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Abstract:

Defects on perovskite surfaces acting as charge-carrier-traps are a key factor limiting the
performance of perovskite solar cells (PSCs). Here we studied the defect passivation effect of
three bromide-containing alkylammonium organic cations with increasing alkyl-chain-length:
n-butylammonium bromide, n-octylammonium bromide and n-dodecylammonium bromide on
a perovskite composition with 1.72eV bandgap. Long-alkyl-chain organic cations were found
to have a greater passivation effect compared to their shorter counterparts due to greater
reduction in surface defects and substantial changes in the electronic structure of the passivated
perovskite films. The efficiency of 1.72eVV PSCs was improved to 19.1% with an excellent
open-circuit-voltage of over 1280mV. The long-alkyl-chain passivation significantly improved
the moisture and light stability of PSCs as the unencapsulated devices retained >90% of the
initial performance after 144h at 70%-85% relative-humidity and >93% of the initial
performance after operating under light for 80h. The study has paved the way for efficient and

stable wide bandgap perovskite top cells used in perovskite-silicon tandem solar cells.

Keywords: solar cell; perovskite; perovskite-silicon tandem; surface passivation; stability;
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Introduction

Perovskite solar cells have reached a milestone over 25% efficiency after just over a decade of
research and development.[1] To commercialize this technology, one of the most promising
strategies is to combine perovskite cells with the existing silicon solar cells in tandem
configurations. In a two-terminal monolithic perovskite-silicon tandem configuration, a highest

efficiency of 29.52% has recently been achieved.[1, 2] While the efficiency of four-terminal



mechanically stacked perovskite-silicon tandem solar cell has slightly lagged behind with the
best reported efficiency of 28.3%,[3] both those efficiencies of perovskite-silicon tandem solar
cells have significantly surpassed the record efficiency 26.6% of single junction silicon cells.
To improve the efficiency of perovskite-silicon tandem solar cells to 30% and beyond, many
groups have been focusing on optimizing the perovskite top cells eg. bandgap tuning of the
perovskite materials, enhancing the perovskite bulk quality, passivating perovskite surface
defects, and engineering the interfaces within the devices. A perovskite bandgap close to 1.7
eV is optimal for perovskite-silicon tandem solar cell efficiency, allowing for a current
matching between the perovskite top cell and the silicon bottom cell. This optimal bandgap has
been mainly obtained by using mixed-halide anions of iodide and bromide in the perovskite
composition.[4-8] For passivating the perovskite surface, many classes of materials have been
demonstrated with high performance. Bulky organic cations are known to form two-
dimensional (2D) perovskite and have demonstrated great success in passivating the perovskite
surface. Cho et al. used bulky organic cation iso-butylammonium iodide to passivate the
surface of 1.62 eV perovskites and enhanced the efficiency to 21.7%.[9] Using
phenethylammonium iodide (PEALI), Jiang et al. improved the efficiency of 1.53 eV perovskite
to 23.3% and an open circuit voltage (Voc) of 1180 mV.[10] Recently, Kim et al. used a series
of alkylammonium iodide cations and demonstrated an efficiency of 22.9% in a perovskite
solar cell with a low bandgap of 1.52 eV.[11] For perovskites with large bandgap (over 1.7
eV), it has been shown that the bromide containing organic cations work better than their iodide
counterparts.[12, 13] For large bandgap perovskites, so far only an alkylammonium cation with
a short alkyl chain such as n-butylammonium bromide (CsH12NBr) has been used. Although
this has resulted in significantly enhanced perovskite cell performance, the stability of
perovskite cells especially in ambient with the presence of moisture was hardly improved due

to the poor hydrophobicity of the short alkyl chain materials.[14] In this work, we studied the



effect of passivating large bandgap (1.72 eV) perovskite with a series of bromide containing
bulky organic cations with varying alkylammonium chain lengths: n-butylammonium bromide
(C4H12NBr, abbreviated as n-BABr), n-octylammonium bromide (CsH20NBr, abbreviated as n-
OABr) and n-dodecylammonium bromide (Ci2H2sNBr, abbreviated as n-DABr) on the
optoelectronic properties of the perovskite films, perovskite solar cell performance and
moisture stability. Using sophisticated techniques, we clearly identified the formation of
different phases at the perovskite surface upon passivation. These include an ultrathin
unreacted alkylammonium organic cation as the topmost layer and a thin pure two-dimensional
(2D) perovskite intermixed with the three-dimensional (3D) perovskite underneath. The
ultrathin unreacted alkylammonium organic cation was not detected in previous reports [15-
17], which is probably due to the limitation in the resolution of the measurements used. We
demonstrated that the bromide containing alkylammonium organic cations with long alkyl
chain lengths, n-OABr and n-DABr, have much better passivation property compared to the
short alkyl chain n-BABr, resulting in greater cell performance. The improvement came from
better hole extraction due to reduction in perovskite surface defects and more favorable built-
in electric field inside the device as shown by various characterization techniques including
photoluminescence (PL) and electron beam induced current (EBIC) measurements. A
champion efficiency of 19.1% has been achieved for 1.72 eV bandgap perovskite solar cells
with a Voc of 1280 mV. Using n-OABTr, the moisture stability of perovskite solar cells was
significantly improved, retaining over 90% of the initial efficiency after exposure to 70% —
85% RH for 144 hours. The enhancement in the moisture stability of the n-OABr passivated
perovskite cells is likely to be due to the presence of the ultrathin n-OABTr layer at the top
perovskite surface. The light stability of perovskite cells was also enhanced upon passivation
with long alkyl chain organic cations and the n-OABr passivated device retained 93% of the

initial efficiency after 80 hours operating under continuous illumination. Overall, passivating



the wide bandgap perovskites with the bromide containing long alkyl chain organic cations (n-
OABr and n-DABr) substantially reduces the surface defects, improves the hole extraction

efficiency, and leads to greater solar cell performance as well as stability.

Results and discussion

Effect of Passivation on the Performance of 1.72 eV Bandgap Perovskite Solar Cells

We first examined the effect of using different alkylammonium bromide organic cations with
varying alkyl chain lengths including n-BABr, n-OABr and n-DABT as a passivation layer on
the perovskite surface on the performance of perovskite solar cells. We used the standard
perovskite cell structure of glass/ tin doped indium oxide (ITO)/ compact-TiO2/ mesoporous-
TiO2/ perovskite/ passivation layer/ Spiro-MeOTAD/ Au as illustrated in Figure la. The
perovskite composition used in this work is FAo.7sMAo.15CSo0.1Rbo.0sPbl2Br with a bandgap of
1.72 eV as described in previous reports (Figure S1).[8, 12] Here FA and MA stand for
formamidinium and methylammonium, respectively. As shown in Figure 1b and summarized
in Table S1, Voc was greatly enhanced from an average of ~1230 mV to ~1260 mV upon
passivation with a short alkyl chain n-BABr and the Voc was further increased to ~1270 mV
upon passivation with longer alkyl chain organic cations n-OABr and n-DABTr. While the short
circuit current density (Jsc) was almost unchanged, the average fill factor (FF) of the devices
was increased from ~72% in control devices to ~76% in n-BABr passivated devices and ~77%
in n-OABr and n-DABr passivated devices. As a result, the average efficiency of perovskite
solar cells was significantly boosted from ~16.9 £ 0.4% in control devices to ~17.9 + 0.3% in
n-BABr passivated cells and to ~18.4 + 0.3% in n-OABr and n-DABr passivated devices.
Although the n-OABr and n-DABT passivated devices offered similar average efficiencies, the
n-OABr passivated devices resulted in the champion efficiency of 19.1% and a Voc over 1280
mV (Figure S2,3). This champion efficiency was among the highest efficiencies ever reported

for wide bandgap (between 1.7 eV to 1.8 eV) perovskite solar cells (Table S2). It is worth



noting that there was a small but notable difference between the efficiencies obtained from the
reverse scan and forward scan in the control devices. This hysteresis was almost eliminated

upon passivation using any of the three alkylammonium organic cations.
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Figure 1. Perovskite solar cell structure and photovoltaic performance. a — Schematic of

alkylammonium bromide surface passivated perovskite solar cells demonstrated in this work,



b - open circuit voltage (Voc), ¢ - fill factor (FF), d - short circuit current density (Jsc) and e -
efficiency of perovskite solar cells treated with different alkylammonium bromide cations. Ten

devices were tested in each condition.

Effect of Passivation on the Perovskite Surface Elemental Composition and Phase
Formation

We next investigated the changes in the morphology of perovskite films upon passivation with
different alkylammonium organic cations. As shown in Figure S4, the scanning electron
microcopy (SEM) images of the perovskite surfaces show negligible change of the film
morphology and the three dimensional (3D) perovskite crystal feastures characteristic of the
bulk. Atomic Force Microscopy (AFM) images show that the surface roughness of perovskite
was slightly reduced from 14.3 nm in control film to between 11 — 12 nm in passivated
perovskite films (Figure S5). We measured the X-ray photoelectron spectra (XPS) to
understand how the surface passivation with different alkylammonium organic cations
modified the elemental composition at the perovskite surface. As shown in Figure 2a, the C
1s spectra of the control film can be fitted with three individual peaks at 285.2 £ 0.15 eV, 286.4
+ 0.15 eV and 288.6 + 0.15 eV. The peak at 285.2 + 0.15 eV (red curve) was attributed to
adventitious carbon while the peaks at 286.4 + 0.15 eV (blue curve) and 288.6 £ 0.15 eV (green
curve) were attributed to carbon from the FA and MA cations in the 3D perovskite.[18] Upon
passivation with the short alkyl chain n-BABr, the intensity of the peak at 285.2 £ 0.15 eV
slightly increased while the intensities at the other peaks slightly decreased. When longer alkyl
chain organic cations were used, the intensity of the peak at 285.2 = 0.15 eV was further
enhanced while the intensities of the other peaks at 286.4 + 0.15 eV and 288.6 + 0.15 eV were
significantly reduced. The increase in the peak intensity at 285.2 + 0.15 eV originates from the
formation of the 2D layer on the perovskite surface since the hydrocarbon (-CH2-) in the

alkylammonium cations has a similar binding energy at 285.2 £ 0.15 eV.[19] This explains the



more significant changes in the C 1s spectrum observed upon passivation with long alkyl chain
organic cations (with more hydrocarbon chains) compared to the case with short alkyl chain
cation. The finding was verified by fitting the N 1s spectra with two individual peaks at 400.9
+ 0.15 eV and 402.5 + 0.15 eV, which were assigned to C-N and C-N", respectively.[20, 21]
Evidently, the peak intensity at 400.9 £ 0.15 eV was reduced while the peak intensity at 402.5
+ 0.15 eV was enhanced due to the formation of the 2D layer (Figure 2b). In contrast to the
changes in C 1s and N 1s spectra, the spectral changes in Pb 4f, 1 3d and Br 3d are less
prominent. While the difference in those spectra in the control sample and the n-BABr
passivated sample was negligible, we detected small peak shifts (less than 100 meV) in Pb 4f
5/2 and | 3d 3/2 and slightly larger peak shifts (between 100 meV to 200 meV) in Br 3d 5/2
(Figure S6) for n-OABr and n-DABr passivated samples. The XPS results indicate that long
alkyl chain materials (n-OABr and n-DABr) greatly modify the surface chemistry of 3D
perovskite films through the formation of a 2D surface layer, while the modification due to the

short chain material (n-BABr) is much weaker.

Grazing incidence X-ray diffraction (GIXRD) measurements were then performed to detect
different phases at the film surface. Figures 2c,d show additional low angle peaks from the
passivated films: 20 =4.35° 8.70°, 13.05°for n-BABr passivated film, 20=4.06°,
8.12°,12.18° for n-OABr passivated film and 20 = 3.46°,6.92°, 10.38° for n-DABr passivated
film. It can be clearly observed that the additional peaks move to lower angles as the alkyl

chain length of the passivating material increases. As the interplanar spacing should increase
as the alkyl chain gets longer, this finding is in agreement with Bragg’s law: sin0= %

where k=1, A=1.54 A and d is the interplanar spacing at the diffraction angle 0. To
understand the origin of the observed additional peaks in the XRD patterns from the passivated
films, we measured the diffraction patterns of the pure alkylammonium organic cation n-OABTr
(main peak at 20 =3.49°), pure 2D perovskite phase (n-OA)2Pb(lo67Bro3s)s (main peak at

8



20 =4.14°) and quasi-2D Ruddlesden Popper perovskite phase (n-OA)2An-1Pbn(lo.67Bro.33)3n+1
(where n=2 and A is the mixture of FA, MA, Cs and Rb, main peak at 20 =3.12°). The
corresponding XRD patterns are shown in Figure S7. The close peak of the pure 2D perovskite
phase at 20 =4.14° compared to the additional peak from the n-OABr passivated samples at
20 =4.06° indicate that the pure 2D (n-OA)2Pb(lo.67Bro.33)4 phase was formed on the n-OABr
passivated sample. This is in agreement with a previous report showing the formation of a pure
2D perovskite phase PEA:Pbls (PEA stands for phenylethylammonium) when
phenylethylammonium iodide was used to passivate the perovskite surface.[16] This phase
possibly came from the reaction between the n-OABTr organic cation and undercoordinated Pb
and halides ions at the perovskite surface. Transmission Electron Microscopy (TEM) of the
cross-section of a complete perovskite solar cell passivated with n-OABr was performed, in
which the passivation layer has been highlighted in yellow (Figure 2e,f). From the high-
resolution TEM (HRTEM) of this region in Figure 2g, it is evident that multiple phases with
very different interplanar spacing exist. One phase (in region 2 in Figure 2g closer to the
peroskite bulk) has interplanar spacings of 6.148 A and 3.562 A, matching those of the (001)
and (111) diffraction peaks of the 3D perovskite, respectively. The other phase (in region 1 in
Figure 2g closer to the peroskite surface) with much larger interplanar spacing of 6.983 A is
closely related to the (012) plane of the pure 2D perovskite phase (n-OA)2Pb(lo.67Bro33)s (26 =
12.18° and calculated interplanar spacing of 7.258 A). As shown in Figure 2g, the pure 2D
perovskite phase is very thin with a thickness below 20 nm. In addition, the interface between
the two phases in region 1 and region 2 is not clear, indicating an inter-mixing of the two
phases. Furthermore, we performed neutral impact collision ion scattering spectroscopy
(NICISS) to determine the concentration depth profiles of Pb, the heaviest element present in
the 3D perovskite and pure 2D perovskite phases. The presence of I, Cs and Br also influences

the NICIS spectra but are more difficult to separate from Pb and the other heavy elements (1,



Cs, Br) because their atomic mass is lower than that of Pb but also have only a small difference
in atomic mass.[22] As shown in Figure 2h, the onset of the contribution of He projectiles
backscattered from Pb in the NICIS reference spectrum was 3.59. This onset value was shifted
to 3.65 ps with the n-OABr passivated sample. This shift of the onset time of the Pb
contribution in the spectrum to an energy loss difference of 95 + 10 eV (Figure 2i). This
indicates the presence of an ultrathin layer with a thickness of 16 + 4 A on top of the n-OABr
passivated film without any Pb content (Table S3). It is highly possible that this ultrathin layer
is the unreacted organic cation n-OABTr after the passivation step. This layer is very thin and
therefore it was not detected by the GIXRD measurement. Overall, the XPS, GIXRD, TEM
and NICISS measurements confirm the formation of a very thin layer of pure 2D perovskite
phase (n-OA)2Pb(lo.s7Bro.33)s on top of the 3D perovskite in addition to an ultrathin layer of

unreacted n-OABTr organic cation after the n-OABTr surface passivation.
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Figure 2. Surface elemental and phase formation study of perovskite films upon passivation.
X-ray photoelectron spectra (XPS) of control and n-BABr, n-OABr and n-DABr passivated
perovskite films a— C 1s spectrum and fitting, b — N 1s spectrum and fitting. ¢ - XRD of control
and n-BABr, n-OABr and n-DABTr passivated perovskite films, d — XRD spectrum with 20
from 3° to 15°. e - Cross-sectional bright-field transmission electron microscopy (BF-TEM)
image of n-OABTr passivated perovskite cell, f - low magnification BF-TEM image showing
2D/3D perovskite interface, g — high-resolution TEM (HRTEM) images showing the
characteristic interplanar spacing of 2D and 3D perovskites. The orange line indicates the
interface between the 2D and 3D perovskites. Neutral impact collision ion scattering
spectroscopy (NICISS) measurements of the control (black) and n-OABTr passivated (orange)

perovskite films h - Time of Flight (TOF) and i — Pb energy loss onset comparison.

Effect of Passivation on Electronic Properties of Perovskite Films and Hole Extraction
Efficiency in the Perovskite Solar Cells

Previous reports showed that alkylamine ligands with an amine group were capable of
anchoring to the A-site of the perovskite and an ultrathin layer of densely packed ligands was
formed on the perovskite surface after the treatment. [23, 24]These densely packed ligands
were stabilized by van der Walls interactions, which became stronger with increasing alkyl-
chain length. [25, 26] In the previous section, we identified that the ultrathin layer was indeed
a 2D perovskite layer, which has been shown to be able to suppresses non-radiative
recombination and act as an ion migration barrier. [27-29] Since the alkyl chain length has a
strong impact on the packing density, desorption energy and carrier dynamics of ligands in this
ultrathin layer,[30, 31] the alkyl chain length will also influence the passivation quality of the
layer. We performed steady state photoluminescence (PL) and time resolved PL to evaluate
this. As shown in Figure 3a, we observed significant enhancement in the PL intensity of

passivated perovskite films as compared to the control perovskite film. The n-OABr passivated
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film possesses the highest PL intensity, followed by the n-DABr and n-BABTr passivated films.
This enhancement in the PL intensity indicated the reduction in non-radiative recombination
in perovskite films and was consistent with the enhancement in the Voc of the passivated
devices. Time-resolved PL revealed that the n-OABr passivated film also has the longest life-
time, followed by the n-DABT, n-BABT passivated films and the control film (Figure 3b). This
indicates that formation of the 2D perovskite phase on the surface of the 3D perovskite
passivates the defects on the surface of the 3D perovskite. Several reports have shown that
surface defects are main source of non-radiative recombination in perovskite.[32, 33]
Importantly, our results show that alkylammonium organic cations with longer alkyl chain (n-
OABr and n-DABr) provide better passivation effect than the one with shorter alkyl chain
material (n-BABr). The results are in line with a previous report showing better passivation
provided by n-OAl and n-DAI compared to n-BAI for the low bandgap
(FAPbI3)0.95(MAPbBTI3)0.05 perovskites.[11] It is worth noting that there is a slight PL peak red
shift observed on all passivated perovskite films, which would require further investigation
however this is beyond the scope of this work. We also captured steady state PL images of the
complete devices under light and open circuit condition. As shown in Figure 3c-f, the n-OABr
passivated device showed the highest PL counts, followed by n-DABTr passivated device, n-
BABTr passivated device and the control device, which agreed well with the trend observed in
the Voc in the devices. We also performed light intensity - dependent Voc measurements to
examine the ideality factor (nig) of perovskite solar cells passivated with different organic
cations. As shown in Figure S8 and Table S4, the niq for the control device was found to be ~
1.38. The nig was reduced to ~1.22, ~1.13 and ~1.14 for the devices passivated with n-BABTr,
n-OABr and n-DABr, respectively. The reduction in the ideality factor to be closer to 1
indicates that the non-radiative recombination in the devices was suppressed when the

perovskite films were passivated with large organic cation, especially by the long alkyl chain
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material n-OABr and n-DABr.[34] Additionally, we performed space-charge-limit current
(SCLC) measurements on the hole-only devices with a structure of
glass/ITO/P3HT/perovskite/passivation layer/Spiro-MeOTAD/Au. We directly compared the
control device and the device passivated with n-OABTr. As shown in Figure S9, we found that
the trap-filled limit voltage Ve in the control device was 0.166 V while the VrrL in the n-
OABr passivated device was 0.096 V. Since the Ve is linearly dependent on the trap density
according to previous reports, [35-37] the reduction of the VrL in the passivated device
indicated that trap states in perovskite films were significantly passivated by long alkyl chain
organic cation at the perovskite/Spiro-MeOTAD interface. These results agree well with the

photoluminescence measurements as demonstrated above.
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Figure 3. Photoluminescence investigation of perovskite films and perovskite solar cells upon

passivation. a - Steady state photoluminescence (PL) spectrum and b - time-resolved PL of
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To elucidate how the charge carrier separation inside the perovskite solar cell changes upon
passivation with long alkyl chain organic cations, we measured Electron Beam Induced Current
(EBIC) profiles of the cross-sections of the control and the n-OABTr passivated devices. Figures
4a & 4b show the SEM image and the corresponding EBIC image of a cross-section of a
control device. Figure 4c shows the 3D surface plot of the EBIC image from Figure 4b.
Figures 4e to 4f show the same set of images for a n-OABr passivated device. In the control
device, we detected high EBIC signals close to the HTL and the EBIC intensity is significantly
lower near to the TiO: electron transport layer (ETL) (Figure 4b,c). As the electron beam
generates electron-hole pairs inside the perovskite absorber, the electrons need to travel to the
ETL side, and the holes need to travel to the HTL side to be extracted to produce an electric
current. The EBIC intensity indicates how efficient the charge collection is at each point inside
the device.[38] The intense peaks near to the HTL indicate that electrons are extracted more
efficiently than holes inside the control device. On the other hand, we observed strikingly
different EBIC profiles in the passivated device. The EBIC picture and EBIC surface plot in
Figure 4e,f show the peaks near to the ETL side instead, with the EBIC intensity near to the
HTL side slightly lower. This change indicates that the hole extraction has been significantly
improved in the passivated device to be equal or slightly more efficient than electron extraction.
This suggests that defects on the perovskite surface acting as recombination centers for holes
have been passivated by the formation of the 2D layer. In addition, the increase in the EBIC
intensity inside the passivated devices may also be due to more favorable built-in electric field
near to the HTL selective contacts.[39] We used ultraviolet photoelectron spectroscopy (UPS)
and inverse photoemission spectroscopy (IPES) to measure the change in the electronic
structure of the perovskite surface upon passivation. As shown in Figure S10, we observed
notable reduction in the work function (WF) from 4.12 +0.10 eV for the control film to 3.97

+0.10 eV for the n-BABr passivated film, 3.97 +£0.10 eV for the n-OABr passivated film and
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3.77 £0.10 eV for the n-DABT passivated film. Based on the assumption that the Fermi levels
align due to the equilibrium of electrons at the perovskite/HTL interface,[40] the reduction in
the WF for the passivated perovskites may lead to more upward energy band bending at the
interface between perovskite and Spiro-MeOTAD HTL, causing the built-in electric field to be
more favorable for the hole extraction at this interface. To confirm this, we performed
capacitance-voltage measurements to examine the change in the built-in voltage in the solar
cell upon passivation. As shown in Figure S11, we found that the built-in voltage Vhuilt-inin the
control device was 1.055 V and the Vuii-in in the n-OABr passivated device was 1.1 V. The
increase in the Vuii-in in the n-OABr passivated device indicates the enhancement in the built-

in electric field, which leads to the improved hole extraction in the passivated device.
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Figure 4. Electron Beam Induced Current (EBIC) measurements of perovskite solar cells. a —

Cross-sectional SEM image, b — EBIC image and ¢ — EBIC surface plot of control device. d —
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Cross-sectional SEM image, e — EBIC image and f— EBIC surface plot of n-OABr passivated

device.

Improvement in the Moisture Stability and Light Stability of Perovskite Solar Cells upon
Passivation with Long Alkyl Chain Organic Cations

We next examined the effect of passivation on the moisture stability of the perovskite films
and perovskite solar cells. We stored the perovskite films at room temperature and in a humid
environment with a relative humidity (RH) ranging from 70% to 85% and measured the
absorbance of the films over three weeks. As shown in Figure 5a, the control perovskite film
degraded significantly at the outer edges as the film color changed from black to yellow after
3 weeks of storage and the absorbance spectra developed a sharp peak at ~440 nm indicating
the formation of the Pbl, phase. The inner part of the control sample degraded at a lower rate
compared to the outer part of the sample, indicating that the diffusion of H>O through the edge
of the film is more significant than through the surface in the control film. The degradation in
the n-BABr passivated perovskite film was very different which was more uniform across the
film upon exposure to moisture (photos in Figure 5b). Nevertheless, the absorbance spectrum
shows a substantial peak at ~ 440 nm indicating severe degradation of the n-BABr passivated
film even after 1 week of storage. On the other hand, n-OABr and n-DABr passivated
perovskite films are significantly more stable as the color of the perovskite films remained
black even after 3 weeks of storage (photos in Figures 5¢ and 5d). While there was still a small
absorbance peak at ~440 nm in the n-DABr passivated film, the absorbance peak at ~ 450 nm
in the n-OABr passivated film was negligible. It is highly possible that the formation of the
ultrathin unreacted alkylammonium organic cation as the topmost layer other than the pure 2D
perovskite phase was responsible for the enhancement in the moisture stability of the perovskite
films passivated by long alkyl chain organic cations. When the concentration of the passivation

layer was very low (less than 1 mg/ml in 2-propanol in case of n-OABr and n-DABT organic
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cations), we found that the moisture stability of the perovskite film was only slightly improved.
We speculate that when the concentration of the long alkyl chain organic cation passivation
layer was too low, the unreacted alkylammonium organic cation layer might be too thin or
might not be formed. Therefore, the enhancement in the moisture stability was not prominent
upon passivation. Next, we checked the moisture stability of the control sample and found that
the device degraded severely in the humid environment with the efficiency only retained 58%
of the original value after 18 hours (Figure S12). The degradation of the control device came
from both the degradation effect of the perovskite active layer and the degradation effect of the
Spiro-MeOTAD HTL layer due to its hygroscopic dopants as in previous reports.[41-44] For
a more meaningful investigation of the effect of various passivation treatments on the stability
of perovskite solar cells, we first isolated the degradation effect coming from the Spiro-
MeOTAD layer by replacing the layer with a CuPc HTL layer as in our previous report.[45]
As shown in Figure 5e, the control device degraded severely upon exposure to moisture as the
efficiency dropped to 60% of its initial performance after 144 hours. The n-BABTr passivated
perovskite cell had a slightly improved stability retaining 77% of its initial efficiency after the
same period. On the other hand, n-OABr and n-DABTr passivated devices had substantially
better stability retaining 92% and 88% of their initial efficiencies, respectively. The details of
all the photovoltaic parameters (Voc, Jsc, FF and Efficiency) of the devices during the moisture
exposure are shown in Figure S13. We also found that the contact angles of perovskite films
with H20 increased from 42.3° for control film to 64.6° for the n-BABr passivated film, 86° for
the n-OABTr passivated film and 91.7° for the n-DABT passivated film (Figure S14). Although
the n-DABr passivated sample resulted in the largest contact angle with H>O, the moisture
stability of n-DABr passivated sample was slightly lower than the n-OABr passivated sample.
This can be explained by the complex correlation between the surface wettability and the

moisture stability of the ligand passivation layers as discussed in a recent report.[46] Zhou et
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al. found that the micellization of ligands is found to greatly affect the surface ligand dissolution
rate, on top of the impact from their inherent hydrophobicity. Although the n-DABTr with longer
chain than the n-OABr led to larger water contact angle, the aggregation-assisted ligand
dissolution process in the n-DABTr passivated sample could accelerate the surface degradation
by its faster dissolution due to larger size micelles. Such micellization effect also depends on
the nature of the underlying 3D perovskite surface with various ionic species and should be
considered for the optimal design of ligand passivation layers for perovskites. We also
investigated the light stability of unencapsulated perovskite solar cells with Spiro-MeOTAD
HTL by keeping the devices under continuous illumination (white LED light at approximately
1 Sun intensity) and at fixed bias voltages close to their maximum power points for 80 hours.
In addition, the devices were kept inside a nitrogen environment and the temperature was
maintained at 25 °C during the tests. As shown in Figure 5f, the control device retained 85%
of its original performance after operating for 80 hours. On the other hand, all the passivated
devices show better irradiance stability as the devices retained between 91% and 93% of their
initial efficiencies after the same period. The details of the device performance during the
irradiance stability test were shown in Figure S15. From our previous study, light-induced
phase segregation in the perovskite active layers of the devices is insignificant since the devices
were kept at the voltages close to their maximum power points during the light exposure. [47]
Therefore, the drop in the efficiency of perovskite solar cells was likely coming from the
reversible migration of cations inside the perovskite active layers as previously reported. [48]
We speculate that passivating the surface defects of the perovskite active layer reduced the
negative impact of cation migration, and hence improved the light stability of the solar cells.
In addition, the 2D perovskite might act as an ion migration barrier, which would also be
beneficial for the light stability of perovskite cells. Furthermore, by comparing the moisture

stability and light stability of the control device, it can be observed that moisture has more
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negative impact than light on the device stability. Therefore, improving the moisture stability

of perovskite solar cells and modules is essential for the commercialization of the technology.
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Figure 5. Examination on the moisture stability and light stability of perovskite films and
perovskite solar cells. Stability of perovskite films in humid environment with the relative
humidity (RH) ranging between 70% to 85% in a — control film, film passivated with b — n-

BABTI, ¢ - n-OABr, d — n-DABT. e - Stability of unencapsulated perovskite solar cells with
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CuPc HTL in the same humid environment. f — Stability of perovskite solar cells with Spiro-

MeOTAD HTL under continuous irradiance at 1 Sun in a nitrogen environment.

Conclusions

In summary, we have demonstrated that bromide containing organic cations with long alkyl
chain n-OABr and n-DABr have a greater passivation effect on 1.72 eV bandgap perovskite
than the short alkyl chain n-BABr, improving the solar cell efficiency to over 19% with an
open circuit voltage over 1280 mV. We showed that the reduction in perovskite surface defects
and the changes in the electronic structure of the perovskite film upon passivation make it more
favorable for hole extraction inside the devices. Thanks to the hydrophobic nature of the long
alkyl chain organic cation, the moisture stability of perovskite solar cells was significantly
enhanced as the unencapsulated device retained more than 90% of the initial efficiency after
144 hours of exposure to 70%— 85% RH. The n-OABr passivated device also showed excellent
light stability, retaining 93% of the initial performance after operating for 80 hours under

continuous illumination.
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