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A Bifunctional Saddle-Shaped Small Molecule as a
Dopant-Free Hole Transporting Material and Interfacial
Layer for Efficient and Stable Perovskite Solar Cells
Xue Lai, Fei Meng, Qian-Qian Zhang, Kai Wang, Gongqiang Li,* Yaping Wen,
Haibo Ma,* Wenhui Li, Xianqiang Li, Aung Ko Ko Kyaw,* Kai Wang, Xiao Wei Sun,
Mengzhen Du, Xiao Guo, Jianpu Wang, and Wei Huang
1. Introduction
Herein, a new bifunctional saddle-shaped organic small molecule named
2,20 ,7,70 -tetrakis(N, N-di-p-methoxyphenyl-aniline)-α, β-cycloocta[1,2-b:4,3-b0 :5,6b0 :8,7-b000 ]tetrathiophenyl (α, β-COTh-Ph-OMeTAD) is synthesized. When compared with spiro-OMeTAD, a star hole transporting material (HTM) for highly
efficient perovskite solar cells, the new material has a deeper highest occupied
molecular orbital (HOMO) energy level of 5.30 eV, and a higher hole mobility of
2.88  104 cm2 V1 s1. With dopant-free α, β-COTh-Ph-OMeTAD as a HTM
and an interfacial layer combinined with chlorobenzene (CB) as the anti-solvent,
mesoporous perovskite solar cells (PSCs) are fabricated, which exhibit a power
conversion efficiency (PCE) of 17.22% under AM 1.5 conditions, which is a little
higher than that of devices based-on doped spiro-OMeTAD under the same
conditions, which is 16.83%. Notably, the PSCs devices with dopant-free α, βCOTh-Ph-OMeTAD as both the HTM and interfacial layer show better stability,
and after being stored in dark and dry air without encapsulation for nearly 800 h,
the PCE can still be maintained at 86% of the maximum. This opens a new
avenue for efficient and stable PSCs by exploring new dopant-free materials as
alternatives to spiro-OMeTAD.
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Hybrid organic-inorganic halide perovskite
materials have recently attracted tremendous research interests owing to their
inherent photo-electrical properties, making them suitable light absorbers for
photovoltaic devices. Within less than a
decade, the power conversion efﬁciency
(PCE) of 23.7% has reached for perovskite
solar cells (PSCs) with n-i-p device structure,[1] which is comparative with that of
silicon solar cells, since the ﬁrst demonstration of the CH3NH3PbI3-based liquid
dye-sensitized solar cells with a PCE of
3.8% by Miyasaka et al. in 2009.[2] However,
stability of PSCs is still one of the most
challenges because of the perovskite layer’s
sensitivity to moisture and oxygen. To solve
this problem, many strategies have been
tried so far, such as: 1) Improving the
crystallinity of perovskite ﬁlms;[3–10] 2)
Developing new 3D perovskite layers
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Figure 1. Structures of α, β-COTh-Ph-OMeTAD (a) and spiro-OMeTAD (b)

including all-inorganic perovskite[11–13] and quasi-2D perovskite;[14,15] 3) Developing high efﬁcient and hydrophobicity
transport materials including organic[16–20] and inorganic
ones;[21] and 4) Using organic molecules doping perovskite
layer on body[22–24] and surface[25,26] and so on. Among those
strategies, designing new organic HTMs and doping perovskite
layer with organic molecules should be efﬁcient ways to achieve
stable PSCs with high PCE, because that 1). organic molecules
are more easily to be modiﬁed by tuning the HOMO/LUMO and
charge mobility to ﬁt the perovskite better, which is crucial for
the effective hole transport from the perovskite absorber to the
metal electrode and the resultant photovoltaic performance;[27–
30]
2) organic molecules can form a hydrophobicity ﬁlm, which
enhance the stability of PSCs by blocking the moisture and
oxygen react with perovskite layer. Thus far, 2,20 ,7,70 -tetrakis(N,
N-di-p-methoxyphenyl-amine)-9,90 -spirobiﬂuorene (spiro-OMeTAD) (Figure 1b) is the most featured and commonly used HTM
for highly efﬁcient PSCs. It offers appropriate energy level to
transfer hole and block electron from the perovskite ﬁlm, while
the almost 90 twisted rigid spirobiﬂuorene can suppress
aggregation, which reduce the bimolecular combination.[5,31]
However, because of poor mobility of the pristine spiroOMeTAD, lithium bis(triﬂuoromethylsulphonyl)imide (LiTFSI), or tertbutylpyridine (TBP) are usually required as
oxidizing dopants to improve mobility of spiro-OMeTAD.
Nevertheless, these dopants are sensitive to the moisture and
oxygen, resulting in the accelerated degradation of PSCs.[32,33]
Additionally, the challenging synthetic route for the spirobiﬂuorene core along with low overall yield and costly puriﬁcation
makes spiro-OMeTAD relatively expensive. So, developing high
efﬁcient dopant-free HTMs has become an essential to achieve
stable PSCs with high PCE.
Herein, we synthesized a new HTM named 2,20 ,7,70 tetrakis(N, N-di-p-methoxyphenyl-aniline)-α, β-cycloocta[1,2b:4,3-b0 :5,6-b00 8,7-b000 ]tetrathiophenyl (α, β-COTh-Ph-OMeTAD)
with a HOMO/LUMO energy of 5.30/2.91 eV as shown in
Figure 1a, which containing a cyclooctatetrathiophene
(COTh),[34–40] a saddle-shaped motif as core, and four
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diphenylamine units as arms. Comparing with spiro-OMeTAD
as shown in Figure 1b, the new molecule may have following
advantages:
1. COTh is a more ﬂexible saddle shaped structure than that
rigid spiro one in spiro-OMeTAD, which makes the
conﬁrmation of α, β-COTh-Ph-OMeTAD to ﬁt perovskite
layer better, leading to better interaction with perovskite.
Meanwhile, this non-planar structure may also play a similar
role as spiro unit in spiro-OMeTAD by suppressing
aggregation, enhancing the extraction of holes from
perovskite layer, and reducing the charge recombination.
2. The introduction of four thiophenyl units, which are
common in organic semiconductors with high mobility,[41–43] can enhance hole mobility and also improve the
hydrophobicity of α , β-COTh-Ph-OMeTAD, both of those
may lead to more stable and higher performance of PSCs,
by blocking the moisture and oxygen from perovskite
layer.
3. The “S” atoms containing in α, β-COTh-Ph-OMeTAD, as a
Lewis base, may react with perovskite layer on surface by trap
passivation,[25,26,44] to enhance the stability of perovskite
layer;
Inspiring by those ideas, we fabricated the PSC with mixedperovskite (CsPbI3)0.05(FAPbI3)0.79(MAPbBr3)0.16 as light absorber and α, β-COTh-Ph-OMeTAD as dopant-free HTM and
interfacial layer (IL). After optimization of conditions, a best
PCE of 17.22% under AM 1.5G illumination was achieved,
which is higher than that of controlled PSC with doped spiroOMeTAD as HTM in same condition. More interestingly, with
a solution of α, β-COTh-Ph-OMeTAD in CB (1 mg mL1) as
anti-solvent, the morphology of perovskite is changed with
smaller domain size, less grain boundary, and better
hydrophobicity of surface. As a result, the stability of devices
are much enhanced, even after nearly 800 h without any
encapsulation, the PCE is still maintained at 86% of the
maximum efﬁciency.
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Figure 2. Optimized structure and electronic distribution in the frontier molecular orbitals of α, β-COTh-Ph-OMeTAD.

2. Results and Discussion
2.1. Synthesis and Material Properties
As shown in Scheme S1, Supporting Information, the
compound α, β-COTh-Ph-OMeTAD was synthesized by Suzuki
cross-coupling from (N, N-bis(4-Methoxyphenyl)-4-(4,4,5,5-tetraMethyl-1,3,2-dioxaborolan-2-yl)) and 2,5,8,11-tetrabromocycloocta[1,2-b:4,3-b0 :5,6-b00 :8,7-b000 ]-tetra-thiophene, which was synthesized in two steps by self-coupling of 3,30 -dibromo-2,20 bithiophene and then bromination. The structure of α, β-COThPh-OMeTAD was characterized by nuclear magnetic resonance

(NMR), FTIR, HRMS (MALDI-TOF), and Elemental Analysis
(EA) (Figure S3-6, Supporting Information). Thermogravimetric
analysis (TGA) and differential scanning calorimetry (DSC)
show that the thermal decomposition temperature of α, β-COThPh-OMeTAD is 308  C and its phase transition temperature is
121.5  C (Figure S7, Supporting Information). To demonstrate
the solubility of α, β-COTh-Ph-OMeTAD, different solvents such
as dichloromethane, ethyl acetate, tetrahydrofuran, chlorobenzene, and toluene are tried and ﬁnd that α, β-COTh-Ph-OMeTAD
not only can be dissolved very well in these solvents, but also can
form very good ﬁlms for further device fabrications (Figure S8,
Supporting Information). The UV-vis absorption spectra of

Figure 3. a) UV-vis absorption spectra of SM on glass substrate and in CHCl3 solution. b) Device structure and (c) cross-sectional SEM of PSC with α, βCOTh-Ph-OMeTAD HTM. d) Energy levels of individual layers used in the device, comparing the energy levels of α, β-COTh-Ph-OMeTAD, and spiroOMeTAD.
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Table 1. Optical and electrochemical properties of SM.

α, β-COTh-Ph-OMeTAD

λmax(sol) [nm]a)

λmax(film) [nm]b)

λ(UV-PL)(film) [nm]b)

Egopt [eV]c)

HOMO [eV]d)

LUMO [eV]e)

361

375

517

2.39

5.30

2.91

a)
Solution absorption spectra (1  105 M in chloroform); b)Absorption spectra of ﬁlms on quartz glass; c)Optical bandgap derived from the absorption and emission
intersection of small molecular ﬁlms: Eg ¼ 1240/λ(UV-PL) eV: Eg ¼ 1240/λ(UV-PL) eV; d)Determined by ionization energy measurement system; e)ELUMO ¼ EHOMO þ Egopt.

α, β-COTh-Ph-OMeTAD in chloroform and thin ﬁlm on a quartz

substrate are showed in Figure 3a. The absorption band
maximum is located at 361 nm in solution whereas at 375 nm
in ﬁlm, showing a slight red shift in ﬁlm due to an enhanced
intermolecular interaction, and an optical bandgap is estimated
to be 2.39 eV based on the absorption and emission intersection
of small molecular ﬁlms at 517 nm (Figure S13, Supporting
Information). The highest occupied molecular orbital (HOMO)
energy level of α, β-COTh-Ph-OMeTAD is 5.30 eV, which is
determined by the ionization energy measurement (Figure S9,
Supporting Information), and the lowest unoccupied molecular
orbital (LUMO) is 2.91 eV calculated from the HOMO energy
and optical bandgap. All the optical and electrochemical
properties are summarized in Table 1. Comparing with spiroOMeTAD (Figure 3d), the HOMO energy level of SM (5.30 eV)
is deeper, and make it better to match with the valence band edge
of perovskite, which is favorable for hole extraction from
perovskite. Meanwhile, the LUMO level of SM (2.91 eV) is high
enough to block the electron injection from conduction band
edge of perovskite (3.87 eV) and can suppress the recombination of electron and hole on the interface between HTM layer and
perovskite.
To gain insights into the molecular structure and electron
distribution, density functional theory (DFT) calculations were
performed at the CAM-B3LYP/6-31G(d,p)[45] level using Gaussian 09 program.[46] The optimized geometry and electron
distribution in the highest occupied molecular orbital (HOMO)
and the lowest unoccupied molecular orbital (LUMO) for α, βCOTh-Ph-OMeTAD are displayed in Figure 2. The dihedral
angles between the two thiophenes in COTh unit are 44.95 and
44.13 , which can effectively suppresses the intermolecular π–π
aggregation and charge recombination, thereby improving
extraction of holes from perovskite layer. Moreover, both HOMO
and LUMO present π features. The HOMO is almost delocalized
over the whole molecular skeleton, which is favorable to
enhancing holes transfer integral, while the LUMO are mainly
localized on the COTh unit and the distribution over the four
triphenylamine units is negligible, which implies that α, βCOTh-Ph-OMeTAD has a relatively low electron transport
possibility. Besides the electron distribution, the HOMO energy
level is another vital parameter to affect the hole injection ability.
To ensure the efﬁcient hole transfer, the HOMO energy level of
HTM should be higher than the valence band (VB) edge of
perovskite layer (5.45 eV). Figure 2 shows the calculated
HOMO level for α, β-COTh-Ph-OMeTAD is 5.61 eV, which is in
close agreement with the experimentally measured value
(5.30 eV). The calculated value is slightly lower than the VB
edge of perovskite, which may be caused by the functional error
in our DFT calculations. While the LUMO energy level is higher
than the conduction band of perovskite (3.87 eV), which would
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be effectively inhibit the electron in perovskite back to metal
electrodes via β-COTh-OMeTAD. All results indicate that α, βCOTh-Ph-OMeTAD to be a potential high efﬁcient HTM.
To determine the hole mobility of α, β-COTh-Ph-OMeTAD,
the current density-voltage characteristics of a hole-only device
based on the structure of ITO/PEDOT:PSS/α,β-COTh-OMeTAD/
Au was carried out and analyzed by space-charge-limited current
(SCLC) model (Figure S11, Supporting Information). It was
determined to be 2.88  104 cm2 V1 s1, which is higher than
pristine spiro-OMeTAD (2.23  104 cm2 V1 s1) but much
lower than doped spir-OMeTAD (6.15  103 cm2 V1 s1).
2.2. α, β-COTh-Ph-OMeTAD as Dopant-Free Hole Transport
Layer (HTL)
To investigate the performance of α, β-COTh-Ph-OMeTAD
(shorten for “SM” here onwards) as dopant-free HTM in
perovskite solar cell (PSC), the corresponding devices with a
structure of FTO/compact-TiO2/mersoporous-TiO2/perovskite/
HTM/Au and the comparable ones with doped spiro-OMeTAD
as HTM are fabricated as shown in Figure 3b. The corresponding
cross-section SEM image of device is also shown in Figure 3c.
For all devices, the perovskite ﬁlms were fabricated by one-step
deposition method with CB as anti-solvent.[6] After optimization
of the thickness of SM by varying the concentration of SM in CB
solvent, the best PCE of 15.66% with JSC ¼ 21.05 mA cm2,
VOC ¼ 1.04 V and FF ¼ 71.79% was achieved in a thickness of
60 nm of SM condition, which was fabricated by spin coating at
3000 rpm in a concentration of 10 mg mL1. It is competitive to
that of device based on doped spiro-OMeTAD, whose PCE is
16.83% (JSC ¼ 20.86 mA cm2, VOC ¼ 1.13 V, FF ¼ 71.55%). The
J–V characteristics of the champion devices based on SM and
doped spiro-OMeTAD are shown in Figure 4a, and the average
PCE of 20 devices based-on SM and doped spiro-OMeTAD is
15.21% and 16.15%, respectively. All those results show that the
new saddle-shaped SM with much less dose and without any
doped can also perform as well as notorious doped spiroOMeTAD.
The hole extraction and transport properties are very
important criterions for high efﬁciency of HTMs. To understand
the hole extraction of SM from perovskite, the spectroscopy of
steady state and transient photoluminescence (PL) are measured. Figure 4c shows the steady state PL spectra of bare
perovskite and perovskite/HTL samples deposited on the glass
substrates, where the HTL is SM with a thickness of 60 nm or
doped spiro-OMeTAD with that of 270 nm as optimized before.
All the samples give a same PL peak at 760 nm, which arises
from the perovskite ((CsPbI3)0.05(FAPbI3)0.79(MAPbBr3)0.16).
With SM or doped spiro-OMeTAD on the perovskite, the
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Figure 4. a) J–V curves measured by reverse scans of the best PSCs prepared by SM or spiro-OMeTAD as HTL with an active area of 0.11 cm2, b) PCE
statistics of PSCs prepared by SM or spiro-OMeTAD HTL, c) The steady-state PL spectra of bare perovskite film and perovskite film covered by SM or
spiro-OMeTAD HTL, d) TrPL of perovskite film covered by SM or spiro-OMeTAD HTL.

intensity of the peak was signiﬁcantly reduced comparing with
the bare perovskite ﬁlm, which is attributed to the charge
extraction from perovskite to the corresponding HTM. Notably, a
new peak at 597 nm in perovskite/SM ﬁlm can be attributed to
the PL of SM, which is conﬁrmed by the PL of SM ﬁlm
(Figure S10, Supporting information). We also quantiﬁed the PL
quenching efﬁciency (ηquench) due to the hole extraction of HTL
from perovskite by Equation (1):[47]
ηquench ¼

PLbare  PLquench
PLbare

ð1Þ

where PLquench and PLbare are integrated PL intensities of
perovskite on glass substrate with and without HTM,
respectively.We ﬁnd that the PL quenching efﬁciency of SM
(91%) is similar with doped spiro-OMeTAD (90%) (Table S1,
Supporting Information), which indicates that the SM is highly
efﬁcient to extract hole from perovskite. As showed in
Figure 4d, the charge dynamics of the perovskite/HTM
samples (where HTL is SM or doped spiro-OMeTAD) are
investigated by Time-resolved PL (TrPL) measurements with a
pump laser at 450 nm, and PL signals at 760 nm standing for
perovskite PL peak were collected. All the TrPL data exhibit a biexponential decay behavior rather than mono-exponential decay
behavior and hence, all curves are ﬁtted with bi-exponential
decay as below:




t
t
þ A2 exp 
þ A0
IðtÞ ¼ A1 exp 
τ1
τ2

ð2Þ

where A1 and A2 are the relative amplitudes, τ1 and τ2 are the bestﬁt PL decay time. The faster decay time τ1 is attributed to
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quenching of the photogenerated free carriers via trap states or
interfacial charge transfer (between perovskite and HTM in this
case), and the slower decay time τ2 is described to the radiative
recombination of free carrier which usually reﬂects the carrier
lifetime in perovskite ﬁlm.[48] In the case of the sample of
perovskite/SM, it has a much shorter average lifetime of 23.48 ns
with τ1 ¼ 5.05 ns and τ2 ¼ 27.07 ns (Table S1 Supporting Information), comparing with that of sample of perovskite/doped spiroOMeTAD, in which the average lifetime is 40.57 ns with
τ1 ¼ 11.19 ns and τ2 ¼ 46.33 ns. The shorter τ1 in the perovskite/
SM sample implies that the interfacial charge transfer from
perovskite to SM is more efﬁcient than that from perovskite to
doped spiro-OMeTAD, and also the SM can passivate trap states
better than doped spiro-OMeTAD on perovskite. Despite a more
efﬁcient charge transfer and charge extraction as discussed above,
the PCE of SM-based PSC is still slightly lower than that of doped
spiro-OMeTAD-based PSC, which may be attributed to the hole
mobility of SM (2.88  104 cm2 V1 s1), which is higher than the
dopant-free spiro-OMeTAD (2.23  104 cm2 V1 s1), but lower
than doped spiro-OMeTAD (6.15  103 cm2 V1 s1) (Figure S11,
Supporting information).

2.3. α, β-COTh-Ph-OMeTAD as Bifunctional Material of
HTM and IL
As literature reported, highly hydrophobic polymers[25,42] and
small molecules[46,49] containing N, O atoms as sufﬁciently weak
Lewis bases can passivate the trap state and effectively protect
perovskite ﬁlm from moisture and oxygen by coordinating with
lead ions on the surface of perovskite,[50] which can enhance
stability of devices of PSCs in humidity environment. In 2017,
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Zhan and co-workers reported the ﬁrst perylene diimide polymer
(PPDIDTT) passivated perovskite layer.[25] With FTIR and
Raman technologies, they found that even with a very bulky
substituted PDI units nearby, the S of DTT can coordinated with
Pb, which passivated perovskite layer. Recently, the same group
reported a small molecule INIC2 (containing DTT units with two
phenyl substituents nearby) to passivate the perovskite layer.[26]
Those results indicated that thiophenyl units containing in
polymer or small molecules, even with bulky core and branches
nearby, can work well to passivate the trap states. So as
mentioned in Section 1, the “S” atoms containing in α, β-COThPh-OMeTAD should be an efﬁcient Lewis base and can play
similar roles by passivating trap states and blocking moisture
and oxygen on surface of perovskite as that of DTT in Zhan’s
report.[25,26]To investigate the interaction between SM and
perovskite layer further, the devices were fabricated with
different concentrations of SM in CB (arranging from 0.5 to
2.0 mg mL1) as anti-solvents to form a very thin interfacial layer
(IL) on surface of perovskite, then HTM layer was spin-coated on
the IL. The results are summarized Table 2. Notably, the PSCs
fabricated from anti-solvent with 1 mg mL1 of SM rendered the
highest PCE of 17.22% with JSC ¼ 21.51 mA cm2, VOC ¼ 1.05 V,
and FF ¼ 76.37%, which is higher than that of device fabricated
from pure CB as anti-solvent (discussed in the Section 2.2,
PCE ¼ 15.66%), and even a little higher than the controlled
device with doped sprio-OMeTAD HTM (PCE ¼ 16.83%). This
demonstrates that the new SM plays some key roles as additive in
anti-solvent.To understand why the SM can improve the
performance, various characterizations were carried out. Firstly,
scanning electron microscopy (SEM) measurement was carried
out to detect the change of morphology of perovskite layer after
treated with the solution of SM in CB. Figure 5c shows the topview SEM images of perovskite layer fabricated with only CB as
anti-solvent (let’s denote as “perovskite (CB)”) and that fabricated
with a solution of SM (1 mg mL1) in CB as anti-solvent (let’s
denote as “perovskite (SM)”) on the FTO/compact-TiO2/
mesoporous-TiO2/perovskite. It is found that the big grain
boundaries with average grain size of 200 nm appeared clearly
on the surface of perovskite (CB), but which disappeared with the
more homogeneous perovskite crystals on the surface of
perovskite (SM). Secondly, X-ray diffraction (XRD) of perovskite
(CB) and perovskite (SM) on glass substrates were carried out
(Figure 5d). For both samples, the characteristic peaks for a
trigonal perovskite phase at 14.12 , 20.00 , 24.58 , 28.44 , 31.88 ,
35.00 , 40.64 , 43.20 marked with (111), (120), (021),

(222), (231), (030), (240), (333), respectively, were
observed with strong intensities, implying both perovskite ﬁlms
are highly crystalline. However, comparing with the intensities
of peaks at 14.12 , 28.44 of two samples, the crystallinity of
perovskite (SM) is much higher than that of perovskite (CB) at
(111), (222) lattice planes. Meanwhile, the intensity of peak at
12.70 marked with (001) of PbI2 cubic phase in perovskite (SM)
is much smaller than that of perovskite (CB). It implies that
much less PbI2 containing in perovskite (SM) and the ﬁlm is
much more pure than that in perovskite (CB). Based on results
from XRD and SEM, it is concluded that the addition of SM in
CB can accelerate the growth of perovskite crystal to form less
grain boundaries with smaller grain sizes but purer and more
coverage of perovskite ﬁlms, which lead to higher PCE than that
without SM in CB.Steady state PL and TrPL spectra of the
perovskite (CB), perovskite (SM), and perovskite (SM)/SM (SM
HTM deposited on perovskite (SM)) were measured on glass
substrate and analyzed as that described in Section 2.1. As
shown in Figure 6a and b, the intensity of peak at 760 nm in
perovskite (SM) is signiﬁcantly weaker than that in perovskite
(CB), and the peak in perovskite (SM)/SM is the weakest one in
three of them. As shown in Table S1, both decay time τ1 and
decay time τ2 become shorter and shorter in perovskite(CB)
(τ1 ¼ 8.56 ns and τ2 ¼ 80.27 ns), perovskite(SM) (τ1 ¼ 3.91 ns and
τ2 ¼ 25.66 ns), and perovskite(SM)/SM (τ1 ¼ 1.75 ns and τ2
¼ 21.58 ns). The shorter τ1 implies that less trap states and
the faster hole transferred from perovskite into SM layer.
Usually, the longer τ2 means longer lifetime of carrier in
perovskite, but here τ2 in the perovskite (SM) is shorter than that
in perovskite (CB), which maybe cause by two reasons: 1). the
smaller grain sizes and boundaries in perovskite (SM) as shown
in Figure 5c; 2). The treatment of a solution of SM in CB as antisolvent allows SM to penetrate into the bulk of perovskite ﬁlm,
which creates a short but highly efﬁcient way for hole
transporting from perovskite to SM as illustrated in Figure 6c.
Both of these reduced the diffusion length for carrier and
shorten the decay time τ2.
To investigate the change of efﬁciency of charge transfer, the
hole mobilities are measured by SCLC and trap density (Nt) is
evaluated based on SCLC (Figure S10, Supporting Information),
the Nt values are from the relation the follow equation:[51]
V TFL ¼ qNt L2 =2e0 er

ð3Þ

Table 2. Photovoltaic performances of PSCs by using SM or spiro-OMeTAD as HTL and CB or CB with SM as anti-solvent.
HTL

Concentration of SM in CB [mg mL1]

Jsc [mA cm2]

Voc [V]

FF [%]

Best PCE [%]

Average PCEa) [%]

spiro-OMeTAD

0.0

20.86

1.13

71.55

16.83

16.15  0.68

SM

0.0

21.05

1.04

71.79

15.66

15.21  0.45

SM

0.5

21.29

1.02

70.03

15.27

15.14  0.13

SM

1.0

21.51

1.05

76.37

17.22

16.31  0.91

SM

1.5

19.66

1.04

73.42

14.99

14.88  0.11

SM

2.0

20.74

0.96

72.57

14.45

14.31  0.14

a)

The average PCE was obtained from at least 20 cells.

Sol. RRL 2019, 1900011

1900011 (6 of 11)

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.advancedsciencenews.com

www.solar-rrl.com

Figure 5. a) J–V curves measured by reverse scans of the best PSCs prepared by perovskite(CB) or perovskite(SM). SM is used as HTL and the active area
of the cell is 0.11 cm2, b) EQE spectra of the best PSC prepared by perovskite(SM) and SM HTL, c) Top surface SEM and d) X-ray diffractogram (XRD) of
perovskite(CB) and perovskite (SM) film.

where represents the onset voltage of trap ﬁlled limit, q is electric
charge (1.602  1019 C), L is the thickness of the active layer, e0
is the vacuum permittivity (8.8542  1014 F cm1) and er is
dielectric constant of perovskite (taken as the value of 32 for
MAPbI3 from a previous report[52]) .The trap densities of
perovskite was reduced from 8.20  1015 cm3 to 7.35  1015
cm30, which can be attributed to both high quality of the
perovskite crystals and passivation effect from the SM.

Meanwhile, the incorporation of SM in CB improved the hole
mobility of perovskite (CB) from 0.162 cm2 V1 s1 to 0.379 cm2
V1 s1, this can also reduce the inﬂuence about space charge,
and separation of electron-hole pairs immediately after
dissociating.[47]
To investigate more details about the interaction between SM
and perovskite, DFT calculations are performed. As literature
reported[53], the orientation of perovskite surface have a great

Figure 6. a) The steady-state PL spectra and (b) TrPL of perovskite(CB), perovskite(SM), and perovskite(SM)/SM, and c) the proposed hole-transport
process of perovskite passivated by SM.
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inﬂuence on hole/electron interfacial transfer, and the (001) and
(110) surfaces tend to favor hole injection. Therefore, the
perovskite (110) surface is chosen to study the interfacial
properties between HTM and perovskite. To simplify the
interaction model between SM and perovskite layer, the SM
was instead by COTh unit and perovskite was replaced by
MAPbI3, and the interaction between SM and perovskite was
simpliﬁed to be the core unit of α, β-COTh-Ph-OMeTAD on the
defective surface of MAPbI3. In order to further reduce the
computational costs, the bottom two layers of the total four layers
were ﬁxed and a vacuum buffer space of 15 Å was set for slab
with adsorbed atoms. Herein, a 2  3  4 supercell was prepared
as the adsorption surface, an I on its surface was removed to
model a defective surface. The above conﬁguration is geometrically optimized in VASP (Vienna ab initio simulation package[54,55] using projector-augmented wave methods with PBE[56]
generalized gradient approximation (GGA)[57] exchange correlation. An energy cutoff of 500 eV was used and the force
convergence criterion for geometry optimization was set to
0.02 eV Å 1.The stable adsorption structure and the bond
distance between Pb and S (dPb-S) as well as adsorption energy
(Eads) for COTh-MAPbI3 complexes at the interface are plotted in
Figure 7. The Eads is deﬁned as:
Eads ¼ Etotal  ECH3 NH3 PbI3  ECOTh

ð4Þ

where Etotal, ECH3NH3PbI3, ECOTh denote the energy of COThMAPbI3 complex, clean MAPbI3 and core of α, β-COTh-PhOMeTAD, respectively. As shown in Figure 7, the calculated Eads
of COTh is 0.53 eV indicating the strong chemical adsorption
onto the perovskite surface. In addition, the distance between S
atom in the core of α, β-COTh-Ph-OMeTAD, and Pb atom on the
surface is 3.09 Å , which is less than the sum of van der Waals radius

of Pb and S atoms. This implies that the S atom may form a new
bond with the surface Pb atom and ﬁlls the iodine vacancy of
surface after adsorption to reduce trap states on perovskite surface,
which beneﬁt the transfer of hole from perovskite to HTM.
As Zhan reported, Raman tests were carried out to ﬁnd the
directing evidence of Pb-S, but unfortunately there was no any
obvious peak in our pervoskite(SM) system because of the very
low concentration of SM in anti-solvent. However, with XPS
measurements as shown in Figure S14, Supporting Information, the peak of Pb shift 0.13 eV to right after treated with SM
in CB as anti-solvent, while the peak of S at 164.1 eV shifted
0.15 eV to left, and the peak of S at 165.3 disappeared, those
may be caused by the interaction between Pb and S.
As discussed above all, the SM in CB can not only improve
crystallinity, reduce gain boundaries and sizes of perovskite, but
also can form a smart interfacial layer to enhance the contact
between the perovskite and HTL which help to suppress the
problems associated with grain boundaries and trap states.
Beyond the enhancement of device performance, the
treatment of SM in CB as anti-solvent can also improves the
stability of devices. As we all know, one of the degradation
mechanisms in the perovskite solar cell is the reaction between
I2 generating from the degradation of perovskite and HTM with
HOMO level of around 5.0 eV, which is very close to the oxidation
potential of I/I3.[58] Figure 8a shows the ﬁlms of SM and spiroOMeTAD on glass substrates before and after treated (2 min)
with I2 vapor. The color of ﬁlms of spiro-OMeTAD changed
obviously, while that of SM ﬁlms seems not change too much,
exhibiting SM owning a good stability and high resistance to I2
corrosion from the degradation of perovskite. Another degradation mechanism is related to the decomposition of the perovskite
layer due to the moisture and oxygen. Figure 8c shows the
contact angle measurement using deionized water droplet on

Figure 7. The optimized structure of the COTh adsorbed on the defective perovskite surface.
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Figure 8. Color variation of SM and doped spiro-OMeTAD single films on glass before and after I2 vapor treatment, b) Corresponding redox potential of
I/I3 and the HOMO levels of spiro-OMeTAD and SM, c) the contact angles between perovskite film and water droplet on the substrate of pristine
perovskite film, perovskite/spiro-OMeTAD, perovskite(SM), and perovskite(SM)/SM and d) PCE normalized to the maximum efficiencies of device with
different hole transport materials stored in dark and dry air without encapsulation.

ﬁlms of perovskite (CB), perovskite (SM), doped spiroOMeTAD, and SM. The contact angle on SM ﬁlm is 90.3 ,
which is much higher than that on spiro-OMeTAD (59.3 ),
exhibiting a better hydrophobic property of SM ﬁlm. Moreover,
the contact angle of perovskite(SM) is higher than that of
perovskite (CB) (69.7 vs. 58.3 ), demonstrating that the
treatment of SM in CB as anti-solvent also can improve
hydrophobic property of perovskite. As a result, the hydrophobic SM as interfacial layer and HTL can prevent moisture from
penetrating into the perovskite and improve stability of
corresponding PSCs very much. As demonstrating in
Figure 8d, the PSC with SM as HTL and interfacial layer
show a better stability than that with doped spiro-OMeTAD, and
86% of the maximum PCE is retained after storing for nearly
800 h in the dark and dry air, while only less than 20% of the
maximum PCE is left in PSC with doped spiro-OMeTAD after
storing for 600 h in same condition. More interestingly, with
SM as IL and doped spiro-OMeTAD as HTL, both PCE and
stability of the corresponding device are improved comparing
with that of psk/Spiro-OMeTAD (Figure S15, Supporting
Information), indicating that the new SM as IL is a highly
efﬁcient way to improve the stablility of PSCs.

3. Conclusion
In summary, we synthesized a new bifunctional saddle-shaped
α, β-COTh-Ph-OMeTAD as both interfacial layer and dopantfree HTL for high efﬁcient perovskite solar cells. After

Sol. RRL 2019, 1900011

optimization of devices, the best PCE of 17.22% with
Jsc ¼ 21.51 mA cm2, Voc ¼ 1.05 V, and FF ¼ 76.37% is achieved
under standard global AM 1.5 illuminations, which is very
competitive to that with doped spiro-OMeTAD as HTM. More
importantly, the devices with α, β-COTh-Ph-OMeTAD as
interfacial layer and HTM show a much better stability, with
86% of maximum PCE retaining after storing for nearly 800 h
in dark and dry air without encapsulation, than ones with doped
spiro-OMeTAD as HTM (just only 20% retaining after 600 h in
same condition). The mechanism of SM in devices are explored
by SEM, XRD, PL, and TrPL, SCLC and theoretical calculations
(DFT), all results demonstrate that the SM can enhance the
crystallinity and purity of perovskite crystals, and reduce gain
sizes, boundaries and trap states on surface or bulk of
perovskite, which improve the charge separation and transporting and stability of PSCs. In one word, the new saddleshaped bifunctional SM may open up a new avenue for highly
efﬁcient and stable PSCs by exploring new dopant-free
materials as alternatives to spiro-OMeTAD.

4. Experimental Section
Materials: The synthetic details of the new HTMs are shown in the
Supporting information.
FTO glass substrates with a sheet resistance of 15 Ω sq1 were
supplied from Advanced Election Technology Co.Ltd. MABr and FAI were
purchased from Dyesol. PbBr2 (99.99%), CsI (99.99%), bis (trifluoromethane) sulfonimide lithium salt (Li-TFSI, 99%), and 4-tert-butylpyridine
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(tBP, 96%) were purchased from Xi’an Polymer Light Technology Corp.
DMSO, DMF, acetonitrile, and CB were purchased from Sigma–Aldrich.
PbI2 (99.8%) were purchased from TCI while spiro-OMeTAD (purity.
99.5%) was purchased from Feiming Science and Technology Co., Ltd. All
chemicals were used as received.
Solar Cell Fabrications: The PSCs were prepared on FTO substrates
with cleaned in detergent and then successively sonicated in deionized
water, acetone, and isopropyl alcohol solution, then dried in an oven at
65  C and followed by 20 min UV-ozone treatment. The TiO2 compact
layer (bl-TiO2) precursor solution was prepared by diluting 1 mL
titanium (IV) isopropoxide in 10 mL ethanol with 12 mL HCl (12 M) and
then spin coated on FTO with a rate of 6000 rpm for 30 s followed by
annealing in air at 450  C for 20 min. Subsequently, mesoporous TiO2
(mp-TiO2) film was spin-coated onto the FTO/bl-TiO2 substrate using
diluted commercial paste (30NR-D, Dyesol) in ethanol (150 mg mL1) at
4000 rpm and annealed at 450  C for 20 min in air to remove the organic
part.
Perovskite was deposited on FTO/bl-TiO2/mp-TiO2 substrate by using
an anti-solvent method. To fabricate perovskite solar cells based on
(CsPbI3)0.05(FAPbI3)0.79(MAPbBr3)0.16, the precursor solution containing
FAI (1 M), PbI2 (1.1 M), MABr (0.2 M), and PbBr2 (0.2 M) in anhydrous DMF:
DMSO 4:1 (v:v)[59] in glove-box. Fourty-two microliters CsI stock solution
(1.5 M in DMSO) was added into the perovskite precursor solution to
achieve the triple cation composition. Then, the solution was spin-coated on
the FTO/bl-TiO2/mp-TiO2 substrates by two steps, at 1000 rpm for 10 s and
6000 rpm for 20 s, respectively, during the second step (6000 rpm), 110 mL
CB or a solution of α,β-COTh-OMeTAD in CB (1 mg/mL) was pipetted onto
the spinning film at 5 s before the end of this program. Then the substrates
were put on a hot plate at 100  C for 1 h. For the hole transport layer, the
concentration of α, β-COTh-Ph-OMeTAD is 10 mg/ml in CB. For spiroOMeTAD, 72 mg spiro-OMeTAD was dissolved in 1 ml CB and then added
29.2 mL of tBP, 17.6 mL of Li-TFSI (528 mg/ml in acetonitrile) and 29.2 mL
tris(2-(1H-pyrazol-1-yl)-4-tert-butylpyridine)
cobalt
(III)
tris(bis(trifluoromethyl sulfonyl)imide) (FK209, 100 mg/ml). Both HTMs were
spin coated on the perovskite layer at 3000 rpm for 30 s in glove box. Finally,
60-70 nm of gold was deposed by thermal evaporation on the top of HTL as
the back electrode.
Characterization: The current density-voltage (J–V) of the devices were
measured by a 2400 semiconductor parameter analyzer under the
calibrated ABET Technologies SUN 2000 solar simulator equipped with
an AM 1.5 filter at 100 mW cm2.
PL Measurements: TrPL experiments were performed using a
spectrophotometer (Edinburgh Instruments FS5). For steady-state
measurements, a lamp at 450 nm was used for excitation and signals
were collected by a photomultiplier tube. For the dynamics, the signal was
recorded at 760 nm by the time-correlated single-photon-counting
detection technique. All samples were measured in air.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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