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ABSTRACT: Despite their emergence as promising materials for low-cost and efficient energy power generation technology, hybrid
organic-inorganic lead-halide perovskites’ instability towards moisture and heat stress remains a serious obstacle that needs to be
tackled for commercialization. Here, we show improved moisture and thermal stability through the use of cesium oleate to modify
the perovskite/hole transporting material (HTM) interface. Passivation using cesium oleate does not induce the formation of any
low dimensional perovskites, suggesting that the organic species only passivates the perovskite’s surface and grain boundaries. As
a result, enhanced hydrophobic character of perovskite film is realized upon passivation, evidenced by high water contact angle of
107.4 degree and improved stability at ambient condition (relative humidity of ~70%, room temperature). Concomitantly, the
proposed passivation strategy leads to increased amount of cesium concentration within the films, resulting in beneficial enhanced
thermal stability of the film at 85°C. By maintaining the three-dimensional (3D) structure of the solar absorber while concurrently
passivating the interfacial defects and vacancies, improved open-circuit voltage (V,c) and unsacrificed short-circuit current density
(Jsc) were obtained from the treated devices, leading to power conversion efficiencies of over 18%. When stored in a humid envi-
ronment (relative humidity of ~55%), devices with cesium oleate passivation maintain 88% of its initial PCEs after 720 hours, de-
grading two times slower than those of the control. This work offers a strategy of coating 3D perovskites with unique combination
of inorganic cation and long chain organics to provide hydrophobicity and moisture stability to the solar absorber layer, while main-
taining good device performances.
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INTRODUCTION

Over the last few years, perovskite solar cells (PSCs) have undergone a significant surge in efficiency, soaring from 3.8% in 2009
to over 24.2% in 2019.%3 Organic-inorganic lead-halide PSCs emerge from the confluence of many promising properties, including
tunable direct band gap,*® high optical absorption coefficient in visible range’® and long carrier diffusion lengths.>!! Due to its
solution-processability and Earth-abundant starting materials, PSCs are considered low-cost solar technology.'>* However, PSCs
that have been developed are also notoriously unstable, especially over the long-term stability under ambient, atmospheric condi-
tions.'*1¢ This has been ascribed to partly the hydrophilicity of small organic cation as well as low formation energy of the three
dimensional (3D) perovskites.'’-18 Thus, promoting the ambient stability of perovskites has become a key research focus.

Introducing relatively bulkier and more hydrophobic organic species on top of the perovskite layer is one of the primary solutions
to address the material’s intrinsic moisture instability.'*>?* However, such approach often involves the use of organics with ammo-
nium functionality where common examples include butyl ammonium (BA*),* 24 phenyl ethyl ammonium (PEA*),2% 2> 5-ammonium
valeric acid (AVA),?® and cyclohexyl methyl ammonium (CMA*).?” Although they were suggested to be capable of passivating the
small cation vacancy within the 3D perovskite surface or grain boundaries, their presence also tends to induce formation of low
dimensional perovskites due to the templating effect of the ammonium group.2%°
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Figure 1. a.) Molecular structure of cesium oleate used to passivate perovskite film in this study. Blue, red, and brown spheres represent cesium,
oxygen, and carbon atoms, respectively. b) Schematic showing how the organic long chain orientates outwardly to protect the perovskite layer.
Pink spheres represent FA, MA or Cs cations; cyan and yellow ones represent Pb and halide atoms (I or Br) respectively.

As a consequence, since charge conduction in low dimensional perovskites is poorer, the power conversion efficiency of the overall
PSCs often gets compromised, depending on the thickness of the low dimensional perovskite formed. In addition to ammonium-
based organic cation, the accompanying anion has often been halides (bromide and iodide) that are light sensitive and prone to-
wards oxidation.1®-2' 2427 |t has been reported that moisture induced degradation of perovskite can be catalysed by other factors
such as light and oxygen due to degradation of different component of the materials, such as the halides.3%-3!

Motivated to improve the moisture tolerance of the PSCs, without sacrificing their power conversion efficiency, we aim to incor-
porate thin passivation layers that does not affect the perovskite’s three-dimensional structure and does not contain any halide as
the anion. To achieve this, we have selected cesium oleate (Cs-oleate),3?-3> comprising a long hydrocarbon organic endowed with
carboxyl functionality (COO") and small inorganic cation (Cs*) as our passivating agent (Figure 1a). The advantage of using the pas-
sivator is two-fold. First, by using Cs* as cation, low dimensional perovskite formation can be avoided. Instead, the Cs ion can diffuse
into perovskite lattice and passivate the cuboctahedral vacancies of the host 3D perovskites due to its size and mobility. The pres-
ence of extra Cs* upon passivation is expected to improve the thermal stability of the material.3¢-38 Secondly, the presence of car-
boxyl head in the oleate anion opens-up the possibility of it being anchored onto perovskite surface through chemical bonding with
undercoordinated Pb?* moiety. This allows the hydrophobic hydrocarbon chain to be arranged upwardly to protect perovskite film
from moisture, slowing down the degradation of the material under ambient condition (Figure 1b). At the same time, the bonding
with Pb?* serves as passivation towards iodide vacancy, thus reducing the possible trap states within the material’s surface and
grain boundaries.

RESULTS AND DISCUSSION

Our perovskite films are based on the mixed-cation mixed-halide Csgos(MA0o.17FA0.83)0.95Pb(lo.83Bro.17)s composition unless other-
wise stated and were prepared as previously reported.?® Meanwhile, the passivating agent Cs-oleate was synthesized based on a
published procedure3® with little modification and used freshly upon preparation (see Sl). Toluene was employed as the solvent in
our case instead of the more common 1-octadecene because the former has a much lower boiling point and thus would only require
moderate temperature to remove solvent residue. The as prepared Cs-oleate was then spin coated on top of triple-cation perov-
skite, followed by an annealing process to form a hydrophobic layer on top of perovskite film. During the annealing process, color
change of the films could be observed from blue to dark brown which becomes more obvious with higher concentration of the
passivator (see Figure S1)
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Figure 2. a) and b) Contact-angle measurement with water droplets for the pristine and Cs-oleate-passivated perovskite films, respectively. c) UV-
visible light (UV-vis) absorption spectra of passivated and pristine films before and after exposure to ambient condition with relative humidity of
~70% at room temperature for 7 days. Green shaded region indicates the absorption of Pbl, as a byproduct of perovskite degradation. Insets show
photographs of aged perovskite films, demonstrating the enhanced moisture stability in the passivated perovskites. d) Associated glancing-angle
X-ray diffraction (GAXRD) patterns of perovskite films before and after moisture exposure at the same condition as that of c). Consistently, severe
degradation is observed in the pristine perovskite film. Asterisks and crosses denote the major reflections from hydrated perovskite and Pbl,,



respectively. e) GAXRD patterns of passivated and pristine films before and after heat-stress at 85 °C for 4 hours under inert environment. f) Infra-
red spectra of the Cs-oleate-passivated and pristine perovskite films with blue shaded region indicates the C-H stretching of Cs-oleate passivator.
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Figure 3. a) and c) Surface morphology image of the pristine perovskite film and treated with 10 mM Cs-oleate, respectively. b) and d) Associated
topological view of the pristine and treated films.

With Cs-oleate passivation, surface property of perovskite films was observed to change significantly. In order to monitor the
water repellancy, water contact angle measurement was conducted (Figures 2a and 2b).For the bare perovskite film, the contact
angle is 76.7 degree while the contact angle of Cs-oleate passivated perovskite film was found to be significantly higher (107.4
degree), indicating a much higher hydrophobicity profile that could potentially slow down the degradation of perovskite by repelling
moisture from attacking the perovskite surface.

Optical absorption of both pristine and passivated perovskite films before and after moisture exposure was recorded to monitor
the stability of perovskite films (Figure 2c). The films were exposed to ambient condition with relative humidity of ~70% at room
temperature for 7 days. It is clearly seen that over that period of time, the pristine perovskite film degrades much faster, evidenced
by the diminishing visible light absorption of the 3D perovskite and concomitant increase of Pbl, absorbance band at ~500 nm.
Physically, while the bare perovskite film started to turn yellow, the passivated film did not show significant sign of degradation
(Figure 2c, insets). Glancing-angle X-ray diffraction (GAXRD) patterns of perovskite films before and after moisture exposure affirm
the results of UV-vis absorbance data where Pbl, peak at 12.6° increases more significantly in the pristine film than in the passivated
one (Figure 2d) during the testing period. In addition, the peak at 10.6°, believed to derive from perovskite hydrate intermediate,
also shows much higher intensity in the control than the passivated film.* These results attest to the passivating effect of the Cs-
oleate on enhancing the moisture stability of the perovskite at ambient condition.

Treating perovskite films with the passivator will concomitantly increase the cesium content in the materials. As shown in Figure
2e, we found that concentration of Cs-oleate as small as 10 mM is able to improve the thermal stability of perovskite film (Figure
S2 shows the GAXRD patterns of thermal testing of films treated with different concentration of Cs-oleate). Heating the treated film
at 85°C for 4 hours under inert argon atmosphere in the absence of light, 3D perovskite was found to be intact, as evidenced by the
GAXRD patterns of the aged samples. On the other hand, Pbl, peak at 12.6° can clearly be seen in the control films under the same
condition and period of testing. It has been reported that inorganic cesium cation plays a very crucial role in improving stability of
perovskite towards thermal stress.*>42 Thus, our method demonstrates a unique strategy of not only enhancing moisture resistance
of 3D perovskite, but also thermal stability through cesium-doping.

To confirm the presence of Cs-oleate and its interaction with perovskite surface, we compared the Fourier-transform infrared
spectroscopy (FTIR) spectrum of passivated perovskite film to that of bare perovskite film (Figure 2f). New peaks in the range of
2750 and 3100 cm™ are ascribed to the C-H stretching bands in the organic oleate, and thus, it confirms the successful deposition
of Cs-oleate on perovskite film after the spin coating process. The bonding between Cs-oleate and perovskite is assessed by meas-
uring the FTIR peaks of Cs-oleate and Pbl,. Cs-oleate was deposited on top of Pbl; film, and the FTIR spectrum is compared with the
one of pristine Cs- oleate. We found that the C=0 bond stretching in oleate is shifted from 1533 cm™ to 1553 cm™ (Figure S3a),
indicating that the chemical environment of the atoms has changed. In particular, the shift to higher wavenumber is consistent with
bond formation
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Figure 4. a) Glancing-angle X-ray diffraction (GAXRD) patterns, b) Ultra-violet (UV)-visible light absorption spectra, and c) Photoluminescence (PL)
spectra.
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Figure 5. a) Perovskite solar cell architecture. Statistical representation of devices for the standard and Cs-oleate-treated devices for parameters
(b) Open circuit voltage (V,), (c) Short-circuit current (Jsc), (d) Fill factor (FF), and (e) Power conversion efficiency.

between the oleate and Pb?* atom where the bond resonance within carboxyl functionality becomes restricted, leading to stronger
bond stretching (Figure S3b). Moreover, new peaks appear at 1323 cm™ and 1441 cm™, which probably belong to Pb-oleate. We
believe that similar bonding between Pb and oleate has also occurred during the passivation of perovskite films. Such bonding can
then help anchor the organic oleate onto the perovskite surface with preferred orientation where the organic tails is facing outward,
forming a hydrophobic net. Such hydrophobic layer believed to be responsible for protecting the perovskite film from moisture
attachment as has been seen from previously mentioned investigations.

We carried-on probing the effect of different concentration of Cs-oleate towards perovskite films morphological, structural and
optoelectronic properties. The surface morphology of pristine and passivated perovskite films is examined by Scanning Electron
Microscopy (SEM) and Atomic Force Microscopy (AFM; Figure 3). As shown in Figures 3a, b and S4, the films treated with Cs-oleate
feature compact uniform perovskite crystallites with grain sizes in the range of 200-400 nm, comparable if not better than the
untreated film. This suggests that upon spin coating Cs-oleate solution, the 3D perovskite did not undergo reconstruction as no 2D
perovskite was forming during annealing. The organic species instead only passivates the 3D perovskite’s surface and grain bound-
aries rather than diffusing into its layer, as supported by the cross-sectional SEM images depicted in Figure S5. Cs-oleate treatment
was also found to not significantly modify surface roughness of the 3D perovskite (Figures 3c, d, and S6). Concentrations of Cs-
oleate of up to 10 mM still afford films with similar surface roughness to that of standard (25.3 nm of roughness in comparison to
20.5 nm), although a rougher film would be obtained at 40 mM concentration (30.3 nm), suggesting a thicker layer of passivator



could have formed at higher concentration. Table S1 summarizes the change of roughness of perovskite films as the function of Cs-
oleate concentration.

Figure 4a shows the GAXRD profiles of perovskite films with different passivation concentration of Cs-oleate (0 mM, 5 mM, 10
mM, 20 mM and 40 mM). It is worth mentioning that no traces of low dimensional perovskite peaks were detected under XRD even
with 40 mM concentration of Cs-oleate, affirming the notion that the oleate chain just passivates the surface and grain boundaries
of 3D perovskite film, instead of diffusing and forming any low dimensional perovskite species. This demonstrates an advantage of
utilizing oleate chain to passivate perovskite film as it keeps the perovskite 3D structure intact.

From the optical absorption spectra (Figure 4b), as the concentration of passivation increases, the absorption edges of perovskite
films are found to be gradually blue-shifted. This suggests that the relative amount of Cs cations in the bulk perovskite films has
increased after passivation using Cs-oleate. Due to its relatively smaller size, Cs* has no difficulties to diffuse into the perovskite
lattice and this Cs-rich perovskite has larger bandgap compared with control triple cation perovskite, revealing the blue-shift in
absorption edge.

The photoluminescence (PL) of perovskite films with and without Cs-oleate passivation were also examined and the spectra are
depicted in Figure 4c. In agreement with their UV-vis absorption features, upon Cs-oleate passivation, the perovskite films emit PL
peaks at lower wavelength compared with the pristine films.
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Figure 6. a) Current-voltage (J-V) curves of standard and 10 mM Cs-oleate-treated film devices subjected to forward and reverse bias scan direc-
tion. b) Incident photon to current conversion efficiency (IPCE) spectra and integrated current density of the standard and 10 mM Cs-oleate-treated
film devices. c) Stabilized photocurrent density at the maximum power point (PPmax) vs time for the unsealed standard and 10 mM Cs-oleate-
treated devices. d) Evaluation of photovoltaic power conversion efficiencies of unsealed mesoporous devices that were stored under ~55% relative
humidity and dark conditions.

To assess whether the Cs-oleate-passivated perovskite films can enhance the solar cell performance, we fabricate devices based
on an n type—intrinsic—p type (n—i—p) mesoporous heterojunction architecture (Figure 5a). Figure S5 shows the cross-sectional scan-
ning electron microscopy (SEM) images of the solar cell devices prepared with standard triple-cation and Cs-oleate-treated perov-
skite films. The relative thickness of the perovskite layer for both devices was found to be similar at approximately 500 nm.

We studied the influence of passivation on open-circuit voltage (V,.), short-circuit current density (Js.), fill factor (FF) and power
conversion efficiency (PCE) which are summarized in Figures 5b—5e. Cs-oleate passivated devices generally exhibit higher Vo and
FF, resulting in higher PCE as compared to standard devices. The gradual increase of V,.as concentration of Cs-oleate increases up



to 10 mM is believed due to the increment in bandgap, as well as passivation effect towards surface defects of the perovskite layer
that leads to reduced interfacial recombination. Interestingly, the Ji. of Cs-oleate-passivated devices are not greatly affected by the
passivation up to 20 mM. We argue that this can be achieved due to the undisrupted structure of 3D perovskite upon passivation
as no bulky organic cation is used. The charge transport is only compromised when the passivation is increased to 40 mM which is
possibly due to the insulating nature of oleate chains that is lying in between the perovskite/spiro-OMeTAD interface.

The current-voltage (/-V) characteristics of best performing devices of Cs-oleate passivated (10 mM) and pristine perovskites
measured under a simulated air mass (AM1.5) of 1 sun illumination (100 mW cm=2) are depicted in Figure 6a. The device fabricated
with a standard triple-cation perovskite yielded an average PCE of 17.58% with an average Vo, Js., and FF of 1.10 V, 21.15 mA cm™2,
and 75.35%, respectively. The device fabricated with 10 mM modification gave an average PCE of 18.01% with a V. of 1.12 V, J,. of
21.11 mA cm=, and FF of 76.34%. Consistent with the statistical data presented earlier, the passivated device exhibits better Vi,
and FF, while retaining good Js.. The relatively unchanged current collected from device upon Cs-oleate passivation is reflected in
integrated current density from incident photon-to-current conversion efficiency (IPCE) spectra shown in Figure 6b where no major
difference can be observed in comparison to that of control. The IPCE spectra of devices treated with other concentrations of Cs-
oleate and their integrated current density can be found in Figure S7.

Additionally, we compared the reverse and forward scans of the best performance devices of control and 10 mM Cs-oleate-
treated. The device fabricated with 10 mM Cs-oleate-treated films exhibited a V. of 1.12 V, Js. of 21.33 mA cm™2, FF of 76.44%, and
PCE of 18.31%, observed in the reverse scan direction, and a V. of 1.09 V, Jsc of 21.64 mA cm™, FF of 66.67%, and PCE of 15.70% in
the forward scan direction, whereas the standard device exhibited a V,. of 1.10 V, Js. of 21.56 mA cm™2, FF of 74.41%, and PCE of
17.65% in the reverse scan direction and V. of 1.09 V, Js. of 21.64 mA cm™2, FF of 69.53%, and PCE of 16.34% in the forward scan
direction under 1 sun illumination. The reverse scan shows enhanced V., FF, and PCE when compared to forward scan for 10 mM
Cs-oleate-treated and standard devices.

Figure 6¢ shows the stabilized photocurrent density measured as a function of time to compare the performance of Cs-oleate
passivated device and the control device. It was found that device passivated with Cs-oleate displays better stability towards long-
term light soaking as compared to control device. To demonstrate the benefit of having Cs-oleate as the perovskite capping layer
toward moisture, we carried out shelf stability studies of complete devices based on 10 mM and compare it with the standard under
ambient environments at room temperature under relative humidity (RH) of ~55% without any encapsulation. The Cs-oleate pas-
sivated device retained 88% of its original power conversion efficiency after 720 hours while that of control device was dropped to
~69%, which is unsatisfied for practical working condition (Figure 6d). Therefore, the Cs-oleate significantly improved the moisture
and thermal stabilities of perovskite solar cells in agreement with improved stability features of perovskite films discussed prior.

CONCLUSION

In summary, efficient and moisture-stable perovskite solar cells are fabricated by passivating the perovskite film with a layer of
Cs-oleate. The Cs cation filled the vacancies of organic cations on perovskite surface and grain boundaries, while the carboxyl group
in oleate anchored the organic chain to Pb-X framework, significantly improving the moisture tolerance of perovskite. The water
contact angle increased from 76.7 degree to 107.4 degree, indicating that the surface property changed from hydrophilic to hydro-
phobic. For the device performance, Voc and fill factor improved with Cs-oleate treatment due to the passivation of defects. The
overall efficiency also increased with smaller deviation compared to the control devices. Device efficiency of passivated device
retained close to 90% of its initial PCE over 720 hours under 55% RH at room temperature. Therefore, surface passivation using Cs-
oleate is a feasible way to improve the moisture stability of perovskite solar cells with improved performance.
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ACS Publications website.
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Materials synthesis.

Chemicals.

Cesium-oleate was prepared by mixing cesium carbonate (Cs2CO3), oleic acid (molar ratio 1:3) and an-
hydrous toluene in a round bottom flask. The mixture were stirred and heated in 100°C-oil bath until the
Cs2C0O3 was fully dissolved. Measure the volume of the solution to calculate the concentration of Cs-
oleate in toluene. Dilute Cs-oleate solution into 5 mM, 10 mM, 20 mM, and 40 mM with anhydrous

toluene in glovebox.

Methyammonium bromide (MABr), formamidinium iodide (FAI), and cesium iodide (Csl) were pur-
chased from Sigma Adrich. Lead bromide (PbBr2) and lead iodide (Pbl2) were from purchased from TCI

Chemicals.

Thin film and Solar cell fabrication.

Pre-etched FTO substrates (NSG TEC™ 15), with the size of 2.1 cm x 1.7 cm, were ultrasonic cleaned in
detergent, DI water and ethanol consequently for 30 min each. After dried with nitrogen gas, the substrates

surfaces were treated in UV ozone for 15 min before spin coating.

The precursor for TiO2 compact layer was prepared by mixing tetrabutyltitanate, anhydrous ethanol, di-
ethanolamine and DI water (weight ratio 227:890:28:70). The mixture were stirred for 24 hours, followed
by standing for 24 hours. Then the compact TiO2 layer was prepared by spin coating the precursor on FTO
substrates at 5000 rpm and heat treatment at 500 °C for 2 hours. After cooling to room temperature, the
substrates were treated in 20 mM TiCl4 solution for 30 min in oven at 70 °C, followed by the annealing at
500 °C for 30 min. TiO2 paste (DYESOL-30NRD) was diluted in ethanol (1:7 w/w) and kept stirring for
3 hours. Then the solution was spin-coated onto the blocking layer to form a mesoporous TiO: layer. TiCls
treatment was done to the substrates using 20 mM TiCls solution at 70 °C for 30 min. Followed by an-
nealing at 500 °C for 30 min before spin coating perovskite films.

Perovskite solution (1.35 M) was prepared by dissolving Csl, MABr, FAI, PbBr2 and Pblz crystals
(0.05:0.17:0.83:0.17:0.83) in DMSO/DMF mix solvent (volume ratio 1:4). Perovskite solution was
dropped onto prepared substrates and spin coated at 6000 rpm for 30 sec. During spin coating, anti-solvent

of chlorobenzene was dipped onto spinning sample to form smooth films, followed by an annealing pro-
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cess at 100 °C for 60 min. After cooling down to room temperature, Cs-oleate solution of different con-
centration are deposited onto perovskite film at 4000 rpm for 30 s, while the control sample was coated
with bare toluene solvent. After the deposition of Cs-oleate or bare toluene solvent, all the samples were
annealed at 100 °C for 15 min. Samples were cooled down to room temperature and a 70 mg/ml Spiro-
OMEeTAD (in chlorobenzene) solution was spin coated on perovskite film at 5000 rpm for 30 sec. Au

electrodes (~100 nm) were thermal evaporated on samples with the size of 0.2 cm x 0.2 cm.

Instrumentation and Methods

UV-Vis spectroscopy, steady-state photoluminescence (SSPL) spectroscopy, field- emission scan-
ning electron microscopy (FE-SEM), and atomic force miscroscopy (AFM). UV-vis absorption and
SSPL spectra were recorded using a SHIMADZU UV-3600 spectrophotometer, with an integrating sphere
(ISR-3100) in the wavelength range 300-800nm, and Horiba Fluoromax-3 spectrometer, with 0.5nm
wavelength resolution, respectively. Surface morphology and cross-section images of the 2D perovskite
thin films and solar cell devices were recorded using a JEOL JSM-7600F field emission scanning electron
microscope (FESEM), with an accelerating voltage of 5SkV. AFM measurements were conducted using a
Bruker Icon microscope. All measurements were performed in the standard tapping mode with OTESPA -

R3 tips from Bruker.

Time-Resolved Photoluminescence (PL) spectroscopy. The micro-PL setup used is based on a fibre-
coupled microscope system. The excitation path and emission collection come from a VIS-NIR micro-
scope objective (10x, NA= 0.65). Samples were excited with a 40-MHz-repetition-rate, picosecond-pulse
light sources at 405 nm (Picoquant P-C-405B) light-emitting diode, and the spot size was about 10 um.
The time-resolved emitted signal was collected through a fibre-coupled Acton monochromator (Spec-
traPro 2300), to filter the desired wavelength, and detected by Micro Photon Devices single-photon ava-
lanche photodiode (LDH-P-670). The signal was then acquired by a time-correlated single photon count-
ing card (Pico Harp TSCPC module and Picosecond Event Timer 300). Temporal resolution is ~50 ps.

Infra-red (IR) spectroscopy. IR spectra of the samples were measured in transmission mode using a

VERTEX 80V FT-IR Spectrophotometer with an ATR (attenuated total reflectance) accessory and a
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scanning resolution of 4 cm-1s-1. The measurement was carried out under vacuum to minimize the effect

of atmospheric particles of the surroundings.

Glancing angle X-ray diffraction. Glancing-angle X-ray diffraction measurements were conducted us-
ing a Bruker AXS D8 ADVANCE system with Cu Ka radiation (1 = 1.5418A). The XRD spectra were

recorded with an incident angle of 5°, a step size of 0.05°, and a delay time of 1s for each step.

Solar cell devices and incident photon-to-current efficiencies. Photovoltaic characteristics of the solar
cell devices were measured in the reverse scanning direction (from Voc to Jsc), with a sweep rate of 100
mV s, under AM1.5G (100mW.cm™) spectral irradiation from a solar simulator (Newport 91190A) in-
corporating a 450W xenon lamp (model 81172, Oriel) calibrated with a Si reference cell (Oriel PN91150).
Devices were characterized through a 0.09cm? black mask. Incident photon-to-current efficiency (IPCE)
was measured using a photovoltaic quantum efficiency (QE) instrument, PVE300 (Bentham), with a dual
xenon/quartz halogen light source, measured in DC mode, and no bias light was used in the wavelength
range 300 — 800nm. A Coherent OPerA Solo optical parametric amplifier pumped with a Coherent Li-

bra™ regenerative amplifier (50fs, 1kHz, 800nm) was used to generate a 600 nm excitation beam.

Heating time: 15 min

Figure S1. Photographs of a perovskite film treated with Cs-oleate (40mM in this case). Color change
was observed during the annealing process applied upon spin coating, implying the reaction happening

between Cs-oleate and perovskite films.
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Figure S2. Glancing-angle X-ray diffraction (GAXRD) patterns of pristine and Cs-oleate treated perov-

skite films before (a) and after (b) exposure to thermal stress at 85°C for 4 hours under inert atmosphere

environment. Asterix denote peak of Pblz produced upon degradation of the perovskite.
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Figure S3. a) Infra-red (IR) spectra of Pblz, Cs-oleate and Cs-oleate-treated Pbl.. There is a shift in

1553cm! peak to around 1533cm™ which is believed due to binding of the carboxylate group with the

under-coordinated Pb in Pbl2. The coordination causes the C=0 binding to weaken, thus leads to stretch-

ing shift to lower wavenumber as schematically shown in Figure b). Green shaded region shows new

peaks in Cs-oleate-treated Pbl: that appear at 1323cm™ and 1441cm™.
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Figure S4. Top morphological view of field electric scanning electron microscope (FE-SEM) images of
3D perovskites without and with Cs-oleate treatment. a) for control, while b) -e) for 5 mM, 10 mM, 20
mM, and 40 mM Cs-oleate-treated films respectively.

Control 10mM Cs-Oleate

500nm

Figure S5. Cross-sectional view of field electric scanning electron microscope (FE-SEM) images of per-
ovskite solar cells without and with Cs-oleate treatment. a) for control, while b) -e) for 5 mM, 10 mM, 20
mM, and 40 mM Cs-oleate-treated devices respectively. The device architecture is shown in Figure Sa
where mesoporous titanium dioxide (TiO2) and organic Spiro-MeOTAD are used as electron- and hole-
transporting materials, respectively. As can be seen, treatment with Cs-oleate with concentration as high

as 40mM does not cause restructuring of perovskite crystallite grains.
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Figure S6. Topological views of perovskite films control (a and b), treated with SmM Cs-oleate (¢ and
d), 10mM Cs-oleate (e and f), 20mM Cs-oleate (g and h), as well as 40mM Cs-oleate (i and j), as collected

from atomic force microscope (AFM). Summary of each sample’s roughness is presented in Table S1.
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Figure S7. Incident-to-photon-conversion-efficiencies (IPCE) and integrated current density of perov-

skite solar cells without and with Cs-oleate treatment (1 sun; AM1.5).

Table S1. Summary of surface roughness of perovskite films with and without Cs-oleate treatment.

Area of Area of

Sample
(5%5)um?  (10x10)pm?

Control 17.669 nm 20.531 nm

SmM 21.162 nm 23.427 nm

10mM 23.631 nm 25.273 nm

20mM 30.157 nm 30.951 nm

40mM 27.000 nm 30.372 nm
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Figure S8. a) and b) Cross-sectional EDX showing the distribution of elements (cesium, lead, iodine, bromine) in

control and 40 mM Cs-oleate-treated perovskite films. (Purple represents cesium Lal; cyan represents lead Mal;

green represents iodine Lal; red represents bromine Lal) ¢) comparison of Cs* distribution in control (yellow) and

40 mM Cs-oleate-treated (purple) perovskite films.
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Figure S9. Bandgap and Tauc plot for control perovskite film (a) and with Cs-oleate passivation of 5 mM, 10

mM, 20 mM, and 40 mM (b-e).

Blue-shift in photoluminescence

The blue-shift of PL emission in Figure 4c is believed to be resulted from the bandgap change after
Cs-oleate passivation. For 5 mM, 10 mM, 20 mM and 40 mM Cs-oleate-treated perovskite films, the
bandgap is increased in the range of 0.005 to 0.027 eV, compared with control film. Therefore, it
allows a blue-shift in the PL spectra.
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Figure S10. Valence band position of control perovskite film (a) and with Cs-oleate passivation of 5 mM, 10

mM, 20 mM, and 40 mM (b-e).
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Figure S12. Time-resolved PL spectra of pristine and Cs-oleate treated perovskite films.
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Table S2. Summary of photoluminescence lifetime of pristine and Cs-Oleate-treated 3D perovskites.

Tave (NS)
Control 130.7
5mM Cs-Oleate 156.6
10mM Cs-Oleate 139.3
20mM Cs-Oleate 239.2
40mM Cs-Oleate 172.0
Table S3. The dimensions of oleate, BA and PEA.
Phenethylammo-
Oleate Butylammonium
nium
Minimum projection
56.87 A2 20.67 A2 24.96 A2
area
Maximum projection
107.89 A2 34.40 A2 46.76 A2
area
Minimum projection
6.38 A 297 A 3.37A
radius
Maximum projection
10.32 A 4.58 A 5.03A

radius

Effect of Cs' on thermal stability

To understand the effect of Cs on stability, we synthesize MA-oleate and use it for passivation on
triple cation perovskite and study the thermal stability of MA-oleate passivated film. The pristine
film and 10 mM MA-oleate passivated film were annealed at 85 °C under inert environment for 8

hours. The XRD profile of these films are recorded and shown in Figure S13. The results show that
20



no significant improvement in thermal stability was observed after annealing for 8 hrs. This has

highlighted the importance of Cs-rich perovskite surface for enhanced thermal stability.
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Figure S13. Thermal stability of pristine perovskite and 10 mM MA-oleate passivated films (85 °C, 8 hr).

However, we are not able to modify the perovskite just with Cs through surface passivation, because
Csl has extremely low solubility in common solvents, like toluene and isopropanol. As shown in
Figure S14 below, we prepared 10 mM CsI in DMF, DMSO, toluene and IPA. It shows that CsI only
dissolve in DMF and DMSO, but does not dissolve in toluene and IPA for such low concentration.
However, DMF and DMSO also dissolve perovskite, so we couldn’t use these solution to do surface

passivation.
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Figure $14. 10 mM Csl in a) DMF, b) DMSO, c) toluene and d) IPA solvents.

Hysteresis of IV curves

We calculate the hysteresis index based on the following equation.!

Jos(08V,,) — Joc(0.8V,)
Jrs (0-8V,)

hysteresis index =

The hysteresis index for the best device of control and with 10 mM Cs-oleate passivation are 0.05
and 0.11 respectively. We also calculate the average hysteresis index which are 0.11 and 0.13 for
control and with 10 mM Cs-oleate passivation, respectively, which does not show significant differ-
ence.
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