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perovskite material of methylammonium
lead iodide (MAPbI3) with the formamidinium (FA)-based methylammonium-free
(MA-free) perovskites for the optimal
bandgap and enhanced thermal stability.[10]
Moreover, enormous efforts were devoted to
optimize each functional component of the
PSC device for enhanced performance.[8,9]
Among the efforts, the interfaces
between the perovskite ﬁlm and the charge
transport layers have been specially emphasized and engineered, where interlayers are
usually incorporated for enhanced charge
extraction and suppressed charge recombination.[11–13] In the typical n–i–p structured
PSC device, fullerene derivatives represented by [6,6]-phenyl-C61-butyric acid
methyl ester (PCBM) have been proven as excellent interlayer
species that are deposited on the metal oxide electron transport
layers (ETLs) to boost device performances.[14,15] For instance,
the PCBM interlayers were successfully deposited on TiO2 or
SnO2 ETLs, which effectively enhanced device PCEs and eliminated hysteresis. However, these devices either required fussy
perovskite preparation conditions[16,17] or contained additional
protecting layers for PCBM;[15,18–21] otherwise, the high solubility
of the PCBM species in the common perovskite solvents (such
as N,N-dimethylformamide (DMF), dimethyl sulfoxide, or
γ-butyrolactone) would inevitably affect the quality of the interlayer or even obliterate it in the current layer-depositing sequences.[22] These limitations would certainly complicate the device
fabrication processes and hinder profound understanding of
the functioning mechanism of the interlayer. There were also
attempts to prepare cross-linked fullerene derivatives as interlayers that are more resistant to perovskite solvents; however,
the employment of complex guest molecules and their ambiguous interactions with the perovskite would possibly affect the
resultant device performance.[23–25] Therefore, there is a clear
need to develop a robust fullerene-based interlayer which could
be prepared in a facile manner.
Herein, a novel cross-linked PCBM (CL-PCBM) interlayer is
introduced between the ETL and perovskite layer of the MA-free
PSC, which simultaneously boosts device efﬁciency and stability.
The CL-PCBM interlayer is prepared adopting a simple UV
cross-linking method and mainly contains PCBM dimmers
which show great resistance to perovskite solvents. Further characterization results conﬁrm that the presence of the CL-PCBM
interlayer concurrently improves the quality of the perovskite
ﬁlm formed on it and the charge transfer capability of the

Interfacial engineering is crucial for perovskite solar cells (PSCs) to ensure efﬁcient
charge carrier transfer, and pivotal for device performances. Herein, a novel crosslinked PCBM (CL-PCBM) interlayer at the perovskite/electron transport layer (ETL)
interface of the methylammonium-free PSC device is incorporated. The dimeric
PCBM interlayer prepared using a facile UV cross-linking technique concurrently
improves the quality of the resultant perovskite ﬁlm and the charge transfer
capability of the ETL, leading to signiﬁcantly enhanced device photovoltaic
performances. In addition, the PSC devices integrating the CL-PCBM interlayers
exhibit superior humidity and UV stabilities. The successful employment of
the CL-PCBM interlayer can bring new insight into the design and engineering
of high-quality interfaces for efﬁcient PSCs.

1. Introduction
Organic–inorganic hybrid perovskite materials offer great opportunities to realize highly efﬁcient and cost-effective photovoltaic
devices.[1–3] The unique optoelectronic properties of tunable
bandgap, small exciton binding energy, excellent bipolar carrier
transport capability, and long charge diffusion length have led
the power conversion efﬁciency (PCE) of perovskite solar cells
(PSCs) to record highs.[4–6] The overwhelming enhancements
in device performances mainly derive from the continuous improvements of ﬁlm compositions and morphology and the careful reﬁnements of device conﬁguration.[7–9] For instance, recent
advancements in ﬁlm compositions replaced the benchmark
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ETL underneath. For device applications, the MA-free PSCs
featuring the CL-PCBM interlayers exhibit signiﬁcant improvements in the average and distribution of PCEs as compared with
the reference devices. Remarkably, the devices containing the
CL-PCBM interlayers show largely improved humidity and UV
stabilities which are attributed separately to the higher quality
of the resultant perovskite ﬁlms and the UV-ﬁltration capability
of the CL-PCBM layers. Our work offers a new strategy to prepare
effective interlayers for high-performance PSC devices.

2. Results and Discussions
The SnO2 nanoparticle (NP) layer (40 nm) is introduced as ETL
in this study, and the thin CL-PCBM interlayer (6 nm) is
attached on it to obtain a SnO2/CL-PCBM (SCP) bilayer ﬁlm
(see the cross-sectional scanning electron microscope [SEM]

image in Figure S1, Supporting Information). The preparation
of the SCP ﬁlm contains multiple processing steps, as schematically shown in Figure 1a. Speciﬁcally, the SnO2 NP layer and the
pristine PCBM layer are successively spin-coated on the substrate, which is further exposed to UV irradiation to initiate
the cross-linking reactions. We propose that the UV light would
activate the sp2 (double) bonds on the PCBM monomers and
thus connect the adjacent PCBM molecules via two intermolecular sp3 (single) bonds, leading to the conversion of the pristine
ﬁlm to CL-PCBM layer (Figure 1b).[26,27] Raman spectroscopy
is introduced to investigate the photoinduced polymerization
process of PCBM and conﬁrm the successful cross-linking
of the monomers. Figure 1c shows the Raman spectra of the
pristine and CL-PCBM layers prepared on quartz substrates.
The dominant Raman-active vibrational mode for fullerene
derivatives, the Ag(2) mode, is located at 1465 cm1 in pristine
PCBM, whereas for the CL-PCBM sample, the major Ag(2) mode

Figure 1. Preparation of the CL-PCBM interlayer. a) Schematic illustration of the preparation processes for the SCP ﬁlm. b) Dimeric reaction of the
PCBM molecules. c) Raman spectra of the pristine and CL-PCBM ﬁlms. d) UV–vis absorption spectra of the various ﬁlms before and after DMF treatment
(the ﬁlms are prepared on quartz substrates).
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is located at 1460 cm1 with a minor portion at 1465 cm1.
The differences in the Raman characteristics suggest that the
majority of the PCBM molecules have formed new intermolecular bonds in the conformation as compared with the pristine
PCBM monomers. It was previously reported that under external
conditions such as pressure or light, the fullerene molecules are
distorted and form a denser structure in which the molecules are
bound together by covalent bonds, most likely in a [2 þ 2] fashion.[28] The monomers could be converted into dimers or longer
polymeric chains, which induce 5 or 9 cm1 downshifts of the
Raman characteristics, respectively.[29] The 5 cm1 downshifts
of the Ag(2) mode further indicate the reduction of the electron
density at the intramolecular double bonds and ascertain the
formation of the PCBM dimers, as shown in Figure 1b.[30]
Compared with the pristine sample, the CL-PCBM with the
dimeric structure would possess greater resistance to organic
solvents while retaining the side group for desired electronic
properties.[31] We subsequently verify the enhanced solvent resistance of the CL-PCBM layer using UV–vis absorption spectroscopy. The pristine and CL-PCBM layers are washed with the
common perovskite solvent of DMF, and the UV–vis spectra
of the different samples are shown in Figure 1d. Evidently,
the pristine PCBM ﬁlm is totally bleached after the DMF treatment due to the high solubility of the PCBM monomers in the
organic solvent. In contrast, the CL-PCBM only shows slight
decrease in absorption after the DMF treatment (the difference
could be associated with the minor-portion unreacted PCBM),
which conﬁrms the resistance of the bulk of the ﬁlm to the
dissolution of DMF. The great resistance of the CL-PCBM to
perovskite precursors guarantees the integrity and uniformity
of the interlayer in further device applications.
We carry on to investigate the physiochemical properties of
the CL-PCBM interlayer. Atomic force microscope (AFM) is used
to investigate the surface morphologies of the SnO2 and SCP
ﬁlms. The AMF images, as shown in Figure S2, Supporting
Information, illustrate that the ﬁlm surface ﬂatness is improved
after depositing the CL-PCBM interlayer, as the root mean
square (RMS) roughness value reduces from 1.51 nm for the
SnO2 ﬁlm to 1.09 nm for the SCP ﬁlm. The wettability of the
SCP ﬁlm also differs from that of the SnO2 due to the distinct
ﬁlm composition and morphology, indicated by the much higher
contact angle (CA) of DMF (70.4 for SCP and 13.1 for SnO2 as
shown in Figure S3, Supporting Information). As previously
reported, the change in substrate wettability would directly
inﬂuence the further perovskite crystallization and growth processes.[32,33] X-ray photoelectron spectroscopy (XPS) measurements are conducted to investigate the interaction between the
SnO2 and the CL-PCBM species. Two peaks corresponding to
the Sn 3d5/2 and 3d3/2 orbits are observed in the high-resolution
XPS spectra in the Sn 3d region for both the SnO2 and SCP
samples (Figure S4, Supporting Information). The shifts of
the XPS features toward higher energy direction indicate the
existence of additional negative charges around Sn atoms
in the SCP ﬁlm. This suggests the passivation of the
oxygen-vacancy-related defects at the SnO2 surface with the
Lewis base of carbonyl (C═O) groups in PCBM and is beneﬁcial
for efﬁcient charge shuttling.[34,35] The physiochemical properties of the CL-PCBM layer imply its capability as effective
interlayer for application in PSC devices.
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We subsequently evaluate the inﬂuence of the CL-PCBM interlayer on the quality of the perovskite ﬁlm formed on it. The MAfree perovskite ﬁlms with the composition of Cs0.13FA0.87PbI3
are deposited separately on the SnO2- and SCP-based substrates.
As indicated by the SEM images in Figure 2a,b, the control ﬁlm
formed on SnO2 substrate possesses obvious pinholes and
bumpy surface. Contrarily, the CL-PCBM-based perovskite ﬁlm
is dense and uniform. Unlike previous reports which use nonwetting substrates and obtain larger perovskite grains, the
perovskite ﬁlm prepared on the CL-PCBM interlayer contains
slightly smaller average grain size (Figure S5, Supporting
Information), which could be attributed to the variations in ﬁlm
preparation conditions.[23,32,33] The ﬂatness and uniformity of
the CL-PCBM-based perovskite ﬁlm are further revealed by
the AFM images (Figure 2c,d); the RMS roughness value reduces
from 29.4 nm for the control sample to 20.5 nm for the ﬁlm
prepared on the CL-PCBM interlayer. The differences in the morphology of the perovskite ﬁlms could be ascribed to the different
solvent wettability of substrates. The aforementioned nonwetting
surface of the SCP ﬁlm could suppress heterogeneous nucleation, thus providing denser and more uniform perovskite ﬁlms
which would ultimately beneﬁt the photovoltaic applications.[32]
The crystallographic properties of the control and CL-PCBMbased perovskite ﬁlms are investigated using grazing-incidence
X-ray diffraction (GI-XRD) technique. By integrating the 2D
patterns (Figure 2e), the 1D GI-XRD results are obtained and
shown in Figure 2f. The identical peak position and peak full
width at half maximum (FWHM) values indicate the negligible
inﬂuence of the CL-PCBM interlayer on perovskite ﬁlm crystallinity.[35] We further integrate the diffraction rings corresponding
to the (001) planes in the 2D GI-XRD patterns along the azimuthal direction and the results are presented in Figure S6,
Supporting Information. Interestingly, the peak at the azimuthal
angle of 59 for the control ﬁlm shifts to 52 for the CL-PCBMbased ﬁlm, indicative of altered preferable crystal orientations.[36]
Similar behaviors were observed when doping the perovskite
ﬁlms with various alkali metal cations; the altered crystal orientation was associated with the perovskite crystallization kinetics
and signiﬁcantly inﬂuenced device performances.[37,38] In the
current case, the perovskite crystal growth pattern shows obvious
correlation with the substrate species, which we attribute to the
different wettability of substrates and the change in solvent evaporation kinetics.[39]
We then investigate the inﬂuence of the CL-PCBM interlayer
on the charge transfer process at the perovskite/ETL interface.
The Cs0.13FA0.87PbI3 perovskite ﬁlms are deposited separately
on the substrates of quartz, quartz/SnO2, and quartz/SCP,
and the photoluminescence (PL) spectra of these ﬁlms are shown
in Figure 3a. The perovskite ﬁlm on quartz shows an intense PL
peak centered at 800 nm, whereas the ﬁlm deposited on the
SnO2 layer exhibits a quenched PL characteristic due to the
extraction of the photoinduced charge carriers.[40] An even stronger quenching is observed for the ﬁlm deposited on SCP, indicating the more efﬁcient charge transfer in the presence of the
CL-PCBM interlayer. Time-resolved photoluminescence spectroscopy (TRPL) is introduced to ascertain the superior charge
transfer capability provided by the CL-PCBM interlayer. The
TRPL results are shown in Figure 3b and the ﬁtted lifetime
parameters are shown in Table S1, Supporting Information.
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Figure 2. Morphology and crystal structure of the perovskite ﬁlms. a,b) SEM images, c) AFM images, d) typical AMF height proﬁles (taken at dash
lines in c), e) 2D GI-XRD patterns, and f ) 1D XRD patterns of the control and CL-PCBM-based perovskite ﬁlms.

The average lifetime of charge carriers (τave) gradually reduces
from 76.1 ns for the perovskite/quartz sample, to 35.8 ns for the
perovskite deposited on SnO2, and further to 18.7 ns for the
CL-PCBM-based perovskite ﬁlm. The smallest τave value conﬁrms
the more efﬁcient charge transfer from perovskite to ETL by
integrating the CL-PCBM interlayer.[41] We further investigate
the energy-level alignments at the perovskite/ETL interface to rationalize the different charge transfer capabilities. The valence band
maximum (EVBM) values of the SnO2 and CL-PCBM layers are derived from the ultraviolet photoelectron spectroscopy (UPS) spectra
as shown in Figure 3c,d and the bandgaps (Eg) are estimated from
the Tauc plots in Figure 3e,f. The conduction band minimum (EC)
value of the two species are obtained from EC ¼ EVBM þ Eg, and the
results show that the CL-PCBM layer possesses a shallower EC compared with SnO2. As schematically shown in Figure 3g, the integrating of the CL-PCBM interlayer constructs gradient energy levels,
which would beneﬁt the charge transfer from perovskite to
ETL.[40] It is also noted here that there are possible interactions
between the C═O groups in the CL-PCBM and the Pb0 sites in
the perovskite.[42] These would synergistically contribute to the efﬁcient charge carrier shuttling across the interface.
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The incorporation of the CL-PCBM interlayer concurrently
improves the quality of perovskite ﬁlm and enhances the charge
extraction capability of ETL, which drive us to further investigate
the photovoltaic performances of corresponding PSCs. The devices are fabricated with the conﬁguration of indium tin oxide
(ITO)/SnO2-CL-PCBM/Cs0.13FA0.87PbI3/spiro-OMeTAD/Ag (as
schematically shown in Figure 4a; the control devices are
fabricated without the CL-PCBM interlayer). Figure 4b shows
the cross-sectional SEM image of a typical device containing
the CL-PCBM interlayer. The perovskite ﬁlm formed on the
CL-PCBM interlayer is continuous and uniform with a thickness
of 500 nm. The thickness of the CL-PCBM interlayer is
optimized by adjusting the PCBM precursor concentrations
(Figure S7, Supporting Information). The control device based
on bare SnO2 ETL exhibits a PCE of 18.06% with an open-circuit
voltage (VOC) of 1.00 V, a short-circuit current density ( JSC) of
22.97 mA cm2, and a ﬁll factor (FF) of 78.66% (Figure 4c).
The efﬁciency of the control device is comparable with the
state-of-the-art devices featuring the SnO2/MA-free perovskite
conﬁguration.[10] The best device with the optimal CL-PCBM
interlayer exhibits an elevated PCE of 19.19%, with an VOC of
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Figure 3. Charge transfer at the perovskite/ETL interface. a) The steady-state and b) time-resolved PL spectra of the perovskite ﬁlms deposited on
different substrates. c,d) UPS spectra and e,f ) Tauc plots of the SnO2 and CL-PCBM layers. g) Energy-level alignments at the perovskite/ETL interface.

1.05 V, a JSC of 23.85 mA cm2, and a FF of 76.67%. The
enhancement in PCE is mainly derived from the 50 mV increments in VOC and 0.9 mA cm2 increments in JSC, which could
be attributed to the reduced charge recombination and enhanced
charge extraction at device interfaces.[43] The inﬂuence of the
CL-PCBM interlayer on the device parameters is further conﬁrmed
by the stastical data in Table S3, Supporting Information. The
external quantum efﬁciency (EQE) spectra in Figure 4d further
explain the variation in JSC. Despite the slightly lower EQE in the
UV portion (wavelength <400 nm) due to the absorption of the
CL-PCBM, the device with the interlayer exhibits more efﬁcient
photoelectron responses in the entire visible range of the spectrum. The generally higher IPCE value of the CL-PCBM-based
device could be attributed to the more efﬁcient charge transfer
at the ETL/perovskite interface due to the proper energy-level
engineering as aformentioned, which is in good accordance with
the PL study results.[33] This leads to a higher integrated JSC,
ascertaining the more efﬁcient charge transfer and transportation in the CL-PCBM-based devices. In addition to the improved
PCE, the CL-PCBM interlayer signiﬁcantly reduces the hysteresis
of corresponding devices (Figure S8, Supporting Information),
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mainly due to the efﬁcient charge extraction at device interfaces.[44]
A steady-state PCE of 18.7% is obtained for the CL-PCBM-based
PSC, which is 9.4% higher than the control device (Figure 4e).
We specially note that there is a slight decrease (around 1% of
initial value) in the steady power output of the CL-PCBM device,
which could be possibly ascribed to ion migrations and deserves
further investigations.[45] We further collect the PCEs of 30 devices to investigate the reproducibility (inset of Figure 4e). The
devices featuring the CL-PCBM interlayer exhibit higher average
efﬁciency with a narrower PCE distribution. To elucidate the
charge carrier transfer and recombination processes in the
devices, we further perform electrical impedance spectroscopy
(EIS) investigations. The Nyquist plots in Figure 4f and the ﬁtted
parameters in Table S2, Supporting Information, clearly show
the reduced charge transfer resistance in the CL-PCBM-based
device.[46] The variations in the charge carrier transfer dynamics
in the devices could well explain the enhancements in device
performances.
The inﬂuence of the CL-PCBM interlayer on device stability
is subsequently investigated by aging the different devices
under N2, humidity, and UV exposure conditions, respectively.
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Figure 4. Device photovoltaic performances. a) Schematic illustration and b) cross-sectional SEM image of the device based on the CL-PCBM interlayer.
c) J–V curves and d) EQE spectra of the best devices prepared with and without the CL-PCBM interlayer. e) Steady-state PCEs at the maximum
power output points of the different devices (inset shows the statistical PCE distributions of 30 cells for each group). f ) Nyquist plots of the control
and CL-PCBM-based devices under 1 sun illumination at Voc (inset shows the equivalent circuit and the lines present the ﬁtted results).

The CL-PCBM-based device shows excellent stability under N2
and maintains 94% of its initial PCE after aging for 3300 h,
whereas the control device shows signiﬁcant degradation
(Figure 5a). The CL-PCBM-based device also possesses enhanced
humidity stability: under the relative humidity (RH) of 70  10%,
the device with the interlayer maintains 75% of the initial
efﬁciency, whereas under the same conditions, the PCE of the control device drops to less than 30% of the initial value (Figure 5b).
More encouragingly, the UV stability of the device is also signiﬁcantly improved by introducing the CL-PCBM interlayer
(Figure 5c). The CL-PCBM-based device shows negligible loss
of device PCE after more than 300 h of UV irradiation. The overall enhancements in the stability of the devices could be attributed to the bifacial inﬂuences of the CL-PCBM interlayer, which
is schematically shown in Figure 5d. As aforementioned, the
CL-PCBM interlayer provides ﬂat and pinhole free perovskite ﬁlms.
Energy Technol. 2020, 8, 2000224

The more hydrophobic (Figure S9, Supporting Information) and
defect-less perovskite surface possesses higher resistance to
moisture, which explains the enhanced ambient stability of
the CL-PCBM-based devices.[47,48] Meanwhile, the UV-ﬁltration
capability of the CL-PCBM interlayer further protects perovskite
from degradation (Figure S10, Supporting Information), thus
dramatically enhances the UV stability of corresponding devices.

3. Conclusion
To conclude, a CL-PCBM interlayer is successfully functionalized
at the ETL/perovskite interface, which enables the fabrication
of efﬁcient and stable MA-free PSCs. The CL-PCBM interlayer
is obtained through a dimeric reaction of PCBM monomers
under UV exposure, which shows great resistance to perovskite

2000224 (6 of 9)

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.entechnol.de

www.advancedsciencenews.com

Figure 5. Device stabilities. The PCE evolution of the control and CL-PCBM-based devices aged at different conditions: a) in N2, b) under 70  10% RH,
and c) under UV irradiation. d) Proposed mechanism to rationalize the enhancement in device stabilities.

solvent and is beneﬁcial for further application. The changed
wettability of the interlayer signiﬁcantly inﬂuences the perovskite
crystallization kinetics and enables the successful fabrication of
smooth and pinhole-free perovskite ﬁlms with altered crystal orientations. The presence of CL-PCBM also considerably improves
the charge transfer capability of the SnO2-based ETL through
passivation of oxygen-vacancy-related defects and construction
of gradient energy levels. The improvements in the perovskite
layer and ETL synergistically elevate the PCE of the corresponding MA-free PSC devices and effectively mitigate hysteresis.
More importantly, the devices using the CL-PCBM interlayers
show great resistances to humidity and UV exposure, owing
to the high quality of the perovskite ﬁlms and the protection
of the interlayers.

4. Experimental Section
Materials: The SnO2 nanoparticle solution was purchased from Alfa
Aesar (tin (IV) oxide, 15 wt% in H2O, colloidal dispersion). PCBM was
purchased from JiLin OLED Material Tech Co. Ltd. PbI2 was purchased
from TCI. Formamidinium iodide (FAI) was purchased from Xi’an
Polymer Light Technology Corp. Spiro-OMeTAD was purchased from
Borun Ltd. All other chemicals were purchased from Sigma-Aldrich.
Preparation of SnO2 and SCP Films: To prepare the precursors, 5 mg of
PCBM was dissolved in 1 mL of chlorobenzene and stirred at room temperature overnight, and the SnO2 aqueous colloidal dispersion (15 wt%)
was diluted using deionized water to the concentration of 2.5 wt% and
stirred at room temperature for 2 h. All solutions were ﬁltered by a syringe
ﬁlter before use. The indium tin oxide (ITO) substrates were ultrasonically
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cleaned by deionized water, acetone, and isopropanol, and then treated
with UV-ozone for 10 min. The SnO2 solution was spin-coated onto the
substrates at 3000 rpm for 30 s, and annealed at 150  C for 15 min.
The spin-coating and annealing processes were repeated to obtain the
SnO2-coated substrates. To prepare the CL-PCBM interlayer, the PCBM
solution was spin-coated onto the SnO2 substrate at 4000 rpm for 20 s
in a N2-ﬁlled glovebox and further treated with the UV-light (36 W UV lamp,
365 nm) for 24 h in N2 atmosphere. The preparation of the CL-PCBM layer
for the UV–vis measurements used a precursor concentration of
20 mg mL1 and a substrate of quartz.
Fabrication of Solar Cells: The PbI2 solution was prepared by dissolving
PbI2 powder (1.1 M) in the mixed solvent of anhydrous DMF and dimethyl
sulfoxide with the volume ratio of 4:1 at 180  C. The FAPbI3 solution was
prepared by adding the cooled PbI2 solution into FAI powder. The CsPbI3
solution was prepared by mixing the 1.1 M PbI2 solution with CsI powder.
Cs0.13FA0.87PbI3 precursor solutions were then prepared by mixing appropriate volumetric amount of CsPbI3 and FAPbI3 stock solutions. The
perovskite precursor solution (50 μL) was loaded on the substrates before
spin-coating. The spin-coating process contained two consecutive steps,
with the ﬁrst step spinning at 1000 rpm for 10 s and the second step spinning at 4000 rpm for 20 s. During the second step of spinning, 200 μL of
chlorobenzene was dropped on the rotated substrates to form the intermediate ﬁlms which were further annealed at 100  C for 10 min. To deposit
the HTL layer, the spiro-OMeTAD solution was spin-coated on the perovskite ﬁlms at 3000 rpm for 30 s. The HTL precursor solution contained
72.3 mg of spiro-OMeTAD, 28.8 μL of 4-tertbutylpyridine, and 17.5 μL of
lithium bis(triﬂuoromethylsulfonyl)imide acetonitrile solution (520 mg mL1)
in 1 mL chlorobenzene. 60 nm of Ag was subsequently deposited through
thermal evaporation at the rate of 0.5 Å s1. The active device area was
determined to be 0.0485 cm2 by a nonreﬂective shadow mask. The devices
were placed in a desiccator overnight before characterization.
Characterizations: Raman spectra were recorded by an SR-500I-D2-1F1
Micro-Raman Spectrometer. UV–vis absorption spectra were recorded

2000224 (7 of 9)

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.entechnol.de

www.advancedsciencenews.com
using an Agilent Technologies Cary Series UV–vis–NIR Spectrophotometer. AFM images were taken by a MULTIMODE AFM. CAs
of samples were measured by a SL200KS CA meter. SEM images were
taken by a Joel 7800 SEM. The GI-XRD data were recorded at the
BL14B1 beamline of Shanghai Synchrotron Radiation Facility (SSRF).
The photon energy was 10 keV (wavelength ¼ 1.2398 Å). Steady-state
and time-resolved PL measurements were conducted using a Horiba
Jobin Yvon PL system. X-ray photoelectron spectroscopy (XPS) and ultraviolet photoelectron spectroscopic (UPS) analyses were conducted using
an ESCALANTM 250Xi (ThermoFisher) photoelectron spectroscopy. The
J–V curves were measured using a Keithley 2400 source meter under
AM1.5G illumination of a SS-F5-3A (Enlitech) solar simulator at
100 mW cm2. The light intensity was calibrated using a certiﬁed silicon
diode. All the devices were measured without preconditioning. Steadystate power conversion efﬁciency was calculated by measuring stabilized
photocurrent density under constant bias voltage. The EQE spectra were
obtained using a specially designed system (Enlitech) under DC mode.
The powder XRD patterns (θ–2θ scans) were taken on a D8 advance
powder XRD system (Bruker).

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