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1. Introduction

Organic–inorganic hybrid perovskite optoelectronic materials
have been broadly applied in perovskite solar cells (PSCs) as
the absorber, due to its long carrier lifetime and high absorption
coefficient.[1–6] In the popular PSCs structure, the electron trans-
port layer (ETL) and/or hole transport layer (HTL) play a key role
on the efficient photocarrier separation and extraction.[7–11]

However, the existence of ETL and HTL will complicate the
device structure and limit its application in large-area modules
and flexible devices. Recently, the bipolar transport and self-
doping characteristics of perovskite materials have attracted
more attention. Based on this unique property, the perovskite
homojunction (PHJ) was designed and constructed, which could
bring a built-in filed and realize the carrier separation without
relying on ETL and HTL.[12–15] The reported PHJ shows excellent
research value and application potential in device structure
simplification and efficiency improvement.

PHJ has received extensive research
since it first reported by our group in
2019. We designed and constructed PHJ
through defect management, and further
assembled it into planar PSCs.[15] The
enhancement of carrier separation and
device efficiency has been observed, which
is proved to be mainly derived from the
built-in electric field inside PHJ. This effi-
ciency improvement rooting from the PHJ
also confirmed in subsequent reports.[16–19]

Sun et al. constructed graded bandgap
perovskite with intrinsic n–p homojunc-
tion, which efficiently boosts carrier separa-
tion and finally the efficiency of p–i–n PSC
was improved to 21.4%.[16] In addition,
perovskite dot homojunction with three
layers of CsPbI3 has also been fabricated
by Yuan et al., which facilitated the carrier
separation and extraction due to the addi-

tional driving force of the built-in electric field within PHJ.[18]

In the study of PHJ, researchers have reached a consensus that
built-in electric field plays a crucial role in device efficiency
improvement. However, the poor stability of perovskite materials
still exists in the PHJ, which is a serious threat to the mainte-
nance of the built-in electric field.[20,21]

PHJ is constructed of n- and p-type perovskite layers, which
can be obtained through self-doping and external doping
strategies.[15,22,23] Its stability is threatened by defect concentra-
tion gradient on both sides.[24,25] However, as an innovative
structure, the stability mechanism of PHJ is still ambiguous,
and the main factors leading to the performance degradation
of PHJ devices have not been uncovered. Therefore, it is of great
significance to study the degradation mechanism of PHJ and
develop effective strategies for stability enhancement.

Here, we prepared the PHJ by a combined deposition method,
as we reported previously,[15] and research its stability from both
material and device perspective. The effective defect in n-type
perovskite is called “donor defect,” while the effective defect
in p-type perovskite is called “acceptor defect.” It is found that
the donor defects and acceptor defects (referred to as doping
defects, including MAþ interstitial, I� vacancy, MAþ vacancy,
I� interstitial, etc.) on both sides of the PHJ compensate each
other through interdiffusion, resulting in the weakening of
built-in electric field. Based on this finding, a stability enhancing
method through phenethylammonium iodide (PEAI) modifica-
tion was proposed. Our results provide a technical reference
for enhancing the stability of PHJ and related solar cells, which
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Perovskite homojunction can promote the separation and oriented transportation
of the photocarriers through the built-in electric field, and weaken the dependence
of solar cells on the charge transport layer. Although the perovskite homojunction
shows great advantages in improving device efficiency, it retains the inherent poor
stability of perovskite materials. Herein, it is found that donor defects (MAþ

interstitial, I� vacancy, etc.) in the n-type layer are prone to compensate the
acceptor defects (MAþ vacancy, I� interstitial, etc.) in the p-type layer. This
compensation behavior results from the diffusion of doping defects driven by a
concentration gradient, which leads to the weakening of the built-in electric field.
Furthermore, phenethylammonium iodide is introduced into the perovskite
homojunction to inhibit the defect diffusion, which enhances the stability of the
homojunction and the corresponding solar cells. After modification, the efficiency
of perovskite homojunction solar cells is improved from 8.60% to 9.60%, and
retains 80% (standard �30%) of initial efficiency after 1000 h aging.
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is of significance to the further exploration and application
of PHJ.

2. Results and Discussion

2.1. Perovskite Homojunction and Device Stability

The perovskite films show n- and p-type conductivity under
different growth conditions. Perovskite precursors with excess
lead (II) iodide (PbI2) enlarge the proportion of donor defects
in perovskite films obtained by spin coating method, which then
crystallized downward and converted into n-type perovskite

during thermal annealing. And intrinsic CH3NH3PbI3 film
was obtained with stoichiometric precursor. Meanwhile, PbI2
films about 40 nm thick were deposited on glass by thermal evap-
oration and immersed in methylammonium iodide (MAI) iso-
propanol solution to obtain p-type perovskite films. Detailed
procedures can be found in the method section. The morphology
of three kinds of perovskite films was investigated by scanning
electron microscopy (SEM). The surface of n-doped perovskite
film is smooth and dense, with large grain size of �300 nm,
similar to that of intrinsic perovskite film. However, p-doped
perovskite film has �100 nm fine grain and large surface fluctu-
ation, as shown in Figure 1a. Then, to detect the doping property

Figure 1. Structure and stability of PHJ. a) Top-view SEM images of the n-type, intrinsic, and p-type perovskite films. b) XPS spectra of the valence band
edge region for MAPbI3 films with different molar ratios of PbI2/MAI. The ratio of 1.12 (black) and 1 (red) indicates the n-type and intrinsic perovskite,
whereas the perovskite obtained by dipping PbI2 in MAI (blue) shows p-type characteristics. c) The energetic levels of the corresponding n-type (gray) and
p-type (blue) perovskite films. EF, CB, and VB represent Fermi level, conductive band, and valence band, respectively. d) A cross-sectional SEM image of
PHJ device. The thicknesses of the n-type perovskite, p-type perovskite, and Au electrode are about 700, 60, and 100 nm, respectively. e) J–V character-
istics of n-perovskite/electrode Schottky diode and PHJ solar cells under air mass (AM) 1.5 illumination (100mW cm�2). f ) Long-term stability results of
six PHJ solar cells in N2 filled glove box at room temperature. g) Time-dependent PL mapping images of perovskite film under a continuous electric field
(105 Vm�1). The “þ” and “�” signs indicate the polarity of the electrodes. The excitation power is 10mW and the excitation wavelength is 532 nm.
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of as-prepared perovskite films, X-ray photoemission spectros-
copy (XPS) is carried out on perovskite films. The valence spectra
and the schematic energy level of the perovskite films are shown
in Figure 1b,c. The energy difference between the valence band
and the Fermi level (EF) is 1.21 eV for the n-type perovskite film
with a PbI2/MAI ratio of 1.12 (black), which confirms the n-type
doping due to the perovskite's bandgap of 1.55 eV. And the
0.76 eV (red) and 0.5 eV (blue) energy difference verifies the
intrinsic (PbI2/MAI � 1) and p-type (obtained by dipping PbI2
in MAI) doping characteristics of perovskite films, respectively.
Then, we deposited p-type perovskite film on n-type perovskite
substrate according to the above method to obtain PHJ. It can
be seen from the sectional view that the n-type layer of the
PHJ has a thickness of �700 nm, and the grains run through
vertically, which is similar to the intrinsic perovskite layer
(Figure S1, Supporting Information). The p-type perovskite layer
has a thickness of�60 nm and the cross-sectional morphology of
grains is fine. The boundary between the two layers of perovskite
is obvious and shows the morphological characteristics of
mutant junction.

The photoelectric characteristics and stability of PHJ were
further studied. Perovskite homojunction optoelectronic solar
cells were prepared by adding electrodes (FTO and Au) on both
sides of the p–n homojunction (Figure 1d). And its current
density–voltage (J–V ) characteristics are measured by applying
a voltage to the top Au contact (Figure 1e, blue line). The PHJ
solar cells present J–V characteristics resembling those of a diode
because of the large energy barrier for electron injection from
n-type perovskite layer to p-type layer, which confirms the strong
built-in electric field in the perovskite p–n homojunction. To con-
firm the effectiveness of the PHJ built-in electric field, Schottky
diode with FTO/n-perovskite/Au structure was fabricated and its
J–V curve was tested (Figure 1e, black line). It can be seen that
Schottky diode J–V curve has smaller threshold voltage and
breakdown voltage compared with the PHJ. This indicates that
the built-in field of n-perovskite/electrode is much smaller than
that of PHJ. At the same time, the photoelectric performance
of the PHJ solar cells were characterized, which showed a
photoelectric conversion efficiency (PCE) of �8% (Figure S2,
Supporting Information). It is proved that the PHJ devices have
photovoltaic effect and can realize photoelectric conversion well.
However, the performance of PHJ solar cells is not stable. The
PCE was reduced from 8% to 5% after 20 days of storage in a
N2-filled glove box at (20� 5) �C (Figure 1f ). This corresponds
to the intrinsic stability of the PHJ solar cells, and has nothing
to do with moisture, oxygen, and other external factors.
Therefore, the stability of the PHJ solar cells will be measured
in nitrogen atmosphere to avoid influence of external factors.

To explore the reason of solar cells degradation, we conducted
X-ray diffraction (XRD) characterization of the perovskite films
under the same environmental conditions, and found that the
n-type perovskite maintained almost the same crystal structure
after 10 days aging as the fresh film, without decomposition
(Figure S3, Supporting Information). And the surface morphol-
ogy of p-type perovskite film did not change obviously (Figure S4,
Supporting Information). This proves that the performance
decay of PHJ solar cells is not caused by material degradation.
Furthermore, we observed doping defect migration in the PHJ
using confocal photoluminescence (PL) spectrometer. Doping

defect is a kind of electron recombination center, which can
cause the quenching of fluorescence. Therefore, the aggregation
of doping defects will lead to the attenuation of fluorescence
spectrum, and the diffusion process of doping defects in
perovskite can be reflected by the change of the attenuation
region. We prepared two electrodes on the perovskite film, with
a 200 μm slit between the electrodes; the schematic diagram of
the setup is shown in Figure S5, Supporting Information. A bias
voltage of 20 V was applied between the electrodes, and a
confocal PL spectrometer was used to observe the PL mapping
spectrum of the slit region (Figure 1g). The dark area boundary
in PL Mapping gradually shifts to the negative electrode as time
extends, which represents the doping defects with positive
charge gradually moves along the bias direction. Diffusion of
doping defects may be responsible for the degradation of
PHJ solar cell. In order to reveal the degradation mechanism,
the effect of doping defects diffusion on the photoelectric
performance of the PHJ was further discussed.

2.2. Physical Mechanism of Built-In Electric Field Weakening in
Perovskite Homojunction

The conductive doping of perovskite materials is caused by point
defects in polycrystalline films. Many kinds of point defects are
formed in perovskite polycrystalline films during crystallization,
including vacancies, interstitial, cation substitutions, and antisite
substitutions (Figure 2a). Different defects show different
electrical properties due to their unique electronic structures.
On the one hand, weak electronegative point defects, such as
methylamine interstitial, iodine vacancies, etc., have weak
coulomb binding force of outer valence electrons, and valence
electrons are easy to leave the point defects and become free
electrons in the conduction band. Such point defects are called
donor defects. Donor defects make the conduction electron
concentration in the system increase, becoming the majority car-
rier, forming n-type perovskite film.[13] On the other hand, point
defects with strong electronegativity, such as iodine interstitial,
lead vacancies, etc., can easily obtain valence electrons of covalent
bonds of adjacent lattices and become negative centers. The adja-
cent covalent bond that loses electrons goes on to gain valence
electrons from other covalent bonds, creating a moving hole
in the valence band. Such point defects become the acceptor
defects. Acceptor defects will increase the concentration of
holes in the perovskite system and become the majority carrier,
forming p-type perovskite layer (Figure 2b). When n-type
perovskite and p-type perovskite contact each other, there will
be a carrier concentration gradient at the interface. Main carriers
in the n-type layer will diffuse to the p-type layer driven by this
gradient, leaving positive donor impurities and forming a posi-
tive space charge region. Similarly, there will be a negative space
charge region in the p-type layer. The potential difference
between the positive and negative charge regions causes the
electric field (E-field) from the n region to the p region, which
is the built-in electric field inside PHJ.

The compensation of doping defects by ion diffusion is the
reason for the weakening of the built-in electric field. In the
PHJ, n-type layer has a higher concentration of donor defects
(MAþ interstitial, I� vacancy, etc.), while p-type layer has a higher
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concentration of acceptor defects (MAþ vacancy, I� interstitial,
etc.), which have low migration energy and easy to diffuse
and compensate each other. The diffusion of donor defects from
n-type layer to p-type layer driven by concentration gradient will
decrease the donor concentration of n-type layer and the acceptor
defects in p-type perovskite were compensated. Similarly, the
acceptor defects in the p-type layer also diffused to the n-type
layer (Figure 2c,d). The diffusion compensation behavior of
defects will lead to the decrease of doping concentration on both
sides of the homojunction and eventually result in the weakening
of the built-in electric field.

The weakening of the built-in electric field is the main factor
leading to the degradation of device performance. The photocar-
riers generated in the perovskite absorbent layer diffuse into the
depletion region and drift in a specific direction driven by the
built-in electric field. The built-in electric field inside the perov-
skite layer reduces the recombination rate and promotes the trans-
port of directional carriers.[26,27] In the PHJ solar cell, the built-in
electric field is the main driving force of carrier separation, which
determines the photoelectric conversion efficiency. It means that
the built-in electric field is weakened to failure, which leads to the
decline of the photoelectric performance of the devices.

2.3. Enhanced Stability of PHJ Induced by PEAI

PEAI improved the crystal quality of perovskite film. The n-type
perovskite films were deposited by incorporation of 0.2–1.2%

(mole ratio) PEAI into precursor. The SEM images of n-type
perovskite film with different concentration of PEAI are dis-
played in Figure 3a. Obviously, the grain size increases gradually
with the increase of PEAI doping concentration until 0.8%.
When the content of PEAI reaches 1.2%, the rupture pores
appear in the film. In addition, we characterized the conductive
type of PEAI-doped perovskite film. XPS results showed that
PEAI-doped film still showed n-type doping and p-type doping
(Figure S6, Supporting Information). This is the material basis
for the successful preparation of PHJ.

PEAI can effectively inhibit the doping defect diffusion. On
the one hand, the benzene group (molecular size �0.58 nm)
in PEAI can be embedded in the lattice gap of perovskite, block-
ing the vacancy transition channel of methylamine interstitial.
Moreover, iodide ion diffusion through the gap must be coordi-
nated with the rearrangement of methylamine,[28] which greatly
reduces the mobility of two main donor defects in n-type perov-
skites layer. On the other hand, hydrogen atoms of ammonium
group in PEAI bonded with perovskite iodine atoms in the form
of hydrogen bonds,[29] which strengthened the perovskite lattice,
and enlarge the ion diffusion activation energy.

Suppressed doping defects diffusion was observed by confocal
laser microfluorescence spectra. In the perovskite film without
PEAI doping, an imperceptible bright area boundary in PL map-
ping gradually shifts to the negative electrode with the extension
of time, which represents few donor defects with positive charge
have been compensated (Figure 3b). Further, the boundary

Figure 2. Schematics of PHJ formation and degradation process. a) The schematic defects in MAPbI3. b) Schematic conductivity type conversion of
perovskite films by excess MAI or excess PbI2 and possible point defects caused by composition variation. c) Schematic shows how the built-in electric
field are formed and degraded at the PHJ.

www.advancedsciencenews.com www.solar-rrl.com

Sol. RRL 2022, 6, 2200028 2200028 (4 of 8) © 2022 Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.solar-rrl.com


migration of PL mapping did not occur in the perovskite films
doped with 0.8% PEAI under the same bias voltage. This result
indicates that the donor defects of PEAI-doped perovskite are
evenly distributed in the film, and the diffusion of the ion is
inhibited. Therefore, 0.8% doping concentration was selected
for the following experiments.

PEAI can enhance the stability of the built-in electric field. We
store the PHJ in a nitrogen-filled glove box on a heating plate at
85 �C, without exposure to light. The aging process of the built-in
electric field inside the PHJ devices with and without PEAI mod-
ification was monitored in the form of J–V characteristic curves
and Mott–Schottky curves. Figure 3c,d shows J–V curves of PHJ
devices with and without modification, respectively. We con-
ducted forward and reverse scanning of the device within the
voltage range from �2 to 2 V, and the results had little deviation
(Figure S7, Supporting Information). We found that with the
aging time, the diode characteristics of the pristine PHJ devices
gradually weakened to disappear, indicating that the built-in
electric field gradually weakens under such aging conditions.
On the contrary, the diode characteristics of PEAI-modified

PHJ devices almost unchanged, and the built-in electric field
remains constant. Figure 3e,f are Mott–Schottky curves of
PHJ devices with and without modification respectively. The cor-
responding C–V curves are shown in Figure S8, Supporting
Information. We extend the capacitance curve of the
depletion layer tangentially, and the intercept with the voltage
axis represents the intensity of the built-in electric field.[30] As
the aging time increases, the migration of the cutoff points to
zero proves that the built-in electric field weakens gradually.
For standard solar cells, the built-in field is reduced from 0.75
to 0.5 V. For PEAI-modified solar cells, the built-in field is
maintained at 0.8–0.75 V. This indicates that the modification
of PEAI can significantly improve the stability of the built-in
electric field.

2.4. Enhanced Performance and Stability of PHJ Solar Cells

The modification of PEAI can improve the photoelectric
conversion efficiency of PHJ solar cells. We have prepared
PHJ solar cells (FTO/n-doped perovskite/p-doped perovskite/

Figure 3. Enhanced stability of PHJ by PEAI. a) Top-view SEM images of perovskite film with and without PEAI modification. b) Time-dependent PL
mapping images of PEAI-modified perovskite film. Evolution of J–V characteristics over time for c) standard and d) PEAI-modified PHJ. Evolution of built-
in electric field identified from the Mott–Schottky curves over time for e) standard and f ) PEAI-modified PHJ.
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Au) with an area of 0.1 cm2. Detailed preparation procedures are
described in Experimental Section. The photovoltaic perfor-
mance of the PHJ solar cells with and without PEAI modification
was measured under AM1.5G 1 sun illumination in reverse
direction. Figure 4a exhibits the current–voltage plots of the solar
cells with (red) and without (black) PEAI modification. The
detailed photovoltaic parameters of short-circuit current density
(JSC), open-circuit voltage (VOC), fill factor (FF), and photoelectric
conversion efficiency values (PCE) are summarized in inserted
table. The best device among the standard PHJ solar cells
achieved a PCE of 8.6% with a JSC of 22.12mA cm�2, a VOC

of 0.63 V, and an FF of 61.88%. And the PEAI-modified solar
cells achieved a PCE of 9.6% with a JSC of 22.38mA cm�2, a
VOC of 0.68 V, and an FF of 63.11%. These results indicate that
the modification of n-type perovskite by PEAI can significantly
improve the PCE of PHJ solar cells. Besides, the stabilized elec-
tric power output and the photocurrent density at the maximum
power point are measured over a period of 500 s (Figure 4b). By
holding a bias near the maximum power output point (þ0.43 V),
we obtained a stabilized PCE of PEAI-modified solar cells
�9.58%, which is similar to the nonstabilized PCE of 9.6% mea-
sured for the same cell. And the standard one exhibits a stabilized
PCE of �8.52%. The corresponding external quantum efficiency
(EQE) measurements show a high photo-to-current conversion
over 80% in the range of 400–800 nm, which indicates good
utilization of photons in the visible spectrum (Figure 4c). And
the integrated current density of 22.18 and 21.72mA cm�2 for
standard and PEAI-modified solar cells, respectively, is in good
agreement with J–V results. In addition, both solar cells with and
without modification show a narrow distribution of PCE with the

median value of 8.91% and 7.98% (Figure 4d). And the VOC of
PHJ solar cells is distributed between 0.6 and 0.7 V (Figure S9,
Supporting Information). These performance results prove a fact
that the modification of PEAI greatly improves the performance
compared to the standard solar cells, which is consistent with the
quality characterization of perovskite film.

The modification of PEAI enhanced the stability of PHJ solar
cells. We aged the PHJ solar cells at 85�C in nitrogen filled glove
box without light. PEAI-modified PHJ solar cells retained �75%
of their initial PCE after 240 h of aging, whereas standard solar
cells retained �30% (Figure 4e). According to the degradation
mechanisms of PHJ during operation described above, fewer
PEAI in the n-type perovskite film are beneficial for suppressing
doping defects diffusion, which prolongs the operational lifetime
of the solar cells. Furthermore, the long-term stability of the PHJ
solar cells (stored at room temperature under nitrogen atmo-
sphere without light irradiation) was also tested with the statisti-
cal results. This revealed that the PEAI-modified PHJ solar cells
only experienced a 20% PCE loss after 1000 h of aging, whereas a
PCE loss of up to 67% was found in standard solar cells
(Figure 4f ). By comparing the thermal stability and room
temperature stability, it is proved that high temperature will
accelerate the doping defects diffusion in n-type perovskite layer,
leading to the weakening of built-in electric field in PHJ, and
then result in the degradation of device performance.
However, few amounts of PEAI can greatly improve stability
of PHJ solar cells by inhibiting defect movement. Therefore,
PHJ modified with PEAI has a great potential to be adopted
in high-performance devices with enhanced efficiency and
lifetime.

Figure 4. Photovoltaic performance of PHJ solar cells. a) J–V curves, b) the stabilized power output, and c) EQE curves of the champion target PSCs with/
without PEAI. d) The efficiency distribution of 20 target PSCs. e) Thermal stability test results of the standard and modified PSCs (5 each) in N2-filled
atmosphere at 85 �C. f ) Long-term stability results of the standard and modified PSCs (10 each) in N2-filled atmosphere at room temperature.
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3. Conclusion

In summary, we have studied the stability mechanism of
perovskite homojunction and found that the interdiffusion of
doping defects in perovskite layer is the main reason for its
performance degradation. Donor defects (MAþ interstitial, I�

vacancy, etc.) in n-type layer are prone to compensate the accep-
tor defects (MAþ vacancy, I� interstitial, etc.) in p-type layer
driven by the defect concentration gradient. This compensation
behavior will lead to the degradation of built-in electric field and
the corresponding solar cells. Fortunately, we found that PEAI
can effectively inhibit the diffusion of doping defects, which sig-
nificantly improves the stability of the perovskite homojunction
and related solar cells. The modified perovskite homojunction
solar cells retained �75% of the initial PCE (standard �30%)
after 240 h of high-temperature aging at 85 �C. And the long-term
storage life exceeds 1000 h. Our results provide a transport-layer-
free strategy to prepare efficient and stable perovskite solar cells.

4. Experimental Section

Materials: Methylammonium iodide and 2-phenylethanamine iodide
were purchased from Xi'an Polymer Light Technology Corp. (purity:
99.5%). Lead iodide (purity: 99.999%) was purchased from Alfa Aesar.
N,N-Dimethylformamide (DMF) and dimethyl sulfoxide (DMSO) were
purchased from Acros Organics (extra dry).

Fabrication of the Perovskite Homojunction: The perovskite homo-
junction is constructed with n- and p-type perovskite layers. A one-step
spin-coating method was used as to fabricate the n-type perovskite layer
in previous published papers [1]. As to the perovskite precursor solution,
159mg MAI and 517mg PbI2 (molar ratio¼ 1:1.12) were mixed in anhy-
drous dimethylformamide/dimethylsulphoxide (600mg/78mg) solution,
which was stirred at room temperature in a glove box. It was spin-coated
directly on FTO substrate at 4000 rpm for 25 s. During the spin coating
step, 0.5 mL of diethyl ether was poured on the surface at 20 s before
the end. The transparent perovskite films were converted into black films
by heating at 130 �C for 5 min. For depositing the p-type perovskite film on
the n-type film, a new formation method combining evaporating and
dipping processes was developed. PbI2 films with thicknesses of 60 nm
were evaporated directly on the surface of n-type perovskite films.
Then, these films were dipped in 40mgmL�1 MAI/isopropanol solution.
After rinsing with isopropanol, the prepared films were heated at 100 �C
for 1 min. Then the perovskite homojunction formed by n- and p-type
perovskite films was obtained through the above process. For
the PEAI-modified PHJ, 2 mg 2-phenylethanamine iodide (PEAI,
CAS:151059-43-7) powder was added in n-type perovskite precursor
solution. And then it was spin-coated on top of FTO according to the
above method.

PHJ Solar Cell Fabrication: FTO glass substrates were cleaned by
dust-free paper first, and then washed with deionized water, ethanol,
and acetone twice. Then the FTO substrates were dried by blowing with
high-purity nitrogen. After drying in a drying oven at 50 �C for 2 h, the
perovskite homojunction was deposited directly on these substrates by
the process mentioned above. After that, the Au electrode with a thickness
of 100 nm was prepared by the vacuum evaporation equipment. When the
electrode thickness is less than 10 nm, the evaporation rate is maintained
at 0.1 Å s�1. When the thickness is greater than 10 nm, the evaporation
rate is maintained at 0.5 Å s�1 until the 100 nm gold electrode is prepared.

Perovskite Film Characterization: The morphologies of the as-prepared
MAPbI3 films were characterized by SEM (Hitachi SU8010). The chemical
compositions and structures of the perovskite films were analyzed by
XRD (Bruker D8 Advance X-ray diffractometer, Cu Kα radiation
λ¼ 0.15406 nm). 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 Mott–Schottky
curves of the solar cells were measured by an electrochemical workstation
(Zahner Zennium).

PHJ Solar Cell Characterization: Current–voltage curves were measured
using a source meter (Keithley 2400) under AM1.5 G irradiation with a
power density of 100mW cm�2 from a solar simulator (XES-301Sþ EL-
100). The scanning speed was 2mV s�1, the scanning range was (�0.1
to 1.2 V), and the test was performed at room temperature (20� 5) �C.
The step voltage was fixed at 12mV and the delay time was set at
10ms. The light intensity was calibrated by a standard silicon cell (the
KG-5 mono-Si cell). All of the solar cells had no encapsulation and were
tested in ambient air (20� 5 �C, �40% humidity) and employed a mask
with an aperture area of 0.1 cm2. The EQE was measured using QE-R
systems (Enli Tech.). The Mott–Schottky curves of the solar cells were
measured by a electrochemical workstation (Zahner Zennium), the
disturbed AC voltage was 10mV, the frequency was 10 KHz, the step width
was 0.01 V, and the bias voltage range was �0.5 to 1.2 V. For the PL imag-
ing experiments under electric field, 100 nm thickness of gold was depos-
ited by thermal evaporation through a shadow mask on n-type perovskite
films/glass. The electrode distance was 200 μm. The setup used for PL
imaging of perovskite films was based on a confocal microscope (Jade
mat). The specimen was illuminated by a laser with wavelength of either
532 nm (power¼ 10mW), resulting in excitation of free charge carriers.
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