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A heterojunction concept with an n-type self-doped perovskite and a p-type
hole-transport material was proposed for fabricating highly efficient electron-
selective layer (ESL)-free perovskite solar cells (PSCs). The self-doping property
of the perovskite is controlled by defects engineering, which can change from
p- to n-type, and the n-type self-doping degree is tuned serially by precursor
composition and process conditions. Meanwhile, the compact homogenous
and large-grain film morphology is achieved by introducing mixed nonpolar
aprotic solvents to obtain optimal balancing between densification and grain
size. Hence, the ESL-free PSCs with n-type self-doped compact CH3NH3PbI3
film exhibit state of the art performance with the highest efficiency of 15.69%.
Besides, the as-fabricated ESL-free PSCs, which keep their initial efficiencies
for a period of 21 days without degradation, demonstrate better long-term
stability compared to the conventional planar PSCs.
Introduction: Organometallic lead halide perovskite materials
(such as CH3NH3PbI3) are a promising class of light absorbers for
highly efficient and low-cost solar cells. The perovskite solar cells
(PSCs) utilizing this kind of perovskites have made impressive
strides in power conversion efficiency (PCE) from 3.8 to 22.1%
within the last 6 years.[1–6] The PSCs are considered to work on
the p–i–n junction[7–8] with the two typical architectures including
the mesoscopic architecture and the planar architecture. The
mesoscopic PSC evolves from the solid state dye-sensitized solar
cell, which is constructed by a fluorine doped tin oxide (FTO)
electrode, anelectron-selective layer (ESL, alsocalledhole-blocking
layer), amesoporous TiO2 or Al2O3 scaffold, a perovskite absorber,
a hole-transport material (HTM), and a metal electrode, first
reported by N. G. Park et al. in 2012.[9] Subsequently, it is proved
that the mesoscopic scaffold is not necessary for PSCs to achieve
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high efficiency, i.e., a simple planar archi-
tecture incorporating vapor-deposited pe-
rovskite film as absorbing layer enables the
solar-to-electrical PCE of the PSCs of over
15%.[10] To obtain efficient PSCs with
simpler fabrication methods, further sim-
plifying the device architecture is also
possible, because perovskite possesses
ambipolar carrier transport property, which
can functionalize as carrier transport mate-
rials. In this context, HTM-free PSCs are
achieved,whichavoid the fabricationandthe
use of the expensive organic HTMs.[11–14]

Besides the HTM-free architecture, the
ESL (usually using metal oxides, e.g., TiO2,
ZnO) is also not necessary for PSCs to
realize the photovoltaic conversion.[15–18]

The ESL-free PSCs avoid complex fabrica-
tion process of the ESLs, especially the
multiple high-temperature treatment re-
quired for fabricating TiO2 ESL, and have
the high device stability potential (it is reported that TiO2 induces
the decomposition of the perovskite film by its oxygen
vacancies[19]). However, the ESL-free PSCs possess relative
low PCE compared to standard PSCs with full components. One
plausible origin of the low performance of the ESL-free PSCs is
the ineffective electron selection and the resultant carrier
recombination at FTO/perovskite interface, due to the absence of
the ESL. As the PSCs with complete architecture work on the
p–i–n junction, the perovskite film acts as an i-type layer and
yields no selectivity towards the carrier transport. Herein, in ESL-
free PSCs, both electrons and holes can be transported to the
FTO/perovskite interface and recombine there, leading to their
low efficiency. Moreover, the rough and non-uniform perovskite
film induced by the absence of the ESL will generate pinholes
and cause severe recombination, resulting from the shunt paths
between HTM and FTO, which is another cause for the low
device efficiency of the ESL-free PSCs.

Therefore, to obtain highly efficient ESL-free PSCs, efficient
carrier selection and compact homogeneous perovskite film are
crucial. For efficient carrier selection, an asymmetrical p–n
junction in PSCs is essential. In ESL-free PSCs, HTM can select
holes and in consequence, the perovskite is desired to be n-type
for efficient electron selection. Fortunately, it is proved that the
perovskite can be self-doped to n- or p-type by defect
engineering.[20–22] Thereby, the combination of n-type doped
perovskite and HTM (e.g., spiro-MeOTAD) is possible to form
the effective heterojunction for highly efficient ESL-free PSC.
wileyonlinelibrary.com (1 of 7) 1600027
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 For compact homogeneous perovskite film, the key is to improve

its deposition method. The perovskite film, deposited on the
FTO by a typical two-step solution deposition method or the
solvent vapor annealing method, is usually rough, uncompact,
and porous with small-grains. Recently, the one-step solution
deposition method employing consecutive non-polar aprotic
solvent (NPAS) dripping was proposed for fabricating uniform
perovskite films on ESL. The additional NPAS (e.g., diethyl
ether,[23] toluene,[24] chlorobenzene,[25] etc.) is able to enhance
the perovskite pore filling, increase the grain size up to microns
and improve the uniformity of the film. From this viewpoint, the
compact pinhole-free perovskite films for highly efficient ESL-
free PSCs are also probably able to be obtained, utilizing the one-
step solution deposition method by optimizing the consecutive
NPAS dripping.

In this work, we report the realization of self-doped compact
homogenous pure lead halide perovskite (CH3NH3PbI3) film for
highly efficient ESL-free PSCs by constructing an effective p–n
heterojunction. The n-type perovskite is obtained by
self-doping through a low-temperature annealing process
(100–150 �C). The compact homogenous perovskite films were
Figure 1. Schematic illustration of planar perovskite solar cells: (a) the conv
(c) the p–n device with n-type self-doped perovskite. (d) Valence spectra o
annealing temperatures. (e) The energetic levels of the corresponding pero
valence band, respectively; the column colors of orange and blue represent the
concentration (red) and carrier mobility (black) in perovskite films (circle)
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deposited directly on to the FTO substrates by the modified
one-step solution deposition method using mixed NPASs. The
ESL-free PSCs exhibit the highest PCE of up to 15.69%, which
also show a better long-term stability in ambient atmosphere
compared to the conventional planar PSCs.

Results: A schematic illustration of the planar perovskite solar
cells with diffident device architecture is depicted in Figure 1a–c.
The typical architecture is based on a complete p–i–n
heterojunction: the near-intrinsic perovskite film, which acts
as a solar light absorber, is sandwiched between an ESL and an
HTM. Nevertheless, in the ESL-free PSC, because of the lack of
n-type TiO2 compact only p–i junction exists, leading to an
ineffective carrier selection and the resultant low PCE. For highly
efficient ESL-free PSC, constructing an effective p–n hetero-
junction with n-type perovskite and p-type hole-transport
material is crucial. The ability of perovskite to tune its optical
and electronic properties enables a p–n heterojunction ESL-free
PSC to enhance device efficiency.

The self-doping property of the perovskite films was adjusted
by controlling the growth conditions. X-ray photoemission
spectroscopy (XPS) was employed to verify the composition and
entional p–i–n device; (b) the p–i device without electron-selective layer;
f CH3NH3PbI3 films formed by one-step solution method with different
vskite films. (EF, CB, and VB represent Fermi level, conductive band and
p- and n-type, respectively.) (f) Annealing temperatures dependent carrier
and the spiro-MeOTAD film (square) by Hall measurement.
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the valence spectra of the perovskite films under different
annealing temperatures. The valence spectra and the schematic
energy level of the perovskite films are shown in Figure 1d and e.
It can be seen that the energy difference between the valence
band (VB) and the Fermi level (EF) is 0.55 eV in the condition of
the perovskite film without annealing, which reveals the p-type
doping property of the as-prepared perovskite film considering
its energy bandgap of 1.55 eV. With the increase of the annealing
temperature, its EF is shifted close to the conduction band (CB).
For the perovskite film annealed at 100 �C, the energy difference
between VB and EF is 0.84 eV, which reveals its intrinsic, or
lightly n-type doping property. By further increasing the
annealing temperature to 150 �C, the EF shifts up to the location
of only 0.53 eV below the CB, resulting in an obviously n-type
doped film.

Moreover, the doping feature of the perovskite films was also
characterized by Hall effect measurement, which was performed
with four contacts Hall bar method. Figure 1f and Supporting
Information Table S1 show the mobility and carrier concentra-
tion measured by Hall effect of perovskite films fabricated by
varied annealing temperature and the spiro-MeOTAD film. It
can be seen that the doping type of perovskite films with low
annealing temperature (none and 60 �C) is p-type. The
perovskite film at 60 �C becomes closer to the intrinsic, as its
carrier concentration decreases, compared to no annealing
Figure 2. Scanning electron microscope (SEM) images of the CH3NH3PbI3 fi
(d)130 �C, and (e)150 �C. (f) Shows the XRD patterns of the FTO/CH3NH3

Sol. RRL 2017, 1600027 © 2017 WILEY-VCH Verlag GmbH & Co. K
perovskite film. Notably, increasing the annealing temperature
to 100 �C converted the perovskite films from p-type to lightly
n-type with an electron concentration of 2.861eþ10 cm�3. With
the further increase of the annealing temperature, the electron
concentration of perovskite films continues to increase. The
reduced carrier mobility with the annealing temperature of
150 �C can be explained by the formation of PbI2 in perovskite
films (as revealed by the XRD patterns shown in Figure 2f),
because the dopants always serve as charge carrier scattering
centers. The doping feature of as-prepared perovskite films
derives from the defects.[20–22] Pb vacancies and/or I interstitials
are reduced, accompaned by the removing of excess CH3NH3I,
leading to the doping feature from p-typemoderating to n-type of
the films. At high temperature (150 �C), the CH3NH3

þ is easier
to remove, leading to a Pb-rich condition, andmaking the doping
property of the perovskite film n-type. Hence, it is clear that the
self-doped perovskite films with the self-doping property varied
from weak p-type to n-type can be obtained by suitable
treatments.

To confirm the p–n heterojunction and depletion field in the
devices, the Kelvin probe force microscopy (KPFM)[7,28,29] has
been used to map the contact area between the spiro and the
perovskite layers (Supporting Information Figure S1). Figure
S1b and c show an AFM topographic and the corresponding
KPFM potential images, respectively. And the potential line
lms with different annealing temperatures of (a)none, (b)60 �C, (c)100 �C,
PbI3 films with different annealing temperatures.
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 profile in the Figure S1d is extracted from the white line position

in the Figure S1c, which demonstrates the local contact potential
difference (CPD) distribution between tip and sample across the
spiro and perovskite layers. The granular morphology of the
nominally 300–500-nm-thick perovskite can be clearly observed
at the right of the image, which is consistent with the scanning
electron microscope (SEM) result. Toward the left side, the spiro
layer is smooth and flat. The internal interface appears as
straight line in the contact area, indicating a sharp and well-
defined interface between the materials. KPFM measure is thus
sensitive to the surface work functions of the materials.
Assuming that the tip work function remains constant during
a line scan, the CPD reflects the built-in potential of the layers.
From the potential results, the CPD from the spiro toward the
perovskite first increases slowly and then declines rapidly at the
interface, which reveals the continuous change of the electric
field distribution with the p-type spiro and n-type perovskite.
Thus, the CPS profile further confirms the p–n behavior at the
spiro/perovskite interface.

The compact homogeneous and gain-size-suitable perovskite
film is also critical for highly efficient ESL-free PSCs. Hence, the
surface morphologies of as-prepared perovskite films were
characterized. As shown in Figure 2a and b, the perovskite films
without annealing, or annealed at low temperature (60 �C), are
composed of diminutive, dense, and non-uniform grains. In
contrast, compact and uniform perovskite films with large grain
size are formed under a relatively high annealing temperature in
their crystallization process (Figure 2c–e). Remarkably, homo-
geneous and pinhole-free perovskite films with large grain size
(�500 nm) are generated at annealing temperatures of 130 and
150 �C (Figure 2d and e). The changes in the morphology reveal
that increasing the annealing temperature favors the formation
of compact and large-grain perovskite film. X-ray diffraction
(XRD) spectra shown in Figure 2f clearly reveal the good
crystallinity of the as-prepared perovskite films. The strong
diffraction peaks of 14.0�, 20.1�, 28.4�, and 31.7�, attributed to
the (110), (200), (220), and (310) lattice planes of the
orthorhombic perovskite, respectively, can be clearly observed
in all of the perovskite films. The diffraction peak of PbI2 at
12.56� is only observed in perovskite film at the annealing
temperature of 150 �C, indicating the partial decomposition of
the perovskite film to PbI2 at 150 �C.

The compact homogeneous and gain-size-suitable perovskite
films result from the use of the mixed NPASs in the film
prepared by a one-step solution deposition method. In the one-
step solution deposition method, introducing an NPAS is an
effective and facile method to obtain uniform and dense
perovskite films with large grain size, which promote the rapid
formation of perovskite grains by removing the residual solvent
in the perovskite precursor solution. We improved the method
by introducing mixed NPASs, which are proved to be more
effective in removing the residual solvent and favor the
formation of compact homogeneous perovskite films with
suitable grain size (Supporting Information Figure S2). The
perovskite film with pure diethyl ether shows a compact smooth
surface and a small grain size. When adding a certain ratio of
chlorobenzene, the grain size turns large, while the surface
shows rough-borders or rings. In the case of pure chloroben-
zene, the grain size is about 1mm but the film is not very dense.
0027 (4 of 7) wileyonlinelibrary.com © 2017 WILEY-VCH
Hence, the densification and grain size of perovskite film should
be properly adjusted and balanced for optimum performance.
The optimized mixed NPASs include diethyl ether and
chlorobenzene, with volume ratio of 4:1, enabling the formation
of the compact homogenous perovskite film with the highest
absorption intensity (Supporting Information Figure S3).

The as-prepared perovskite films are utilized to fabricate
ESL-free heterojunction PSCs. The schematic device structure is
shown in Figure 3a, which consists of FTO/perovskite/HTM
(spiro-MeOTAD)/Au. The representative photocurrent density–
voltage (J–V) curves of the ESL-free PSCs, based on the
perovskite films with different annealing temperatures, are
shown in Figure 3b. The photovoltaic parameters of the PSCs,
including the short circuit current density (JSC), the fill factor
(FF), the open circuit voltage (VOC), and the power conversion
efficiency (PCE), are summarized in Table 1. With increasing
annealing temperature from none to 130 �C, corresponding to
the change of the perovskite from p- to n-type, the JSC and FF of
the PSCs are significantly increased, leading to the impressive
increase in the PCE from 3.89 to 14.56%. Moreover, the VOC also
increases from 0.95 to 1.04 V with increasing annealing
temperature of the perovskite, which can be ascribed to the
enhanced n-type doping property of the perovskite and
consequently an enhanced electric field in the heterojunction.
The device performance is lowered by further increasing the
annealing temperature to 150 �C, and by the partial decomposi-
tion of the perovskite to PbI2, which increases the resistance and
the carrier recombination in perovskite film.

From the J–V characteristics, it can be seen that the n-type self-
doped perovskite exhibits better device performance, which can
be well explained by the device working principle of the ESL-free
PSCs based on n-type doped perovskite. Figure 3c shows
the schematic energy level diagram and the working principle of
the PSCs. Photons are absorbed by the perovskite and the free
carriers (electrons and holes) are generated in the perovskite
film. An electric field can be established in the n-type doped
perovskite, which drives the electrons to the cathode, and the
holes to the HTM followed by their transportation to the Au
anode through the HTM. Hence, both electron and hole
selection are efficient in the PSCs with the n-type doped
perovskite, enabling their high device performance. For p-type or
intrinsic perovskite, both electrons and holes can diffuse to the
cathode, and recombine at perovskite/cathode interface, leading
to their low device efficiency. Moreover, as the Fermi level of the
perovskite can be varied by thermal annealing, the built-in
potential across the heterojunction and the VOC of the PSCs can
also be optimized. Therefore, with enhanced n-type doped
perovskite film (high annealing temperature), the VOC is
increased consistently.

Moreover, to investigate the effect of self-doping property of
the perovskite films on carrier extraction dynamics in PSCs,
time-resolved photoluminescence (TRPL) decays are employed.
TRPL decay profiles for perovskites with different doping types
(Figure 4) varies with the doping type, as their lifetime first
decreases with perovskite changing from p-type (none anneal-
ing) to lightly n-type doped (annealing at 100 �C), and then
increases with the perovskite becoming n-doped (annealing at
150 �C). This similar trend has been reported in our previous
work,[22] which can be explained by the recombination
Verlag GmbH & Co. KGaA, Weinheim Sol. RRL 2017, 1600027
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Figure 3. (a) Device architecture of the perovskite solar cells without electron-selective layer and schematic illustration of the change in self-doping
property of the perovskite film. (b) J–V curves of electron-selective layer-free perovskite solar cells with different perovskite annealing temperatures.
(c) Energy level diagram of the electron-selective layer-free perovskite solar cells.
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mechanism inducing the PL decay in the perovskite films. With
depositing (spiro-MeOTAD) on the perovskite film, hole
extraction occurs at perovskite/HTM interface, leading to the
accelerated decay in PL intensity. As shown in Figure 4, theHTM
shows a stronger quenching effect (better hole extraction) on the
n-type perovskite film than on the p-type doped perovskite film,
revealing the establishment of the perovskite/HTM hetero-
junction with n-doped perovskite for enhanced hole extraction at
perovskite/HTM interface. The enhanced hole extraction
reduces the carrier recombination at the perovskite/HTM
Table 1. Photovoltaic parameters extracted from J–V curves of
electron-selective layer-free perovskite solar cells with different
perovskite annealing temperatures.

PSCs Jsc (mA cm�2) FF Voc (V) PCE (%) Max. PCE (%)

None 7.66 0.53 0.95 3.89 4.45

60 �C 14.50 0.33 0.99 4.76 4.93

100 �C 16.26 0.50 1.00 8.24 9.46

130 �C 23.21 0.61 1.03 14.56 15.69

150 �C 22.58 0.58 1.04 13.67 13.87

Sol. RRL 2017, 1600027 © 2017 WILEY-VCH Verlag GmbH & Co. K
interface and inside the perovskite film, leading to the improved
photovoltaic performance of the ESL-free heterojunction PSCs
with n-type perovskite.

The efficiency distribution of the PSCs with perovskite film
annealed at 130 �C and using the mixed NPASs ratio of 4:1 vol
between diethyl ether and chlorobenzene is shown in Support-
ing Information Figure S4. The parameters are obtained from 65
individual devices fabricated with the same process. The VOC

values are highly reproducible and in excess of 1.0 V, and the
average JSC values are around 21mAcm�2. The FF values are
generally higher than 55%, which exceed other reports in this
architecture,[15–17] leading to an average PCE of 13.2%. Hence,
the ESL-free heterojunction PSCs with n-type doped perovskite
present stable reproducibility and high device performance.

The highest efficiency achieved by the ESL-free PSCs is
15.69% (as shown in Figure 5a). The high PCE of 15.69% makes
this PSC one of the highest performing ESL-free PSCs reported
to date. It is also worth noting that the high efficiency of 15.69%
of the as-fabricated ESL-free heterojunction PSCs is obtained
utilizing all-solution processes without any extremely high
temperature processing, which is beneficial for the commercial-
ization of the PSCs. Figure 5a inset presents the external
quantum efficiency (EQE) spectrum of the ESL-free
GaA, Weinheim wileyonlinelibrary.com (5 of 7) 1600027
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Figure 4. Time-resolved photoluminescence decay profiles excited by a
485 nm pulse laser and obtained at 760 nm for the FTO/perovskite
(MAPbI3)/PolymethylMethacrylate (PMMA) and FTO/MAPbI3/spiro-
MeOTAD/PMMA films.
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heterojunction PSC, which shows an EQE around or higher than
80% in the full visible light region, indicating the good light and
carrier harvesting efficiency in the ESL-free heterojunction
PSCs. The integrated JSC is 21.56mAcm�2, close to the JSC
(22.97mAcm�2) obtained under AM 1.5G solar simulator. ESL-
free PSCs also exhibit hysteresis and a weak dependence of the
device efficiency on the measurement scanning speeds. The IV-
curves measured at varied scanning voltage steps and delay time
are shown in Supporting Information Figure S5(a). Meanwhile,
the stabilized electric power output and the photocurrent density
at maximum power point measured over a period of 200 s are
shown in Supporting Information Figure S5(b). By holding a
bias near themaximumpower output point (0.81 V), we obtained
a stabilized PSC of 15%, near the measured PCE of 15.55% for
the same cell. Figure 5b shows the cross-sectional image of an
Figure 5. (a) J–V curve of the best performed electron-selective layer-free
illumination. Inset is its EQE spectrum. (b) Cross-sectional SEM images of

0027 (6 of 7) wileyonlinelibrary.com © 2017 WILEY-VCH
ESL-free PSC composed of stacked layers of FTO/CH3NH3PbI3/
spiro-MeOTAD/Au, which highlights the compact large perov-
skite crystallite (�400 nm) and excellent homogeneous surface
coverage of the perovskite layer on the FTO substrate. Hence, the
n-type doped, homogeneous perovskite layer can enable higher
performance of the ESL-free PSCs.

The stability features of the PSCs are also investigated.
Supporting Information Figure S6 shows the long-term stability
of the photovoltaic parameters of the PSCs with and without
ESLs. The PSCs were stored in ambient air without encapsula-
tion under dark conditions. The FF and PCE of the ESL-free
PSCs first increase and then decrease. The VOC of the ESL-free
PSCs remains constant for a long period (21 days). The initial
increase in the performance of the ESL-free PSCs may be
attributed to the stabilization of the FTO/perovskite interface.
The PCE of the non-encapsulated ESL-free PSCs is equally to its
initial value after 21 days. In comparison, the standard planar
PSC shows a 20% decrease in device efficiency. The FTO/
perovskite interface has higher stability than the TiO2/perovskite
interface for perovskite films. The oxygen vacancies in TiO2

induce the decomposition of the perovskite film, causing PSCs
degradation. Hence, it is clear that the as-fabricated ESL-free
heterojunction PSCs possess better long-term stability than the
conventional planar PSCs.

Summary: In summary,wehavedemonstratedaheterojunction
concept with n-type self-doped perovskite film for highly efficient
ESL-free PSCs. The self-doping property of the perovskite films is
controlled bydefects engineering,which changes fromp- ton-type
by increasing the annealing temperature. Meanwhile, compact
homogeneous perovskite films with suitable grain size are
achieved by the modified one-step solution deposition method.
The ESL-free heterojunction PSCs with n-type self-doped and
compacthomogeneousperovskitefilmsexhibit ahighefficiencyof
15.69%, which is one of the highest PCE of the ESL-free PSC
reported yet, together with superior long-term stability. This work
provides an efficient way to construct highly efficient ESL-free
PSCs and highlights the great potential of simplifying the PSCs
device architecture for further commercialization.
perovskite solar cell, measured under simulated AM 1.5 100mWcm�2

ESL-free PSC: FTO/CH3NH3PbI3 layer/spiro-MeOTAD/Au.
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Experimental Section: Fabrication of CH3NH3PbI3 Films and
PSCs: CH3NH3PbI3 films were fabricated using a modified one-
step solution deposition method with consecutive non-polar
aprotic solvent (NPAS) dripping. The perovskite precursor
solution contained 159mg MAI, and 461mg PbI2 in anhydrous
dimethylformamide/dimethylsulphoxide (600mg/78mg) solu-
tion, which was spin-coated directly on the ultraviolet–ozone
treated FTO substrate at 4000 r.p.m. for 30 s. During the
spinning step, 0.5ml of mixed NPASs (diethyl ether/chloroben-
zene, ratio of 5:0, 4:1, 3:2, 2:3, 1:4, and 0:5 vol) was slowly poured
on the spinning substrate 20 s before the end. The substrates
were then annealed at none, 60, 100, 130, and 150 �C,
respectively, for 10min in a nitrogen-filled glove box. For
fabricating PSCs, the HTM layer was deposited sequentially and
Au electrode was sputtered as reported in our previous
work[22,26,27]: after the perovskite annealing, the substrates were
cooled down for a few minutes and a spirofluorene-linked
methoxy triphenylamines (spiro-MeOTAD) solution (70mM in
chlorobenzene) including tert-butylpyridine and lithium bis
(trifluoromethanesulfonyl) imide was spun at 3000 r.p.m. for
30 s. Finally, 80–90 nm of gold top electrode was deposited by
magnetron sputtering.

Characterization: Current–voltagecurvesweremeasuredusinga
source meter (Keithley 2400) under AM 1.5G irradiation with a
power density of 100mWcm�2 from a solar simulator (XES-
301SþEL-100). Themorphologies of the as-prepared CH3NH3PbI3
films were characterized by a scanning electron microscopy (SEM)
(Hitachi S-4800). The chemical compositions and structures of the
films were analyzed by XRD (Bruker D8 Advance X-ray
diffractometer, Cu-Ka radiation λ¼ 0.15406nm). The valence
spectra were measured by X-ray photoelectron spectroscopy
(XPS) (ESCSLAB 250Xi). All spectra were shifted to account for
sample chargingusing inorganic carbon at 284.80 eVas a reference.
Time-resolved photoluminescence (TRPL) decay of the perovskite
films on FTO substrates was measured using a transient state
spectrophotometer (Edinburgh Ins. F900) under the irradiation of a
485nm pulse laser. The external quantum efficiency (EQE) was
measured using QE-R systems (Enli Tech.). The Hall effect was
characterized using a Nanometrics HL5500 Hall System.

Supporting Information: Additional supporting information may
be found in the online version of this article at the publisher’s
website.
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