resulting reaction mixture was purged with nitrogen
for 0.5 h, after which Pd(PPh;),Cl, (0.28 g) and PPh; (0.2 g) were
added to the mixture and the solution was purged again with nitrogen
for 10 min. Further, the solution was refluxed at 110 °C for 18 h
under an inert atmosphere, and the progress of the reaction was
monitored by thin-layer chromatography (TLC). Upon completion of
the reaction, the reaction mixture was cooled down to room
temperature and the toluene layer was separated and dried with
MgSO,. Toluene was removed using a rotary evaporator, and the
resulting residue was purified through a silica gel column using a
mixture of DCM and hexane as the eluent to afford a white solid, with
a yield of 60% (2.53 g). "H NMR: (CDCl;, 400 MHz) 6 7.34 (d, ] =
8.4 Hz, 2H), 7.14—7.07 (m, 10H), 6.94—6.93 (m, 4H). *C NMR
(CDCI,, 100 MHz) &: 140.1, 137.5, 136.0, 133.1, 131.5, 130.7, 130.6,
128.1, 126.9, 121.5. High-resolution mass spectrometry (HRMS)
[MALDI-TOF] m/z: {M*} caled for C,3H;3Br,S, 543.9496; found,
543.9490.

4.1.2. Synthesis of 6,12-Dibromodiphenanthro[9,10-b:9’,10'-
dJthiophene (3). Compound 2 (1 g 1.83 mmol) was dissolved in
250 mL of DCM in a 0.5 L round-bottom flask. The solution was
purged with nitrogen for 30 min before a solution of anhydrous FeCl;
(5.34 g) in CH;NO, was slowly added with a syringe to the reaction
mixture under nitrogen. Further, the reaction mixture was stirred for 2
h at 25 °C, after which methanol was added to precipitate the
product. The product was filtered and washed with acetone to give a
light-brown solid, with a yield of 93% (0.92 g). mp >350 °C. "H NMR
(CDCls, 400 MHz): &: 8.85 (s, 2H), 8.71 (d, J = 8.4 Hz, 2H), 8.65 (d,

50502

] =8.4Hz,2H), 8.07 (d, ] = 8.4 Hz, 2H), 7.79-7.76 (m, 2H), 7.69 (t,
] = 7.6 Hz, 2H), 7.57 (t, ] = 7.6 Hz, 2H). Because of poor solubility,
BC NMR of this compound was not recorded. HRMS [MALDI-
TOF] m/z: {M+} caled for C,sH,,Br,S, 539.9183; found, 539.9169.

4.1.3. Synthesis of 4,4’-(Diphenanthro[9,10-b:9',10’-d]-
thiophene-6,12-diyl)bis(N,N-bis(4-methoxyphenyl)aniline) (V-1).
Compound V-1 was prepared from 6,12-dibromo diphenanthro-
[9,10-b:9',10'-d]thiophene (3) (1 g, 1.84 mmol) and 4-methoxy-N-
(4-methoxyphenyl)-N-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)phenyl)aniline (4) (1.75 g, 4.05 mmol) following the same reaction
procedure as for compound 2. The desired product was obtained as a
yellow solid, with a yield of 85% (1.55 g). mp 288 °C. 'H NMR
(CDCls, 400 MHz): § 8.79 (s, 2H), 8.76—8.71 (m, 4H), 8.16 (d, J =
8.4 Hz, 2H), 7.83 (d, ] = 8.4 Hz, 2H), 7.66—7.60 (m, 6H), 7.52 (t, ] =
7.6 Hz, 2H), 7.15—7.12 (m, 8H), 7.09 (d, ] = 8.8 Hz, 2H), 6.89-687
(m, 8H), 3.83 (s, 12H). *C NMR (CDCl;, 100 MHz): § 156.0,
148.5, 140.9, 139.3, 137.2, 132.9, 131.4, 130.1, 130.0, 129.4, 127.8,
126.9, 126.7, 126.2, 125.9, 1252, 1249, 123.8, 120.8, 114.8, 55.5.
HRMS [MALDI-TOF] m/z: {M*} calcd for CiHgoN,0,S, 990.3491;
found, 990.3475.

4.1.4. Synthesis of N6,N6,N12,N12-Tetrakis(4-methoxyphenyl)-
diphenanthro[9,10-b:9’,10’-d]thiophene-6,12-diamine (V-2). A
mixture of compound 3 (1 g 1.84 mmol), bis(4-methoxyphenyl)-
amine (5) (0.93 g, 4.05 mmol), and potassium tert-butoxide (0.83 g,
7.36 mmol) was dissolved in 100 mL of dry toluene in a 250 mL
pressure tube. The resulting reaction mixture was purged with N, gas
for 30 min, after which Pd,(dba); (0.17 g, 0.18 mmol) and P(t-Bu),
(37.2 mg, 0.18 mmol) were added to the above mixture. The solution
was refluxed at 110 °C under an inert atmosphere, and the progress of
the reaction was monitored by TLC. Upon completion of the reaction
(~36 h), the solution was let to cool down to room temperature and
extracted with ethyl acetate. The organic layer was dried over MgSO,.
The solvent was evaporated using a rotary evaporator, and the
resulting residue was purified through a silica gel column using a
mixture of DCM and hexane as the eluent to afford a yellow solid,
with a yield of 83%. mp 358 °C. 'H NMR (CDCl,, 400 MHz): § 8.69
(d, ] = 8.4 Hz, 2H), 8.38 (d, ] = 8.0 Hz, 2H), 8.20 (s, 2H), 8.06 (d, ] =
8.8 Hz, 2H), 7.58—7.49 (m, 4H), 7.36 (dd, ] = 8.4 Hz, 2H), 7.24—
7.20 (m, 8H), 6.97—6.93 (m, 8H), 3.87 (s, 12H). *C NMR (CDCl,,
100 MHz): & 156.1, 140.9, 136.7, 130.7, 130.0, 129.5, 126.8, 126.6,
125.5, 125.3, 123.9, 122.5, 122.2, 114.9, 113.7, 55.5. HRMS [MALDI-
TOF] m/z: {M"} caled for CssH,,N,O,S, 838.2865; found, 838.2855.
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