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3.8 to 22.1% within the past few years.[1–6] 
The rocketed improvement of the PSCs is 
attributed to the easy-crystallized organic–
inorganic hybrid perovskite materials 
(OIPs), which have been demonstrated to 
be excellent photovoltaic materials, pos-
sessing large absorption coefficient, high 
carrier mobility, long carrier lifetime, and 
direct bandgap.[7–9] However, the out-
standing perovskite materials also have 
much intrinsic flaws, such as the migra-
tion and loss of organic cations and halide 
ions during thermal-annealing process and 
under illumination conditions.[10–12] The 
ionic migration problem has been consid-
ered as the main reason for the degrada-
tion in perovskite films and devices, which 
cannot be avoided by substituting compo-
nents of perovskite materials or sealing the 
devices.[13–16] In addition, the embarrassing 
hysteresis in PSCs has been proved to be 
associated with the ionic migration in pero-
vskite films, which profoundly impacts the 
practical application of the devices.[17–20]

In the past few years, ionic migration has attracted wide 
attention in OIPs including the investigations through both 
experimental and theoretical methods.[21–24] It has been 

Migration of ions can lead to photoinduced phase separation, degradation, 
and current–voltage hysteresis in perovskite solar cells (PSCs), and has 
become a serious drawback for the organic–inorganic hybrid perovskite 
materials (OIPs). Here, the inhibition of ion migration is realized by the 
supramolecular cation–π interaction between aromatic rubrene and organic 
cations in OIPs. The energy of the cation–π interaction between rubrene and 
perovskite is found to be as strong as 1.5 eV, which is enough to immobilize 
the organic cations in OIPs; this will thus will lead to the obvious reduction 
of defects in perovskite films and outstanding stability in devices. By 
employing the cation-immobilized OIPs to fabricate perovskite solar cells 
(PSCs), a champion efficiency of 20.86% and certified efficiency of 20.80% 
with negligible hysteresis are acquired. In addition, the long-term stability of 
cation-immobilized PSCs is improved definitely (98% of the initial efficiency 
after 720 h operation), which is assigned to the inhibition of ionic diffusions 
in cation-immobilized OIPs. This cation–π interaction between cations and 
the supramolecular π system enhances the stability and the performance of 
PSCs efficiently and would be a potential universal approach to get the more 
stable perovskite devices.

Perovskite Solar Cells

D. Wei, S. Dou, P. Cui, H. Huang, J. Ji, S. Sajid, Dr. A. M. Elseman,  
Dr. L. Chu, Dr. Y. Li, Dr. B. Jiang, Prof. M. Li
State Key Laboratory of Alternate Electrical Power System with  
Renewable Energy Sources
School of Renewable Energy
North China Electric Power University
Beijing 102206, China
E-mail: mcli@ncepu.edu.cn
F. Ma, R. Wang, Prof. J. Qiao
Key Lab of Organic Optoelectronics and Molecular Engineering  
of Ministry of Education
Department of Chemistry
Tsinghua University
Beijing 100084, China
E-mail: qjuan@mail.tsinghua.edu.cn

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/adma.201707583.

Organic–inorganic hybrid perovskite solar cells (PSCs) possess 
the advantages of low-cost and high performance, especially the 
impressive strides of power conversion efficiency (PCE) from 
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demonstrated that the organic and halide ions in OIPs have low 
activation energy for migration (0.2–0.8 eV), which make them 
easy to migrate through the defects and grain boundaries for a 
long range even at room temperature.[25,26] These migrated ions 
leaving lots of vacancies and interstitial ions can form more 
charge defects in perovskite films.[27] To suppress the ionic 
migration, many endeavors had been paid on reducing the 
pathways of the ionic migration, such as passivation method 
and grain-growth method to decrease the density of defects 
and grain boundaries.[28–30] However, too much works had been 
paid to constrain the paths of ionic migration instead of inhib-
iting the ionic migration originally. Indeed, the inhibition of 
the mobile ions is the key to solve the problem finally in the 
future, if an effective method could be put forward.

In the OIPs, there are two main mobile ions, that is, 
organic cations and halide ions, and the organic cations 
are more sensitive and vulnerable than other ions to the 
ambient environment.[31,32] Especially, under illumination, 
the hydrogen bonding energy between organic cations and 
PbI framework would be weakened and the organic cations 
in OIPs are proposed to be easier to migrate, which would 
accelerate the loss of organic cations and the decomposition 
of OIPs.[33] By employing an external poling field, the organic 
cations exhibit obvious redistributions, which could change the  
chemical and electric equilibrium of OIPs.[34] Moreover, 
the migration of organic cations has tremendous impacts 
on the formation of ionic displacements or charged defects and 
further speed up the ionic migration.[17,35] Hence, it is more 
imperative to immobilize the organic cations to improve sta-
bility and optoelectronic properties of OIPs.

Herein, inspiration from ubiquitous cation–π interac-
tions in many supramolecular systems, such as biology 
and medicine,[36,37] for the first time, we introduce a new-
type chelation-like cation–π interaction into OIPs by mixing 
aromatic rubrene into perovskite films during film-forming 
process to restrict the organic cations from migration (as shown 
in Figure S1, Supporting Information). The unique cation–π 
interaction between rubrene and perovskite brings astonishing 
stabilization with the calculated interaction energy about 1.5 eV, 
which is strong enough to immobilize the organic cations 
with low activation energy (e.g., 0.5–0.8  eV for MA+ ions), 
thus helping acquire defectless and stable perovskite films. By 
employing these cation-immobilized perovskite films, PSCs dis-
play superior performance in stability and efficiency. The PCE 
of PSCs with rubrene exhibits significant increase from 18.60 
to 20.86%. Meanwhile, the stability of PSCs with rubrene has 
been enhanced dramatically, which maintains 98% of the initial 
efficiency after 30 d even under the relative humidity at 70%. In 
addition, with the inhibition of ionic migration, the hysteresis 
of PSCs with rubrene is also suppressed greatly compared with 
the standard PSCs.

Essentially, cation–π interaction is a kind of noncovalent 
forces between the face of an electron-rich π system and an 
adjacent cation, which is proposed to occur between aromatic 
π moieties and the organic cations in OIPs. To clarify the prop-
erties of cation–π interaction between rubrene and perovskite 
materials, the interaction energies of MA+ cations–rubrene 
have been calculated by density functional theory (Gaussian 09 
software). Considering the condition that MA+ cations could 

interact with different π moieties of rubrene, four possible 
initial geometries were optimized under B3LYP-D3/6-311++G 
(d,p) level with dispersion corrections,[38] followed by single-
point energy calculations for correction of basis set super-
position error (BSSE). As shown in Figure 1a, the optimized 
geometry with the largest interaction energy demonstrates a 
chelation-like interaction between MA+ cations and rubrene. 
Specifically, for MA+ cations, two NH bonds toward rubrene 
hook the central tetracene and the pending phenyl group 
through σNH*–πrubrene interactions, respectively.[39,40] Accord-
ingly, their bond lengths (1.04 Å) are a little longer than that 
of the other NH bond pointing away from rubrene (1.02 Å). 
To further visualize this special interaction, electrostatic poten-
tial is mapped on the molecular surface where electron density 
is 0.012 au. As shown in Figure 1b, MA+ cations covered with 
positive charge would draw the nearing polarizable π electrons 
from rubrene and result in a continuous electron distribution 
at the junction of MA+–rubrene.[41,42] Most notably, the interac-
tion energy of MA+–rubrene is calculated to be −35.4 kcal mol−1  
(−1.53 eV), which is almost twice higher than that of a common 
cation–π interaction system like MA+–benzene (−18.8 kcal mol−1,  
in gas phase). Such strong interaction is proposed to be 
originated from the synergetic effect of multiple off-axis 
cation–π interactions.[41] Therefore, the mobile MA+ cations 
could be anchored firmly by rubrene. Other optimized geom-
etries are listed in Figure S2 and Table S1 (Supporting Infor-
mation), which also show chelation-like interactions and large 
interaction energies of over −30  kcal mol−1 (1.30  eV) between 
MA+ and rubrene. In addition, the calculations on FA+ and 
rubrene system suggest that FA+ cations and rubrene would 
also interact with each other through the cation–π interaction 
(Figure S3, Supporting Information). According to the results of 
calculation, the cation–π interaction between rubrene and per
ovskite is strong enough to immobilize the MA+/FA+ cations at 
the surfaces and grain boundaries as shown in Figure 1c.

To certify the interaction between rubrene and perovskite, 
the Fourier transform infrared (FTIR) spectra measurement 
was employed for the perovskite film with rubrene in compar-
ison with pristine perovskite film and rubrene film. As shown 
in Figure 1d, the FTIR spectrum of pristine perovskite film 
contains peaks at 908 cm−1 (CH3NH3

+ rocking), 1350 cm−1 
(CH stretch), 1465 cm−1 (NH bending), 1714 cm−1 (NH 
bending), and 3132 cm−1 (NH stretch), which are all assigned 
to the bending and stretching modes of CH and NH modes 
within the organic group of perovskite.[43] For the FTIR spec-
trum of rubrene, there are several obvious peaks belonging to 
the CC and CC bending modes of rubrene. However, when 
it came to perovskite film with rubrene, all these characteristic 
peaks associated with the CH, NH, CC, and CC bond 
from the pristine perovskite and rubrene are enormously 
diminished. It indicates that the introduced rubrene can restrict 
the motion of organic group in perovskite through the supra-
molecular cation–π interaction, which also confirms the results 
of DFT calculation.

To verify the effects of cation–π interaction on suppressing 
the migration of organic groups in perovskite devices, a 
special device with the structure indium tin oxide (ITO)/
SnO2/perovskite (with and without rubrene)/PbI2/Au had 
been designed and fabricated. In this special structure, the 
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migration of organic groups to the pristine PbI2 layer will 
cause the irreversible formation of perovskite, which can then 
be traced by time-of-flight secondary ion mass spectroscopy 
(TOF-SIMS) measurement. Therefore, the ion migration influ-
enced by rubrene can be directly investigated. In order to accu-
mulate the migration of cations, we employed a DC bias (1 V) 
with Keithley 2400 source meter on the as-prepared devices for 
72 h under the continuous illumination of Xe lamp at 90 °C in 
ambient air. It is expected that the organic groups of perovskite 
would migrate from the perovskite layer to the PbI2 layer obvi-
ously under this tough condition, if these are not restricted in 
the perovskite layer.

Here, the TOF-SIMS was employed to explore the organic 
groups whether they had migrated from the perovskite layer 
to the PbI2 layer after the consecutive operation for 72 h. For 
the device fabricated by the perovskite film without rubrene, as 
shown in Figure 2a, it is obvious that the CN− ions remarkably 
diffused into the PbI2 layer from the pristine perovskite layer, 
which indicates the serious migration of organic cations. In 
contrast, for the device fabricated by the perovskite film with 
rubrene, the diffusion of CN− ions into PbI2 layer is negligible 

as shown in Figure 2b. In addition, the intensity of CN− ions in 
the perovskite with rubrene is much stronger than that in the 
pristine perovskite after the same operating process. This dem-
onstrates that the cation–π interaction between rubrene and 
perovskite is critical and effective for suppressing the migration 
of organic cations in perovskite. In addition, to further inves-
tigate the effect of cation–π interaction on the inhabitation of 
ionic migration at high temperature, the perovskite films with 
and without rubrene had been annealed at 90  °C for 10 h as 
shown in Figure S4 (Supporting Information). X-ray diffrac-
tion (XRD) had been employed to measure the compositional 
changes of these films as shown in Figure S5 (Supporting 
Information). The insets are the digital photos of the measured 
films after a long-term annealing operation. By comparisons of 
XRD patterns and photos from these films, it is obvious that 
the perovskite film with rubrene exhibited better stable property 
than that of the perovskite film without rubrene. This indicates 
that the cation–π interaction between rubrene and perovskite 
can suppress the migration of ions efficiently even at relatively 
high temperature, which confirm with the abovementioned 
results of DFT calculation and TOF-SIMS.

Adv. Mater. 2018, 1707583

Figure 1.  Mechanisms of cation–π interaction between perovskite and rubrene in perovskite films. a) DFT calculations for the optimized configurations 
of MA+–rubrene with the largest interaction energy (−35.4 kcal mol−1). Hydrogen atoms of rubrene are omitted for the sake of clarity. b) Corresponding 
electrostatic potential mesh maps of MA+–rubrene, isovalue = 0.012. c) Schematic illustration of the cation–π interaction between rubrene and organic 
cations of perovskite. d) FTIR spectra of perovskite films with and without rubrene layer and the rubrene film in the range of 600–4000 cm−1. All of 
these films were fabricated on ITO substrate.
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Owing to the cation–π interaction between rubrene and perov
skite suppressing the migration of organic cations in perov
skite films, it can be deduced that this interaction would play  
a role of inhibiting the formation of defects involved with the 
migration of cations. To investigate the effects of rubrene on 
the surficial properties of perovskite films, X-ray photoelec-
tron spectroscopy (XPS) was employed for the films with and 
without rubrene, and the spectra of Pb 4f of these films are 

shown in Figure 3a. The survey spectra of perovskite films with 
and without rubrene are also exhibited in Figure S6 (Supporting  
Information). As shown in Figure 3a, Pb 4f core level of pris-
tine perovskite film includes two main peaks centered on 
138.3 and 143.2 eV, which are assigned to lead iodine component 
in perovskite.[44] Meanwhile, two additional weak peaks located 
on 136.8 and 141.8  eV are associated to metallic Pb, which is 
caused by the decomposition of perovskite.[45] In contrast, the 
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Figure 3.  Influences of cation–π interaction on the formation of defects in perovskite films and the charge transport properties in devices. a) The 
spectra of Pb 4f obtained from pristine perovskite films and perovskite with rubrene. b) DLTS spectra of the PSC without and with rubrene measured 
between 400 and 100 K. c) PL spectra of perovskite films with and without rubrene and the as-prepared films with HTM layer. d) Nyquist plots of PSCs 
with and without rubrene. The inset is the equivalent circuit model for fitting curves.

Figure 2.  Effect of cation–π interaction for suppressing the migration of organic cations in perovskite devices. TOF-SIMS elemental depth profiles of 
Au, PbI3

−, CN−, and Sn4+ of the devices a) without rubrene and b) with rubrene. The devices were designed and structured as ITO/SnO2/perovskite 
(with and without rubrene)/PbI2/Au. All of these devices for the TOF-SIMS measurement were operated for 72 h with 1 V DC bias under the continuous 
illumination of Xe lamp at 90 °C in ambient air.
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weak peaks corresponding to metallic Pb disappeared in the 
cation-immobilized perovskite film with rubrene, which indi-
cates that the supramolecular cation–π interaction can repress 
the formation of metallic Pb in OIPs and prevent the perovskite 
film from decomposition during the thermal-annealing process 
for fabricating perovskite films.

To obtain further insight into the influence of the supramo-
lecular cation–π interaction on the formation of these defects, 
the deep-level transient spectroscopy (DLTS) was performed 
as shown in Figure 3b. These peaks arise because of the emis-
sion rate from a trap responding at a given frequency, which 
depends very strongly on the energy of the trap and the meas-
ured temperature. As shown in Figure 3a, there arise two peaks 
denoted A1 and A2 for the pristine perovskite film with the 
temperature scan, indicating two dominant deep-level defects 
in the pristine perovskite film. In comparison, for the pero-
vskite film with rubrene, the A1 peak disappears completely 
and the A2 peak decreases over 50% compared with the pris-
tine perovskite film. This indicates that the defects located in 
the A1 level can be healed perfectly by the presence of rubrene. 
According to the Arrhenius equation:

e N v
E

kT
σ= −



expn c th n

T � (1)

The trap activation energy represented by ET in Equation (1) 
can be obtained by fitting the slopes of the plot of ln(σn 〈νth〉Nc) 
versus 1/kT. As shown in Figure S7 (Supporting Informa-
tion), the trap activation energy of A1 and A2 peaks in pristine 
perovskite film are calculated to be 0.39 and 0.26  eV, respec-
tively. The relatively deep-level defects related with A1 peak are 
assumed to be the defects associated with organic cations, such 
as the vacancy defects of FA+ and MA+ cations.[16,46] The defects 
related with A2 are considered to be the interstitial defects orig-
inating from interstitial iodide and lead.[47,48] According to the 
analysis of DLTS, all of these defects are efficiently suppressed 
by means of the strong supramolecular cation–π interaction 
between the organic cations and rubrene. This demonstrates 
that the cation–π interaction between rubrene and perovskite 
can inhibit the formation of defects during the fabricating pro-
cess of perovskite films and can passivate the charged defects 
effectively in perovskite films.

As the cation-immobilized perovskite films have fewer 
defects, the nonradiative recombination process related with 
defects would be inhibited and the transfer of carriers in perov
skite films would be more efficient. Meanwhile, as the highest 
occupied molecular orbital level (−5.4 eV) of rubrene is similar 
to the valence band of the perovskite,[49] the hole transfer from 
perovskite to rubrene may occur, whereas the nonradiative 
energy transfer from perovskite to rubrene is less possibly to 
occur due to the much larger bandgap of rubrene than that of 
the perovskite. Here, the photoluminescence (PL) spectra of 
perovskite films with and without rubrene were performed in 
comparison with those of these films with HTM layer (Spiro-
OMeTAD layer). As shown in Figure 3c, the perovskite film with 
rubrene demonstrates much stronger and a slight blueshifted 
emission than that of the pristine perovskite film. This can 
be attributed to the reduced recombination processes in the 
perovskite films with rubrene,[50,51] which is consistent with the  

abovementioned results. The PL spectra of perovskite films 
with various concentrations of rubrene were also obtained and 
shown in Figure S8 (Supporting Information), which presents 
the same trend. In addition, the HTM layer was introduced 
on the surface of perovskite films with and without rubrene to 
detect the charge extraction and transfer between perovskite 
films and HTM layers. As shown in Figure 3c, the PL of the 
sample of pristine perovskite/HTM quenches about 90% in 
comparison with that without HTM, while the PL of the sample 
of perovskite with rubrene/HTM quenches more than 97% 
in comparison with that without HTM. The larger quenched 
PL demonstrates that the perovskite film with rubrene pos-
sesses much higher charge-extraction and transfer efficiency 
in complete devices, which is consistent with other previous 
works.[52,53] Hence, the presence of cation–π interaction in the 
perovskite films could minimize the charge losses induced by 
the trap states and enhance the efficiency of charge transport 
as well.

It has been proved that the ionic migration can affect the 
electrostatics of the device quite significantly and could lead to 
a reduction in collection efficiency.[54] Accordingly, the Nyquist 
plot of the electrochemical impedance spectra (EIS) was 
employed to further understand the properties of charge trans-
port in perovskite devices with and without rubrene as shown 
in Figure 3d. These devices were measured under the illumina-
tion of AM 1.5G in ambient air, and the spectra were obtained 
for 1.0  V DC bias in a frequency range of 0.2–200  kHz. The 
inset in Figure 3d is the equivalent circuit model employed 
to fit the spectra. In the equivalent circuit model, R1 associ-
ated with the higher frequency arc is attributed to impedance 
arising from the selective contact and charge transport at 
the interface between perovskite and selective layers; C1 is the 
chemical capacitance of the film. R2 and C2 associated with the 
lower frequency arc are attributed to HTM resistance, capaci-
tance, and the extraction in the Au electrode.[55,56] From the 
values fitted by the equivalent circuit model, R1 changes from 
78.62 Ω (obtained from the pristine perovskite film) to 65.86 Ω 
(obtained from the perovskite film with rubrene). The decrease 
of R1 indicates the enhancement of charge transport efficiency 
in devices. This can be attributed to the introduction of rubrene 
in the perovskite film, which suppresses the migration of 
cations and inhibits the formation of defects.

Considering the outstanding effects of cation–π interaction 
between rubrene and OIPs as exhibited above, the performance 
and stability of PSCs fabricated by the cation-immobilized OIPs 
(labeled as PSCs with rubrene) are expected to present better 
than the standard planar PSCs. To demonstrate its potential, we 
fabricated the FA0.15MA0.85PbI3-based PSCs with various con-
centrations of rubrene. The surface morphology and the XRD 
pattern of the FA0.15MA0.85PbI3-based perovskite films with and 
without rubrene are exhibited in Figure S9 (Supporting Infor-
mation). From scanning electron microscopy (SEM) figures, 
the morphology of the pristine perovskite film is compact 
and smooth with the average grain size of ≈300 nm shown in 
Figure S9a (Supporting Information). For the perovskite film 
with rubrene shown in Figure S9b (Supporting Information), 
it is obvious that the surface of the perovskite film has been 
covered by a thin layer formed by large number of particles. 
These coating particles are supposed to be rubrene grains as 
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shown in Figure S9c (Supporting Information). XRD was also 
employed to investigate the crystallinity of the perovskite films 
with and without rubrene as shown in Figure S9d (Supporting 
Information). In the pristine perovskite film, an additional dif-
fraction peak located at 12.6° can be observed, which indexes to 
the (001) plane of PbI2, demonstrating that the fresh pristine 
perovskite film is unstoichiometric with less organic groups 
after thermal-annealing process.[57] For the perovskite film with 
rubrene, it is clear that these diffraction peaks are indexed to 
the perovskite without any other undesired peaks. The crys-
tallinity of the perovskite films with and without rubrene is 
similar according to the values of full width at half maximum 
(FWHM) as shown in Table S2 (Supporting Information). The 
slightly increased FWHM of the XRD peaks may be caused 
by rubrene molecules remaining in perovskite crystals. The 
current-density–voltage (J–V) curves of the FA0.15MA0.85PbI3-
based PSCs with various concentrations of rubrene are shown 
in Figure S10 (Supporting Information). The average results 
of photovoltaic parameters obtained from 20 PSCs including 
short-circuit current density (JSC), open-circuit voltage (VOC), 
fill factor (FF), and photoelectric conversion efficiency (PCE) 
are summarized in Table S3 (Supporting Information). It can 
be seen that the performance of the PSCs prepared from dif-
ferent concentration of rubrene presents an increase–decrease 
trend in device performance, especially in JSC, FF, and PCE, 
indicating that the presence of rubrene in perovskite, despite its 
trace amount, has remarkable influence on the performance of 
PSCs. As shown in Figure 4a, the PSCs with 10 mg mL−1 con-
centration of rubrene in chlorobenzene exhibit the champion 
PCE of 20.86%, 12% higher than that of the standard planar 

PSCs without rubrene (18.60%). Strikingly, the improvement  
of JSC is the largest from 22.26  to 24.20  mA cm−2 among 
different parameters of the performance of devices. The 
steady-state photocurrent and efficiency of PSC with rubrene 
measured over a period of 200 s at the maximum power point  
are presented in Figure 4b. By holding a bias near the 
maximum power output point (0.95 V), we obtained a stabilized 
PSC of ≈20.63%, very close to the highest PCE of 20.86% for 
the same cell. In addition, to certify the veracity of these results 
yield in our lab, an optimized PSC with rubrene was sent to 
the National Institute of Metrology of China (NIM) for certifica-
tion, and a PCE of 20.80% was obtained as shown in Figure S11 
(Supporting Information).

To find out the intrinsical reason for the increase of JSC 
from the PSCs with rubrene, the external quantum efficiencies 
(EQE) of PSCs with and without rubrene have been character-
ized. In Figure 4c, it is clear that the EQE of PSC with rubrene 
is higher than the standard PSC over the entire wavelength 
measurement range. The integrated JSC from EQE curves also 
agree with the measured JSC very well. Furthermore, the EQE of 
PSCs with and without rubrene was also calculated as shown in 
Figure S12 (Supporting Information). The EQE of the PSC with 
rubrene is almost 100% meaning that the PSC with rubrene 
possesses less recombination centers and higher efficiency of 
transport of photogenerated carriers.[58,59] Hence, such notable 
increase of JSC of the PSC with rubrene could be mainly attrib-
uted to the decrease of defects and the high efficiency of charge 
transport in the cation-immobilized perovskite films, which 
can further suppress the loss of photoinduced carriers during 
transfer and enhance the collection of photoinduced carriers in 
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Figure 4.  Photovoltaic performance of the PSCs with and without rubrene. a) J–V curves (reverse scan) of the champion PSCs with and without rubrene. 
b) Steady-state photocurrent and efficiency at the maximum power point (0.95 V) of PSCs with rubrene. c) IPCE curves and the corresponding inte­
grated current of PSCs. d) Photovoltaic metrics of PCSs. All the PSCs were nonencapsulated and measured at the AM 1.5G illumination in ambient air.
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PSCs. And the advantages on transfer and collection of carriers 
possessed by the PSCs with rubrene are considered as the main 
reasons for obvious improvements in VOC and FF of PSCs.

Meanwhile, the reproducibility of PSCs with rubrene was 
also investigated. As shown in Figure 4d, it is clear that the per
ovskite films with rubrene greatly improve the performance and 
reproducibility of PSCs compared to the standard PSCs. The  
PCEs for 20 standard PSCs were widely distributed from 
16.33 to 18.60%, with average Jsc of 22.52 mA cm−2, Voc of 1.08 V, 
and FF of 72.42%. In comparison, for the PSCs with rubrene, 
the PCEs were distributed in a narrow range between 20.02 and 
20.86%. The average PCE reaches up to 20.39% with an average 
Jsc of 23.80 mA cm−2, Voc of 1.11 V, and FF of 76.90%.

Moreover, the hysteresis of PSCs with rubrene is also 
improved compared with the standard PSCs as shown in 
Figure S13 (Supporting Information). The low hysteresis of the 

PSCs with rubrene could be originated to the supramolecular 
cation–π interaction between perovskite and rubrene, which 
reduces the concentration of defects, hinder the motion of 
organic ions, and enhances the interfacial charge transfer pro-
cess as evidenced above.

Besides the high efficiency, long-term stability is the other 
critical characteristic for PSCs, especially the operational sta-
bility in ambient air. To study the stability of PSCs with and 
without rubrene, the as-prepared PSCs (without encapsu-
lation) had been measured every 3 d for one month under 
AM1.5 illumination condition. In the measurement intervals, 
these measured PSCs were stored in a glass oven keeping the 
humidity at 70% and the temperature at 25  °C. As shown in 
Figure 5a, the PSCs with rubrene exhibited an excellent long-
term stability compared with the standard PSCs. After the 
continuous operational measurement for one month, the PCE 

Adv. Mater. 2018, 1707583

Figure 5.  Stability of the perovskite films and devices with and without rubrene. a) Long-term stability of PSCs for one month. These PSCs were meas­
ured every 3 d and stored in ambient air before and after J–V measurement. b) J–V curves of PSC without rubrene as freshly prepared and after 30 d 
operation. c) J–V curves of PSC with rubrene as freshly prepared and after 30 d operation. Inset photos are PSCs after 30 d operation. These photos 
were obtained from the glass side under the illumination of simulated sunlight equipment. d,e) TOF-SIMS elemental depth profiles of CN−, I−, and Au 
of devices without rubrene (d) and with rubrene (e) as freshly prepared and after 30 d operation.
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of PSCs with rubrene changes slightly from 20.57 to 20.35%, 
maintaining 98% of the initial efficiency. In contrast, the PCE 
of the standard PSCs decreased severely from 17.41 to 4.45%, 
which indicates that the standard planar PSCs without rubrene 
present poor stability and rapid degradation in this testing 
condition. The J–V curves of PSCs with and without rubrene 
as freshly prepared and after 30 d operation are exhibited in 
Figure 5b,c, respectively. The digital photos of these devices 
after 30 d operation are also presented as inset in Figure 5b,c, 
which were obtained from the ITO glass side under the AM 
1.5G illumination. After 30 d operation, the device without 
rubrene exhibits a heavy shade of gray in the photoactive area, 
and the Au electrodes can be seen clearly through the whole 
devices. In contrast, the photo of device with rubrene presents 
a dark-brown color, which indicates that the active layers, espe-
cially perovskite films of PSCs with rubrene are still intact 
after a long-term operation. Furthermore, the aging operation 
of tracking the maximum power point of the PSCs with and 
without rubrene was also performed as shown in Figure S14 
(Supporting Information). All the PSCs were measured by 
tracking the maximum power point of 0.95 V at the room tem-
perature (≈23 °C) under the AM 1.5G illumination of Xe lamp 
without any filter in ambient air. In Figure S14a (Supporting 
Information), it is obvious that the PSCs with rubrene exhibit 
more stable performance than the PSCs without rubrene after 
a continuous illumination for 5000 s. The PSCs with rubrene 
maintain 85% of the initial efficiency, in contrast, the efficiency 
of solar cells without rubrene has almost been degraded totally. 
Subsequently, we measured the J–V curves of these operated 
PSCs under the same conditions after stored in dark for 2 h. 
As shown in Figure S14b (Supporting Information), the per-
formance of the PSCs with rubrene is largely recovered from 
the degrading state compared with the PSCs without rubrene. 
These results indicate that the PSCs with rubrene have better 
long-term stability than the PSCs without rubrene. This can be 
attributed to the supramolecular cation–π interaction between 
rubrene and perovskite, which could suppress the migration of 
organic groups in PSCs under working conditions and inhibit 
the formation of defects at the surfaces and grain boundaries in 
perovskite films.

To explore the origin of degradation during the long-
term operation, TOF-SIMS was performed for detecting the 
changes of elements and molecular information in PSCs 
before and after 30 d operation. The depth profiles obtained 
from TOF-SIMS (Figure S15, Supporting Information) directly 
provide the elemental distribution information through the 
devices. The depth profiles of CN−, I−, and Au of PSCs func-
tioned with the sputtering time from 0 to 500 s are shown in 
Figure 5d,e. For the PSC without rubrene (Figure 5d), I− ions 
remarkably diffused into the Spiro-OMeTAD layer and the Au 
electrode after a long-term operation, whereas the diffusion 
of I− ions is negligible for PSC with rubrene (Figure 5e). This 
is because that the perovskite films with rubrene possess less 
defects at the surfaces and grain boundaries which are consid-
ered as the dominate channels for migration of ions.[24] For the 
pristine perovskite, the migrated partial organic species away 
from the surfaces and grain boundaries could leave relatively 
open spaces for ion migration. However, for the perovskite 
with rubrene, the strong cation–π interaction between rubrene 

and organic cations could avoid the unintended migration of 
organic species and suppress the formation of defects, thus 
effectively shield against the diffusions of ions between dif-
ferent layers in PSCs and enabling PSCs with high efficiency 
and long-term stability.

In summary, the cation–π interaction was first introduced 
into perovskite materials, which is effective for suppressing 
the migration of organic cations in OIPs, thus enabling the 
cation-immobilized perovskite films with less density of defects 
and more stable crystal frameworks. By employing the cation-
immobilized perovskite films, the high-efficient PSCs with the 
best efficiency of 20.86% have been achieved, with negligible 
photocurrent hysteresis. In addition, the cation-immobilized 
perovskite films successfully inhibit the diffusion of iodine ions 
between different layers in PSCs under long-term operation, 
and thus protect the interfaces of transfer layers from diffusion-
caused damage. As a result, the PSCs with rubrene maintained 
98% of the initial efficiency after 720 h operation. This work 
provides an efficient approach to acquire the defectless and 
crystal framework-stable OIPs by introducing the cation–π 
interaction into perovskite materials. It could be expected that 
the cation–π interaction can be broadly applied to other high-
stable optoelectronic applications as well, such as light-emitting 
diodes, photodetectors, and lasers.

Experimental Section
Materials: Methylammonium iodide, formamidinium iodide, and 

2,20,7,70-tetrakis [N,N-di(4-methoxyphenyl)amino]-9,90- spirobifluorene 
were purchased from Xi’an Polymer Light Technology Corp. (Purity: 
99.5%). Lead iodide, rubrene, and SnO2 colloid precursor were 
purchased from Alfa Aesar. N,N-Dimethylformamide (DMF), dimethyl 
sulfoxide (DMSO), and chlorobenzene were purchased from Acros 
Organics (Extra dry).

Solution Preparation: SnO2 solution was prepared according to the 
report of Jiang et  al.[60] 1  mL of SnO2 colloid precursor was diluted by 
5 mL of deionized water. To prepare the perovskite precursor solution, 
0.15 m of FAI, 0.85 m of MAI, and 1.025 m of PbI2 were mixed in 
anhydrous dimethylformamide/dimethylsulfoxide (600  mg/78  mg) 
solution, which was stirred for 2 h at room temperature in the glove 
box. To prepare the various concentrations of rubrene/chlorobenzene 
solution (0–20  mg mL−1), different weights of rubrene were dissolved 
in chlorobenzene, and the rubrene/chlorobenzene solution was stirred 
for 1 h in the glove box. To prepare the HTM precursor, Spiro-OMeTAD 
was solved in chlorobenzene with the concentration of 80 mg mL−1 and 
then tert-butylpyridine (28.5  µL in 1  mL chlorobenzene), and lithium 
bis-(trifluoromethanesulfonyl) imide (8.75  mg mL−1) were added into 
the Spiro-OMeTAD solution as the additives, which was stirred in the 
glove box for 6 h as previous works.[61,62]

Perovskite Solar Cell Fabrication and Characterization: ITO glass 
(10 Ω sq−1) was cleaned by sequential sonication with a detergent 
solution, deionized water, acetone, and isopropyl alcohol for 20  min, 
respectively. After dried by a nitrogen flow, the substrates were treated 
with UV–ozone for 15  min before use. SnO2 films were fabricated by 
spin-coating the precursor solution onto the ITO substrates at 3000 rpm 
for 30 s, followed by annealing at 150 °C for 30 min in air. After cooled 
down to the room temperature, SnO2 films were further treated with 
UV–ozone for 15  min and then transferred into the N2-filled glove 
box. To fabricate perovskite films, the perovskite precursor was spin-
coated directly on the SnO2 substrate at 4000  rpm for 30 s. During 
the spin-coating step, 0.5  mL solution of chlorobenzene with various 
concentrations of rubrene was poured on the surface at 15 s before 
the end. The light-yellow transparent films were converted into the 

Adv. Mater. 2018, 1707583



© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1707583  (9 of 10)

www.advmat.dewww.advancedsciencenews.com

Adv. Mater. 2018, 1707583

brownish-red perovskite films by heating at 130  °C for 15  min. Then 
the Spiro-OMeTAD solution was spin-coated at 4000  rpm for 30 s on 
the perovskite films. Finally, 80 nm Au electrode was evaporated on the 
films.

Current–voltage curves were measured using a source meter (Keithley 
2400) under AM 1.5G irradiation with a power density of 100 mW cm−2 
from a solar simulator (XES-301S+EL-100) by forward (−0.1 to 1.2 V) or 
reverse (1.2 to −0.1 V) scans. The step voltage was fixed at 12 mV and 
the delay time was set at 10 ms. The valence spectra were measured by 
XPS (ESCSLAB 250Xi). All spectra were shifted to account for sample 
charging using inorganic carbon at 284.80 eV as a reference. The steady 
PL spectra of the perovskite films on ITO substrates were measured by 
a spectrometer (Edinburg PLS 980). The EQE was measured using QE-R 
systems (Enli Tech.). TOF-SIMS measurements (Model TOF-SIMS 5, 
ION-TOF GmbH) were performed with the pulsed primary ions from 
a Cs+ (2  keV) liquid-metal ion gun for the sputtering and a Bi+ pulsed 
primary ion beam for the analysis (30  keV). FTIR spectroscopy was 
measured by Horiba Bruker (Germany) from 600 to 4000 cm−1.

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