Surface Passivation of Lead Halide Perovskite Semiconductors for Improved Stability and
Performance

Farhad Akrami

A dissertation
submitted in partial fulfillment of the

requirements for the degree of

Doctor of Philosophy

University of Washington

2025

Reading Committee:

David S. Ginger, Chair

Brandi M. Cossairt

Dianne J. Xiao

Program Authorized to Offer Degree:

Chemistry



©Copyright 2025
Farhad Akrami



University of Washington

Abstract

Surface Passivation of Lead Halide Perovskite Semiconductors for Improved Stability and
Performance

Farhad Akrami

Chair of the Supervisory Committee:
David S. Ginger

Department of Chemistry

Metal halide perovskites have emerged as one of the most promising classes of semiconductors
for next-generation optoelectronic technologies, including solar cells, light-emitting diodes, and
photodetectors. In photovoltaic devices, perovskites have achieved power conversion efficiencies
that rival those of established commercial technologies. However, despite their remarkable
progress, the widespread development of perovskite photovoltaics remains hindered by intrinsic
instability and the presence of electronic defects, particularly those located at the surface. These
surface defects play a crucial role in limiting performance, accelerating degradation, and
mediating ionic and electronic processes that challenge long-term operational stability, making

surface passivation a central focus in perovskite research for stable, high-efficiency devices.

To address these challenges, a variety of surface passivation strategies have been developed to
mitigate defect states and suppress nonradiative recombination. While these approaches have

demonstrated substantial improvements in both performance and stability, their implementation



across diverse perovskite compositions and synthetic routes remains nontrivial. The optimal
passivation strategy often depends on subtle variations in chemistry, processing, and
environmental conditions. Realizing effective passivation demands finely tuned treatment
conditions that maximize benefits of defect suppression while minimizing unintended chemical
or structural side effects. In this context, defect passivation represents both a scientific challenge
and a technological opportunity to accelerate the path toward stable, commercially viable

perovskite solar cells.

This dissertation investigates how surface passivation can be used to control ion motion and
optimize interfacial properties in lead halide perovskite semiconductors. First, we demonstrate
how surface passivation can kinetically suppress light-induced halide migration, thereby
enhancing the photostability of perovskites. Second, we investigate the effects of aminosilane-
based treatments, highlighting the significance of optimized treatment conditions, while also
revealing surface reactivities of these molecules with formamidinium cations, linking interfacial
chemistry to changes in optoelectronic behavior. Overall, these studies establish molecular
surface passivation as a powerful route to tune ion migration, stability, and performance in lead
halide perovskites. They provide insights that can help bridge interfacial chemistry with the

practical requirements of durable perovskite optoelectronic technologies.
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Chapter 1: Introduction

1.1 Lead Halide Perovskites

Halide perovskites are a class of emerging semiconductors with the general chemical formula
ABX3, where A is a monovalent cation such as methylammonium (MA™), formamidinium (FA™),
or Cesium (Cs"). B is typically lead (Pb*"), and X is a halide such as iodide (I'), bromide (Br"), or
chloride (CI).!* These materials are mixed ionic-electronic conductors,>® possessing a soft crystal
lattice,” which together offer a unique combination of optoelectronic properties and processing

advantages.®

From a manufacturing perspective, lead halide perovskites offer several advantages. They can be

prepared from relatively abundant raw materials,”!°

processed at low temperatures from solution,
and are compatible with scalable deposition techniques.!!'!? These attributes make them promising
candidates for cost-effective and potentially domestically manufactured optoelectronic

technologies.!>*

On the photophysical front, lead halide perovskites exhibit high optical absorption coefficients, !>

long carrier diffusion lengths,'® low exciton binding energies,!” and tunable bandgaps through
compositional alloying of both the cation and halide ions."!'® Mixed-cation, mixed-halide
compositions can access wide bandgaps desirable for tandem solar cells and for light-emitting
applications across the visible spectrum. Over the past decade, perovskite solar cells have
demonstrated rapid advancements in power conversion efficiency (PCE), reaching 26.95% as
single-junction devices and 34.85% as perovskite-silicon tandem cells.'” Such reported record

efficiencies highlight the promise of perovskites in next-generation solar energy systems.



Despite such reported remarkable efficiencies, the commercialization of perovskite solar
technologies is held back due to stability concerns.?° Various external stressors such as light, heat,
and bias can accelerate degradation that affect both performance and stability.>!>> As discussed
earlier, low-temperature solution processing of perovskites, while advantageous for

26,27 particularly at perovskite interfaces.?®

manufacturing, often result in defect-rich samples,
Among various surface defects, halide vacancies are especially parasitic due to their low formation
energies, acting as nonradiative recombination centers and facilitating ionic migration.’* Ion

motion causes various undesirable phenomena, including current-voltage hysteresis in devices,>°

31-33

light-induced phase separation in mixed-ion compositions, and performance loss.*

Consequently, controlling perovskite defects, especially at the surface, is a critical area of focus in

the field.

1.2 Surface Passivation

Lead halide perovskite surfaces play a crucial role in determining the performance and stability of
these materials. At terminal planes, the disruption of the crystal lattice introduces under-
coordinated ions, halide vacancies, and other point defects.>> These surface defects facilitate trap-
assisted nonradiative recombination and provide pathways for ion transport.*® As a result, such
defects not only reduce performance but also cause instability issues, making effective surface
passivation a central strategy for improving both performance and stability in perovskite-based

systems.

Surface passivation seeks to mitigate these issues by modifying the chemistry and structure of the
exposed perovskite surface. To that end, a wide range of surface passivation strategies have been

developed.’” Molecular passivators such as organic ammonium salts, Lewis bases and amines,



including aminosilanes, have shown considerable promise in suppressing trap-assisted

3841

recombination. These molecules can coordinate with point defects and improve

photoluminescence properties. When properly optimized, such surface treatments can significantly

enhance device efficiency and stability under operating conditions.**#!

However, the practical implementation of surface passivation is not without challenges. Lead
halide perovskites are compositionally diverse, and different synthetic routes can yield surfaces
with distinct defect landscapes. As a result, the “optimal” passivation strategy often requires
precise tuning of the treatment conditions to ensure maximal benefit without undesirable issues.
Furthermore, surface-treating molecules must be chemically compatible with the perovskite to
avoid undesired phase instability. Ultimately, surface passivation represents both a scientific
challenge and a technological opportunity. Researchers can address fundamental degradation
mechanisms while pushing the performance of perovskite devices closer to their theoretical limits,

by stabilizing perovskite surfaces and tuning their chemistry.

Within this broader context, two interrelated questions motivate the work in this dissertation:

1. Canmolecular passivation be used to mitigate light-induced ion migration in wide-bandgap
perovskites, thereby improving their photostability under illumination?
2. How do specific aminosilane structures and processing conditions influence interfacial

chemistry, passivation quality, and device-relevant performance?

Addressing these questions requires a combination of detailed interfacial characterization and
systematic variation of molecular treatments. These studies can help move from empirical

optimization toward a more rational understanding of surface passivation mechanisms.



This thesis focuses on molecular surface passivation to control ion motion and tune interfacial
optoelectronic properties in lead halide perovskite semiconductors. This work centers on two
research studies that together illustrate how amino-silane-based treatments can be utilized, and
must be carefully controlled, to improve stability and performance. Chapter 1 has provided a broad
overview of the unique properties and challenges of lead halide perovskites, with particular
emphasis on surface defects and surface-related instability. Chapter 2 presents an in-depth
investigation into the kinetic suppression of photoinduced halide migration through surface
passivation, highlighting the role of surface treatments in stabilizing wide bandgap perovskites
under illumination.*?> Chapter 3 examines the effects of aminosilane-based surface treatments,
emphasizing the importance of optimized treatment conditions and revealing surface reactivity of
these molecules with formamidinium cations.** Collectively, these studies contribute to a broader
understanding of how molecular surface passivation can be utilized to address performance and
stability issues in halide perovskites, and ultimately, support their potential toward

commercialization.
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Chapter 2: Kinetic Suppression of Photoinduced Halide
Migration in Wide Bandgap Perovskites via Surface

Passivation

Adapted from Akrami, F.; Jiang, F.; Giridharagopal, R.; Ginger, D. S. Kinetic Suppression of
Photoinduced Halide Migration in Wide Bandgap Perovskites via Surface Passivation. J. Phys.
Chem. Lett. 2023, 14 (41), 9310-9315. https://doi.org/10.1021/acs.jpclett.3c02570.

2.1 Overview

In this work, we study the kinetics of photoinduced halide migration in FAsCso2Pb(Io.sBro.2)3
wide (~1.69 eV) bandgap perovskites and show halide migration slows down following surface
passivation with (3-aminopropyl) trimethoxysilane (APTMS). We use scanning Kelvin probe
microscopy (SKPM) to probe the contact potential difference (CPD) shift under illumination, and
the kinetics of surface potential relaxation in the dark. Our results show APTMS-passivated
perovskites exhibit a smaller CPD shift under illumination, and a slower surface potential
relaxation in the dark. We compare the evolution of the photoluminescence spectra of APTMS-
passivated and unpassivated perovskites under illumination. We find that APTMS-passivated
perovskites exhibit more than 5 times slower photoluminescence redshift, consistent with the
slower surface potential relaxation as observed by SKPM. These observations provide evidence
for kinetic suppression of photoinduced halide migration in APTMS-passivated samples, likely

due to reduced halide vacancy densities, opening avenues to more efficient and stable devices.

2.2 Introduction

Metal halide perovskites are being widely explored in applications ranging from solar cells and
light-emitting diodes to sources of quantum light.!”> The research community is demonstrating

rapid advancements in the performance of these devices. For instance, in 2023, the perovskite solar
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cell power conversion efficiency (PCE) record stands at 26.1% for single junction and 33.7% for
perovskite-silicon tandems, compared to 23.3% and 27.3% only 5 years ago.® At the same time,
improved materials have enabled efficient perovskite light-emitting diodes,® and even coherent

single photon sources.’

While perovskites are attractive semiconductor materials because they are easily synthesized and
processed over large areas at low temperatures, these properties make them prone to a range of

surface and bulk defects.” !

Understanding and controlling these defects, particularly
unpassivated surface states, is important due to their influence on nonradiative loss pathways that
affect device performance and stability.!>'® Furthermore, certain defects like halide vacancies
also facilitate ionic conductivity, for instance via vacancy migration.!’ 2! Passivation strategies that
remove halide vacancies could thus have important implications for materials performance and
stability, especially for the mixed halide perovskites that are commonly used to tailor the

semiconductor bandgap in solar cell and light-emitting diode applications.?>2%23

Many groups have studied surface passivation strategies, usually with an emphasis on reducing
non-radiative recombination as probed by photoluminescence.!!**?’ Others have focused on
photoinduced ion migration in both pure halide and mixed halide compositions.?® ¥ However,
despite the need for understanding and controlling the kinetics of photoinduced ion migration,
experimental evidence for kinetic effects of surface passivation on photoinduced halide migration

is limited.>*3¢

Previously, our group has shown that (3-aminopropyl) trimethoxysilane (APTMS) can
successfully reduce nonradiative recombination,'!! improve the open-circuit voltage of devices,*’

and mitigate electric field-induced ion motion in perovskite films.*® Based on the role of halide

1721

vacancies in ion migration, we hypothesize that surface passivation should also kinetically
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hinder photoinduced ion migration by reducing the density of halide vacancies. In this work, we
test this hypothesis by studying the kinetic effects of APTMS surface passivation on photoinduced
halide migration in FA(s8Cso2Pb(l0.8B10.2)3, a wide bandgap perovskite (E; of 1.69 eV). We chose
this formulation as it offers an ideal optical bandgap for top sub-cells in perovskite-silicon
tandems. We study the effects of passivating the perovskite surfaces with APTMS by tracking both
the contact potential difference (CPD) shift and photoluminescence evolution with time under
illumination, and the kinetics of surface potential relaxation in the dark following illumination.
Consistent with our hypothesis, we observe that APTMS-treated samples undergo a smaller CPD
shift under illumination and exhibit a slower surface potential relaxation in the dark. In addition,
the APTMS-treated samples show more than 5 times slower redshift in photoluminescence under

illumination.

2.3 Results and Discussion

We synthesize FAosCso2Pb(losBro2)s perovskites by adapting previously reported methods* as
described in detail in the Appendix A. To passivate the surface of these samples, we deposit
APTMS using a vacuum oven for 5 minutes, as in our previous work (see Appendix A).!! We
measure the bandgap to be ~1.69 eV via UV-Vis spectroscopy (Appendix A, Figure Sla), and
confirm the perovskite structure via X-ray diffraction (XRD) (Appendix A, Figure S1b). Appendix
A, Figure S1b shows that there are no detectable changes to the perovskite XRD patterns after
APTMS surface passivation. We confirm the successful surface passivation of this perovskite
composition by APTMS via steady-state and time-resolved photoluminescence, which show
significant increases in photoluminescence intensity (~36 times increase) and photoluminescence

lifetime (~7 times increase) (Appendix A, Figure S3 — 4).
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To further study the effects of perovskite surface passivation with APTMS, we use scanning Kelvin
probe microscopy (SKPM) to probe the CPD shift under illumination and the kinetics of surface
potential relaxation in the dark following illumination (Figure 1). Figure 1a shows a schematic
diagram of the samples used for the SKPM and steady-state photoluminescence measurements in
this study (see Appendix A for details). Briefly, we deposit the perovskite films on spin coated
SnO; electron transport layer on top of indium tin oxide (ITO) covered glass substrates. Figure 1a
also shows the molecular structure of the APTMS monomer, and the structure of the first layer of
polymerized APTMS as it is likely to interact with the perovskite.!! Figure 1b depicts a simplified

SKPM measurement setup employed in this study.
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Figure 1. SKPM of unpassivated and APTMS-passivated samples. (a) A schematic diagram of
samples and the molecular structure of APTMS surface passivator shown as a monomer (on the
right) and polymerized as it is likely to interact with the perovskite (on the top). (b) A simplified
SKPM measurement setup on the surface of a sample. CPD shifts as a function of time showing
the effects of illumination on CPD evolution and surface potential relaxation following
illumination of (c¢) unpassivated, and (d) APTMS-passivated samples. The illumination source is
a 405 nm continuous wave laser, 18 kW m, co-aligned with the atomic force microscopy (AFM)
tip.

Figure 1c —d compare the CPD shift in unpassivated and APTMS-passivated samples as a function
of time during and after illumination. As shown in Figure 1¢ —d, APTMS surface passivation leads
to a smaller CPD shift under illumination, and slower surface potential relaxation after switching
off the illumination source. We use a stretched exponential decay function to determine the surface
potential relaxation time in unpassivated perovskite to be ~1000 s (~16.7 min) while in APTMS-
passivated sample it is ~2550 s (~42.5 min) (see Appendix A and Table S1 for details). We also
observe a smaller CPD shift under illumination and slower surface potential relaxation in APTMS-
passivated samples at a higher illumination intensity (Figure S5 — 6). Notably, we observe a fast
early surface potential relaxation in unpassivated samples at both light intensities which is less

pronounced in APTMS-passivated samples.

We propose that the differences in CPD shift magnitude under illumination for the unpassivated
and APTMS-treated samples are primarily because of differences in surface charge accumulation,
whereas ion motion explains the time-dependence during and after illumination. Prior to
illumination, the higher density of surface defects causes a larger surface band bending in

unpassivated samples. Upon illumination, the surface defects cause a larger surface charge
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accumulation in unpassivated samples which manifest in the higher CPD shifts observed. APTMS
surface passivation decreases the density of surface trap states and hence less surface charge

accumulation is expected.

One of the major challenges in studying ion motion in halide perovskites is coupled ionic and
electronic motion, though studies suggest these processes can be decoupled due to differences in
their timescales.***? Electronic motion is reported to occur with a timescale of femtoseconds to
microseconds, while ion motion is reported to occur with milliseconds to seconds and longer
timescales.***? Surface potential relaxation occurs on a timescale of minutes which is consistent

17,20 and our

with ion motion. Furthermore, due to the lower activation energy of mobile halides
previous visualization of photo-induced halide migration in hybrid organic-inorganic
perovskites,?! we expect that the dominant mobile ions are halides. Therefore, we attribute surface
potential relaxation to halide migration. After illumination, the light source is switched off which
allows for halide ions to slowly migrate back towards an equilibrium state. This process is
thermodynamically driven by entropy, and kinetically governed by concentration gradients.!#?!43
Due to higher surface charge accumulation in unpassivated samples, initially the trapped halides
migrate back relatively quickly. However, new lower concentration gradients slow down the
kinetics over time, as shown in Figure 1¢ — d and Figure S6. Less surface charge accumulation in

APTMS-passivated samples mitigate the early fast surface potential relaxation observed in

unpassivated samples and suppress the overall kinetics (see Appendix A for details).

Based on the slower kinetics of APTMS-passivated samples as probed by SKPM, we expect that
APTMS-treated samples should also exhibit kinetically suppressed halide phase segregation. To
test this, we conduct photoluminescence measurement because hole funneling into lower-bandgap

iodide rich domains makes halide phase segregation easily detectable via this method.!*?° We
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monitor the photoluminescence Amax shift under illumination as a function of time (Figure 2).
Figure 2 shows that APTMS passivation helps suppress the photoluminescence redshift that occurs
under illumination in these samples. We also study the intensity dependence of this process. As
shown in Figure 2c, higher illumination intensities cause faster photoluminescence redshifts in
both unpassivated and APTMS-passivated samples. However, APTMS-passivated samples exhibit
more than 5 times slower photoluminescence redshift. Notably, APTMS-passivated samples
undergo slower photoluminescence redshift even at the illumination intensity of 46 kW m™
compared to unpassivated samples at both 23 kW m and 46 kW m™. This observation shows the

effectiveness of APTMS passivation in mitigating halide segregation.

Although we cannot completely rule out the possibility of deeply trapped electronic carrier's
motion, both SKPM and photoluminescence data show kinetics with timescales on the order of
minutes, and the PL shifts are a clear signature of ion migration. Considering the mixed A-site
cations in our studied perovskite composition and the possibility of A-site cation phase segregation

as reported by different groups,** 4

we also make pure iodide films with the same ratio of the
mixed A-site cations, FAo.sCso2Pbls, and probe photoluminescence of this composition under
illumination (Figure S7 — 8). We observed no significant photoluminescence Amax shift, further

suggesting that the observed photoluminescence peak shift in the mixed halide samples is due to

halide phase separation.
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Figure 2. Photoluminescence of unpassivated and APTMS-passivated samples under illumination.
Photoluminescence as a function of light soaking time with intensity of 23 kW m™ of (a)
unpassivated and (b) APTMS-passivated perovskites. (¢) Photoluminescence Amax shift as a
function of light soaking time of unpassivated with intensity of 23 kW m (light blue), 46 kW m"
2 (dark blue), and APTMS-passivated perovskites at 23 kW m? (light red) and 46 kW m™ (dark
red). The light source used is a 532 nm continuous wave laser. The dashed lines are the fits for
each curve (see Appendix A for details). Error bars are standard error of the mean for three

measurements performed on three different films.

As shown in Figure 2a, continuous light soaking under constant intensity exacerbates the halide
segregation over time, showing the impact of light soaking time. Similarly, in Figure 3a, we
examine the effect of light intensity under constant soaking time. We observe that higher intensities
cause more halide segregation. Thus, both light soaking time and intensity are factors that

contribute to halide segregation. To compare the impact of these two factors, we plot
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photoluminescence Amax shift as a function of light dose (kJ cm™). Figure 3b shows that within
both unpassivated and APTMS-passivated samples, continuous light soaking with the same dose
(kJ cm™) regardless of time/light intensity (23 or 46 kW m™?) causes similar amount of
photoluminescence redshift. We also probe the effect of light soaking on light absorption of the
perovskite sample and find that light soaking does not affect the light absorption of the sample
(Figure S9), likely due to small fraction of the mixed halide phase undergoing halide phase

segregation which may not be as easily detectable via absorption measurements.*’
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Figure 3. Effect of light soaking time and intensity on halide segregation. (a) Photoluminescence
of unpassivated perovskites as a function of light intensity with constant light soaking time of 10
min. (b) Photoluminescence Amax shift as a function of light dose (kJ cm™) of unpassivated with
light intensity of 23 kW m? (light blue), 46 kW m™ (dark blue), and APTMS-passivated

perovskites at 23 kW m™ (light red) and 46 kW m (dark red).

Our findings in Figure 3 suggest that photoinduced halide segregation follows first order kinetics,
with halide segregation dependent on light dose (kJ/cm?), expressed in reaction 1 below (as a
limiting case).
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5FA0.8Cs0.2Pb(lo.8Bro2)s + hv = 4FA(.8Cso.2Pbls + FA.8Cso.2PbBr3 (1)

This shows that when examining photoinduced halide segregation, special attention should be
given to the light dose (the product of light intensity and time), as both light intensity and time

contribute to photoinduced halide segregation.

2.4 Conclusions

In summary, we report that APTMS, applied as a surface passivator, kinetically suppresses halide
migration in FAogCso2Pb(lo.sBro2)3, a wide bandgap perovskite (Eg of 1.69 eV). We conduct
SKPM to show that APTMS surface passivation kinetically suppresses halide relaxation in the
dark after illumination. Using photoluminescence, we investigate the kinetic effects of APTMS
surface passivation on halide phase segregation and show that APTMS-passivated samples exhibit
more than 5 times slower halide segregation. Lastly, we report that halide segregation follows first
order kinetics dependent on light dose (kJ/cm?), where the same light dose leads to the same extent
of halide segregation regardless of time/light intensity. This study shows that passivating surface
defects has more implications beyond reducing electronic carrier recombination rates, and
provides evidence for kinetic suppression of photoinduced halide migration which is a crucial topic

for improving efficiency and stability of perovskites.
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Chapter 3: Surface Passivation for Halide Optoelectronics:
Comparing Optimization and Reactivity of Amino-Silanes

with Formamidinium

Adapted from Huang, Z.;+ Akrami, F.;T Zhang, J.; Barlow, S.; Marder, S. R.; Ginger, D. S.
Surface Passivation for Halide Optoelectronics: Comparing Optimization and Reactivity of
Amino-Silanes with Formamidinium. J. Am. Chem. Soc. 2025, 147 (46), 42918-42925.
https://doi.org/10.1021/jacs.5¢c15574.

T Z. Huang and F. Akrami contributed equally to this work.

My contributions to this project include leading the optimization of aminosilane surface
passivation; contributing to early discussions about incorporating nuclear magnetic resonance
spectroscopy into the study, performing time-resolved photoluminescence, UV-Vis absorption, X-
ray diffraction, and atomic force microscopy measurements, analyzing solar cell data and

generating the corresponding figures and tables (with device measurements conducted by Z.
Huang); and writing the original draft with active involvement in subsequent editing and revision.

3.1 Overview

Amino-silane-based surface passivation schemes are gaining attention in halide perovskite
optoelectronics, with varying levels of success. We compare surface treatments using (3-
aminopropyl)trimethoxysilane (APTMS) and [3-(2-aminoethylamino)propyl]trimethoxysilane
(AEAPTMS), applied via room-temperature vacuum deposition, to the perovskite
FA0.78Cs0.22Pb(Io.85Br0.15)3 (FA = formamidinium). Both molecules improve thin-film
photoluminescence properties and photovoltaic device performance, although their effectiveness
depends strongly on deposition time. We show AEAPTMS has a wider, more robust processing
window and yields higher performance under optimized conditions. In contrast, over-exposure,
particularly with APTMS, reduces performance, with notable reductions in photoluminescence
lifetime and absorbance. To probe the underlying chemistry, we employ nuclear magnetic
resonance (NMR) spectroscopy and depth-resolved time-of-flight secondary ion mass

spectrometry (ToF-SIMS), demonstrating that both amino-silanes react with formamidinium (FA™)
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cations in solution and in the solid state. This work underscores the importance of optimizing
deposition conditions to balance effective passivation with potential performance loss and
elucidates previously unrecognized reactive chemistry between amino-silane passivating agents

and halide perovskites.

3.2 Introduction

Metal halide perovskites are semiconductors with the general formula of ABX3; where A is a
monovalent cation (typically methylammonium (MA"), formamidinium (FA"), or Cs"), B is a
divalent cation (typically Pb** or Sn®"), and X is a halide anion (I", Br’, or CI)."* These materials
have attracted much attention for their versatility and performance across a wide range of
applications, including photovoltaics, light-emitting diodes, photodetectors, and even single

photon sources.* !

While halide perovskites are widely described as defect tolerant, like all semiconductors they
exhibit a variety of bulk and surface defects.''¢ In perovskites these defects contribute to
detrimental processes ranging from non-radiative recombination'>!” to ion migration, phase-
separation, and instability.>!®2* Mitigating these defects, particularly unpassivated surface states,
is essential for enhancing the performance of perovskite semiconductors in applications from
tandem solar cells to light-emitting applications.'*!**?7 Furthermore removing such defects can

significantly enhance both material and device stability.

Numerous studies have demonstrated effective surface passivation strategies that reduce
nonradiative recombination in perovskite films and enhance solar cell performance.!*!"-?8-32 Early
interface passivators were often Lewis bases which can bind halide vacancies,'> however the

lability of many simple Lewis bases makes them suitable for surface chemistry studies, but less
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suitable for scalable device fabrication. Several years ago, looking for passivators that were widely
scalable, cross-linkable (to provide more robust coatings), and able to interact with the perovskite,
our group began exploring silanes, which are widely available in bulk quantities due to their use
as adhesion promoters in the glass industry,* and are compatible with large area low cost coating
methods such as low pressure vapor deposition at ambient temperatures. Notably, these studies,
and those by other groups, found that cross-linkable amino-silanes are effective as scalable surface

passivators in both films and complete devices, with reports of enhanced photoluminescence

15,34 28,34

properties and corresponding improvements in open-circuit voltage, suppression of

voltage-induced ion migration,?° decreased photoinduced halide segregation,!” and even improved
device stability under full-spectrum sunlight at 85 °C and open-circuit conditions in ambient air.>*

They also found that amino-silanes were able to passivate perovskites that were not well-

passivated by other simple Lewis base treatments. !>

While early studies often focused on (3-aminopropyl)trimethoxysilane (APTMS), Lin et al.
recently compared a series of amine-functionalized silanes, reporting that [3-(2-
aminoethylamino)propyl]trimethoxysilane (AEAPTMS) yielded superior device performance and
stability. While APTMS contains a single primary amine, AEAPTMS contains neighboring
primary and secondary amines. Based on density functional theory (DFT) calculations, Lin et al.
proposed that AEAPTMS passivates more favorably by binding to undercoordinated Pb*" cations
in a cooperative fashion. Interestingly, they also reported that APTMS passivation decreased cell

performance, in apparent contradiction to a number of previous reports,!>-19-202835

In this work, we study the effect of time-optimized, vapor-deposited surface treatments with
APTMS and AEAPTMS on a FA¢.78Cs0.22Pb(lo.85Br0.15)3 perovskite with a bandgap of 1.66 eV. We

used this perovskite formulation due to its reported stability and its suitability as a top absorber
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layer in perovskite—silicon tandem solar cells.’*3° Using time-resolved photoluminescence
(TRPL), we show that both APTMS and AEAPTMS treatments increase carrier lifetimes, as well
as open-circuit voltage and power-conversion efficiency of solar cells. We show that the overall
effectiveness of the passivation varies with deposition time (silane coating thickness) and that the
optimal conditions differ not only between APTMS and AEPTMS but also depending on if we
optimize for maximum PL lifetime, or maximum device performance. Finally, we show that both
APTMS and AEAPTMS react with FA™ cations, challenging some current models for surface

binding.**

3.3 Results and Discussion

We synthesized FA¢.78Cs0.22Pb(lossBro.15)3 perovskites by adapting previously reported
procedures,® (see Supporting Information (SI) for details). We measure a bandgap of ~1.66 eV via
UV-Vis spectroscopy (Appendix B, Figure S1). For all surface treatments, we deposit both APTMS
and AEAPTMS using low pressure vacuum deposition (see SI). Vapor deposition at reduced
pressure is scalable, favors deposition of the silane monomer, and offers improved
reproducibility.** We also find it reduces pooling of liquid silane derivative on the perovskite
surface, thus reducing the prospects for etching. Figure la shows the molecular structures of

APTMS and AEAPTMS.

First, we investigate the effects of time-dependent APTMS and AEAPTMS treatments on TRPL
and UV-Vis absorbance (Figure 1b-e). Figures 1b and 1c show that for deposition times of 30 s,
90 s, and 360 s, at room temperature with gauge pressure of about -25 in. of Hg relative to

atmospheric pressure, both APTMS and AEAPTMS treatments extend TRPL lifetimes compared
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to the unpassivated sample. Table S1 summarizes fitting parameters for the stretched exponential

decay of TRPL data.
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Figure 1. Deposition time-dependent surface treatment of FAo.78Cso.22Pb(lo.85Br0.15)3 perovskites
with APTMS and AEAPTMS. (a) Molecular structures of APTMS (red) and AEAPTMS (green).
(b) and (c) TRPL decay curves of unpassivated (blue), APTMS-passivated (red), and AEAPTMS-
passivated (green) samples with varying deposition times. Black dashed lines are stretched
exponential fits to the data. (d) and (e) UV-Vis absorbance spectra of unpassivated (blue), APTMS-

passivated (red), and AEAPTMS-passivated (green) samples with varying deposition times.
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We observe that longer amino-silane deposition times generally result in successively longer TRPL
lifetimes, except for the longest (360 s) APTMS treatment, which does not show an increased
lifetime relative to the 90 s APTMS treatment. Notably, we achieve similar TRPL enhancements
with both APTMS and AEAPTMS, though at different optimum deposition times (see Table S1).
UV-Vis spectra in Figure 1d and le show a small but measurable decline in extinction with
increasing deposition time for both studied silanes. The X-ray diffraction (XRD) patterns
(Appendix B, Figure S2) of the untreated and treated samples across the same deposition time
range show a subtle reduction in peak intensities at higher treatment times, indicating little to no
bulk structural changes. We further perform atomic force microscopy (AFM) topography and

phase imaging to probe nanoscale surface features (Appendix B, Figure S3-S5).

Next, we examine the incorporation of APTMS and AEAPTMS surface treatments into archetypal
p—i—n structured perovskite solar cells. Figure 2a shows the detailed schematic of the device
architecture. This commonly used architecture comprises an ITO electrode treated with [2-(3,6-
dimethoxy-9H-carbazol-9-yl)ethyl]phosphonic acid (MeO-2PACz) as the hole-transport layer,
evaporated Ceo as the electron-transport layer, and Ag as the back electrode. Each of these layers

is currently widely used and known to yield well-performing devices.*3#1~44
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Figure 2. Perovskite solar-cell performance with deposition time-dependent amino-silane surface
treatments. (a) A schematic illustration of the p—i—n structured perovskite solar cell. (b) J-V curves
of the champion unpassivated (blue), APTMS-treated (red), and AEAPTMS-treated (green)
devices with 30 s treatment duration. Solid lines represent forward scans and dotted lines represent
reverse scans. (¢) Power conversion efficiency (PCE), (d) short-circuit current density (Jsc), (€)
open-circuit voltage (Voc), and (f) fill factor (FF) of unpassivated (blue) and AEAPTMS-treated

(green) devices with varying deposition times (based on forward scans).

We observe that longer amino-silane deposition times eventually lead to a decline in solar cell
performance (Figures 2c—f and Appendix B, S6), and we find the optimal performance (Figure 2b)
occurs with shorter treatment durations (~30 s). Under optimized treatment conditions, both
APTMS- and AEAPTMS-treated devices show improved power conversion efficiencies, most
notably through enhanced open-circuit voltage (Voc) and fill factor (FF). Among the two
treatments, AEAPTMS-treated solar cells demonstrate the highest overall efficiency. Table S2

summarizes the mean values and standard deviations of the device data. It is noteworthy that,
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consistent with the trend of increased TRPL lifetimes at longer amino-silane deposition times
(Figure 1b-c), the Voc also tends to improve with extended treatment durations. This result is

widely consistent with past data on amino-silane treatment of perovskites.?3

However, despite the Voc improvements, we observe a decrease in Jsc, FF, and PCE at longer
deposition times. We attribute this trade-off to a combination of perovskite decomposition and,
more significantly, the insulating nature of the amino-silanes,?® which becomes more detrimental
as thicker layers provide a greater barrier to charge extraction after prolonged deposition.
Furthermore, at even longer deposition times (Appendix B, Figures S7-S8), or under more
aggressive conditions,** some reduction in the 3D perovskite phase occurs as evidenced by the
concomitant decrease in UV-Vis absorbance and XRD peak intensities. In our system, we observe
a similar decrease in the XRD peak intensities supporting this loss trend. Overall, these findings
highlight a tunable balance between beneficial surface modification and adverse effects, namely

electrical insulation and decomposition, which is sensitive to treatment duration and conditions.

On one hand, these observations are consistent with previous work assigning the beneficial effects
of amino-silane treatment to the passivation of surface defects, through processes such as
coordination of the Lewis basic amine groups to Pb*" sites with surface halide vacancies.!>?** On
the other hand, our group and others have reported enhanced performance in amine-based
passivation strategies where we have conclusively demonstrated that the amine groups react with
the FA* cations.*** Therefore, to better understand how these two amino-silanes interact
differently with the perovskite, we monitored the interaction between AEAPTMS and FAI in

DMSO-ds (0.04 M) by solution "H NMR spectroscopy.

33



{a) (c)

L PP N OO b
HyCO-8i T SNl HoN S SNHfr ———————— HSCO',Si/‘\’ ¥ bt/\\NH*I' +  ONHy
) H DMSO-d, 5 mi H3CO !
HCO oam 0.04M . &M ki %
AEAPTMS Fal

160 140 120 100 80 60 40 20 0
13C chemical shift (ppm)

(d) I l

(b)

t

0 —_—
o [S
" 10 &
&
= 20 G
A W [ 145 g
AEAPTMS — e e 2

55
L A L &
_1 : 155~

70 45 40 35 30 25 20 15 10 05
'H chemical shift (ppm) 7.0 40 35 30 15 1.0 05

"H chemical shift (ppm)

Figure 3. (a) Overall reaction between AEAPTMS and FAI (b) 'H NMR spectra of AEAPTMS in
DMSO-ds (0.08 M), and the spectrum of AEAPTMS and FAI mixture after mixing (0.04 M, 1:1
ratio) in DMSO-d¢ for 5, 15, and 225 min, indicating that the cyclization reaction is essentially
complete in ca. 5 min. (c) *C{'H} NMR spectrum and (d) 'H-'3C Heteronuclear Single Quantum
Coherence (HSQC) NMR spectrum of the AEAPTMS and FAI mixture after mixing (0.04 M, 1/1
ratio) in DMSO-ds for 10 h. The relatively clean '*C NMR spectrum suggests the cyclization

reaction is complete and the product is stable in DMSO-ds.

Figure 3b shows '"H NMR spectra of AEAPTMS and the mixed solutions of AEAPTMS and FAI
in DMSO-ds (0.04 M) with varying mixing times. Within 5 minutes, the mixed solution shows a
new peak in the 'H NMR spectrum at a chemical shift of 7.10 ppm, while the characteristic
methylene resonances of AEAPTMS, especially those assigned to CHoN groups, shift and the
signal corresponding to the methine resonance of FA* (7.86 ppm)*’ is absent. As shown in Figure

3c, the *C {'"H} NMR spectrum of the same solution after mixing for 10 hours shows a new signal

at 158.1 ppm, indicating the formation of a new sp® carbon environment not attributable to FA".
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Heteronuclear single quantum correlation (HSQC) spectroscopy (Figure 3d) indicates that the
proton and carbon associated with these two new resonances are bonded to one another. This data,
along with Appendix B, Figures S11-S12, suggest the nucleophilic attack of AEAPTMS on FA™,
leading to ring formation with concomitant elimination of ammonia. Appendix B, Figure S13
shows the mass spectrum of AEAPTMS and mixed solution of AEAPTMS and FAI. The signal at
m/z =233.3 is also consistent with the formation of 1-(3-(trimethoxysilyl)propyl)-4,5-dihydro-1H-
imidazol-3-ium cation after mixing AEAPTMS and FAI, thus strongly supporting the proposed

reaction.

In contrast, the reaction between APTMS and FAI in DMSO-ds (0.04 M) appears to be ca. 50%
complete after 5 minutes and does not proceed further, even over many hours (Appendix B, Figure
S15a). The expected initial products of APTMS and FA"™ are the N-(3-
(trimethoxysilyl)propyl)formamidinium ion and ammonia. Subsequent proton transfer from N-(3-
(trimethoxysilyl)propyl)formamidinium to a second molecule of APTMS would result in the
formation of a N-(3-(trimethoxysilyl)propyl)formamidine and the non-nucleophilic 3-
(trimethoxysilyl)propylammonium ion. Although typical formamidinium derivatives are
insufficiently acidic to protonate typical primary amines, in the present case we hypothesize that
the formamidine product of this proton-transfer equilibrium is stabilized by coordination of the
deprotonated nitrogen to the Lewis acidic silicon center, forming a five-membered ring (Appendix
B, Figure S15b, S16). The reaction does proceed to completion if conducted in methanol-ds
(Appendix B, Figure S17), which can compete for binding with the silicon center (as evidenced
by scrambling of CD3 groups into the Si(OMe)s group, Appendix B, Figure S18), or in the presence
of the strong non-nucleophilic base DBU, which accepts the proton generated on forming the

internal formamidine-Si adduct (Appendix B, Figures S16, S19). Similar interactions are possible
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in the case of the AEAPTMS / FA reaction; however, a five-membered cyclic internal formamidine
adduct analogous to that proposed above for the APTMS cannot be formed since there is no
appropriate NH proton to be lost, a possible eight-membered adduct is likely less stable, and,
critically, the formation of the cyclic 1-(3-(trimethoxysilyl)propyl)-4,5-dihydro-1H-imidazol-3-
ium cation is thermodynamically favorable (Appendix B, Figure S14). We also use 'H, *C{'H},
and 2D NMR methods, as well as mass spectrometry (MS), to confirm the structures of reaction
products (Figure 3b-d, Appendix B, Figure S11-S13). Mass spectroscopy suggests reaction of
AEAPTMS and FAI exclusively forms of the above-mentioned imidazolium derivative, with no
detectable uncyclized products (Appendix B, Figure S13). In contrast, mass spectra for the reaction
of APTMS and FAI (1:1) in methanol show peaks assignable to both N-(3-
(trimethoxysilyl)propyl)formamidinium (m/z = 207.2) and N,N"-bis(3-

(trimethoxysilyl)propyl)formamidinium (m/z = 369.2) (Appendix B, Figure S23).

Given the difference in reactivity of formamidinium with amino-silanes in solution, we employed
time-of-flight secondary ion mass spectroscopy (ToF-SIMS) to explore the interaction of the

amino-silanes and FA™ on solid-state perovskite interfaces.
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Figure 4. ToF-SIMS mass spectra at (a) m/z = 45.05 and (b) m/z = 71.06, corresponding to FA"
and 4,5-dihydroimidazolium respectively, of perovskite films passivated with AEAPTMS using
different deposition times. ToF-SIMS depth profile of (c¢) unpassivated and (d) AEAPTMS-
passivated film (360 s) on ITO substrate. (e) Si depth profile of perovskite films on ITO substrate

with different passivation at 90 s.

Figure 4a-b shows the signal of FA" (m/z = 45.05) and 4,5-dihydroimidazolium (C3HoN7", m/z =
71.06, a fragment of 1-(3-(trimethoxysilyl)propyl)-4,5-dihydro-1H-imidazol-3-ium) respectively,
from ToF-SIMS mass spectra of AEAPTMS-passivated perovskite films with varying deposition
times. Figure 4a shows the signal of FA" decreases continuously with increasing duration of
AEAPTMS-treatment, while Figure 4b shows a concomitant increase in the signal of C3HaN7"
(4,5-dihydroimidazolium), as expected if the AEAPTMS reacts with FA™ to form 1-(3-
(trimethoxysilyl)propyl)-4,5-dihydro-1H-imidazol-3-ium as suggested by the solution NMR
(Figure 3a). The full mass spectrum also shows a weak signal (likely due to fragmentation) at m/z
= 233.3 corresponding to the product of AEAPTMS-FA™ reaction (1-(3-(trimethoxysilyl)propyl)-
4,5-dihydro-1H-imidazol-3-ium), again in good agreement with the solution reaction scheme. We
do detect a small signal at an m/z that is indicative of C3H,N7" for an unpassivated film, which we
speculate could arise from ion bombardment-induced fragmentation and subsequent
recombination of FA* (Figure 4¢). Nevertheless, the signal associated with CsH>N7" ring increases
by ~20 times after exposure to AEAPTMS (Figure 4d). Together, these results confirm that the
reaction of AEAPTMS and FA" takes place rapidly on the perovskite surface, with increasing

product formed at increasing deposition times.

Next, we examine the ToF-SIMs results on APTMS-treated perovskite samples, which show no

evidence for N-(3-(trimethoxysilyl)propyl)formamidium (m/z = 207.2) or N,N"-bis(3-
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(trimethoxysilyl)propyl)formamidinium (m/z = 369.2) mass fragments in films. In addition, for
APTMS, we observe no significant changes in the signal of FA™ with deposition time (Appendix
B, Figure S24), which is in contrast with the decrease in FA™ signal with increasing deposition
time for AEAPTMS (Figure 4a). It is possible that the high fragmentation probabilities of the C-N
bonds would lead to dissociation of many of these compounds into APTMS and FA™ like
fragments. However given that we see (weak) signals for the parent fragment of AEAPTMS
reacting with FA', we conclude that while it is possible that 1-(3-
(trimethoxysilyl)propyl)formamidium and/or N,N'-bis(3-(trimethoxysilyl)propyl)formamidinium
are formed from the reaction of APTMS and FA" during vacuum deposition, the reaction proceeds
less (or the products fragment more readily) than in the case of AEAPTMS reacting with FA™

during vacuum deposition.

15,19.20.28 and others,** have proposed the amino-silane passivators can

Previously, both our group,
passivate halide vacancies (undercoordinated Pb* sites), and that protonated ammoniums could
stabilize A-site vacancies in the perovskite surface. Evidence also suggests that thin silane
treatments also help reduce contact-induced recombination that occurs when the perovskite is in
contact with an extraction layer or electrical contact.?® However, the performance improvements
of AEAPTMS, which clearly reacts with FA" in the perovskite, suggest additional mechanisms.
Taddei et al. proposed a lower-dimensional perovskite structure containing the 4,5-
dihydroimidazolium cation can form upon reaction with sufficient concentrations of
ethylenediamine,*¢ while Luther and coworkers have recently proposed that 1D phases are formed
by the reaction products of simple alkylamines and diamines with FA".*® Presumably these phases

form heterojunctions at the surface, which would both push carriers away from surface defects, as

well as provide for some electronic decoupling from the electrodes/transport layers.
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Finally, we also compare the penetration of the AEAPTMS and APTMS into the perovskite films
by tracking the depth (sputter-time) dependence of Si containing fragments. Figure 4e shows that
the initial Si signal is slightly higher for the APTMS-treated films compared to the AEAPTMS-
treated films, possibly due to the higher vapor pressure of APTMS leading to faster deposition.
Furthermore, the APTMS-treated ToF-SIMS depth profile indicates that Si penetrates deeper into
the perovskite bulk compared to the AEAPTMS-treated depth profile with the same treatment
duration, these results suggest that the AEAPTMS/perovskite interface is relatively sharp
compared to a more diffused APTMS/perovskite interface. We speculate that the higher reactivity
of AEAPTMS with FA*, as observed by solution NMR, and the formation of bulkier reaction
products help restrict its penetration into the film, where the reacted cations likely remain near the
surface with polymerized tails forming a confined passivating network. This confinement may

account for the wider processing window observed for AEAPTMS.

3.4 Conclusion

In summary, we investigated the effects of APTMS and AEAPTMS surface treatments on halide
perovskites. While both amino-silanes can effectively passivate the perovskite surface under
optimized conditions, we find that AEAPTMS has a wider processing window, and yields the
highest solar cell efficiency, with the most notable improvements observed in the Voc and FF under
optimized conditions. We highlight the tunable balance between beneficial passivation and
detrimental effects, namely electrical insulation and loss of 3D perovskite phase, influenced by

amino-silane treatment duration and conditions.

Using a combination of NMR spectroscopy and depth-resolved ToF-SIMS, we demonstrate that

FA* cations chemically react with these amino-silanes. Overall, our results provide new insight
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into the interfacial chemistry between amino-silanes and halide perovskites and contribute to the
growing evidence that reactivity of FA® with amine-containing treatments, including amine-
functionalized silanes, is a general phenomenon that underpins many additive and passivation
approaches. For the future design of the surface passivator, incorporating controllable interfacial
reactivity and cross-linking functionalities that yield sharp, self-limiting, and stable interfaces
could further enhance device performance and long-term stability. This work also underscores the
importance of optimizing treatment conditions to maximize passivation benefits while minimizing
adverse effects, an essential consideration for the advancement of halide perovskite

semiconductors and the development of robust passivation strategies.
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Appendix A: Supporting Information for Chapter 2

Al. Experimental Procedures

1.1 Materials

All materials are used as received unless otherwise stated. Materials used in this study include
formamidinium iodide (FAI, >99%, Sigma Aldrich), cesium iodide (CsI, 99.999% trace metals
basis, Sigma Aldrich), lead(Il) iodide (Pbl>, >98.0%, TCI America), lead(Il) bromide (PbBr,
99.999% metals basis, Alfa Aesar), lead(Il) chloride (PbClz, 99.999% trace metals basis, Sigma
Aldrich), tin(IV) oxide (SnO2, 15% in H>O colloidal dispersion, Alfa Aesar), N,N-
dimethylformamide (DMF, anhydrous 99.8%, Sigma Aldrich), dimethyl sulfoxide (DMSO,
anhydrous >99.9%, Sigma Aldrich), methyl acetate (anhydrous 99.5%, Sigma Aldrich), and (3-

aminopropyl)trimethoxysilane (APTMS, 97%, Sigma Aldrich).

1.2 Sample Preparations

The samples are synthesized on glass and indium tin oxide (ITO) coated glass substrates, 1.5 cm?
in size, which are pre-cleaned by sequential sonication in water containing 2% Micro-90 detergent,
deionized water, acetone, and isopropanol for 15 minutes each. The substrates are then ozone-

cleaned for ~25 minutes.

The electron transport layer (ETL) is deposited according to a method reported by Sidhik et. al.!
We dilute the commercial SnO; solution by deionized water to 2.67%, and spin coat 100 pL of the
diluted solution at 5000 rpm for 30 s in ambient air. The SnO> films are annealed at 150 °C for 30
min in ambient air. Before transferring it to the glovebox, the ETL substrates are placed in the

ozone cleaner for 15 min to improve the wetting properties.
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The perovskite layer with mixed halide composition of FA(sCso2Pb(losBro2)s is prepared
according to a recipe reported by Jariwala et. al.? The correct molar ratio of FAI, Csl, Pbl,, PbBr>,
and PbCl, were dissolved in DMF and DMSO (3:1 v/v) to produce a 1 M solution. The small
amount of Cl added is in stoichiometric excess (6 mg for a 1 mL solution). The pure iodide
composition, FA¢sCso2Pbls, is prepared by excluding PbBr; and tuning the amount of Pbl,. The
perovskite solutions are filtered through a 0.2 um PTFE membrane filter. 100 uL of the perovskite
solution is deposited on top of the substrate and spin coated at 5000 rpm for 60 s. After ~30 s, 80
pL of anhydrous methyl acetate antisolvent is dropped onto the spinning substrate. The films are

then annealed at 100 °C for 30 min. These steps are done in a nitrogen filled glovebox.

1.3 Surface Passivation with APTMS

APTMS surface passivation of the perovskite samples are done at room temperature in a vacuum
oven with gauge pressure of about -27 In. of Hg relative to atmospheric pressure for 5 min,
following established protocols.*>* To do this procedure, 1 mL of APTMS is placed in a 4 mL vial
with the perovskite samples placed face up around the vial. The vial and the samples are covered
with a 500 mL glass jar inside the chamber. For labile Lewis bases, we often observe reversible
PL enhancements that can be removed by washing the sample or exposing it to vacuum.
Polymerization of the silane by catalytic amounts of H>O presumably helps keep the APTMS layer

intact during solution or vacuum treatments.
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1.4 UV-Vis Absorption Spectroscopy

UV-Vis absorption spectra are measured on a Perkin-Elmer Lambda 950 UV/Vis/NIR
spectrometer in a range of 320-850 nm with an integration time of 1 s. The perovskite samples are
measured on glass substrates, unless otherwise stated, in ambient conditions immediately after

being removed from a nitrogen filled glovebox.

1.5 X-Ray Diffraction

The X-ray diffraction measurements are done on samples deposited on glass substrates using a
Bruker D8 Discover with a Pilatus 100 K large area 2D detector (Cu Ka radiation). The perovskite
samples are measured in ambient conditions immediately after being removed from a nitrogen

filled glovebox.

1.6 Time-Resolved Photoluminescence (tr-PL)

tr-PL is measured using a PicoQuant Picoharp 300 TCSPC system equipped with a 640 nm pulsed
diode laser. The laser was pulsed at repetition rates of 500 kHz to 250 kHz for the unpassivated
and APTMS surface passivated samples respectively, to capture the full decay trace and prevent
photon pile-up at the detector. The excitation fluence used for both samples is ~3.4 nJ/cm?. The
PL emission was filtered using a 700 nm long-pass filter before being directed to the detector. The
data was fitted using a stretched exponential function to obtain the average PL lifetimes <> in
Figure S4. More details about the fitting function can be found in Ref. 3.3 The perovskite samples
are measured on glass substrates in ambient conditions immediately after being removed from a

nitrogen filled glovebox.
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1.7 Scanning Kelvin Probe Microscopy (SKPM)

In SKPM, an AC voltage is applied to enable generation of oscillating electrical forces between
the tip and the sample surface. A DC voltage is then applied to nullify the oscillating electrical
forces that are due to the contact potential difference (CPD) between the tip and the sample surface.
The CPD is defined as (@:ip — @sample) / €, where ¢y, is the work function of the tip, @sampie 1s the

work function of the sample, and e is the elementary charge.

SKPM measurements are performed at room temperature, in the dark, and in a sealed cell under
flowing nitrogen. The experiments are done using Asylum Research MFP-3D (Oxford
Instruments) atomic force microscope mounted on an inverted Nikon Eclipse microscope. Cr/Pt-
coated tips (BudgetSensors, 75 kHz, 3 N/m) are used to probe the CPD. The SKPM measurements
are performed using the amplitude-modulated (AM) mode with a 10 nm lift height, and an AC bias
applied typically of 2 V, at the tip’s resonant frequency. To acquire more data points, we perform

line scans and show the average data in this study.

To fit the surface potential (SP) relaxation, we use a stretched exponential decay function shown
in Eq. S1. The stretched exponential decay, in this case, is a superposition of different SP relaxation
times. A P value closer to 0 represents a more heterogeneous distribution in the SP relaxation times
and a B3 value closer to 1 represents a more homogeneous distribution in the SP relaxation times.
If B is 1, then the SP decay follows a single exponential decay. The characteristic time constant, T,
is the time required for the SP intensity to reach 1/e of the maximum intensity. The average time

constant, <t>, is then given by Eq. S2, where I'(1/f) is the gamma function.
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I = [eCt/mf (SD)

() =71 (3) (82)

A summary of fitting SP relaxation parameters is given in Table S1 which shows longer time
constants after APTMS surface passivation and increase in the P factors at both illumination

intensities, suggestive of a reduction in the distribution of SP relaxation times.

Table S1. Stretched exponential fitting parameters used for SP relaxation after 1 h illumination of

unpassivated and APTMS passivated samples at 18 kW m™ and 80 kW m™.

Sample B (a.u.) Tc (min) <t> (min) R?
Unpassivated 0.5 9.3 16.7 0.990
(18 kW/m?)
Unpassivated 0.6 19.2 29.7 0.980
(80 kW/m?)
APTMS 0.8 38.9 42.5 0.994
(18 kW/m?)
APTMS 0.8 49.7 54.7 0.994
(80 kW/m?)

51



1.8 Steady-State Photoluminescence (ss-PL)

ss-PL measurements are conducted using a Photon Etc. IMA upright microscope fitted with a
transmitted darkfield condenser and ThorLabs 1501M-USB 1.4 Megapixel cooled charged-
coupled device (CCD) camera. To minimize PL redshift during PL spectrum collection, both
unpassivated and APTMS passivated samples are excited at a constant excitation intensity of 7 kW
m, with a spectral step size of 2 nm and integration time of 0.5 s per wavelength. Prior to the
measurements, the samples are encapsulated in a nitrogen filled glovebox to prevent interactions
between the samples with ambient air. To encapsulate, we edge-seal a glass slide to cover the top
layer that otherwise would be exposed to ambient air. LED light curable BLUFIXX gel is used

along the edges of the glass to encapsulate the samples for these measurements.

To fit the PL Amax shift as a function of light soaking time, we negate the data (multiply by -1) and
use a stretched exponential function, as discussed previously (Eq. S1). A summary of fitting
parameters is given in Table S2 below which shows that higher illumination intensity causes faster
PL redshifts in both samples, and more than 5-fold slower PL redshift in APTMS-passivated

samples.
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Table S2. Stretched exponential fitting parameters used for PL Amax shift of unpassivated and

APTMS passivated samples at 23 kW m and 46 kW m™.

Sample B (a.u.) Tc (min) <t> (min) R?
Unpassivated 0.8 21.7 24.4 0.997
(23 kW/m?)
Unpassivated 0.8 10.8 11.8 0.997
(46 kW/m?)
APTMS 0.7 118.1 159.8 0.997
(23 kW/m?)
APTMS 0.7 49.4 63.1 0.987
(46 kW/m?)
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A2. Supplementary Figures

2.1. UV-Vis absorbance spectra and X-ray diffraction patterns
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Figure S1. (a) UV-Vis absorption spectra of unpassivated (blue) and APTMS passivated (red)
FA0.8Cs0.2Pb(l0.8Bro2)3 samples. The inset shows the Tauc plot from the absorption spectrum of
unpassivated sample that is used to determine the bandgap (E; ~ 1.69 eV). (b) X-ray diffraction

patterns of unpassivated (blue) and APTMS passivated (red) FAo.8Cso.2Pb(lo.8B1o.2)3 samples.
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2.2. Atomic Force Microscopy topography images
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Figure S2. Atomic force microscopy (AFM) topography images of (a) the unpassivated and (b)

APTMS surface passivated FAosCso2Pb(losBro2)3 samples. These images show that APTMS

forms a thin layer at the perovskite surface.
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2.3. Steady-state photoluminescence spectra
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Figure S3. Steady-state PL spectra of unpassivated (blue) and APTMS surface passivated (red)
FA0.8Cs0.2Pb(I0.8Bro2)3 samples. The samples are excited by a 532 nm continuous wave laser with

an intensity of 7 kW m™.
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2.4. Time-resolved photoluminescence decays
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Figure S4. Time-resolved PL measurements of unpassivated (blue) and APTMS (red) surface
passivated FAo3Cso2Pb(Io.sBro2)s samples. Stretched exponential fits of the decay curves are

shown as dashed lines in black.
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2.5. Maximum contact potential differences
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Figure S5. Maximum CPD shifts observed during 1 h illumination of unpassivated samples with
intensity of 18 kW m (light blue), 80 kW m (dark blue), and APTMS passivated samples at 18

kW m? (light red) and 80 kW m (dark red).
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2.6. Surface potential relaxations
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Figure S6. SP relaxation after 1 h illumination of unpassivated with intensity of 18 kW m™ (light
blue), 80 kW m (dark blue), and APTMS passivated perovskites at 18 kW m (light red) and 80
kW m (dark red). Stretched exponential fits of the decay curves are shown as dashed lines in

black. See Table S1 for detailed fitting parameters.
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2.7. UV-Vis absorbance and X-ray diffraction patterns of the pure-iodide

composition
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Figure S7. (a) UV-Vis absorption spectrum of pure iodide, FAo3Cso2Pbls, sample. The inset
shows the Tauc plot from the absorption spectrum that is used to determine the bandgap (E¢ ~

1.56 eV). (b) X-ray diffraction patterns of pure iodide, FA(sCsoPbls, sample.
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2.8. Photoluminescence peak position evolutions
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Figure S8. Steady-state PL of (a) mixed halide, FAo3Cso2Pb(lo.8Bro.2)3, and (b) pure iodide,
FA08Cs0.2Pbls, samples as a function of light fluence. The light fluence is increased from 0 to 4

kJ cm™. The light source used is a 532 nm continuous wave laser.
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2.9. UV-Vis absorbance before and after light soaking
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Figure S9. UV-Vis absorption spectra of unpassivated FAosCso2Pb(Io.sBro.2); sample before
(blue) and after light soaking. The light source used to light soak the sample is a 532 nm
continuous wave laser with a fluence of ~17 kJ cm™. This measurement is performed on SnO»

covered ITO substrate and the sample is encapsulated the same way as in ss-PL measurements.
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Appendix B: Supporting Information for Chapter 3

B1. Experimental Procedures

1.1 Materials

All materials are used as received unless otherwise stated. Materials used in this study include
formamidinium iodide (FAI, >99.99%, Greatcell), cesium iodide (Csl, 99.999%, metal basis, Alfa
Aesar), lead(IT) bromide (PbBr», 99.998% metal basis, Alfa Aesar), lead(Il) iodide (Pbl2, 99.999%,
Sigma Aldrich), lead(Il) chloride (PbClz, >99.0%, TCI), methylammonium chloride (MACI,
>99.5%, Xi’an Polymer Light Technology Corp.), [2-(3,6-dimethoxy-9H-carbazol-9-
yl)ethyl]phosphonic acid (MeO-2PACz, TCI), (3-aminopropyl)trimethoxysilane (APTMS, 97%,
Sigma Aldrich), N-[3-(trimethoxysilyl)propyl]ethylenediamine (AEAPTMS, 97%, Sigma
Aldrich), anisole (anhydrous, Sigma Aldrich), N,N-dimethylformamide (DMF, anhydrous, Sigma
Aldrich), dimethyl sulfoxide (DMSO, anhydrous, Sigma Aldrich), isopropanol (IPA, Sigma

Aldrich), C60 (98%, Sigma Aldrich), bathocuproine (BCP, 96%, Sigma Aldrich).

1.2 Sample Preparations

The samples are synthesized on glass and patterned indium tin oxide (ITO, Xin Yan Technology
Ltd. 15 ohm per square pattern ITO glass, surface polish, XY 15S) coated glass substrates, 1.5 cm?
in size, which are pre-cleaned by sequential sonication in water containing 2% Micro-90 detergent,
deionized water, acetone, and isopropanol for 15 min each. The substrates are then ozone-cleaned

for ~23 min.

The hole transport layer MeO-2PACz (0.75 mg/mL in isopropanol) is spin coated on the ITO

substrate at 2000 rpm for 30 s. Then the substrate is annealed at 100 °C for 10 min. After annealing,
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80 puL of perovskite precursor solution (1.4 M Cso.22FA0.7sPb(l0.85B10.15)3 with 3 mol% of MAPbCl3
additive in mixed solvent of DMF/DMSO = 3:1 v/v%), pre-filtered through a 0.2 pym PTFE
membrane filter, is spin coated onto the substrate in two steps. First, it is spin coated at 1000 rpm
for 2 s (acceleration: 1000 rpm s™!), followed by a second step at 5000 rpm for 35 s (acceleration
10000 rpm s™). 250 pL of antisolvent anhydrous anisole is dropped onto the spinning substrate at

10 s before the end of the second step. The samples are then annealed at 100 °C for 20 min.

Aminosilane surface treatment of the perovskite samples is done at room temperature in a vacuum
oven (Precision Vacuum Oven Model 19) with gauge pressure of about -25 in. Hg relative to
atmospheric pressure, following established protocols.'? To do this procedure, 1 mL of
aminosilane is placed in a 4 mL vial with the perovskite samples placed face up around the vial.
The vial and the samples are covered with a 500 mL glass jar inside the chamber. After the amino-
silane treatment, all films were immediately transferred to a nitrogen glovebox. All optical and
structural characterizations, as well as devices fabrication, were performed the next day. A

schematic illustration of the vapor deposition setup is provided in Figure S26.

After aminosilane treatment, 30 nm of Ceo and 5 nm of BCP are thermally evaporated onto the
perovskite layer. For Ceo, the deposition rate starts at 0.2 A/s for the first 5 nm and increases to 0.5
A/s for the remaining 25 nm. The deposition rate for BCP is 0.2 A/s. For completing the whole
perovskite solar cell device, 100 nm Ag is thermally evaporated with an evaporation rate of 0.5

A/s for the first 10 nm, which then increases to 1 A/s for the rest of the 90 nm.

1.3 Solar Cell Characterization

Current density-voltage (J-V) characteristics under 1 Sun equivalent illumination are measured

using an ORIEL LSH-7320 ABA LED solar simulator in a nitrogen-filled glovebox, which is
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calibrated with a filtered KG3 Silicon reference solar cell certified by National Renewable Energy
Laboratory. The effective area of the solar cell is 0.0453 cm?. J-V scans are carried out with a
Keithley 2400 source meter unit, controlled by a program written in LabView. The voltage values
are scanned with a 0.02 V step size in the range of -0.1 V to 1.2 V. The steady-state power output
was carried out by measuring the solar cells under the bias of the maximum power point (MMP)

and 1 Sun intensity.

1.4 UV-Vis Absorption Spectroscopy

UV-Vis absorption spectra are measured on a Perkin-Elmer Lambda 950 UV/Vis/NIR

spectrometer with integration time of 1 s. The perovskite samples are measured on glass substrates.

1.5 X-Ray Diffraction

The X-ray diffraction measurements are done on samples deposited on glass substrates using a

Bruker D8 Discover with a Pilatus 100 K large area 2D detector (Cu Ka radiation).

1.6 Time-Resolved Photoluminescence (TRPL)

TRPL is measured using a PicoQuant Picoharp 300 TCSPC system equipped with a 640 nm pulsed
diode laser. The excitation fluence used is ~3 nJ/cm?. The PL emission is filtered using a 700 nm
long-pass filter before being directed to the detector. The data was fitted using a stretched

exponential function.!** The perovskite samples are measured on glass substrates.

1.7 Time-of-flight secondary ion mass spectrometry (ToF-SIMS)

Positive-ion ToF-SIMS and depth profiles are acquired using an IONTOF ToF-SIMS 5

spectrometer. Profiles are acquired in the non-interlaced mode. Spectra/images are acquired using
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a 25 keV Bi3" cluster ion source in the pulsed mode using HMR mode. Data is acquired using a
100 um x 100 um spot at 256 x 256 pixels. The ion source is operated with a current of 0.04 pA
to avoid saturation in the spectra. The primary ion dose per layer is 1.5 x 10'! jons/cm?. Sputtering
is done using a gas cluster ion source using 20 keV argon 1000 clusters with a current of 6.84 nA,
over an area of 500 pm x 500 um. The sputter dose per layer is 5 x 10'® ions/cm?. An electron
flood gun and argon flooding are used for charge neutralization. Positive-ion data are calibrated
using the C4H7", PbI" and CsI" peaks with calibration errors less than 25 ppm. Mass resolving

power (m/Am) for positive-ion data is ~4000 for m/z =27 (C2H3").

1.8 Nuclear Magnetic Resonance (NMR):

NMR experiments (including 'H, {!H}'*C, COSY, HSQC and HMBC) are conducted using a two-
channel Bruker Avance III HD Nanobay 400 MHz instrument running TOPSPIN 3 equipped with
a 5 mm z-gradient broadband/fluorine observation probe or a Bruker Ascend 400 spectrometer.

Deuterated DMSO and methanol are used as the solvent for these experiments.

1.9 Mass Spectroscopy:

Mass spectrometry measurements are performed using an Advion Interchim Expression CMS with

direct injection.

1.10 Atomic Force Microscopy

AFM topography and phase images are acquired using Asylum Research MFP-3D (Oxford
Instruments) atomic force microscope mounted on an inverted Nikon Eclipse microscope. These

measurements use Pt-coated tips (mikroMach, 325 kHz, 40 N/m) driven near resonance.
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B2. Supplementary Figures

2.1. The Tauc plot based on UV-Vis absorbance
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Figure S1. The Tauc plot of FAo.78Cs022Pb(lo.85Bro.15)3 based on the UV-Vis absorbance to

determine the bandgap (Eg ~ 1.66 eV).
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2.2. X-ray diffraction patterns
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Figure S2. X-ray diffraction patterns of unpassivated (blue), APTMS-treated samples with varying

deposition times (red), and AEAPTMS-treated samples with varying deposition times (green).

70



2.3. AFM topography and phase images (APTMS)
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Figure S3. AFM topography and phase images of (a) unpassivated, (b) 30s, (c) 90 s, and (d) 360 s

APTMS treatment time.
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2.4. AFM topography and phase images (AEAPTMYS)
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Figure S4. AFM topography and phase images of (a) unpassivated, (b) 30s, (c) 90 s, and (d) 360 s

AEAPTMS treatment time.

72



2.5. AFM topography and phase images (larger-scale)
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Figure S5. Larger-scale AFM topography and phase images of (a) unpassivated, (b) 360 s APTMS-

, and (c) 360 s AEAPTMS-treated samples.
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2.6. Solar cell performance (APTMS)
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Figure S6. (a) PCE, (b) Voc (¢) Jsc, and (d) FF of unpassivated (blue) and APTMS-treated (red)
solar cells with 30 s, 90 s, and 360 s APTMS deposition times, based on forward J-V scans.
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2.7. X-ray diffraction (900 s deposition time)
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Figure S7. X-ray diffraction patterns of unpassivated (blue), APTMS-treated (red), and
AEAPTMS-treated (green) samples at 900 s deposition time.
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2.8. UV-Vis absorption spectra
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Figure S8. UV—Vis absorption spectra of perovskite films treated with (a) AEAPTMS and (b)

APTMS under different exposure durations. The absorbance gradually decreases with increasing

exposure time. After 1440s of APTMS treatment, perovskite film becomes completely transparent.

76



2.9. J-V curves of champion solar cells (AEAPTMS)
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Figure S9. J-V curve of champion perovskite solar cells with AEAPTMS passivation for different

deposition times.
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2.10. J-V curves of champion solar cells (APTMS)
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Figure S10. J-V curve of champion perovskite solar cells with APTMS passivation for different

deposition times.
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2.11. 'H-'H correlation spectrum
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Figure S11. '"H-'H correlation spectrum (COSY) (d) of the reaction solution of AEAPTMS and

FAI mixture after mixing (0.04 M, 1/1 ratio) in DMSO-ds for 10 h.
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2.12. "H-3C Heteronuclear Multiple Bond Quantum Coherence
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Figure S12. '"H-13C Heteronuclear Multiple Bond Quantum Coherence (HMQC) NMR spectrum

of AEAPTMS and FAI mixture after mixing (0.04 M, 1/1 ratio) in DMSO-ds for 10 h.
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2.13. Mass spectrum
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Figure S13. Mass spectrum of the solution of AEAPTMS and FAI mixture (1/1 ratio) in DMSO,
immediately after mixing. The figure indicates that immediately after mixing, the reaction is
complete (m/z = 233.3 corresponds to the substituted imidazolium derivative) and no substantial

amount of the uncyclized monosubstituted formamidinium (m/z = 250.2) remains in the mixture.
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2.14. Possible reactions in the AEAPTMS / FAI system
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Figure S14. Possible reactions in the AEAPTMS / FAI system showing how 1-(3-
(trimethoxysilyl)propyl)-4,5-dihydro-1H-imidazol-3-ium cation (red) can be formed by double
condensation of AEAPTMS with FA", regardless of whether the secondary of primary amine reacts
first. The intermediate formed through secondary amine / FA" reaction can form a five-membered
ring analogous to the species shown in magenta in Figure S14 through coordination of the resulting
tertiary amine to silicon (magenta); however, this species cannot be deprotonated to a cyclic
formamidine. Conversely, the intermediate formed through primary amine / FA™ reaction can
cyclize to an eight-membered species (teal) that can be converted to a cyclic formamidine through
internal proton transfer (dark blue-green) or transfer to another molecule of AEAPTMS (not
shown); however, these products are not seen, since they are likely much less stable than the five-
membered cyclic formamidines and the imidazolinium ion (red) is a stable product not possible in

the case of using APTMS.
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2.15. "TH NMR spectra of the reaction product of APTMS and FAI
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Figure S15. (a) "H NMR spectra of the reaction product of APTMS and FAI mixture in DMSO-d4
(0.04 M) after mixing for I) 5 min, II) 15 min, [IT) 45 min, IV) 105 min, V) 330 min, and VI) 1390

min. (b) Schematic of the reaction.
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2.16. Possible reactions in the APTMS / FAI system
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Figure S16. Possible reactions in the APTMS / FAI system. Deprotonation of a substituted cyclic
formamidinium adduct to form a cyclic formamidine (red) accounts for the extent of reaction
shown in Figure S15 (note that, in principle, coordination may precede deprotonation as shown
here (magenta) deprotonation could precede coordination, or these processes could be concerted;
also note that proton-transfer equilibria involving NH3 / NH4" are also possible, but volatile NH3
will be lost from the system under many conditions). The reaction goes to completion in MeOH,
presumably due to competitive Lewis acid-base formation with methanol (blue, see also Figure
S17) or in the presence of a strong non-nucleophilic base (green, Figure S19). The N,N'’-
disubstituted formamidinium species can also be formed (purple) and participate in related

equilibria.
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2.17. NMR spectra of the reaction product of APTMS and FAI
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Figure S17. Top: 'H NMR spectra of the reaction product of APTMS and FAI mixture in MeOD-
ds (0.04 M) after mixing for I) 5 min, II) 15 min, III) 45 min, IV) 105 min, V) 330 min, and VI)
1390 min. Bottom: Schematic of the reaction (noting that methanol may be loosely coordinated to

the silicon centers as shown for the blue structure of figure S16).
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2.18. 1H NMR spectra
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Figure S18. '"H NMR spectra of (a) AEAPTMS and (b) APTMS in MeOD-d (0.08 M) immediately
after mixing. In both cases, the (CH30)3Si proton signal at ca. 3.6 ppm under integrates relative to
other resonances, indicating ca. 50% and ca. 90% respectively are exchanged with the CD3 groups
of the solvent in this timeframe, presumably via coordination of CD3OD as a Lewis base to the
siloxane (as shown in blue in the upper part of Figure S16 for CH30H), followed by deuteron
transfer, and dissociation of CH30D). The multiplet at ca. 3.3 ppm is attributable to the residual
methyl proton signal of the deuterated methanol, the singlet at ca. 3.3 ppm to free CH30D, and the
peak at ca. 4.9 ppm to the residual proton signal associated with the hydroxy group of deuterated

and non-deuterated methanol.
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2.19. 1H NMR spectra
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Figure S19. (a) 'H NMR spectra of the reaction product of APTMS and FAI mixture in DBU (1.2
equiv.) after mixing for I) 5 min, II) 15 min, III) 45 min, IV) 105 min, V) 330 min, and VI) 1390

min. (b) Schematic of the reaction.
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2.20. 'H-'H correlation spectroscopy

L ). J

32D 160 MeGD-130min COSY.12.50r

‘I @ +0.6
i ﬁ L0.8
'

1.0

1.2
1.4

L]

’ |
MeO o H, ] A & 1.6
MaO's.'/Y%N/L\\NH,’I' B Y 18
OMe H, H | [20
k2.2

1 (ppm)

2.4
+2.6
L2.8
3.0

= (HaH g HoHy [
: 4 [ L3.6
80 75 70 65 60 55 50 A5 40 35 30 25 20 15 10 05
 (ppm)

Figure S20. 'H-'H correlation spectroscopy (COSY) of a solution of APTMS and FAI mixture

after mixing (0.04 M) in methanol-ds.
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2.21. 'H-3C Heteronuclear Single Quantum Coherence
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Figure S21. 'H-13C Heteronuclear Single Quantum Coherence (HSQC) NMR spectrum of APTMS

and FAI mixture after mixing (0.04 M, 1/1 ratio) in methanol-ds.
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2.22. 'H-3C Heteronuclear Multiple Bond Quantum Coherence
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Figure S22. 'H-13C Heteronuclear Multiple Bond Quantum Coherence (HMQC) NMR spectrum

of APTMS and FAI mixture after mixing (0.04 M, 1/1 ratio) in methanol-ds.
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2.23. Mass spectrum of the solution of APTMS and FAI mixture

Chemical Formula: C7HgN,03Si*
Exact Mass: 207.1159
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Figure S23. Mass spectrum of the solution of APTMS and FAI mixture (1/1 ratio) in MeOH,
immediately after mixing. The figure indicates that, immediately after mixing, mono-substituted
formamidinium (m/z =207.2) and bis-substituted formamidinium (m/z = 369.2) are formed, while
APTMS or its protonation product are also still present (m/z= 180.2 and 148.1 correspond to (MH")

and [MH-MeO]" respectively).
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2.24. ToF-SIMS mass spectra of APMTS
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Figure S24. ToF-SIMS mass spectra at m/z = 45.05 of APMTS passivated perovskite film under

different deposition time, corresponding to FA™.
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2.25. ToF-SIMS cation depth profile
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Figure S25. ToF-SIMS cation depth profile of perovskite film with (a) AEAPTMS 90 s, (b)

APTMS 90s , and (c) APTMS 360 s treatment coated on ITO.
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2.26. The experimental setup used for amino-silane vapor treatment

logo
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Figure S26. The experimental setup used for amino-silane vapor treatment.
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B3. Supplementary Tables

Table S1. The stretched exponential decay fitting parameters for TRPL decays of unpassivated,

APTMS-passivated, and AEAPTMS-passivated films. The values represent the mean * standard

error of the mean for three measurements performed on three different films.

Sample B T (ns) <t> (ns)
Unpassivated 0.81+0.04 302 + 31 339+ 26
30 s APTMS 0.80 £ 0.04 549 + 104 618 £94
90 s APTMS 0.86 +0.01 2075 + 148 2245 + 151
360 s APTMS 0.85 +0.02 2011+ 123 2190+ 112

30 s AEAPTMS 0.85+£0.02 532+ 63 579 £ 62
90 s AEAPTMS 0.75 +£0.02 788 £ 54 937 +£58
360 s AEAPTMS 0.88 £0.03 2065 + 278 2200 + 260
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Table S2. The mean and sample standard deviation values of unpassivated, APTMS-passivated,

and AEAPTMS-passivated solar cells shown in Figure 2¢-f and Figure S6.

Sample Voc (V) Jsc (mA/cm?) FF (%) PCE (%)
Unpassivated 1.08 = 0.02 21.09 +0.89 70.88 =2.07 16.15+£0.78
30 s APTMS 1.12 £0.01 21.15+0.17 75.27+1.84 17.75+0.62
90 s APTMS 1.11+£0.01 20.77 £ 0.68 77.84 +£2.67 17.87 £0.65
360 s APTMS 0.94 +0.02 16.19 £ 1.01 63.87£4.19 9.71+1.12

30 s AEAPTMS 1.15+0.01 21.63 £0.34 81.11+1.42 20.20 = 0.52
90 s AEAPTMS 1.16 £ 0.01 21.65+0.47 79.72 +£1.44 20.02 £ 0.65
360 s AEAPTMS 1.17 £0.02 16.28 +2.36 67.89 £8.11 13.04 £2.99
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