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ABSTRACT: State-of-the-art, high-performance perovskite solar cells (PSCs) contain a large
amount of iodine to realize smaller bandgaps. However, the presence of numerous iodine
vacancies at the surface of the film formed by their evaporation during the thermal annealing
process has been broadly shown to induce deep-level defects, incur nonradiative charge
recombination, and induce photocurrent hysteresis, all of which limit the efficiency and
stability of PSCs. In this work, modifying the defective surface of perovskite films with
cadmium iodide (CdI2) effectively reduces the degree of surface iodine deficiency and
stabilizes iodine ions via the formation of strong Cd−I ionic bonds. This largely reduces the
interfacial charge recombination loss, yielding a high efficiency of 21.9% for blade-coated PSCs
with an open-circuit voltage of 1.20 V, corresponding to a record small voltage deficit of 0.31
V. The CdI2 surface treatment also improves the operational stability of the PSCs, retaining
92% efficiency after constant illumination at 1 sun intensity for 1000 h. This work provides a
promising strategy to optimize the surface/interface optoelectronic properties of perovskites
for more efficient and stable solar cells and other optoelectronic devices.

■ INTRODUCTION

The certified power conversion efficiencies (PCEs) of
perovskite solar cells (PSCs) have recently exceeded 25.0%,1

already surpassing crystalline silicon solar cells, thus becoming
the forefront of photovoltaic technologies and attracting
intense research interest worldwide. To date, state-of-the-art
PSCs with efficiencies over 21% are mainly achieved by
employing a cesium (Cs), rubidium (Rb), methylammonium
(MA), and formamidinium (FA) mixed cation perovskites in
combination with high ratios of iodide.2 In solution-processed
perovskites, several types of deep-level defects, such as
vacancies, are easily formed at the surface of polycrystalline
perovskite films.3−5 These halide vacancies at the surface
instigate interfacial charge recombination, resulting in
detrimental influences over carrier dynamics and incurring
photocurrent hysteresis in PSCs.6−11 In addition, the diffusion
of ionic vacancies is normally accompanied by the migration of
other cations or anions, which facilitates the irreversible
chemical decomposition of perovskite and limits the long-term
stability of PSCs.12,13 Reducing the degree of halide deficiency
via effective defect engineering or chemical modulation is
ultimately beneficial to achieving further improvements in the
efficiency and stability of PSCs.
Several strategies have been reported to effectively fill or

suppress the formation of the iodide vacancies.14−19 For
instance, excess iodide ions have been incorporated into the
organic cation solution of a two-step deposition method in
order to compensate for the loss of halide anions during the

thermal processing stage and decrease the number of iodide
vacancies in the perovskite layer.14 Alternatively, some metal or
ammonium halides have demonstrated the capability to
suppress the formation of iodide vacancies and/or achieve
multivacancy defect passivation via the formation of hydrogen
bonds,15,16 ionic bonds17,18 or lattice strain relaxation.19,20

However, these strategies mainly focus on healing halide
vacancies by supplying excess halide ions in the bulk perovskite
film. Under thermal annealing conditions, halide vacancies are
readily formed at the surface of the resultant polycrystalline
perovskite films because of the small chemical bonding energy
of Pb−I (142 kJ mol−1) and the volatility of I2 and
methylammonium iodide (MAI).19,21−23 Due to halide
vacancies at the surface resulting in losses through interfacial
nonradiative charge recombination, even a small density of
surface halide vacancies can be highly detrimental to device
performance. To overcome these challenges, an ideal way is to
fill the iodide vacancies using a second coating of excess iodine
ions on the perovskite film surface, while immobilizing these
halide ions at the same time via formation of stronger chemical
bonds.
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We report a strategy to both reduce the perovskite surface
iodide deficiency and suppress the surface iodide vacancy
formation via a simple treatment with cadmium iodide (CdI2).
The surface iodide vacancies are effectively filled by CdI2, and
incorporated Cd2+ ions, to a large extent, prevent the loss of
iodide ions owing to the formation of Cd−I ionic bonds with
stronger bonding energy, relative to Pb. This surface
modification strategy resulted in significantly enhanced
efficiency and stability of blade-coated PSCs, achieving a
high, stabilized open-circuit voltage (Voc) up to 1.20 V,
corresponding to a record small Voc deficit of 0.31 V. The
resultant PSCs with CdI2 surface treatment exhibited excellent
long-term operational stability with 92% of their original PCE
retained after 1000 h of continuous 1 sun illumination.
Incorporation of a relatively large amount of Cd2+ ions (2.0
mol %) into a mixed cation perovskite has been demonstrated
to reduce the lattice strain throughout the bulk perovskite film
for improved stability.19 Distinguished from this, we aimed to
employ an effective surface treatment with only 300 ppm of
CdI2 to reduce the detrimental surface halide deficiencies of
iodide-based perovskite films via synergistic functions of both
filling the halide vacancies for reduced interfacial recombina-
tion loss and immobilizing the halide anions for enhanced
operational stability, which is beneficial to improve both the
efficiency and stability of the blade-coated PSCs.

■ RESULTS AND DISCUSSION
In this study, we employed a perovskite composition with
quadruple cations of Rb+, Cs+, FA+, and MA+ due to its
optimal bandgap and excellent optoelectronic performance.2

The control perovskite films were fabricated via a previously
reported one-step blade-coating method.24−26 Once the
perovskite film was prepared, a facile CdI2-coating strategy
was applied, whereby 0.3 mg mL−1 CdI2 dissolved in isopropyl
alcohol (IPA, a common antisolvent for perovskite) was spin-
coated on top of the perovskite film followed by thermal
annealing. We propose the most plausible working mechanisms
for how the CdI2 surface treatment can reduce the surface
halide deficiency of blade-coated perovskite films, as illustrated
in Figure 1. First, isovalent Cd2+ has a smaller ionic radius (95
pm) than Pb2+ (119 pm) and therefore could be homoge-
neously incorporated into the bulk of mixed cation perovskite
by partially substituting the Pb2+ ions, thus forming a highly

stable perovskite structure (i.e., with a tolerance factor close to
1).27 The successful incorporation of Cd within the local lattice
of perovskite has been confirmed in a perovskite single crystal
with Cd/Pb atomic ratio of 0.08.19 When less than 5 mol % Cd
was added to the perovskite ink, the main (110) characteristic
X-ray diffraction peak of the resulting thin films shifted to a
higher 2θ position, relative to the control, implying the
successful incorporation of Cd into the perovskite crystal
lattice (Figure S1). The blurred (110) peak with two tips may
indicate phase segregation, a phenomenon normally seen in
mixed cation perovskite films containing Rb and Cs ions.28

Additionally, excessive Cd (>10 mol % relative to Pb) results
in lattice expansion, which can be explained by the
accumulation of Cd at the lattice interstitial sites (Figure
S1). However, the surface treatment of perovskite films by a
small amount of CdI2 (i.e., 0.3 mg/mL in IPA, spin-coated at a
speed of 6000 rpm) shows no apparent change in the
crystalline structure or orientation (Figure S2). It is worth
pointing out that the use of a dynamic spin coating method at
6000 rpm with just 0.3 mg/mL CdI2 solution results in the
introduction of very little Cd but provides vast improvements
in efficiency and stability. Additionally, considering the
encapsulation of devices in future commercialized products,
the minuscule amount of Cd present should not cause any
more of a problem than the Pb in the film. The bond energy of
the formed Cd−I ionic bond was stronger than that of the Pb−
I counterpart owing to the larger electronegativity difference
between Cd and I. In this case, the surface iodide is more
difficult to evaporate and is thus better stabilized. The second
way the CdI2 surface treatment reduces the surface halide
deficiency of blade-coated perovskite films is by filling the
surface iodide vacancies by supplying excess iodide ions. Third,
the Cd ion can serve as appropriate B-site anion, which could
effectively suppress the formation energy of iodide vacancies
by ≥0.5 eV.19 Overall, the beneficial roles of CdI2 surface
treatment can be summarized as filling the surface halide
vacancies, immobilizing the halide anions, and suppressing
vacancy formation.
We carried out an X-ray photoelectron spectroscopy (XPS)

study to investigate the effect of CdI2 modification on the
surface composition. XPS is a surface sensitive technique,
which is normally used to characterize only the top 5 nm of a
material.29 We intentionally measured three spots on each film

Figure 1. A schematic illustration of a blade-coated perovskite film with CdI2 surface treatment. Note: The perovskite film was blade-coated on a
preheated ITO substrate. For CdI2 surface treatment, the CdI2/IPA solution with various concentrations (0.3, 0.6, and 1.2 mg/mL) was
dynamically spin-coated on top of the as-prepared perovskite film.
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surface, and at least three films were measured for each
condition to ensure the reliability of the results. High-
resolution spectra of Pb 4f, I 4d, and Cd 3d regions are
shown in Figure S3. The XPS result shows the presence of Cd
(Cd/Pb atomic ratio is ∼0.14%) on the surface of the CdI2-
treated perovskite film. By normalizing the spectra with respect
to the Pb 4f peak, we compared the I/Pb ratio between control
and CdI2-treated films. In a pure iodide-based control
perovskite, the bulk material theoretical I/Pb stoichiometric
value should be close to 3. However, the average I/Pb ratio for
the pristine perovskite film from the XPS measurement was
just 2.33, indicating that an iodide-deficient characteristic exists
in the neat perovskite film surface made by blading process.
After CdI2 surface treatment, the average I/Pb ratio at the
surface had a statistically relevant increase to 2.85, suggesting
that iodide vacancies on the surface had been effectively filled
by the CdI2 treatment (Figure 2a). Even considering that the
Cd2+ ions can replace the Pb2+ ions to some extent, the I/(Pb
+Cd) ratio at the surface reached ∼2.50, which was higher
than the I/Pb ratio in the pristine perovskite films without
CdI2 treatment. Surface treatment by CdI2 thus mitigates the
loss of iodide during the thermal annealing process of
perovskite film fabrication. Through improving the I/Pb
ratio, the number of vacancies and traps responsible for the

detrimental capture of charge carriers during carrier generation
and charge transport processes is effectively reduced.
To gain more insight into charge-carrier recombination

dynamics with the change of electronic states, we monitored
the steady-state photoluminescence (PL) spectroscopy and
time-resolved PL (TRPL) intensity decay of the glass/
perovskite films with or without CdI2 surface treatment. The
top surface of the CdI2-treated film exhibited a stronger PL
emission (∼3 fold enhancement) relative to the untreated films
at the same excitation intensity (Figure 2b). Since perovskite
materials absorb strongly at short wavelengths, we anticipated
that only the surface of the films (depth <100 nm) was excited
by the 532 nm laser. Hence, the significantly enhanced PL
intensity indicates that CdI2 treatment largely suppressed the
surface nonradiative recombination.30 We also observed
enhancement of PL intensity for the bottom surface of the
CdI2-treated film (Figure S4), despite the treatment being
mainly on the film surface. This can be possibly attributed to
the diffusion of iodide and/or Cd2+ ions along the grain
boundaries during thermal annealing process, which could also
reduce halide vacancies at the bottom surface of perovskite
films. Transient PL decay provides insight into charge
recombination via nonradiative tunnels related to defect
concentration.14,31 The TRPL profiles were fitted with

Figure 2. (a) Relative I/Pb ratio at the surface of control and CdI2-treated perovskite films calculated from the XPS measurements. (b) PL spectra
and (c) TRPL lifetimes of the control and CdI2-treated perovskite films emitted from the film side (i.e., excitation of the top surface).

Figure 3. (a) Relationship between mean PCE and the surface treatment CdI2 concentration. (b) J−V curves of PSCs with or without CdI2
treatment. (c) Stabilized current density and PCE at the maximum power point (1.0 V) of the champion device based on the CdI2-treated
perovskite film. Temperature-dependent conductivity of the perovskite films (d) without and (e) with CdI2 surface treatment. (f) Operational
stability of encapsulated PSCs with or without CdI2 treatment under continuous 1 sun illumination.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://dx.doi.org/10.1021/jacs.9b13418
J. Am. Chem. Soc. 2020, 142, 3989−3996

3991

http://pubs.acs.org/doi/suppl/10.1021/jacs.9b13418/suppl_file/ja9b13418_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b13418/suppl_file/ja9b13418_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.9b13418?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.9b13418?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.9b13418?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.9b13418?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.9b13418?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.9b13418?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.9b13418?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.9b13418?fig=fig3&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://dx.doi.org/10.1021/jacs.9b13418?ref=pdf


biexponential decays for both control and CdI2-treated films.
The relatively fast decay component (τ1) was assigned to the
charge trapping process, while the much slower decay
component (τ2) was assigned to the detrapping or carrier
recombination processes.32 It is noted that the excitation
intensity from the laser was very weak, which only generated a
carrier density of 1013−1014 cm−3 per laser pulse in the
DeltaFlex TCSPC system, meaning the PL transients should
exhibit trapping behavior. A larger, faster initial decay in light
intensity immediately after light excitation indicates a large
number of photogenerated charges are quickly trapped by a
high density of trap states. These trapped charges can
recombine through nonradiative processes or be reemitted to
their respective bands. Treatment by CdI2 increased τ1 from
0.4 to 1.2 ns, suggesting a slower trapping process due to a
lower density of available charge trap states. In addition, we
can estimate what percentage of charges are trapped by
observing the magnitude of the initial PL drop due to charge
trapping. The control perovskite film sees its PL signal reduced
by nearly 98% during the relatively fast decay process (in
Figure 2c, the PL decays nearly 2 orders of magnitude in the
fast decay), indicating that virtually all the charges are trapped
shortly after photogeneration. In the perovskite film treated
with CdI2, we only see a PL reduction of approximately 70% in
the same time frame, suggesting that far fewer charges are
trapped. This result implies that the charge trapping in CdI2-
treated films was greatly suppressed, which can be attributed to
the decreased number of surface vacancy defects after the CdI2
treatment.33

To investigate the influence of CdI2 treatment on photo-
voltaic performance, we fabricated p-i-n planar PSCs with the
following architecture: ITO/HTL/perovskite/ETL/Cu (Fig-
ure S5), where ITO is indium-doped tin oxide, HTL is the
hole transport layer made of poly[bis(4-phenyl)(2,4,6-
trimethylphenyl)amine (PTAA), and ETL is the electron
transport layer made of C60 and bathocuproine (BCP, hole
blocking layer). The thickness of the perovskite absorber layer
is approximately 600 nm (Figure S6). We first investigated the
dependence of the device performance on the CdI2 solution
concentration. The PCE increased significantly with the
maximum performance attained when the perovskite films
were treated with the 0.3 mg/mL CdI2/IPA solution. The
device performance began to drop when the CdI2 concen-
tration increased to 0.6 mg/mL and was very poor at higher
concentrations, possibly owing to insulation induced by
condensed CdI2 (Figure 3a, Figure S7, and Table S1).
The typical J−V curves of the devices with or without 0.3

mg/mL CdI2 surface treatment are shown in Figure 3b and the
corresponding photovoltaic parameters are summarized in
Table 1; CdI2 treatment of the perovskite surface produced an
obvious improvement in device performance. The optimized
control device without CdI2 treatment exhibited an efficiency
of 20.2%. In comparison, the optimized CdI2-treated device
achieved an efficiency of 21.9%, along with a Voc as high as 1.20
V, a short-circuit current density (Jsc) of 23.5 mA cm−2 and a

fill factor (FF) of 77.7% (Figure 3b), with negligible J−V
hysteresis (Figure S8 and Table S2). Devices with CdI2
treatment showed only a slight increase in Jsc, as seen by the
nearly overlapping external quantum efficiency (EQE) spectra
when compared to the control device. In addition, the
integrated Jsc values from the EQE spectra coincided well
with values acquired from the J−V results, with <3%
discrepancy (Figure S9). The greatest photovoltaic parameter
enhancements were for Voc and FF. We attribute this
improvement to the reduction of surface halide vacancy
defects (e.g., iodide) by CdI2 treatment, which enabled better
suppression of interfacial charge recombination.34−36 The best
CdI2-treated device was held and measured at a maximum
power point (MPP) of 1.0 V, stabilizing within seconds,
yielding a stabilized power output of 21.7% under AM 1.5G
illumination (Figure 3c). The statistics of the PCE distribution
confirm that CdI2-treated devices had consistently better
performance and exhibited higher reproducibility (Figure S10).
Defects in perovskites normally induce degradation of the
perovskite films, leading to deterioration of device performance
under illumination.37 Control and engineering of the formation
and migration of vacancy defects at the perovskite surface is
crucial to improving both the performance and stability of
PSCs. The surface treatment by CdI2 was proven capable of
supplementing the deficiency of I−, but we also believe the
strong interaction between I− and Cd2+ is capable of
immobilizing ions to suppress ion migration at the film surface
and thus is beneficial to improve operational stability. Using
temperature-dependent conductivity study, the activation
energy for ion migration (Ea) was calculated using the
Nernst−Einstein relation, described in our previous re-
ports.38,39 Under dark conditions, we found the conductivity
of the control film is dominated by ionic conductivity at a
temperature of 260.8 K with an Ea of 0.247 eV. Treatment with
CdI2 effectively increases the activation temperature in the
dark to 288.0 K and an Ea to 0.262 eV (Figure 3d,e). As
expected, the introduction of a 20 mW cm−2 light bias reduces
the activation temperature and Ea of both samples; however,
the CdI2-treated films again exhibit a higher activation
temperature and Ea, relative to the control (Figure 3d,e).
The increase of Ea with CdI2 treatment confirms that the
introduction of strong Cd−I interactions can effectively
suppress ion migration to reduce the density of iodide
vacancies and improve the stability of the perovskite materials.
We investigated the stability of encapsulated PSCs under
continuous AM 1.5G illumination. The photostability of the
CdI2-treated device was superior to that of the reference cell,
maintaining 92% of the original PCE after 1000 h of
illumination, while the control device only retained 82% of
the initial PCE during the same illumination duration (Figure
3f). The extended stability of CdI2-treated PSCs under
operational condition can be attributed to a decreased
concentration of mobile ionic vacancies or defects and the
effective passivation of defects at the perovskite film surface to
reduce the interfacial recombination losses.

Table 1. Photovoltaic Parameters of PSCs Based on RbCsFAMAPbI3 Perovskite (with an Energy Band Gap (Eg) of 1.51 eV)
with or without CdI2 Treatment under 1 sun Illumination (AM 1.5G, 100 mW cm−2)

PSCs Jsc (mA cm−2) Voc (V) η (%) Average η (%) FF (%) Voc deficit (V)

Control 23.1 1.16 20.2 19.12 ± 1.08 75.2 0.35
CdI2-treated 23.5 1.20 21.9 21.37 ± 0.53 77.7 0.31

aData for the average PCE (η) were calculated from at least 30 devices.
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An astonishing result achieved in this work is the Voc as high
as 1.20 V (stabilized for 10 min) for the CdI2-treated device
(Figure 4a), confirming the highly effective surface passivation
with treatment by CdI2. Estimated from the EQE response
onset at 821 nm (Figure S9), the optical bandgap of the
control perovskite was determined to be ∼1.51 eV. Hence,
there is only an ∼0.31 V Voc loss for these PSCs, which is far
less than crystalline silicon solar cells (0.38 V) and comparable
to GaAs solar cells (0.30 V).40 To the best of our knowledge,
this is, to date, the record for the smallest Voc deficit reported
for PSCs, regardless of fabrication method. To further examine
the effects of CdI2 treatment on the distribution of defects and
recombination dynamics, comprehensive characterization was
performed using admittance spectroscopy and transient
photovoltage (TPV) decay. Admittance spectroscopy is a
well-established method to quantify the trap density of states
(tDOS) in thin-film photovoltaics.8,41 CdI2 surface modifica-
tion dramatically reduced the trap state density, particularly in
the depth region of 0.40−0.55 eV, which corresponded to the
defects at film surface (Figure 4b).8 This result confirms the
beneficial role of CdI2 treatment on reducing the surface
defects, such as halide vacancies, which is favorable for
suppressing interfacial recombination. The carrier recombina-
tion lifetime obtained from the TPV decay measurement
increased from 0.6 μs in the control device to 1.0 μs for the
CdI2-treated device (Figure 4c), underscoring the necessity of
surface vacancy defect reduction in suppressing interfacial
charge accumulation and recombination, thus reducing charge
transfer loss.42 In order to probe the carrier density throughout
the profile of devices, drive-level capacitance profiling (DLCP)
was used while applying alternating current (AC) frequencies
of 100 and 10 kHz. The carrier densities measured at the
higher AC frequency of 100 kHz for the two films are basically
the same, indicating that the CdI2 surface treatment did not
obviously change the doping concentration of the perovskite

film (Figure 4d). On the contrary, at 10 kHz, CdI2 treatment
significantly reduces the carrier concentration at the perov-
skite/C60 interface, indicative of a reduction in trap density
(Figure 4e). As seen for the CdI2-treated perovskite films, the
recombination dynamics are mainly dominated by a radiative
recombination process. In general, a higher radiative
recombination emission efficiency is responsible for achieving
a higher Voc.

43,44 We tested the PSC operating as a light
emitting diode (LED) in the dark and under an applied
electrical bias. The CdI2-treated devices exhibited an almost 5-
fold enhancement in terms of both current efficiency and
brightness (Figure 4f and Figure S11), indicating that
nonradiative pathways in the perovskite layer were largely
suppressed and that interfacial trap-assisted recombination had
been significantly reduced by CdI2 passivation. These
inferences rationalize the extremely high Voc with record
small Voc loss in blade-coated perovskite photovoltaics.

■ CONCLUSIONS

An effective isovalent metal halide surface treatment was
developed to improve both the efficiency and stability of blade-
coated PSCs based on mixed cation perovskite. The excess I−

from CdI2 could effectively fill the iodide vacancies, while the
small Cd2+ ions could partially substitute Pb2+ ions to form
Cd−I interactions, with stronger ionic bonding character
capable of suppressing the formation of halide vacancies. The
CdI2-treated PSCs made by blade-coating exhibited a high
PCE of 21.9% (stabilized power output exceeding 21.7%). The
reduced surface halide deficiency effectively decreased the
density of defects at the surface and substantially suppressed
nonradiative recombination, thus reducing the interfacial
recombination loss to achieve a high Voc of 1.20 V with a
Voc deficit of only ∼0.31 V. The CdI2 treatment retarded the
ions/vacancies diffusion and dissociation, as well as immobi-
lization of the halide anions, which together enhanced the

Figure 4. (a) Stabilized Voc of the champion CdI2-treated PSC as a function of time. (b) The tDOS obtained from admittance spectroscopy
measurement of the perovskite devices with or without CdI2 treatment. (c) Carrier recombination lifetime measured by TPV. Dependence of the
carrier density on the normalized profiling distance for PSCs based on control and CdI2-treated perovskite films measured by DLCP at the AC
frequency of (d) 100 kHz and (e) 10 kHz. (f) Current efficiency of the PSCs with or without CdI2 treatment as a function of applied voltage while
operating as LEDs.
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operational stability of the blade-coated devices. This study
opens a new avenue to mitigate surface point defects and
manage halide anion deficiencies for the fabrication of high-
efficiency, blade-coated PSCs with prolonged lifetime.

■ EXPERIMENTAL SECTION
Materials. Unless stated otherwise, all materials and solvents were

purchased from Sigma-Aldrich. Lead iodide (PbI2, 99.999%),
rubidium iodide (RbI), and cesium iodide (CsI) were purchased
from Alfa Aesar. Formamidinium iodide (FAI) and methylammonium
iodide (MAI) were purchased from Greatcell Solar.
Device Fabrication. Prior to use, the cleaned ITO glasses (1.5 cm

× 1.5 cm) were treated with UV-ozone (UVO) plasma for 15 min.
The PTAA layer (∼20 nm) and perovskite layer (∼600 nm) were
fabricated successively on the ITO glass via a blade-coating method.24

The Rb0.025Cs0.025FA0.70MA0.25PbI3 perovskite ink (1.2 M) was
prepared by dissolving PbI2, FAI, MAI, CsI, and RbI into DMF
(N,N-dimethylformamide) solvent at the stoichiometry indicated. To
achieve uniform coating of the perovskite film, small amounts of
additives, e.g., methylammonium hypophosphite (MHP, 0.15 wt %),
L-α-phosphatidylcholine (LP, 0.05 wt %), and 1,3-diaminopropane
(DAP, 0.025 wt %) were incorporated into the perovskite ink.24,25 For
each coating, 5−10 μL of perovskite ink was bladed linearly at a speed
of 7.5 mm s−1 on a preheated ITO/PTAA substrate. For the CdI2-
treated sample, the CdI2/IPA solution at various concentrations (0.3,
0.6 and 1.2 mg/mL) was deposited on top of the freshly prepared
perovskite film by dynamic spin coating at 6000 rpm for 30 s,
followed by thermal annealing at 100 °C for 10 min. Finally, the
device assembly was completed by sequential thermal evaporation of
C60 (Nano-C, ∼ 25 nm), BCP (∼8 nm), and Cu electrode (∼80 nm).
Lateral devices used in the temperature-dependent conductivity
measurements were fabricated using similar methods by first
depositing PTAA on glass followed by the perovskite layer, with or
without CdI2 surface treatment. Devices were completed by thermally
evaporating Au electrodes (65 nm) directly on the perovskite surface.
Device Characterization. Scanning electron microscopy (SEM)

images were obtained using a Quanta 200 FEG environmental
scanning electron microscope. X-ray diffraction (XRD) patterns were
recorded with a Bruker D8 Discover Diffractometer with Cu Kα
radiation (1.5406 Å). X-ray photoelectron spectroscopy (XPS) was
conducted on a Kratos Axis Ultra DLD X-ray Photoelectron
Spectrometer with a monochromatic Al Kα source under high
vacuum (10−9 mbar). The J−V measurement of the devices (voltage
scanning rate 0.1 V s−1) and the steady power output under maximum
power output bias (1.0 V) were recorded with a Keithley 2400 source-
meter under simulated AM 1.5G irradiation produced by a xenon
lamp solar simulator (Oriel Sol3A, Class AAA Solar Simulator). The
light intensity was calibrated by a silicon reference cell equipped with
a Schott visible color KG5 glass filter (Newport 91150 V). A
nonreflective shadow mask was used to define a 0.08 cm2 active area
of the PSCs. External quantum efficiency (EQE) spectra were
measured by a Newport QE measurement kit by focusing a
monochromatic light beam with wavelength from 300 to 850 nm
onto the devices. The photoluminescence (PL) spectrum was
measured with a Horiba iHR320 imaging spectrometer at room
temperature. A 532 nm green laser (Laserglow Technologies) with an
intensity of 100 mW cm−2 was used as the excitation source. Time-
resolved photoluminescence (TRPL) was obtained using a DeltaFlex
TCSPC Lifetime fluorometer with a pulsed laser source at 404 nm
(Horiba DeltaDiode 405L; pulse width approximately 45 ps, 1 pJ per
pulse, and ∼8 mm2 spot size); the signal was recorded using time-
correlated single photon counting (TCSPC). The DLCP and tDOS
measurements were performed by using an Agilent E4980A precision
LCR meter. For the DLCP measurement, the direct current (DC)
bias was scanning from −0.2 to 1.2 V for the PS. The amplitude of the
AC biases (δV) ranged from 20 to 200 mV. For each AC bias, an
additional offset DC voltage was applied to keep the maximum
forward bias constant. The measured capacitances (C) at each DC
bias were gathered with a homemade computer program and fitted

with a polynomial function to obtain C0 and C1 from the dependence
of C = C0 + C1δV+ C2(δV)

2 + . . . The carrier density (N) that
includes both free carrier density and trap density is calculated by

N C

q A C2
0

3

2
1

= −
ε

(where q is the elementary charge, ε is the dielectric

constant of the semiconductor, and A is the active area of the
junction). The profiling distance from the junction barrier is given by
εA/C0. For the tDOS measurement, the DC bias was fixed at 0 V and
the amplitude of the AC bias was 20 mV. The scanning range of the
AC frequency was 0.02−2000 kHz. The tDOS (NT(Eω)) is calculated

by using an equation N E( )
qkT

dC
d

V
WT

1 bi= −ω
ω

ω
where W and Vbi are the

depletion width and build-in potential, respectively, which were
derived from the Mott−Schottky analysis of the C−V measurement;
q, k, T, ω and C are elementary charge, Boltzmann’s constant,
temperature, angular frequency, and specific capacitance, respectively.

The demarcation energy ( )E kT ln 0=ω
ω
ω

(where ω0 is the attempt-

to-escape angular frequency that equals 2πv0 T2 (ν0 is the
temperature-independent attempt-to-escape frequency)) is derived
from the temperature-dependent C−f measurements which were
carried out in a Lake Shore Cryotronics probe stage with a Lake Shore
Cryotronics temperature controller model 336. Transient photo-
voltage (TPV) decay was measured under 1 sun illumination and
recorded by a 1 GHz Agilent digital oscilloscope. Temperature-
dependent conductivity measurements were carried out using a
Lakeshore temperature-controlled probe station. A constant bias was
applied to generate a small electric field fixed at 0.4 V/m, and a light
bias of 20 mW cm−2 was applied through a quartz window for light
measurements. Current was measured until it was stabilized, and ion
migration activation energy was calculated using the Nernst−Einstein
relation, using methods we have previously reported.38 For the long-
term photostability test under constant illumination from a 300 W
plasma lamp at room temperature with an adjusted light intensity of
100 mW cm−2, the devices were encapsulated with epoxy and glass
slides. The encapsulated devices were connected to a resistor to make
them operate at the MPP from the start of the stability test. The
device might stay away from the MPP after degradation occurs, which
indicates that the device stability measured at MPP should be actually
longer than what is reported here.
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