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Experimental Procedures

Materials

Formamidinium iodide, formamidinium bromide, methylammonium iodide, 

methylammonium bromide, n-butylammonium bromide, n-octylammonium bromide, n-

dodecylammonium bromide, TiO2 paste were ordered from GreatCell Solar Materials.  

Spiro-MeOTAD was ordered from Lum-Tech. Other materials were ordered from Sigma 

Aldrich.

Device Fabrication

ITO glass substrates were cut into 1.4 cm * 1.25 cm and were sequentially cleaned in 

ultrasonic bath with detergent, acetone, and ethanol. Before processing, the substrates were 

cleaned in UV Ozone for 30 minutes. A compact TiO2 layer (70 nm) was deposited on the 

substrates by spinning a solution of titanium(IV) isopropoxide (TTIP) in 2-propanol at 5000 

rpm for 15 s, followed by an annealing step at 500 oC for 30 minutes. A layer of mesoporous 

TiO2 (100 nm) was deposited on the substrates by spinning a solution of TiO2 paste (30NRD) 

in ethanol at 5000 rpm for 15 s, followed by another annealing step at 500 oC for 30 minutes. 

3D perovskite precursor (1 ml) was prepared by mixing of FAPbI2Br (750 µl, 1.3 mol in 

N,N-Dimethylformamide (DMF) / Dimethyl sulfoxide (DMSO) 4:1 volume ratio), 

MAPbI2Br (150 µl, 1.3 mol in DMF/DMSO 4:1 volume ratio), CsPbI2Br (100 µl, 1.3 mol in 

DMSO) and RbI (50 µl, 1.3 mol in DMSO). Perovskite was deposited on the substrates by 

spinning the solution (40 µl) at 1000 rpm for 10 s (acceleration rate 100 rpm/s) and 4000 rpm 

(acceleration rate 1000 rpm/s) for 25 s. Chlorobenzene (150 µl) was quickly dropped on the 
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middle of the substrates 7 s before the program ends. The film was then annealed at 100oC on 

a hotplate for 30 minutes. Solution of n-BABr (1.15 mg/ml), n-OABr (2.7 mg/ml) and n-

DABr (3.1 mg/ml) in 2-propanol was deposited on the perovskite film at 5000 rpm for 30 s. It 

is worth noting that the concentrations used in here had been optimized separately for each 

organic cation material to achieve the best overall performance in each case. The substrate 

was further annealed at 100oC for 5 minutes. A Spiro-MeOTAD layer (~120 nm) was 

deposited on the perovskite films by spinning solution of Spiro-MeOTAD (40 µl, 72 mg/ml) 

in chlorobenzene with Li-TFSI (17.5 µl, 520 mg/ml in acetonitrile) and 4-tBp (28.5 µl) at 

4000 rpm for 30 s. An Au contact layer (100 nm) was deposited on the substrates by thermal 

evaporation through a shadow mask with an active area of 0.16 cm2. 

Characterizations

The JV characteristic of the opaque perovskite cells was measured using solar simulator 

model #WAVELABS SINUS-220 equipped with a potentiostat source 

AutolabPGSTAT302N. The light intensity was calibrated at one Sun (100 mW/cm2, 

AM1.5G) using the certified FraunhoferCalLab reference cell. The spectra mismatch was 

calculated to be 0.69%. Unless stated otherwise, the scan rate was fixed at 50 mV/s with a 

voltage step of 10 mV and dwell time of 200 ms when measuring perovskite solar cells. No 

device pre-conditioning was applied prior to the JV tests. The devices were kept inside a N2 

environment and the temperature was kept at 25 oC during the test. The External Quantum 

Efficiency (EQE) measurement was carried out using with QXE7 spectral response tool from 

PV Measurements Inc., with monochromatic light from a xenon arc lamp. The EQE response 

was calibrated using two calibrated silicon and Ge diodes for 300-1000 nm and 1000-1400 

nm wavelength regions, respectively. GIXRD was measured with a high-resolution 

PANalytical X'Pert PRO MRD system with the step size of 0.005ο and the integration time of 

1s per step. Reflection/Transmission was measured with a Lambda 1050 spectrophotometer 



(Perkin Elmer) in integrating sphere mode. SEM surface and cross-sectional images were 

taken using a FEI Verios system. The surface morphology mapping was conducted by the 

Cypher atomic force microscopy (AFM) (Oxford Instrument, Asylum Research, CA, USA). 

The Ti/Pt-coated tip (AC240TM-R3, Olympus) with calibrated spring constant, k= 2.07 N/m 

(resonace frequency ~ 70 kHz in the air) was adopted to conduct the non-contact imaging. 

The resultant surface roughness (RMS) is calculated as the Root Mean Square of a 5 × 5 µm 

surface region. TEM analyses were performed using a JEOL 2100F instrument on perovskite 

films spun on the carbon side of the copper TEM grid. Steady state photoluminescence 

measurements and time-resolved photoluminescence measurements were performed using 

LabRAM HR Evolution system with a time-correlated single photon counting (TCSPC) 

system (DeltaPro-DD, Horiba). A 508 nm diode laser (DD-510L, Horiba) with pulse duration 

of 110ps and fluence of ~10 µJ/cm2/pulse, and a repetition rate of 312.5kHz was used for 

excitation. Photoluminescence images of perovskite solar cells were taken following the 

procedure reported in our previous work.[1, 2]  XPS was conducted in an ultra-high vacuum 

apparatus from SPECS, which maintains a base pressure at low 10-10 mbar. The Mg K line 

(12 kV, 200 W) is used for the measurements [3, 4] with an UHV non-monochromatic X-ray 

source. The angle between the X-ray source and the analyser is 54°. Survey scan at a pass 

energy of 40 eV was processed first. High-resolution scans at a pass energy of 10 eV were 

then recorded for Mo, O and C. UPS was applied to determine the occupied electron states of 

a sample surface [5, 6] and the minimum energy required for an electron to escape the surface 

(secondary electron). In the measurement, electrons were emitted with a UV radiation of 

21.218 eV excitation energy, and thus collected by detector. The UPS was operated with in-

situ XPS to avoid any contamination during sample transfer. IPES was used in this work for 

determining the unoccupied electron states of a sample, [7, 8] which was based on electron 

in/photon out mechanism. In the experiment, a beam of electron with specified energy was 



directed onto a sample surface, entering the unoccupied states and releasing photon with 

corresponding energy. The photon was detected by ionizing gas phase of a mixed Ar/acetone 

inside a Geiger-Müller tube. As a function of the kinetic energy of the electrons, the emitted 

photons allowed comprising the IPES spectrum. By operating in-situ IPES after UPS, a 

complete energy band structure of the sample was acquired. For determining the WF, the 

secondary electron cut-off on the binding energy scale of the UPS spectra was analyzed. The 

WF was taken by calculating the difference between the excitation energy of UV-light, which 

was 21.22 eV used for UPS, and the peak cut-off along the base line of the spectra. The value 

of valence band was determined by approximating the base line and the onset of valence 

electron peak of UPS with a linear curve and determining their intersections.[9] The same 

procedure was applied for determining the value of conductive band upon the conduction 

electron peak of IPES. When quantifying the peaks of XPS spectra, the intensity of peaks of 

various elements were normalized with atomic sensitive factor (ASF).[10] NICISS is a 

technique to obtain the element depth profile with a resolution of Å of depth of the sample 

surface. In the NICISS setup, a sample is bombarded with few keV of the pulsed inert gas ion 

beam (usually He+) which backscatters from the atoms present in the sample. During the 

backscattering process, ion's projectile experiences energy losses which are converted into 

concentration depth profile.  These energy losses are determined from the time of flight 

(TOF) of the projectile after hitting the sample and backscattering to the detector.[11] The 

elemental profile is determined using the stopping power of He ions previously calculated by 

Alharbi et al..[12]



Figure S1. Tauc plot showing the bandgap of the perovskite composition used in this work.

Figure S2. JV curves of the champion cell passivated with n-OABr.



Figure S3. External Quantum Efficiency (EQE) of a perovskite solar cell passivated with n-
OABr. The integrated JSC is 17.94 mA/cm2, which is within 5% from the value extracted ±
from the JV curves.



Figure S4. SEM images of a - control perovskite film, perovskite film passivated with b - n-
BABr, c -  n-OABr and d - n-DABr.



Figure S5. Atomic Force Miscroscopy images of perovskite films. a – control non-passivated 
film with surface roughness of 14.3 nm, b - n-BABr passivated film with surface roughness 
of 12.4 nm, c - n-OABr passivated film with surface roughness of 11.4 nm, d - n-DABr 
passivated film with surface roughness of 12.43 nm.





Figure S6. Pb 4f, I 3d and Br 3d XPS spectra of control perovskite film and films passivated 
with different alkylammomium organic cations. The dash lines in each figure indicate the 
peak shift in the spectra of perovskite films pasivated with long chain length material (n-
OABr and n-DABr) compared to the control sample and sample passivated with short chain 
length material (n-BABr).

Figure S7. n-OABr (yellow, main peak at ), pure 2D perovskite phase (n-2θ =  3.49o

OA)2Pb(I0.67Br0.33)4 (blue, main peak at )  and quasi-2D Ruddlesden Popper 2θ =  4.14o

perovskite phase (n-OA)2An-1Pbn(I0.67Br0.33)3n+1 (red,  and A is the mixture of FA, MA, n =  2

Cs and Rb, main peak at )2θ =  3.12o



Figure S8. Light intensity – dependent VOC measurements of perovskite solar cells 
passivated with different organic cations. The measurements were performed when the device 
temperature was kept at 25 oC.

Figure S9. Space-charge-limit current measurements of hole-only devices with a structure 
glass/ITO/P3HT/perovskite/passivation layer/Spiro-MeOTAD/Au.



Figure S10. a - Ultraviolet photoelectron spectroscopy (UPS) and inverse photoemission 
spectroscopy (IPES) measurements of perovskite films with different passivations. b – 
Energy level diagram of perovskite films extracted from the ultraviolet photoelectron 
spectroscopy (UPS) and inverse photoemission spectroscopy (IPES) spectra. The uncertainty 
of the measured values is ±0.1 eV.



Figure S11. Capacitance-voltage measurements of a control perovskite cell and a device 
passivated with n-OABr.

Figure S12. The moisture stability of control devices with Spiro-MeOTAD HTL details in a 
humid environment (RH between 70% to 85%) for 18 hours. The efficiency was degraded 
from 17.3% to 10.1% after 18 hours.



Figure S13. The details of all the photovoltaic parameters a - VOC, b - JSC, c - FF and d - 
Efficiency) of the devices during the moisture exposure.



Figure S14. Contact angle measurements of perovskite films a - control perovskite film, 
perovskite film passivated with b - n-BABr, c -  n-OABr and d - n-DABr.

Figure S15. The details of light stability of perovskite solar cells with Sprio-MeOTAD HTL 
a – control device was monitored at a fixed voltage of 0.99 V, b – n-BABr passivated device 
was monitored at 1.02 V, c – n-OABr passivated device was monitored at 1.07 V and d – n-
DABr passivated device was monitored at 1.06 V for 80 hours. All the devices were kept 
inside a nitrogen environment and the temperature was maintained at 25 oC during the tests.



Table S1. Summary of photovoltaic parameters of perovskite solar cells passivating with 
different alkylammonium cations. More than 10 devices were fabricated in each condition.

Conditions Scan 

direction

VOC (mV) JSC 

(mA/cm2)

FF (%) Efficiency 

(%)

Forward 1229 ± 10 18.8 ± 0.1 71.2 ± 1.9 16.5 ± 0.4Control

Reverse 1235 ± 4 18.8 ± 0.1 72.9 ± 0.9 16.9 ± 0.4

Forward 1261 ± 3 18.8 ± 0.1 75.7 ± 0.9 17.9 ± 0.3n-BABr

Reverse 1262 ± 2 18.8 ± 0.2 75.5 ± 0.9 17.9 ± 0.3

Forward 1271 ± 4 18.8 ± 0.2 77.2 ± 0.8 18.4 ± 0.3n-OABr

Reverse 1272 ± 5 18.8 ± 0.2 77.2 ± 0.9 18.4 ± 0.3

Forward 1267 ± 3 18.8 ± 0.2 77.0 ± 0.7 18.4 ± 0.3n-DABr

Reverse 1268 ± 3.6 18.8 ± 0.2 76.9 ± 0.7 18.4 ± 0.3



Table S2. Summary of wide-bandgap (1.7-1.80 eV) single-junction perovskite solar cells 
with PCE >17% reported since 2018.

Year 
published

Perovskite compositions Eg 
(eV)

PCE 
(%)

References

2018 K0.1(Cs0.06FA0.79MA0.15)0.9Pb(I0.4Br0.6)3 1.78 17.5 [13]

2018 FA0.83Cs0.17Pb(I0.6Br0.4)3 1.75 17.8 [14]

2018 Cs0.17FA0.83PbI2.2Br0.8 1.72 18.6 [15]

2018 Cs0.12MA0.05FA0.83Pb(I0.6Br0.4)3 1.75 19.1 [16]

2019 FA0.8Cs0.2Pb(I0.7Br0.3)3 1.75 18.2 [17]

2019 Cs0.17FA0.83Pb(I0.6Br0.4)3 1.72 19.8 [18]

2020 Rb0.05(FA0.75MA0.15Cs0.1)0.95PbI2Br 1.72 18.3 [19]

2020 FA0.8Cs0.2Pb(I0.7Br0.3)3 1.73 18.8 [20]

2020 FA0.83Cs0.17Pb(I1−yBry)3 1.74 17.2 [21]

2020 FA0.8Cs0.2Pb(I0.7Br0.3)3 1.73 18.5 [22]

2020 Cs0.05FA0.79MA0.16Pb(I0.6Br0.4)3 1.75 18.4 [23]

2020 Cs0.15FA0.85Pb(I0.6Br0.4)3 1.76 18.1 [24]

2021 (FA0.79MA0.16Cs0.05)0.95Rb0.05Pb(I0.6Br0.4)3 1.78 17.7 [25]

2021 CH3NH3Pb(I0.8Br0.2)3 1.72 18.9 [26]

2021 Rb0.05(FA0.75MA0.15Cs0.1)0.95PbI2Br 1.72 19.1 This work



Table S3. Pb Time of Flight onset, Pb Energy loss difference and the calculated thickness of 
the organic cation layer without Pb content.

Sample Pb TOF onset 
(µs) 

Pb Energy loss 
difference (eV) 

Thickness of the layer 
without Pb content (Å)

3D control 3.59 0 0
n-OABr 3.65 95 ± 10 16 ± 4

Table S4. Diode ideality factors of perovskite cells passivated with different organic cations 
calculated from the light intensity – dependent VOC measurements using the equation: 

.

𝑛𝑖𝑑 =
𝑒

𝑘𝐵𝑇

𝑑 𝑉𝑂𝐶

𝑑ln
𝐼

𝐼1 𝑠𝑢𝑛
Sample nid

Control 1.38
n-BABr 1.22
n-OABr 1.13
n-DABr 1.14
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