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Over the past 100 years, there has been a complete disregard for the environmental
impact of unregulated burning of fossil fuels. This has led to an increase in the greenhouse gas
emissions, atmospheric COz, global temperature, and sea levels, leading to an unprecedented
challenge of climate change and air pollution for our planet. To counteract these changes and
achieve net-zero emissions target set by the Paris climate agreement, decarbonizing electricity
generation is of utmost importance. Solar energy is one of the most abundant sources of energy
on Earth and harnessing it contributes to less than 1/10% the CO2 per kWh compared to fossil
fuels. Therefore, solar energy will have to play a critical role in meeting the increasing energy
demands. Promisingly, the cost of solar has drastically reduced by 10x over the last decade. To
accelerate the solar deployment at a terra-watt scale (required to meet the growing energy

demands); efficient, cheap and scalable solar energy is important. Halide perovskite solar cells



serve as a complementary technology to existing commercial solar cell technology such as Si,
CdTe, CIGS, etc. to meet the growing energy demands. Their cheap and scalable deposition
along with high power conversion efficiencies make them an ideal candidate for wide scale
deployment. Over the past 12 years, perovskite solar cells have demonstrated rapid progress in
their power conversion efficiencies (PCE) with current record PCE at 25.5%. However, the PCEs
are still further away from theoretically achievable efficiencies. This investigates the reasons
behind the current performance limitations. We identify that the microstructure has a significant
effect on the performance of halide perovskite solar cells. Specifically, we identify non-radiative
recombination occurring at the grain boundaries, within grains, and at the surfaces and interfaces
as the primary performance limiters.

Firstly, we investigate the conflicting literature on the nature of grain boundaries and
their impact on the performance of the halide perovskite solar cells. This has primarily emerged
due to misidentification of grains and grain boundaries in halide perovskites. Prior to our work,
the most common method for identifying grains and grain boundaries in halide perovskite
literature was scanning electron microscopy (SEM). Using electron back scatter diffraction
(EBSD), we demonstrate that using SEM leads to misidentification and overestimation of grain
boundaries. Using EBSD, we also reveal grain structure and internal misorientation that is
otherwise hidden. We report the presence of local crystal misorientation which is consistent with
the presence of local strain that varies from one grain to the next. Using co-aligned confocal
optical photoluminescence (PL) microscopy images on the same halide perovskite samples used
for EBSD, we show that PL is anticorrelated with the local grain orientation spread. This
suggests that grains with higher degrees of crystalline orientational heterogeneity (local strain)

exhibit more non-radiative recombination. We also find that larger grains tend to have larger



grain orientation spread, consistent with higher degrees of strain and non-radiative
recombination.

Next, we investigate the chemical impact of large A-site cation, such as dimethyl
ammonium (DMA), on the metal halide perovskites. Large A-site cations have demonstrated
significant improvements in the performance and long-term operational stability of the resulting
perovskite solar cells. However, the chemical impact of adding large A-site cations is largely
unknown. We use time-of-flight secondary-ion mass spectrometry (TOF-SIMS) to demonstrate
that DMA is indeed incorporated in the film. We also demonstrate that there is a higher
concentration of DMA at the surface compared to bulk of the film. Furthermore, using a
combination of PL microscopy and photo-induced force microscopy (PiFM), we also
demonstrate that incorporating DMA in the film leads to higher local spectral and chemical
heterogeneity, compared to the control films. Lastly, we show that the spatial chemical
composition variations arise primarily due to DMA incorporation and not due to higher Cs
concentration in the DMA films. These results illustrate that while DMA incorporation is
beneficial to operational stability and device performance, there is still room for process
optimization to achieve local compositional homogeneity and further improve the device
performance and operational stability.

Lastly, we control the surface recombination in the mixed-cation, mixed-halide
perovskites, by passivating non-radiative defects with the polymerizable Lewis base (3-
aminopropyl)trimethoxysilane (APTMS). We demonstrate average minority carrier lifetimes > 4
us and high external photoluminescence quantum efficiencies (>20%, corresponding to ~97% of
the maximum theoretical quasi-Fermi-level splitting) at low excitation fluence, a record for non-

methylammonium based mixed-cation, mixed-halide perovskites. We extend the APTMS surface



passivation to higher bandgap double cation (Formamidinium, Cesium) compositions (1.7 eV,
1.75 eV and 1.8 eV) relevant for multijunction solar cells. Lastly, we demonstrate that the
average surface recombination velocity (SRV) decreases from ~1000 cm/s to ~10 cm/s post
APTMS passivation. These results demonstrate that surface-mediated recombination is the
primary non-radiative loss pathway in many MA-free mixed-cation mixed-halide films with a
range of different bandgaps, which is a problem observed for a wide range of perovskite active
layers and reactive electrical contacts. Our study also provides insights to develop passivating
molecules that help reduce surface recombination in methylammonium-free mixed-cation mixed-
halide films and indicates that surface passivation and contact engineering will enable near-

theoretical device efficiencies with these materials.
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Chapter 1. Introduction

1.1. What are halide perovskites?

Perovskite is a crystal structure that make up a class of materials that have the molecular
formula ABX3 and a network of BXs corner sharing octahedra.! They have been widely
investigated for various applications since their discovery in 1839 by Gustav Rose.! Recently, a
group of perovskites called halide perovskites have garnered a lot of attention, primarily due to
their optoelectronic properties.>=

In halide perovskites, the A site is occupied by a monovalent cation (organic or inorganic),
the B site is occupied by a divalent cation (Pb or Sn) and the X site is occupied by a halide
(generally I, Br or Cl). Figure 1.1 shows the schematic of a halide perovskite unit cell. The figure
shows the structure of a prototypical halide perovskite — methylammonium lead triiodide, where
the A site is occupied by methylammonium organic cation, B site is occupied by lead and the X

site is occupied by iodine.

86

Lead lodine Methylammonium

Figure 1.1. Schematic of halide perovskite unit cell structure showing A site occupied by
methylammonium, B site occupied by lead, and X site occupied by lodine.



1.2. Halide perovskites as solar cells

One of the reasons halide perovskites have garnered a lot of scientific attention is due to their
remarkable optoelectronic properties. Halide perovskites have high absorption coefficients, long
carrier diffusion lengths, high carrier lifetimes and mobilities, and tunable bandgap.>*°

In addition to the remarkable optoelectronic properties, they are also relatively easier to
process. They can be deposited from a solution ink on various different substrates (rigid and
flexible) as well as using various different processing conditions — spin coating, evaporation, roll-
to-roll printing, etc.”?

The combination of excellent optoelectronic properties and easy processing conditions make
halide perovskites an ideal candidate for solar cell applications. The optoelectronic properties lead
to a high performing solar cell and the easy processing conditions lead to lower cost of fabrication
compared to current commercial counter parts. As such, halide perovskites have been investigated
extensively for applications in solar cells, leading to rapid improvements in power conversion
efficiencies (PCE) from 3.8% to 25.5% within a span of ~12 years.’

Due to their bandgap tunability,> halide perovskites can also be used in multi-junction solar
cells with Silicon, CIGS and other perovskite solar cells.> Multi-junction solar cells allow for more
efficient absorption of different parts of the incoming solar radiation.> The current PCE record for
the Si/perovskite multi-junction solar cell is 29.5%, surpassing the crystalline Si single junction
PCE.’

These PCEs for single and multi-junction perovskite solar cells are remarkable for a material
that is polycrystalline, and solution processed at relatively low temperatures!? (~100-150°C)
compared to other high performing solar cell technologies such as Si and GaAs. However, the
PCEs for both single and multi-junction perovskite solar cells are still further away from their
theoretical maximum limits, ~33% for a single junction perovskite solar cell with a bandgap of
~1.4 eV and ~43% for multi-junction solar cells.’

This thesis aims to identify and address the various sources of non-radiative recombination
that lead to performance bottlenecks in halide perovskite solar cells. Specifically, this thesis
investigates and discusses the impact of local microstructure on the properties in halide
perovskites. This thesis also proposes new ways for modifying the surfaces and interfaces to
improve the performance. Lastly, in addition to the understanding, this thesis also proposes
methods for a more rational design of halide perovskites, especially helpful for scaling up halide
perovskite solar cell deposition.

11



References

(1)

2)

€)

(4)

)

(6)

()

(8)

)

(10)

12

Akkerman, Q. A.; Manna, L. What Defines a Halide Perovskite? ACS Energy Letters.
American Chemical Society 2020, pp 604—610.
https://doi.org/10.1021/acsenergylett.0c00039.

Stranks, S. D.; Snaith, H. J. Metal-Halide Perovskites for Photovoltaic and Light-Emitting
Devices. Nat. Nanotechnol. 2015, 10 (5), 391-402. https://doi.org/10.1038/nnano.2015.90.

Brenes, R.; Guo, D.; Osherov, A.; Noel, N. K.; Eames, C.; Hutter, E. M.; Pathak, S. K.;
Niroui, F.; Friend, R. H.; Islam, M. S.; et al. Metal Halide Perovskite Polycrystalline
Films Exhibiting Properties of Single Crystals. Joule 2017, 1 (1), 155-167.
https://doi.org/10.1016/j.joule.2017.08.006.

deQuilettes, D. W.; Koch, S.; Burke, S.; Paranji, R.; Shropshire, A. J.; Ziffer, M. E.;
Ginger, D. S. Photoluminescence Lifetimes Exceeding 8 Ms and Quantum Yields
Exceeding 30% in Hybrid Perovskite Thin Films by Ligand Passivation. ACS Energy Lett.
2016, 7 (2), 438—444. https://doi.org/10.1021/acsenergylett.6b00236.

Eperon, G. E.; Horantner, M. T.; Snaith, H. J. Metal Halide Perovskite Tandem and
Multiple-Junction Photovoltaics. Nat. Rev. Chem. 2017, 1, 0095.
https://doi.org/10.1038/s41570-017-0095.

McMeekin, D. P.; Sadoughi, G.; Rehman, W.; Eperon, G. E.; Saliba, M.; Horantner, M.
T.; Haghighirad, A.; Sakai, N.; Korte, L.; Rech, B.; et al. A Mixed-Cation Lead Mixed-
Halide Perovskite Absorber for Tandem Solar Cells. Science (80-. ). 2016, 351 (6269),
151-155. https://doi.org/10.1126/science.aad5845.

Dou, B.; Whitaker, J. B.; Bruening, K.; Moore, D. T.; Wheeler, L. M.; Ryter, J.; Breslin,
N. J.; Berry, J. J.; Garner, S. M.; Barnes, F. S.; et al. Roll-to-Roll Printing of Perovskite
Solar Cells. ACS Energy Lett. 2018, 3 (10), 2558-2565.
https://doi.org/10.1021/acsenergylett.8b01556.

Park, N. G.; Zhu, K. Scalable Fabrication and Coating Methods for Perovskite Solar Cells
and Solar Modules. Nature Reviews Materials. Nature Research May 1, 2020, pp 333—
350. https://doi.org/10.1038/s41578-019-0176-2.

National Renewable Energy Laboratory Efficiency Chart 2020
https://www.nrel.gov/pv/assets/pdfs/best-research-cell-efficiencies.20200406.pdf
(accessed Apr 24, 2020).

Zhang, W.; Saliba, M.; Moore, D. T.; Pathak, S. K.; Horantner, M. T.; Stergiopoulos, T.;
Stranks, S. D.; Eperon, G. E.; Alexander-Webber, J. A.; Abate, A.; et al. Ultrasmooth
Organic-Inorganic Perovskite Thin-Film Formation and Crystallization for Efficient

Planar Heterojunction Solar Cells. Nat. Commun. 2015, 6.
https://doi.org/10.1038/ncomms7142.



Chapter 2. Local Crystal Misorientation
Influences Non-Radiative Recombination

Adapted with permission from Sarthak Jariwala, Hongyu Sun, Gede W. P. Adhyaksa, Andries Lof,
Loreta A. Muscarella, Bruno Ehrler, Erik C. Garnett, David S. Ginger. “Local Crystal
Misorientation Influences Non-Radiative Recombination in Halide Perovskites” Joule 2019. DOI-
10.1016/j.joule.2019.09.001.

2.1. Overview

We use ultrasensitive electron backscatter diffraction (EBSD) to map the local crystal orientations,
grains, and grain boundaries in CH3NH3Pbls (MAPI) perovskite thin films. Although the true grain
structure is broadly consistent with the morphology visible in scanning electron microscopy
(SEM), the inverse pole figure maps taken with EBSD reveal grain structure and internal
misorientation that is otherwise hidden. Local crystal misorientation is consistent with the presence
of local strain which varies from one grain to the next. We acquire co-aligned confocal optical
photoluminescence (PL) microscopy images on the same MAPI samples used for EBSD. We
correlate optical and EBSD data, showing that PL is anticorrelated with the local grain orientation
spread, suggesting that grains with higher degrees of crystalline orientational heterogeneity (local
strain) exhibit more non-radiative recombination. We find that larger grains tend to have larger
grain orientation spread, consistent with higher degrees of strain and non-radiative recombination.

2.2. Introduction

Halide perovskite-based solar cells have experienced rapid gains in power conversion
efficiency (PCE), with the current PCE record at 23.7% for single junction and 28% for Si-
perovskite tandems.! Despite such high PCE for a material that is solution processed, the values
are still well-below their realistically achievable PCE limits (~30% for single junction
CH3NH3Pbl3? and ~32% for two terminal Si-perovskite tandems?®). Non-radiative recombination,
both in the film*7 and at the interfaces,®® remains a major barrier to approach the radiative
efficiency limits in halide perovskites. Our group has recently demonstrated that with surface
passivation halide perovskites can achieve over 90% internal photoluminescence quantum
efficiency (PLQE) and a quasi-Fermi level splitting approaching 97% of the radiative efficiency
limit.*® These results put halide perovskites alongside GaAs as one of the most radiatively efficient
semiconductors.'? However, intrinsic films (without surface passivation) have a significant source
of non-radiative recombination (with internal PLQE ~ 10%).* A significant portion of this non-
radiative recombination is thought to occur at under-passivated surfaces and grain boundaries.*
6,11-13

Unfortunately, the casual conflation of grain boundaries with morphological structures in
halide perovskites has generated confusion about the nature of grain boundaries.'*!3 This situation
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has arisen because , currently, one of the most-used techniques to identify grains and grain
boundaries in the halide perovskite community is scanning electron microscopy (SEM). However,
while SEM provides information about the morphology of the film, conventional SEM does not
provide any crystallographic information about the material. The crystallographic information is
critical in the case of halide perovskites because domains as observed in the SEM may not
accurately represent the grains and grain boundary terminations, leading to an overestimation of
grain sizes.'® Indeed, frustration with this topic has caused a leading solar cell researcher to tweet
out “SEM does not obvious[ly] [provide] information about ‘grain size’ or ‘grain orientation’ for

metal halide perovskite active layers”."

Traditionally, grain sizes, grain boundaries, and local crystal orientations in thin-film
materials are mapped using electron backscatter diffraction (EBSD). However, this method has
been notoriously difficult to apply to the halide perovskites most relevant for photovoltaics
applications due to beam-induced damage.!®'®!° Compared to SEM imaging, EBSD requires
higher doses (higher current and/or longer integration time) to acquire sufficient contrast in the
Kikuchi diffraction lines generated from backscattered electrons.'® Therefore, the use of traditional
EBSD detectors leads to significant beam-induced damage when characterizing halide perovskite
solar cell materials.'® Recently, Leonhard ef al. reported that using low-vacuum mode with water
pressures of 0.1-1 mbar in the sample chamber can minimize beam-induced damage and prevent
surface charging due to ionization of the water molecules by the electrons during EBSD.?° Some
of us recently demonstrated the potential for a new solid-state EBSD detector to enable EBSD
maps with high sensitivity, fast readout and without appreciable beam damage to the crystal
structure.?!

Understanding grain orientation and grain boundary properties has been critical to the
development of many photovoltaic semiconductor technologies such as CdTe, GaAs, Cu(Ini-
xGax)Se2, multicrystalline Si, and InP.?>?° However, the role of grain orientation and grain
boundary properties in halide perovskite semiconductors has remained poorly understood3’ despite
the local optoelectronic heterogeneity observed at the microscale in these materials.!?!331-32 Here,
we measure the local crystal orientation in solution-processed halide perovskite thin films using
EBSD and demonstrate that the SEM morphology is not sufficient to characterize grain structure
in these films. More importantly, we investigate the impact of grain-to-grain orientation
heterogeneity and sub-grain orientation heterogeneity on local optoelectronic properties. We report
the presence of local crystal misorientation leading to local strain within the grains and grain-to-
grain orientation spread leading to strain heterogeneity within the film. Furthermore, we use
crystallographic identification to unequivocally demonstrate and locate the sub-grain boundaries
within individual grains. Lastly, we correlate EBSD and confocal photoluminescence
measurements to measure the impact of local grain and sub-grain orientation heterogeneity on
local photoluminescence. We observe higher non-radiative recombination in regions with higher
orientation heterogeneity and lower non-radiative recombination in regions with lower orientation
heterogeneity. Our results provide direct evidence for the impact of local crystal misorientation on
the optoelectronic properties in halide perovskite thin films and point the way towards optimization
of grain structure for improved photovoltaic performance.
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2.3. Morphology and local crystal orientation measurements

Using a state of the art solid-state EBSD detector,?! we optimized the beam current to be
100 pA at 6 kV accelerating voltage with a pixel integration time of 100 ms. We measure the
Kikuchi diffraction patterns generated from the backscattered electrons using a traditional EBSD
geometry with the electron beam hitting the sample at 70° with respect to the sample surface
normal. Kikuchi diffraction lines generated at local Bragg angles contain the information about
the local crystal orientation.?>3* We scan across the sample and collect these Kikuchi patterns at
every pixel and generate a local crystal orientation map of CH3NH3Pbl3 thin film.

Figure 2.1a shows an SEM image of a representative CH3NH3PbI3 thin film grown by lead
acetate and methylammonium based precursors with hypophosphorous acid additives (a recipe
used for CH3NH3Pblz-based photovoltaics, see Experimental Procedures for details)’® and
corresponding sharp Kikuchi patterns obtained at 6 kV, 10 kV and 20 kV. Consistent with X-ray
diffraction (XRD) (Appendix A Figure S1), the sharp Kikuchi patterns indicate that these films
are crystalline. Moreover, these results demonstrate that we can acquire sharp patterns at the
relatively low accelerating voltage of 6 kV (acquired for only 100 ms per pixel) confirming the
high sensitivity and fast readout of this new EBSD detector. Figure 2.1b and 1c show the SEM
image of a CH3NH3PbI; film and the corresponding Inverse Pole Figure (IPF) map generated from
fitting the Kikuchi patterns to a tetragonal CH3NH3PbIs structure*®*7 (see Appendix A Note S1 for
details and Appendix A Figure S2 for comparison of indexed results to other phases) at every pixel,
with an IPF color key. An IPF map shows the projection of the sample coordinate system (xyz) in
the crystal coordinate system (abc). We note that the films have strong orientation along the [110]
direction along the sample z-axis as evident from the Pole Density Figure (Appendix A Figure S3).
Importantly, these data provide direct evidence for the crystallographic parameters and existence
of grain boundaries in these CH3NH3Pbls thin films.

Broadly, we see that the SEM image in Figure 2.1b, and the EBSD image in Figure 2.1¢
are in relatively good agreement. Most of the “grains” observed in SEM are indeed also present in
the EBSD image (Appendix A Figure S4 and Figure S5). However, while the features observed in
SEM are generally consistent with grain structure obtained from EBSD measurements (Appendix
A Figure S4 and Figure S5), we emphasize that the EBSD maps provide critical information
missing from the SEM images. For example, based on SEM morphology alone, the black arrow in
the SEM image in Figure 2.1b would be assigned as going across a single “grain boundary”.
However, from the corresponding IPF map (Figure 2.1c) we note that the film actually possesses
3 distinct boundaries separating 4 different local crystal orientation changes along the same arrow.
Figure 2.1d depicts the changes in the local crystal orientation occurring across the arrow shown
in Figure 2.1b and 1c (see Appendix A Figure S6 for higher resolution SEM image of Figure 2.1b
and along the arrow). These results show that several large “grains” as seen in SEM image are
composed of many smaller grains, similar to observations made using transmission electron
microscope’®* and using EBSD in large grain (~50 pm) CH3NH3PbBr3 samples.?! Indeed, these
differences between SEM and EBSD, perhaps provide another reason why efforts to relate
morphological grain boundaries with carrier dynamics have not always found clear correlations.!®
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Figure 2.1. Morphology and local crystal orientation measurements of CH3NH3PbI3 thin
films. (A) Scanning electron microscope (SEM) image of CH3NH3PbIs thin film tilted at 45°
with representative sharp Kikuchi diffraction lines of a measurement point inside a grain
(circled) collected in traditional electron backscatter diffraction (EBSD) geometry at 6 kV,
10 kV and 20 kV accelerating voltage. (B) SEM image and (C) Inverse Pole Figure (IPF) map
generated from EBSD of a representative CH3;NH3Pbls film with IPF color key. The 001 (in
bold) in the IPF color key indicates that the IPF map plotted is along the sample z-direction.
(D) Depiction of changes in local crystal orientation along the black arrow in (B) and (C) as
viewed normal to the sample. See Appendix A Figure S6 for a higher resolution SEM image
of (B) and Figure S4 for other SEM image with IPF map.

2.4. Imaging the local orientation heterogeneity, grains and

grain boundaries

Figure 2.2a shows the inverse pole figure map of another typical CH3NH3Pbls thin film.
By assigning an appropriate threshold for misorientation (4°, see Appendix A Figure S7 for results
from different threshold values) we can assign each pixel in the inverse pole figure to a grain, and
hence identify the grains and grain boundaries*’ (see Appendix A Note S1 and Figure S8 for more
details on grain detection). Figure 2.2b shows the crystal grains identified by this approach, along
with their grain boundaries. These maps provide a quantifiable identification of the grains and
their orientation, revealing boundaries not visible in the SEM morphology images (see Appendix
A Figure S9 for SEM image of the region in Figure 2.2).
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Figure 2.2. Imaging the local orientation heterogeneity, grains and grain boundaries in
CH3NH3PbI3 thin films using electron back scatter diffraction (EBSD). (A) Inverse Pole
Figure (IPF) map of CH3NH3Pbl3; generated using EBSD and IPF color key. (B) Grains
identified from IPF map with a 4° orientation threshold and plotted with their mean
orientation. (C) Plot of grain orientation spread (GOS) showing grain-to-grain heterogeneity
in average local misorientation in the same film. (D) Grain boundary network with their
respective misorientation angles showing the degree of misorientation between two
neighboring grains. (B), (C) and (D) have the same orientation threshold (4°). See Appendix
A Figure S9 for SEM image of the region.

In addition to identifying grains and grain boundaries, the analysis of the IPF data in Figure
2.2 provides an additional level of insight regarding crystallographic misorientation within
individual grains. For example, we observe local variations in crystal orientations within individual
grains (Appendix A Figure S10) across the entire film that exceed the orientation noise in local
crystallographic orientation obtained from fitting the Kikuchi pattern (see Appendix A Note S1
for details). Figure 2.2b plots the grains identified in Figure 2.2a, color coded according to their
mean orientation.*'*> The average deviation in orientation between each pixel (point) within a
grain and the mean grain orientation of that grain is defined as the grain orientation spread (GOS).*
Figure 2.2¢ plots the GOS values in the same region as Figure 2.2a and 2.2b of this representative
CH3NHsPbls thin film. Importantly, we observe a range of grain-to-grain orientational
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heterogeneity in the film with GOS values as low as 0° (perfectly ordered) and as high as 4.3° of
orientation spread within individual grains. These grain-to-grain local variations in crystal
orientation are indicative of local strain distributions within the grains.** Higher GOS values
indicate grains with higher strain, and lower GOS values indicate grains with lower strain.** We
note that the misorientation within the grain and between neighboring points observed is not a
consequence of beam induced degradation in the material (see Appendix A Figure S11). These
results demonstrate the existence of potentially important local structural and strain heterogeneity
in halide perovskite thin films stemming from the local crystal orientation variations. These results
are consistent with, but provide better resolution, than those of Stranks et al., who recently reported
strain heterogeneity at long length scales in halide perovskite thin films based on p-XRD
measurements.>® Importantly, our results further demonstrate that the local strain heterogeneity
observed in halide perovskite semiconductors originate from local crystal misorientation within
grains. In most semiconductors, local lattice imperfections, such as local crystal orientation
changes within grains observed here, can act as non-radiative recombination centers,** which in
turn would have a significant influence on the performance of perovskite solar cells. We will
explore this possibility in more detail below.

Alongside local crystal orientation heterogeneity, orientation imaging using EBSD also
allows us to probe and understand the nature of grain boundaries in halide perovskites.
Misorientation between two neighboring grains (grain boundary misorientation) can be quantified
using the crystallographic misorientation angles and misorientation axes obtained using EBSD.
The misorientation angle is the angle by which a grain is rotated, about the misorientation axis,
such that the orientation of the transformed grain matches the neighboring grain after
transformation. Figure 2.2d shows the grain boundary network and their respective misorientation
angles between neighboring grains. The misorientation angle/axis statistics (Appendix A Figure
S12 and Figure S13) demonstrate the presence of high angle grain boundaries with high frequency
and strong preferred orientation of misorientation axis along the [110] direction. Importantly,
Figure 2.2d shows that different grain boundaries have different misorientation and therefore, may
have different properties. In other words, these films exhibit a range of different grain boundaries,
which might be expected to exhibit different properties. As stated earlier, understanding grain
boundary properties has been critical to the development of many other photovoltaic
semiconductor technologies such as CdTe, GaAs, InP, and Cu(In1-xGax)Se2,>>?° and indeed other
materials, such as high temperature polycrystalline superconductors.*#*¢ We anticipate that
understanding the nature of the different grain boundaries identified by EBSD will be critical to
understanding the properties of halide perovskite photovoltaics,?! and we speculate that properties
such as anisotropic charge carrier transport across grain boundaries observed in halide
perovskites'347 4 could depend on grain boundary properties such as misorientation angle, type
of boundary, and the boundary interface energy.

2.5. Sub-grain boundaries and intra-grain misorientation

Next, to investigate the structural heterogeneity at a sub-grain level in more detail, we
examine crystal orientations within an individual grain. Due to high coefficient of thermal
expansion anisotropy in tetragonal CH3NH3Pbls, phase transition from cubic to tetragonal
CH3NH3PbIs during film formation can introduce a significant amount of local residual stresses in
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the material.>*>! These micro-stresses may be concentrated at the grain boundaries and sub-grain
boundaries within the grain. Figure 2.3a shows the inverse pole figure of an individual grain from
a CH3NH3PbI; film with sub-grain boundaries. The grains are identified using 4 as the threshold,
however, the grain represented in Figure 2.3 is not affected by different thresholds (see Figure
S14). Sub-grain boundaries have been shown to influence charge carrier recombination in other
semiconductor photovoltaic technologies like GaAs and InP.2”?® Recently, using optical
microscopy Li et al. suggested the presence of sub-grain special boundaries in large grain
NH2CHNH?PbI;s thin films.** Here, we use crystallographic identification to unequivocally
demonstrate the existence of sub-grain boundaries and precisely determine their location within
the grain.
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Figure 2.3. Sub-grain boundaries and intra-grain misorientation. (A) Inverse Pole Figure
(IPF) of an individual grain in a CH3:NH3PbI3 thin film with sub-grain boundaries. The outer
black lines represent the outer grain boundary (i.e. with other grains) and the inner black
lines represent the sub-grain boundaries. The IPF color key is the same as Figure 2.1 and
2.2. The grains are identified using 4" as the threshold. (B) Kernel average misorientation
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(KAM) showing the degree of misorientation between neighboring pixels within the grain.
(C) Misorientation with respect to mean orientation of the grain showing the local orientation
heterogeneity in the grain. (D) Plot of misorientation angle as a function of distance along
the black arrow in the IPF in the inset. Blue circles denote the misorientation of each point
with respect to the first point along the black arrow and orange circles denote the
misorientation of each point with respect to its neighboring points along the arrow.

As stated earlier, local variations in lattice orientation can manifest as residual strain within
the material.>® Here, we analyze local variations in lattice orientations to infer the local strain
within an individual grain. Kernel average misorientation (KAM) provides the average
misorientation between a measurement point and its neighboring points.*? In our case, it provides
the average misorientation between each point and its six neighboring points within the same grain.
We note that the KAM is a kernel or an individual measurement property where each point in the
grain has a local misorientation value whereas the previously described GOS is a grain property
where the entire grain is assigned a local misorientation value. Figure 2.3b shows the KAM value
calculated and plotted for each point within the grain. We observe KAM values as low as 0° and
as high as 4.87° corresponding to low and high local misorientation regions respectively. We note
that the range of KAM values (0 to 4.87°) observed here are within the same grain, demonstrating
significant strain heterogeneity within an individual grain. Interestingly, the sub-grain boundaries
(Figure 2.3a) are near regions with high KAM values (Figure 2.3b) consistent with the model that
high misorientations within a grain will lead to sub-grain boundaries. Our observations show that
local crystal misorientation generates the local strain heterogeneity observed within individual
grains.

As evident from Figure 2.3a and 3b, the selected grain has a distribution of orientations
within itself, exhibiting a GOS of 3.41°. Figure 2.3c shows the misorientation of individual
measurement points within a grain with respect to the mean orientation of the grain. Regions near
to the reference mean orientation have lower misorientation angle and vice-versa. We observe
higher misorientation angles with respect to mean orientation closer to the grain boundaries
suggesting a higher degree of lattice rotation or lattice bending near grain boundaries.

Figure 2.3d shows the plot of intra-grain misorientation angle as a function of distance
within the grain, along the black arrow in the inset figure. Importantly, Figure 2.3d shows that the
misorientation from one end of the grain to the other end can be as high as 9° (even though the
grain boundaries were identified using a threshold of 4°). This result could indicate the possibility
of variations in carrier transport both across, and within, an individual grain if the strain affects the
local carrier mobility. We note that the sub-grain heterogeneity present in the grain shown in Figure
2.3 is representative of the population (See Appendix A Figure S15 and Figure S16 for SEM image
of an individual grain along with sub-grain heterogeneity characterization and sub-grain
heterogeneity in more grains from different films, respectively).
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2.6. Correlation between local luminescence, orientation
heterogeneity and grain area

Finally, having quantified the local grain orientation spread, and hence the local strain, we
use our high-resolution EBSD data set to explore whether grain-to-grain variations in near-surface
strain (Appendix A Figure S17) could be sources of non-radiative recombination within the
perovskite films. We expect the defects (and the strain) to be dominated by the surface, because
surface passivated halide perovskite thin films have demonstrated single crystal like quality.+%>2
To this end, we overlay the grain-boundary network obtained from grain identification onto the
confocal photoluminescence (PL) image obtained on the same region (Figure 2.4a). The grain
boundary network and the confocal PL image were aligned using an image registration program
and fiducial marks created using Atomic Force Microscope tip (see Appendix A Note S2 for
details).

To look for any relationship between local orientation heterogeneity and local non-
radiative recombination, we plot photoluminescence intensity as a function of grain orientation
spread. Our group has previously demonstrated that confocal PL maps, when measured at
excitation densities below the local trap density (~10'5 cm™ to ~10'7 ¢m™3),!233-35 can reflect the
local trap distribution in the film.!>!3 Although carrier diffusion is still important,'*3¢ under such
conditions, high PL intensities correspond to regions with lower trap density, and low PL
intensities to regions with higher trap density.'3
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Figure 2.4. Correlation between local luminescence, orientation heterogeneity and grain area
in CH3NH3PDbI3. (A) Aligned confocal photoluminescence (PL) image and grain boundary
network of the same region. (B) Plot of PL intensity as a function of Grain Orientation
Spread (GOS) in MAPI showing negative correlation, with high statistical significance
(p=0.0091). The grains are binned in GOS intervals. The line represents a linear regression
fit to the data with the shaded region representing a 95% confidence interval for the
regression. Error bars represent the standard deviation of average PL intensity in a specific
GOS interval. (C) Plot of grain orientation spread as a function of grain area showing
positive correlation, with high statistical significance (p=8.14e-29). See Appendix A Note S3
for discussion on p-value and statistical significance.

Here, we measure confocal PL maps at low incident excitation fluences of ~0.2 pJ/cm? per
pulse (at 470 nm with 1 MHz repetition rate) corresponding to an initial carrier excitation density
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of ~10'® cm™ and time-averaged carrier density of ~10'5 cm™. Next, we measure the local crystal
orientation across the same region using EBSD as demonstrated earlier. Using this approach,
Figure 2.4b plots the normalized average PL intensity within a grain versus the grain orientation
spread within the corresponding grain for more than 100 grains from different samples (see
Appendix A Figure S18 for correlation plots from individual sample sets). We find a negative
correlation between the grain orientation spread and PL intensity with high statistical significance
(p-value = 0.0091, Appendix A Note S3 for more details on p-value). In other words, the larger
the grain orientation spread, the lower the PL intensity of the local perovskite. This result provides
a direct link between local intra-grain strain and local nonradiative defect density by showing that
grains with higher grain orientation spreads have lower PL intensity and therefore, higher trap
densities contributing to non-radiative recombination.

Figure 2.4c shows the relation between grain area and the corresponding orientation spread
within the grain. We find a strong positive correlation between the grain area and grain orientation
spread, with high statistical significance (p-value = 8.14e-29). We note that this conclusion does
not depend on the threshold value chosen during grain detection. In other words, we observe strong
positive correlation between grain area and grain orientation spread for all different grain threshold
values (Appendix A Figure S19). This means that, in the case of the samples measured in this
study, as the grain size increases the orientation spread (and hence, local strain) also increases. We
note that at fluences used in this study (corresponding to trap densities in the film) we find very
low anticorrelation (r = -0.2) between PL intensity and grain area (Appendix A Figure S20),
consistent with our previous observations.!3 Importantly, this result indicates that the correlation
between PL and grain orientation spread shown in Figure 2.4b is not solely due to the relation
between grain size and PL, instead grain orientation spread appears to be more important than
grain size.

Notably, an increase in grain orientation spread (and local strain) with increasing grain area
might help explain why some of the smaller grain films in the literature have shown higher PCE,
and why increasing apparent grain sizes, as imaged by SEM, has not always corroborated with
increasing PCE.>” Specifically, we speculate that smaller grain films studied to date may have less
orientation spread and thus, lower strain compared to large grains.

However, we emphasize that these results do not indicate researchers should necessarily
aim to create perovskite films with smaller grains for solar cell applications. Grain boundaries and
surface traps act as centers for non-radiative recombination in many materials, including halide
perovskites,>712:13:21.33,58-65 Tngtead, the point we are making is that local crystal orientation is also
important, perhaps more so than grain size in some films. Ideally, we would want films with larger
grain sizes and low orientation spread within a grain, i.e. highly oriented and low strain.
Promisingly, Choi and co-workers recently demonstrated that perovskite thin films with higher
degrees of orientation can be achieved at the lab scale.®®%7 As lab-scale deposition techniques are
translated to large-scale deposition methods such as roll-to-roll printing, spray coating and slot die
coating;%%%% our results, and the general methods herein, provide insight for optimizing deposition
conditions, and suggest a need for orientation and strain engineering.”®
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2.7. Conclusion

In conclusion, we demonstrate local crystal orientation maps of archetypal CH3NH3Pbl3
perovskite thin films, most commonly investigated for solar cell applications, generated using the
state of the art EBSD detector with high sensitivity and fast readout. We show that while SEM
morphology is generally consistent with EBSD, there are features in the film that are only visible
in EBSD and therefore, SEM morphology alone is insufficient to identify grains and grain
boundaries. In addition to providing true grain sizes for halide perovskites, orientation imaging
using EBSD also allows us to probe the crystallographic nature of the film. We observe local
crystal orientation heterogeneity within individual grains throughout the thin film and we find that
the orientation heterogeneity varies from grain-to-grain. Our results demonstrate that although a
grain is defined as a unit of microstructure with a single orientation, in reality, in perovskites a
grain has an average orientation with significant orientational spread or heterogeneity which
contributes to the local strain within the grain. We propose that such orientational heterogeneity
within grains could be a result of heterogeneous nucleation and growth, variations in local
concentration gradients’! and/or phase transitions post-annealing.3”->%31-72.73 Next, by studying the
crystallographic nature of grain boundaries, we show that there are a range of different grain
boundary misorientations and therefore, different grain boundaries will have different properties
such as carrier transport, interface energy, etc. Using EBSD, we also demonstrate the presence of
sub-grain boundaries formed near regions of high local crystal misorientation. We observed
misorientations as high as 9° from one end of the grain to another. Finally, we use correlated
confocal PL microscopy and EBSD to understand the relationship between local crystal orientation
heterogeneity and local non-radiative recombination, as it relates directly to photovoltaic
performance. We observe low PL intensity (high non-radiative recombination) in regions with
high grain orientation spreads (high strain regions) and high PL intensity (low non-radiative
recombination) in regions with low grain orientation spreads (low strain regions). Furthermore, we
observe that the orientation spread increases with increasing grain sizes. Our results point towards
the need to understand and control the local crystal orientation by engineering deposition protocols
that provide large grains with low orientation heterogeneity (lower strain). These results provide
critical insight into the interplay between local crystal orientation heterogeneity and local non-
radiative recombination and furthers our understanding of the local structure-function interplay in
halide perovskite thin films for photovoltaics.
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See Appendix A on page 60 for experimental methods and supplementary information for chapter
2.
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Chapter 3. Impact of Dimethylammonium on Local
Chemical Composition in Halide Perovskites

3.1. Overview

Adding a large A-site cation, such as dimethylammonium (DMA), to the perovskite growth
solution has been shown to improve performance and long-term operational stability of halide
perovskite solar cells. To better understand the origins of these improvements, we explore the
changes in film structure, composition, and optical properties of a DMA0.1FA0.6Cso.3Pb(I0.8Bro.2)3
perovskite following addition of DMA to the perovskite growth solution. Using time of flight
secondary ion mass spectrometry (TOF-SIMS) we show that DMA is indeed incorporated into the
perovskite, with a much higher DMA concentration at the surface. Using a combination of PL
microscopy and photo-induced force microscopy (PiFM), we demonstrate that incorporating DMA
into the film leads to increased local heterogeneity in the local bandgap, and to clustering of the
local formamidinium (CHsN2") composition. Our results suggest that while current-DMA-
additive based approaches do have benefits to operational stability and device performance,
process optimization to achieve local compositional homogeneity could further improve the device
performance and operational stability, bringing further gains to solar cells using DMA additives.

3.2. Introduction

Halide perovskite solar cells have demonstrated rapid improvements in power conversion
efficiencies (PCE), with the current single junction cell record being 25.5%, the Si/perovskite
tandem record at 29.5%, and the all-perovskite 2-terminal tandem at 24.3%.! Nevertheless, these
efficiencies are still below the theoretical efficiency of (~32%) for a 1.5 eV single junction
perovskite cell, or (~43%) for an ideal perovskite tandem. Many of these limitations are due to
open circuit voltage losses in working cells,” !> especially in wide-bandgap perovskites needed for
optimal tandem cells.®7-11:16-20

As a result, researchers have tried many approaches to achieve stable, wide-bandgap
perovskites, including both tuning the X site!*!7-! (particularly with Br incorporation), as well as
tuning the A-site.!!"1%2225 Tuning the A-site can indirectly alter the bandgap by changing the
octahedral tilt and thus, the electronic orbital overlap.'!'%2>2* For instance, Stoddard et al.
reported the use of a large organic cation such as guanidinium (GA) to increase the bandgap. !
Rajagopal et al. reported the use of phenylethylammonium (PEA) to increase the bandgap as well
as improve the relative quasi-fermi level splitting w.r.t the bandgap.!' Recently, Palmstrom et al.
demonstrated the use of another large organic cation, dimethylammonium (DMA), to increase the
bandgap as well as the long-term operational stability of the resulting devices.?*?>
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Although tuning the A-site using large organic cations has demonstrated improvements in
the device performance and operation stability,!!:1%2425 the microscopic chemical origins of these
performance changes remains largely unknown. Here, by “large organic cations”, we mean cations
with a large enough ionic radii that would not form a 3D perovskite structure according to the
empirical observations based on established Goldschmidt’s tolerance factor (between 0.8-1.0 for
3D perovskites).?3?627 Here, we investigate the local chemical impact of using DMA in a mixed
cation and mixed halide system. We use a mixed cation, mixed halide system with DMA addition
reported by Palmstrom and Eperon et al.,*** DMA 10FAs0Cs30Pb(Is0Br20)3, referred to as DMA10
for brevity. We compare the DMAIO system to control systems without DMA,
FAs0Cs20Pb(IsoBr20)s and FAe7Cs33Pb(IsoBr20)s, referred to as Ctrl 80/20 and Ctrl 67/33,
respectively. Ctrl 80/20 has a bandgap of 1.65 eV and is the starting composition from where we
tune the DMA incorporation to get DMA10.24 Ctrl 67/33 has the same FA/Cs ratio as the DMA10
composition and serves as additional control to help investigate the impact of DMA on the A-site,
ruling out any influence that could be due to increase in Cs in the solution or lower FA/Cs ratio,
as in Ctrl 80/20 (see SI for details on sample fabrication and UV-Vis- Figure S1).

3.3. Time-of-flight secondary-ion-mass spectrometry

In order to understand the chemical composition of the DMA10 and control films, we perform
time-of-flight secondary ion mass spectrometry (TOF-SIMS). TOF-SIMS has been used to
investigate the chemical composition in various different perovskite compositions.!'3?*73! Since
DMAI10 and control films have identical molecular components, the samples cannot be easily
differentiated based on the presence or absence of different peaks. To overcome this limitation,
we, first, identify and label the relevant characteristic peaks from the raw TOF-SIMS spectra. Next,
we use a dimensionality reduction method, principal component analysis (PCA), on the labelled
TOF-SIMS spectra. PCA has been widely used for TOF-SIMS spectral decomposition®?3 as well
as for other dimensionality reduction problems.3¢® Using PCA, we decompose the labelled TOF-
SIMS spectra data from 31 different spectral dimensions to 3 principal components that explain
over 99% of the observed variance in the spectral data for different samples (Figure S2). Figure la
shows the first principal component vs the second principal component for DMA10 and control
films. We note that all the DMA 10 samples cluster together and separate from the different control
samples clusters. This indicates that there are, indeed, chemical differences between the three
different sample groups — DMA10, Ctrl 67/33, and Ctrl 80/20. In other words, adding DMA to the
precursor solution leads to chemical variations in the resulting film. The largest variations between
the DMA10 samples and the control samples occur along the first principal component (Figure
la). The loadings plot (Figure S3) corresponding to the scores of the first principal component
shows the highest loadings are for the m/z 45.05, 46.06, and 73.08, which correspond to FA, DMA,
and C3HoN2". The higher loadings indicate that the variations observed along the first principal
component are primarily due to the differences in these mass numbers.

31



a b o007 C

104, ~B-g—0—-9-,
0.00& '.

0.04 10% )
R = BT s B

°
2 > =
2 0,005 £ ..
g ooz MA 1€ = € 10¢ . . .
o @ 3 g0 009 g .
° [ X & = » )
0.00 < 0.004 >
~- =
~ ® . L v £
~ = S ° ) .
= @ 2 .
g% 3 0003 £ 10 *e, .
& = * L L)
> 000y r - .-t
—0.04 cs
2 g .
0.00: 10 Pb s ®
0.06 ®- DMA
! J— ® si o L]

0.00 0.05 010 0ls 0.001 [ 10 o Ef) 40 50 60
PC1 (83.2% expl.var) DMA 10 Ctrl 67/33 Ctrl 80/20 Sputter Time (s)

Figure 3.1. TOF-SIMS analysis of halide perovskite films prepared with the compositions
DMA10FA60Cs30Pb(IsoBr20); (DMA10), FAe7Cs33Pb(IsoBr20)s (Ctrl 67/33), and
FAs0Cs20Pb(IsoBr20)3 (Ctrl 80/20). a) Principal component analysis (PCA) of TOF-SIMS
spectra data collected for DMA 10, Ctrl 67/33 and Ctrl 80/20 thin films. Plot of the first
principal component vs the second principal component for the DMA10, Ctrl 67/33, and
Ctrl 80/20 samples. b) Intensity of the m/z=46.06 (DMA peak) relative to the total intensity
counts from TOF-SIMS spectra for DMA10, Ctrl 67/33, and Ctrl 80/20. ¢) TOF-SIMS
depth profile of the positive ions (FA, Cs, Pb, DMA, Si) in a representative DMA10 film.

Figure 1b shows the normalized relative intensity for the 46.06 m/z, which corresponds to
DMA. We observe that the peak for m/z 46.06 is only present in the DMA10 samples. Notably,
the presence of this peak in the DMA10 samples but not the others, confirms that DMA is indeed
incorporated into the film from the precursor solution: despite the larger size (2.72 A, that would
lead to tolerance factor greater than 1), DMA is present in the film. In addition, the TOF-SIMS
signals show that intensity of m/z 45.05 or FA (normalized to the total counts) qualitatively agrees
with the amount of FA added to the precursor solution (Figure S5) i.e., Ctrl 80/20 has higher FA
than ctrl 67/33 and the DMAI10 films (60% FA). The TOF-SIMS data also confirm the same
qualitative trends in Cs intensity, with the relative Cs signals determined from TOF-SIMS tracking
the concentrations in the precursor solutions (Figure S6).

To understand the chemical variations associated with DMA addition as function of depth
in the thin film, we took TOF-SIMS depth profiles. Figure 1¢ shows a representative depth profile
showing the intensity of the FA, Cs, Pb, and DMA ions in DMA-incorporated thin films.
Increasing sputter time indicates increasing depth into the film. We observe that the DMA intensity
is highest and the surface, and then decreases with increasing depth before reaching a relatively
constant level in the bulk of the film. The FA and Cs intensities show the opposite trend from
DMA: notably, their concentration is lowest at the surface, and increases as we probe past the
surface layer, before reaching a relatively constant value throughout the bulk. We observe similar
intensity depth profiles across different samples and regions (Figure S7). We note that despite a
higher concentration of DMA at the surface, using XRD we do not observe a secondary 2D phase
(Figure S8), consistent with previous reports of no secondary 2D phases at 10% DMA addition.?*
Finally, we also observe relatively constant intensity profiles across the depth for I and Br (Figure
S9), indicating there is relatively little variation in halide distribution throughout the depth of the
film. The intensity depth profiles for the positive ions along with the TOF-SIMS spectra data
suggest that although DMA is incorporated throughout the film, the overall incorporation is non-
uniform with a relatively higher concentration of DMA at the surface. The higher concentration at
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the surface suggests that the higher performance for DMA-incorporated films observed by our co-
authors could possibly originate in part due to surface passivation by DMA.
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Figure 3.2. PL spectroscopy images of (a) DMA10, (b) Ctrl 80/20, and (c) Ctrl 67/33 thin
films, local PL spectra were acquired at each pixel. The histograms in (a), (b), and (c) have
the same scale as the z-scale in the respective images. (d) Box plot of median absolute
deviation of the local PL spectra for DMA10 (n=42), Ctrl 67/33 (n=13), and Ctrl 80/20
(n=14) thin films. The boxes show quartiles of the data, and the whiskers extend to capture
the rest of the distribution. The scatter points are individual data points.

3.4. Photoluminescence Microscopy

To investigate the microscopic origin of the performance improvements, we acquire local
PL spectra on DMA10 and control thin films. Figures 2a-c show images of local PL peak position
for representative DMA10, Ctrl 80/20, and Ctrl 67/33 thin films, respectively. We find that the
DMA incorporated films have a higher variation in the local PL peak position (Figure 2a). The
distinct regions of higher and lower PL peak position suggest that there are local compositional
variations in the DMA-incorporated film. In contrast, we do not observe similarly large variations
in the PL peak positions for the control films, Ctrl 80/20 (Figure 2b) and Ctrl 67/33 (Figure 2c¢).
Furthermore, we quantify the variations in the local PL peak positions using the median absolute
deviation metric, which provides the median of the absolute deviation of individual data points
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from the sample median. Median absolute deviation is more robust against outliers compared to
mean and standard deviation.?” Figure 2d shows the median absolute deviation of the PL peak
positions for different DMA incorporated and control thin films. DMA10 films have a 1.5x higher
median absolute deviation compared to the control films, quantifying the higher local PL variations
in individual DMA incorporated films compared to Ctrl 67/33 and Ctrl 80/20 thin films. This result
is consistent with the visual observations made from Figures 2a-c and is strong evidence for the
presence of underlying local compositional variations in the DMA10 thin films.
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Figure 3.3. Photo-induced force microscopy (PiFM) of DMA10 thin films. (a) PiFM spectra
of two regions on a representative DMA10 thin film showing large variations in the peak at
1714 cm’!, corresponding to FA. (b) PiFM image of DMA10, Ctrl 67/33 and Ctrl 80/20 films
acquired at 1714 cm™!, tracking local FA composition. The PiFM signal is normalized to the
individual sample average.

3.5. Photo-induced Force Microscopy
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In order to confirm the presence of compositional heterogeneity, and compare the films
with and without DMA, next we use photo-induced force microscopy (PiFM) to acquire nano-
infrared (nanolR) spectral maps of the films. PiFM uses a tunable IR laser to probe the local
chemical vibrations in the material and has been used to study the local composition of organic
and inorganic molecules.?%3#40 Here, we aim to probe the local composition of the organic cations
in the DMA10 film. Figure 3a shows the PiFM spectra for two different regions in a representative
DMA10 film. From the PiFM spectra, we observe the largest variations in PiIFM signal intensity
at the 1714 cm™! wavenumber, corresponds to the C=N stretch in FA. We then use the 1714 cm!
FA peak to image the local FA composition in DMA10 and control films. Figure 3b shows the
local FA composition for representative DMA10 and control thin films. We observe that the
DMAI10 films (Figure 3b) have distinct regions of high and low PiFM signal, corresponding to
high and low FA concentration, respectively. The spatial variations in FA composition are greater
in DMA10 thin films compared to the Ctrl 80/20 and Ctrl 67/33 thin films (Figure 3b). These
observations are consistent across samples from different batches (Figure S10). Figure S11 shows
a higher spatial resolution PiFM image at 1714 cm™!' for a DMA10 film. We observe that there are
entire domains with relatively lower FA signals than their neighboring regions, indicating a
significant level of local FA heterogeneity introduced with DMA addition. We note that these local
FA compositional variations observed in the DM A-incorporated samples are not simply due to the
higher Cs loadings (Figure S12) in these films. We confirmed this conclusion by examining Ctrl
67/33 films which has an identical FA/Cs ratio and similar Cs loading to the DMA10 thin films;
however, in these films we do not observe the same level of local FA heterogeneity as in the
DMA10 samples (Figure S12). Together, these results indicate that the addition of DMA plays an
important role in influencing the local chemical compositional heterogeneity. In other words, the
addition of DMA leads to more heterogenous FA distribution in the thin film.

3.6. Conclusion

In conclusion, we show that the films cast from perovskite precursor solution containing
DMA leads to DMA incorporation in the resulting thin film. We also demonstrate that DMA
incorporation is heterogenous, with a significant preferential enrichment of DMA at the film
surface. This result would suggest that the higher efficiencies and greater stabilities of the DMA -
incorporated films reported in the literature?*?> arise at least in part, due to surface passivation
from the DMA. Furthermore, using local PL spectra data, we elucidate that there are micron-scale
compositional heterogeneity in DMA-incorporated films, with the PL peak position and FWHM
varying ~2x more in DMA-treated films. We confirmed this heterogeneity with PiFM nanolR
imaging, finding clusters with significantly reduced FA concentration in the DMA -incorporated
films. Together, these results suggest that while the use of large A-site cation such as DMA
improves the device performance and overall operational stability, these positive effects come with
deleterious side-effects of increased compositional heterogeneity. Similar observations of
heterogenous incorporation have also been reported by Fenning and co-workers for smaller alkali
metal, such as Rb, incorporation at the A-site.*! Our observations are promising for the use of
DMA as an additive, as it indicates that there is room for improving the current processing
conditions that leads to more homogeneous chemical composition in the DMA incorporated films,
that could lead to further improvements in the device performance and operations stability.
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See Appendix B on page 81 for experiment procedures, fabrication and characterization details,
supplementary figures.
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Chapter 4. Reducing Surface Recombination
Velocity of MA-free Mixed Cation Mixed
Halide Perovskites via Surface Passivation

4.1. Overview

We control surface recombination in the mixed-cation, mixed-halide perovskite,
FAo.83Cs0.17Pb(lo.85sBro.15)3 by passivating non-radiative defects with the polymerizable Lewis base
(3-aminopropyl)trimethoxysilane (APTMS). We demonstrate average minority carrier lifetimes
>4 us, nearly single exponential monomolecular PL decays, and high external photoluminescence
quantum efficiencies (>20%, corresponding to ~97% of the maximum theoretical quasi-Fermi-
level splitting) at low excitation fluence. We confirm both the composition and valence band edge
position of the FAo.83Cso.17Pb(lo.ssBro.15)3 perovskite using multi-institution, cross-validated, XPS
and UPS measurements. We extend the APTMS surface passivation to higher bandgap double
cation (FA,Cs) compositions (1.7 eV, 1.75 eV and 1.8 eV) as well as the widely used triple cation
(FA,MA,Cs) composition. Finally, we demonstrate that the average surface recombination
velocity (SRV) decreases from ~1000 cm/s to ~10 cm/s post APTMS passivation for
FAo0.83Cs0.17Pb(lo.85Bro.15)3.  Our results demonstrate that surface-mediated recombination is the
primary non-radiative loss pathway in many MA-free mixed-cation mixed-halide films with a
range of different bandgaps, which is a problem observed for a wide range of perovskite active
layers and reactive electrical contacts. Our study also provides insights to develop passivating
molecules that help reduce surface recombination in MA-free mixed-cation mixed-halide films
and indicates that surface passivation and contact engineering will enable near-theoretical device
efficiencies with these materials.

4.2. Introduction

Over the last decade, halide perovskites have made rapid gains in power conversion
efficiency (PCE), with the current single-junction PCE record at 25.5% and the perovskite/Si 2-
terminal tandem at 29.2%.! Much of this improvement in materials performance can be attributed
to cation and anion engineering”!' on the A and X site of the ABXs perovskite structure,
respectively. However, despite the wide range of cation combinations available, the majority of
the best performing single-junction and tandem perovskite solar cells reported to date incorporate
some fraction of methylammonium (MA) in the A-site.>>>6:11-16 While MA-incorporation may
help with performance, it has also been linked to instability at elevated temperatures due to
methylamine sublimation.!”'® Although new encapsulation strategies can enable stable MA
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incorporated devices,!*! few high-performing devices in the literature have explored completely
MA -free compositions, though there are increasing efforts focusing in that direction.®??

Regardless of the perovskite composition, non-radiative recombination occurring at the
surfaces and interfaces (both grain boundaries and the contact layer/perovskite interface) is one of
the factors preventing devices from attaining near-theoretical efficiencies.?3° Surface
passivation!>2326:31-33 and interfacial surface and strain engineering!3142434-38 have been proposed
as ways to reduce non-radiative recombination. In these 3D perovskites, termination of the lattice
along any low index face, at the surface of the crystal, at interfaces with electrical contacts, or at
misaligned crystal (grain) boundaries, all expose under-coordinated metal sites, halide vacancies,
and in general, regions which depart from the bulk stoichiometry and which are energetically
distinct (providing potential mid-gap states) and potential recombination sites. Lewis bases of
varying strengths can provide mitigation and passivation of these interfacial states.!>27-3132

For instance, surface passivation with tri-octyl phosphine oxide (TOPO) on the archetypal
CH3NH3PbIs has demonstrated quasi-Fermi level splitting (QFLS) >97% of the radiative limit,
rivaling that of GaAs,?¢ and surface recombination velocities (SRV) <10 cm/s.?? This suggests that
non-radiative recombination at the surfaces can be mitigated with appropriate surface passivation.
However, we have found that TOPO passivation is not as effective for FA-containing perovskites
as it is for CH3NH3PblIs (Figure S1, S2). We speculate these differences may be due to different
surface terminations for MA and MA-free compositions, and/or the result of intrinsically different
kinds of surface defects/near surface strain predominating due to the different compositions or
growth mechanisms. For instance, it could be that halide vacancies dominate MAPI, and a mixture
of halide vacancies or ammonium vacancies exist in MA-Free compositions.?*~#¢ These differences
could play a role in deciding which surface passivating molecules have the most impact. Moreover,
as shown previously, TOPO and many readily available surface-passivating molecules such as
ODT (octadecanethiol) are labile and can be removed from the surface after deposition.3!

Consequently, there is a need to develop passivation strategies that both works well across
perovskite compositions and are also compatible with processing at scale. Ideally, these strategies
should target molecules which simultaneously: (1) passivate surface defects, enabling ideal
radiative performance of the semiconductor; (2) remain stable to subsequent vacuum or solution
processing (perhaps by crosslinking); (3) are in principle scalable; and (4) permit effective charge
extraction. However, since there is limited proof-of-concept for even meeting criteria (1), (2), and
(3) simultaneously, here, we address meeting those criteria. Specifically, herein we explore the use
of (3-aminopropyl) trimethoxy silane (APTMS), a Lewis base that can be cross-linked and
polymerized in the presence of moisture*’, to passivate 4 different FA-Cs/I-Br Pb perovskites
with bandgaps ranging from 1.63 to 1.80 eV as well as the widely used triple cation perovskite
(FA0.83MA0.17)0.95Cs0.0sPb(lo.83Br0.17)3. We demonstrate an enhancement in photoluminescence
quantum efficiency (PLQE), photoluminescence (PL) lifetimes, and concomitantly low SRV at
interfaces, indicating the ability of this agent to passivate defects in a range of perovskite
compositions. Moreover, for the case of 1.63 eV-bandgap FA-Cs/I-Br perovskite, we demonstrate
a~10x average PL lifetime improvement and a champion PL lifetime of 4.3 ps. Together with the
increase in PL lifetime, we also observe an increase in the external PLQE to a record 20.1% at 70
mW/cm? for APTMS surface passivated films. This PLQE corresponds to QFLS that is ~97% of
the maximum QFLS obtained using the Shockley-Queisser (SQ) model. We note that such high
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PLQE and QFLS have not previously been reported in MA-free mixed-halide 3-D perovskites.
Furthermore, we use X-ray photoelectron spectroscopy (XPS) and glow discharge optical emission
spectroscopy (GDOES) to demonstrate that APTMS interacts as a surface modifier with terminal
amines acting as a combination of Lewis base and protonated amine. Lastly, we investigate the
impact of passivation on the SRV in FA-Cs/I-Br films. We demonstrate that APTMS-passivated
films can achieve SRVs <10 cm/s compared to control films with ~1000 cm/s. These results
suggest that non-MA based perovskite compositions can achieve higher performance by tailoring
the surface chemistry to minimize non-radiative recombination.

4.3. Surface passivation beyond MA based halide perovskites

To start, we fabricate 400 nm thick films of FAo.83Cso.17Pb(lo.ssBro.15)3 (hereafter referred
to as Cs17Br15 for brevity) on glass using a method adopted from Kim e al. (see Appendix C for
more details).”> We confirm the perovskite structure using X-ray diffraction (XRD) (Figure S3)
and bandgap of 1.63 eV using UV-Vis (Figure S4). Moreover, using XPS, we show that the near-
surface film composition is identical (within error margins) to the solution stoichiometry with a
slight (£2%) excess of Pblz at the surface (Table S1). Additionally, using UV photoelectron
spectroscopy (UPS) and XPS, we determine the ionization potential (IP) for the Cs17Brl5
composition to be 5.64 eV, from which we extrapolate the electron affinity (EA) of4.01 eV (Figure
4.1a). Importantly, we also verified that these surface composition and band edge positions are
reproducible both after shipping, and upon fabricating devices at multiple institutions, providing
cross validation of sample shipping, fabrication, and XPS/UPS measurement protocols (see
APPENDIX Cfor more details on multi-institutional cross verification and shipping).
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Figure 4.1 — Surface passivation beyond MA based halide perovskites. (a) Valence band
maximum and conduction band minimum for Cs17Br15 perovskite showing electron affinity
(EA) and ionization potential (IP). See Figure S5 for valence band photoemission spectra. (b)
Time-resolved PL decay of a control and APTMS surface-passivated Cs17Br15 perovskite
film. The dashed black lines denote the fitted PL lifetime according to Equation S2. The inset
shows the early time decays for the control and APTMS passivated film. (¢) Boxplot of
average PL lifetime (<7>) for control (n=51) and APTMS passivated Cs17Br15 films (n=47).
(d) Boxplot of external PLQE for control (n=9) and APTMS passivated Cs17Br15 films
(n=17) measured at 70 mW/cm? using a 532 nm CW laser. The inset shows the external PLQE
measured as a function of intensity for a typical APTMS passivated Cs17Br15 film. APTMS
passivated samples retain high PLQE at low illumination intensities, even as low as ~0.01
suns (Figure S6). The boxes in (¢) and (d) shows the quartiles of the data and the whiskers
extend to capture the rest of the distribution. The white triangle denotes the average of the
distribution in both (¢) and (d). The red scatter points are the individual data points.

In order to passivate the surface of the Cs17Brl15 films, we expose them to APTMS vapor
in a controlled environment (see SI) and study the impact on PL. Figure 4.1b shows the PL decay
of a control and APTMS surface passivated Cs17Brl5 film acquired using a 470 nm pulsed laser
excitation at 50 nJ/cm? per pulse (a relatively low fluence, where the trap density is often higher
than the photocarrier density?®*’). To analyze the data, we fit the time resolved PL decays to the
stretched exponential decay function (see Appendix C for further details). Before surface
passivation, the PL lifetimes (average <t>) of the control samples are hundreds of ns (controlavg =
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117 ns), indicating the good quality of our control Cs17Brl15 thin films.?? After APTMS surface
passivation, we observe a ~15x improvement in PL lifetime (APTMSavg = 1.75 ps), as shown by
the average lifetime box plots for 50 separate Cs17Br15 films from different batches in Figure
4.1c. We observe an improvement in average PL lifetime (<t>) from 0.6 ps for the champion
control Cs17Brl5 film to 4.3 us for the champion APTMS passivated film. As expected, the
characteristic lifetime (tc) also increases from 0.056 us for the control to 2.95 s for the surface
passivated film and  also increases from 0.29 to 0.62. These data show the APTMS surface
treatment modifies surface mediated non-radiative recombination and also suggest that the
relaxation rate becomes more homogeneous with APTMS passivation, as the increase in the S
value is indicative of more mono-exponential, less distributed, kinetics. Along with the increase
in the PL lifetimes, we also observe an increase in the external PLQE with APTMS passivation.
Figure 4.1d shows the external PLQE for films before and after passivation measured at an incident
excitation intensity of 70 mW/cm? using a 532 nm CW laser (see Appendix C for details). On
average, we observe a ~60x increase in the external PLQE from 0.23% for the control to 13.64%
for the passivated film, with the highest external PLQE of 20.1% at 70 mW/cm? for APTMS
passivated Cs17Brl15 films. To our knowledge, this is the highest reported external PLQE for MA -
free mixed-cation mixed-halide perovskites. We further note that the APTMS-passivated
Cs17Brl5 films retain high PLQE at low illumination intensities (Figure 4.1d inset), even as low
as ~0.01 suns (Figure S6). Additionally, external PLQE can be used to evaluate QFLS within the
film according to the equation by Ross.>! Our group?® and others®*->4 have used it to evaluate QFLS
in semiconductor thin films. Using the Ross equation, we calculate a 1.31 eV QFLS, i.e. ~97% of
the theoretical SQ limit (see SI), obtained at 70 mW/cm? (~1 sun condition) for APTMS passivated
Cs17Brl5 (see Appendix C for details). This result further demonstrates that with surface
passivation, FA-Cs/I-Br based perovskites can achieve similar thin-film optoelectronic qualities
without the need for MA inclusion.?®?” These results also then indicate that the use of MA may
impact the surface defect type and density and thus, the overall nonradiative recombination rate
for typical thin-film processing routes.
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Figure 4.2- Surface passivation for different bandgap MA-free perovskite compositions and
triple cation compositions. Time-resolved PL decay of control and APTMS passivated (a)
Cs25Br20 (~1.7 eV), (b) Cs40Br30 (~1.75 eV), (¢) Cs40Br40 (~1.8 eV), and (d)
(FA0.83MA0.17)0.95Cs0.0sPb(l0.83Bro.17)3 or FAMACs-IBr (~1.6 eV) perovskite thin films.

4.4. Surface passivation for different bandgap MA-free
perovskite

Next, we investigate the effects of surface passivation on the widely used triple-cation
mixed-halide perovskite,? (FA0.8sMA0.17)0.95Cs0.0sPb(lo.s3Bro.17)3, (hereafter FAMACs/I-Br) and
other higher bandgap perovskite thin films (without MA) potentially relevant for Si/perovskite
tandems and perovskite/perovskite tandems (1.7 €V, 1.75 eV, 1.81 eV).>> We tune the Cs and Br
composition to tune the bandgap using a method adopted from Bush et al.>® (see Appendix C for
details). More specifically, we fabricate FAo.75Cso.25Pb(lo.s0Bro20)s [Cs25Br20] (Eg ~1.7 eV),
FA0.60Cs0.40Pb(I0.70Br0.30)3 [Cs40Br30] (Eg ~1.75 eV), and FAo.60Cs0.40Pb(l0.60Br0.40)3 [Cs40Br40]
(Eg~1.81¢eV) thin films and confirm the bandgap and structure of the fabricated films using UV-
Vis (Figure S4) and XRD (Figure S3), respectively. Figures 4.2 a, b, and ¢ show the PL decay
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before passivation (control) and after APTMS passivation for Cs25Br20, Cs40Br30, and
Cs40Br40 films, respectively. Figure 4.2d shows the PL decay for the FAMACs/I-Br before and
after surface passivation. We observe an increase in the PL lifetime and the integrated PL intensity
(Figure S7, S8) upon APTMS treatment for all the different bandgaps and compositions (see Note
S1 for additional discussion). For Cs25Br20 thin films (Eg ~1.7eV), we find that at ~1 sun intensity
the highest external PLQE increases by over 10X from 0.23% for control to 3.5% for APTMS
passivated (Figure S9), which is one of the highest for FACs mixed halide films compared to
literature.>’” Moreover, the increase in PL lifetime tends to track with the increase in silane
deposition time (Figure S10) and can also be achieved through solution processing (Figure S11).
We also note that silane passivation works on archetypal CH3NH3Pbl3 (Figure S12). These results
further demonstrate the versatility of the silane deposition for passivation. We also note that after
depositing a transport layer on top of APTMS, the passivated film retains PL improvements
relative to control film (Figure S13), suggesting that the perovskite film continues to benefit from
the APTMS passivation after subsequent processing.
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Figure 4.3 - High resolution and angle-resolved X-ray photoelectron spectroscopy (XPS).
High-resolution XPS of N 1s for (a) Cs17Br15 control and (b) APTMS passivated film. The
dashed black line represents the envelope of the signal and the gray line represents the
background. (¢) Si2p/Nis ratio as a function of different photoelectron take-off angle for
control and APTMS passivated Cs17Br15 films. Increasing take-off angles represent more
surface sensitivity. Error bars represent the standard deviation of the composition. The inset
shows the schematic of APTMS orientation on perovskite surface.

4.5. High resolution and angle-resolved X-ray photoelectron
spectroscopy

In order to better understand the general interaction between APTMS/silane and the
perovskite surface, we use X-ray photoelectron spectroscopy (XPS). XPS provides information
about the elements present, and their oxidation state, simultaneously. The XPS results, show an
increase in the Si and O concentrations after APTMS passivation of Cs17Br15 films (Figure S14),
consistent with the presence of APTMS on the surface. We also acquired elemental depth profiles
using glow discharge optical emission spectroscopy (GDOES), which further confirm the presence
of APTMS on the surface and demonstrate that APTMS acts primarily at the surface and does not
permeate the film at detectable levels (Figure S15). Moreover, SEM images (Figure S16) show
that the general morphology of the perovskite remains largely unchanged. However, it is
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noteworthy that the silane layer does tend to reduce the SEM image clarity, so we cannot
definitively exclude the possibility that some APTMS interacts preferentially with the
domain/grain boundaries. Indeed, it is possible that exposure to the APTMS may help “clean out”
grain boundaries, as has been proposed by Shallcross et al. during experiments on electrochemical
etching of halide perovskites,*® thus alleviating non-radiative recombination occurring at the grain
boundaries. Nevertheless, the effect, dramatically increasing the PL lifetime and PLQY, is
consistent with reduction of non-radiative recombination.

To further probe the interaction between APTMS and the perovskite, we acquire high-
resolution XPS spectra for APTMS-passivated and control Cs17Brl5 films. Figure 4.3a and 4.3b
shows the spectra of N1s for the control and APTMS treated film, fitted with a low binding energy
(LBE) and a high binding energy (HBE) N 1s peak. Both peak width broadening, and position
shift are observed after the APTMS treatment, indicating that the N chemical bonding environment
has changed. We attribute the control sample LBE and HBE N 1s peak to C-NH2 and C=NH:",
respectively.>® On the other hand, the N 1s signal in silane-treated surfaces can be assigned to a
variety of overlapping amine/ammonium species interactions.®’ Here, in APTMS passivated films,
we attribute the LBE N 1s peak to the free amine and H-bond donor and the HBE N1s to a range
of different species such as Lewis base, H-bond acceptor, and protonated amine; as suggested by
Shallcross et al.%° The binding energies are summarized in Table S2. We observe a higher fraction
of the electron deficient HBE N 1s in APTMS treated sample (12.15%) compared to control sample
(7.32%). In other words, there is 1.6x more HBE N 1s contribution to the overall N 1s signal for
APTMS treated films, compared to the control N 1s signal. We attribute this increase in the
contribution of the HBE N 1s peak to the APTMS treatment acting as a combination of Lewis base
and protonated amine on Cs17Brl5 films, as also observed in other silane/metal interactions.®

Next, to further understand the interaction between the APTMS and the surface of the
perovskite film, we use angle resolved XPS to investigate the composition as a function of depth,
allowing us to discern the average orientation of the silanes on the surface of the perovskite film.
In this technique, the elemental composition is measured as a function of different photo-electron
take-off angles, allowing depth resolution. Higher take-off angles represent more surface
sensitivity (probing decreased film depth) and lower take-off angles represent more bulk
sensitivity (probing increased film depth). Figure 4.3c shows the compositional ratio of Si2p/Nis as
a function of take-off angle for APTMS passivated Cs17Br15 films. We observe an increase in the
Si2p/Nis signal as a function of increasing take-off angle (decreasing film depth). In other words,
we probe more Sizp signals, as opposed to Nis, at the very surface of the APTMS passivated
Cs17Brl5 films. As discussed above, the Nis signal after APTMS passivation originates mainly
from the amine-perovskite interactions (Figure 4.3b), rather than from the FA species in the bulk
perovskite (Figure 4.3a), such a Si2p/Nis depth profile indicates that the overall silane orientation
is more upright with the terminal amines in the silane interacting with the defects at the surface
(Figure 4.3b inset). In addition, as we move to grazing angles (decreasing film depth, increasing
take-off angle), we observe a decrease in the Nis/Cis signal (Figure S17). Together, these N, C,
and Si trends suggest both that the silane films are relatively compact, and that the average silane
orientation is more upright (Figure 4.3¢ inset) with the terminal amines in the silane pointing
downward (i.e. interacting with the perovskite surface). We note that while it is also possible that
the O species in the methoxy groups also interact with the perovskite surface, the data suggest the
average interaction is more N dominated (Figure S18). Such equivocality in silane arrangements
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have also been observed in more-studied silane deposition on Si and oxide surfaces.’! We note that
the N, C, Si and O trends discussed also hold for all different Cs17Br15 samples passivated with
silanes (Figure S17-S19). Moreover, we do not observe any specific trends in N 1s or C 1s signal
for control films as a function of take-off angles (different surface depth sensitivity) (Figure S19).
Together, the high-resolution and angle resolved XPS results confirm that the terminal amine
primarily interacts with the perovskite surface, which we speculate occurs as a combination of
Lewis base and protonated amine to passivate the defects. In other words, we propose that APTMS
can bind to the halide vacancies as an amine/Lewis base (-NH2)*! and to the A-site vacancies as a
protonated amine (-NH3+). We hypothesize that if both Lewis base and protonated amines are
required to fully passivate the MA-free perovskites surfaces, it would explain why APTMS is able
to passivate the C17Brl5 films much more effectively than pure Lewis Base donors like TOPO,
which are able to passivate nearly 100% of halide-vacancy defects in MAPI films.2¢
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Figure 4.4 — Surface recombination velocity (SRV) extracted from the PL lifetime data on
Cs17Br1S5 films as discussed in the text. Boxplot of SRV for control and APTMS passivated
Cs17Br15, for SRV1=0 limit. The box shows the quartiles of the data and the whiskers extend
to capture the rest of the distribution. The white triangle denotes the average of the
distribution. The red scatter points are the individual data points.

4.6. Surface recombination velocity (SRYV)

Having demonstrated a method to alleviate the non-radiative recombination introduced at
surfaces in non-MA based mixed halide perovskites, we turn to investigate its impact on SRV.
SRV quantifies the rate of minority carrier recombination occurring at the surface of the
semiconductor and is one of the parameters that defines non-radiative recombination occurring at
the surfaces and interfaces in devices. For the purposes of our SRV discussion here, “surfaces”
will refer to the top and bottom film surfaces, though we cannot exclude the possibility that low
concentrations of APTMS are also penetrating the grain boundaries, which have also been shown
to act as non-radiative recombination sites.?®%? Reducing SRV has proved to be an important
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parameter to improve the efficiency of established PV systems including Si,%%* GaAs,® CIGS®
and CdTe.%’

Early modeling, using literature values for the physical properties of CH3NH3Pbls, showed
that SRVs ~< 10 cm/s will be required to approach the theoretical performance limit for perovskite
PV.2 While passivated and well-grown MA-based perovskite thin-films and single crystals have
already been demonstrated with relatively low SRVs on the order of ~10 cm/s, 2686 while
unpassivated MAPDbBT3 single crystals,”” MAPDIs single crystals and thin films’! commonly report
much higher SRVs on the order of ~10° cm/s.

Here, we use time-resolved PL measurements to investigate the minority carrier lifetime
and the associated SRV in Cs17Br15 films. The average PL lifetime (<t>) as given by Eq. S3 for
Cs17Brl5 films is the effective minority carrier lifetime under low fluence. The relationship
between effective lifetime (1), bulk lifetime (tv), and surface lifetime (ts)’? is shown in SI. The
bulk lifetime (tb) can be measured either in a single crystal or, in a case where all surface
recombination is alleviated, and only bulk recombination remains (such that the internal PLQY
approaches the radiative limit). Here, we use the latter approach and approximate the bulk lifetime
to be 8 pus.?32° We note that this is an estimate of the bulk lifetime as it is measured in surface
passivated thin films which have internal PLQY greater than 90% and very small amounts of bulk
non-radiative recombination left.?® Further, this assumption is a conservative approach, as
underestimating the bulk recombination rate (i.e. overestimating bulk lifetime) should lead to an
overestimate of the extracted SRV. Using this bulk lifetime, we then use the approach described
previously?® (see Appendix C for full details) to estimate the SRV. Our results show that on
average, control films exhibit SRV of ~1000 cm/s while the same films, after surface passivation
with APTMS, exhibit an average SRV of ~10 cm/s, with a champion SRV value of 1 cm/s (Figure
4.4). We emphasize that under this approach, the SRV values we report are on the Aigher end of
the limit as bulk lifetimes are likely overestimated and all recombination is assumed to occur at
only one interface; i.e. this assumption ignores recombination occurring at the back interface.

Next, we use the calculated SRV values and idealized contacts with realistic transport
properties to simulate the device performance using drift-diffusion simulations in SCAPS,”* as
described further in SI. Figure S20 shows the simulated J-V curve for SRV of 10° cm/s, 10 cm/s
and 1 cm/s. We observe a >4% absolute improvement in PCE as we vary the SRV from 10° cm/s
down to 1 cm/s, demonstrating the importance of minimizing SRV at the perovskite/transport layer
interfaces. As expected, the majority of the improvement in PCE is due to the improvement in the
Voc and fill factor (Figure S21). We note that the improvement in the simulated device
performance due to areduction in SRV is seen despite perfect energetic alignment of contact layers
with the perovskite. Increasing the energy mismatch in transport layer alignment with the
perovskite will adversely impact the PCE and Voc (Figure S22) placing even more stringent
demands on SRV. We note that the increased importance of SRV reported here (relative to earlier
work by Wang et al?®) is due to our use of more realistic transport-layer properties such as
mobility, etc. (see Appendix C for a complete list of SCAPS simulation parameters). These results
only increase the importance of further reducing SRV.

50



4.7. Conclusion

In conclusion, we have used APTMS as a model compound to study its interaction with a
variety of MA-free mixed cation halide perovskite interfaces, and the resulting optoelectronic
properties. We demonstrated high-performing MA-free mixed cation and mixed halide perovskites
with >4 us PL lifetime and >20% external PLQE achieved by facile surface passivation using a
silane. The high PLQE corresponds to ~97% of the theoretical QFLS; a first for non-MA based
compositions. Importantly, we also demonstrate that the passivation approach works for a wide
range of different compositions with different bandgaps, including the widely used triple cation
composition, (FA0.83MA0.17)0.95Cs0.0sPb(lo.s3Bro.17)3. We note that the relative improvements post
APTMS passivation are higher for Cs17Brl5 compositions compared to higher Cs/Br
compositions; likely due to higher bulk defect densities in the high Cs/Br compositions as APTMS
primarily interacts with the surface. We used XPS and UPS to confirm the stoichiometry and
investigate the band alignments of the perovskite compositions. Notably, we also demonstrate that
the same XPS and UPS values can be obtained at multiple institutions with films prepared at, and
transported between, different institutions, validating protocols for sample transport and surface
analysis. In addition, with high-resolution XPS and angle-resolved XPS we investigate the nature
of the interaction and the average orientation of APTMS on the perovskite surface. We find that,
on average, the APTMS molecules primarily interact with the perovskite surface using the terminal
amine group. We propose that APTMS binds to the halide vacancies as an amine (-NH2) and to
the A-site vacancies as a protonated amine (-NH3"). Lastly, we show the effects of APTMS
passivation on the SRV and observe that the SRV decreases to ~10 cm/s on average, with a
champion low of ~1 cm/s (note that this is the upper limit of the value). These are significant
reductions in SRV: using SCAPS simulations,’>’* such improvements in the SRV can translate to
>4% absolute enhancement in device PCE, even with perfectly aligned contacts. These possible
increases are consistent with the significant gains in device performance recently reported for new
surface passivation/hole transport layers.”

While our focus here is not on device studies, these results nevertheless demonstrate that
non-radiative recombination at surfaces remains a major loss pathway for many as-grown
compositions of mixed-cation perovskites. Taken together, the success of APTMS in surface
passivation, the relative ineffectiveness of TOPO on MA-free mixed cation mixed halide
perovskites, and the XPS data indicating the preferential interaction of the amine head group
(possibly as a mixture of Lewis base and protonated amin), with the perovskite suggests that
surface passivation of MA-free mixed-cation perovskites is likely more complicated than the
passivation of classic MAPI formulations.

Since APTMS crosslinks and polymerizes into an insoluble and non-volatile film with
moisture from ambient air,*”~* it can be further exposed to solvents or vacuum experiments for
subsequent studies. Future work should, thus, not only explore molecules with similar structural
motifs to understand which molecular factors are critical for surface passivation but may also
explore the use of APTMS in various device geometries. While the use of APTMS in traditional
n-i-p or p-i-n solar cell geometry would likely need further thickness optimizations due to
presumed insulating nature of APTMS, we propose that molecules like APTMS may still be useful
in PERC-like’® perovskite solar cells, either with self-assembled, or intentionally-patterned
interfacial passivation between the perovskite and the HTL and ETL. Alternatively, the use of
APTMS with an interdigitated back contact perovskite solar cell’””-’® could be another practical

51



option. Regardless, the data here provide guidance on what to look for while designing and
optimizing new “passivating” layers and more importantly, they demonstrate that current
perovskite thin film growth methods can already yield films with optoelectronic quality that can
enable much higher potential performance than has to date not been realized in MA-free mixed
cation (FA/Cs) mixed halide based devices.

See Appendix C on page 96 for experiment, characterization and simulation details; tables
containing composition and binding energies from XPS, simulation parameters, additional TRPL
discussion; supplementary figures — TRPL, XRD, UV-Vis, XPS, UPS, PLOE, GDOES, SEM,
SCAPS simulation.
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Appendix A: Supplementary Information for
Chapter 2

Experimental Procedures
Precursor Preparation and Film Deposition

In a nitrogen-filled glovebox, a methylammonium iodide (MAI) solution (1.78 M) was made by
dissolving MAI (Dyesol, CAS:14965-49-2) in anhydrous N,N-dimethylformamide (DMF). Lead
acetate trihydrate (PbOAc: -3H20) (99.999%, Sigma-Aldrich, CAS:6080-56-4) was added to the
MAI solution at a 3:1 molar ratio of MAI to PbOAc2 -3H20 (0.59 M). A hypophosphorous acid
(HPA) solution was further added to the precursor solution with a molar ratio
HPA/PbOAc2-3H20 of 8%.%

Glass substrates were cleaned by sequentially sonicating in 2% Micro-90 detergent, DI water,
acetone, then propan-2-ol. Prior to film deposition, the glass substrates were plasma-cleaned. The
perovskite precursor solution was spin-coated on top in a nitrogen-filled glovebox, at 2000 rpm
for 45 s to form the perovskite thin film layer. The films were then annealed at room temperature
for 10 mins and at 100°C for 5 mins.

Fluorescence Lifetime Imaging Microscopy

A custom scanning confocal microscope built around Nikon TE-2000 inverted microscope with a
sample stage controlled by Physik Instrumente E-710 piezo controller was used to measure
fluorescence images. The system was first calibrated using 200 nm fluorescent microspheres
(Lifetechnologies FluoSpheres Polystyrene Microspheres, 200 nm, red fluorescent, 580/605 nm).
The sample was illuminated, through a LU Nikon Plan Fluor 100x infinity corrected dry
objective (0.9 NA), with 470 nm pulsed diode laser (PDL-800 LDH-P-C-470B, 1 MHz, ~300 ps
pulse width) and the emission was filtered using a 50/50 dichroic beam splitter and a pair of
500/600 nm long-pass filters. The local fluorescence was measured by directing the emission to a
Micro Photon Devices PDM series single-photon avalanche photodiode with a 50 um active

area. The pixel size (or scanning step size) used for fluorescence lifetime images was 100 nm
and the pixel dwell time (or integration time) was 100 ms.

Electron Back-Scatter Diffraction (EBSD)

PELCO® conductive silver paint was first deposited on top of the perovskite film on glass to
cover all the edges of the film. Upon drying, it forms a thick silver layer around edges to provide
good conductivity with a sheet resistance of 0.066 ohm/sq. The dried silver paint was then
connected to a metal sample holder for further grounding. EBSD was performed in the region
between the silver paint (~5 mm x 5mm) to avoid any charging effects. The electron beam was
optimized to 100 pA beam current and 6 kV accelerating voltage with a 10 mm working distance
to the sample. The sample was tilted such that the electron beam was hitting the sample at 70°
with respect to the sample surface normal. The electron beam was scanned across the sample
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with a step size of 50-100 nm to collect Kikuchi patterns at every pixel. The patterns were
collected using EDAX OIM software and the pixel integration time was 100 ms. The electron
dose rate for the measurement was estimated to be ~0.1 electrons/A2 per second. The total dose
for 8um X 8um scan with 0.1um step size and 100 ms pixel dwell time was estimated to be ~62
electrons /A2, The 1/e decay length for the backscatter electron energy distribution in the X-Y
plane is ~106 nm (Figure S17), thus justifying the assumption in the calculation that the beam
size is similar to the step size in the measurement.

The individual Kikuchi patterns acquired from EBSD were indexed to a tetragonal MAPI
structure with I4/mcm space group symmetry.'? The lattice parameters used were a=b = 8.84 A
and ¢ = 12.63 A. The overall absolute error in orientation determination was calculated using
average fit to be 1.8° (typically, the accuracy of absolute orientation determination is ~2°).3
Average fit describes the average angular difference between the detected Kikuchi bands in the
diffraction pattern and the corresponding bands reconstructed from the orientation solution.* The
average fit value is heavily dependent on the pattern quality and the Kikuchi band detection
parameters.> However, when detecting sub-grain microstructures, the accuracy of relative
orientations between adjacent data points is more important.®> The relative angular resolution was
measured by scanning across a Si (100) single crystal. The orientation noise or the angular
resolution was found to be <1° for 90% of the points. The beam conditions were 6 kV
accelerating voltage, 800 pA beam current and 0.2 s exposure.

Post indexing, the EBSD data was analyzed and plotted using MTEX, an open-source MATLAB
toolbox for texture/orientation analysis.%’

Supplementary Information
Kikuchi Diffraction Patterns Analysis

We process the data using a home script to remove background, optimize brightness and
contrast, and balance the signal in 4 quadrants of the detector. The boundaries between the 4
quadrants of the detector are also removed to prevent it from being recognized as a diffraction
line. Using OIM Analysis Software from EDAX, the patterns are corrected to reduce the noise
levels using Neighbor Pattern Averaging & Reindexing (NPAR) method prior to indexing.

The Kikuchi patterns are also calibrated with an Aluminum metal sheet at the same working
distance as the perovskite sample. Next, we optimize Hough transform by adjusting convolution
mask, maximum band count, Rho fraction. After indexing, we correct pseudosymmetry and
correct non-indexed points with grain dilation function. Lastly, we further improve image with
Neighbor Orientation Correlation.

Grain Detection using MTEX

During grain identification from raw inverse pole figure (IPF), pixelated regions are first
identified and removed. These are the points that the grain detection algorithm identifies as one
pixel grain, and since that is likely a random measurement point/indexing error, they are
removed from the map.

Once these pixels are removed from the EBSD map, a grain threshold angle is selected, and grain
identification is performed using MTEX texture analysis package. According to the MTEX
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algorithm,® missing data due to measurement errors (here the removed pixels) do not interfere in
the grain detection process.® Briefly, in the MTEX algorithm, there is no systemic bias in the
assignment of these missing orientations and, they do not cause the grain to be split into different
grains. The missing orientation data are equally assigned to neighboring points. Importantly,
since the pixels are removed, they do not contribute to or interfere in any further analysis of
grains, grain boundaries, grain orientation spread, etc.

Post grain detection, we plot the mean grain orientation along with the grain boundaries. The
above process is depicted in Figure S8.

Aligning Confocal Photoluminescence (PL) Images and EBSD maps

First, a region of interest (ROI) was formed by using Atomic Force Microscope (AFM) tip in
contact mode to precisely scratch through the perovskite film. The ROI size was defined by
AFM controls in x and y direction. After ROI was formed, confocal PL was performed on the
ROI and silver paint was then deposited on the sides of the film for EBSD. Then, EBSD was
performed on the same ROI to generate a local crystal orientation map.

Using an image registration program written in python using packages such as scikit-image® and
OpenCV, the confocal PL maps and EBSD maps were aligned keeping ROI fiducial markers as
known reference points across the two maps. Image registration between PL and EBSD was
achieved by using fiducial markers followed by affine transformation (to account for resolution
differences, beam angle etc). Post alignment, the PL and EBSD were overlaid to map the grain
orientation spread of the grains to their corresponding local PL. Since the analysis requires
correlation with PL, grains that were not optically resolved (smaller than the resolution limit of
the microscope) were not considered for the analysis. Furthermore, grains right beside the
scratch were also not considered for the analysis due to possible mechanical damage from
scratching. The data were binned in intervals of GOS to create a plot of average PL intensity as a
function of GOS.

Hypothesis testing and p-value

In inferential statistics, hypothesis testing is used to deduce relationships between the underlying
distributions. The most common test is the null hypothesis (Ho) versus the alternate hypothesis
(Ha) test. Ho assumes that there is no relationship between underlying distributions, say X and Y.
Ha assumes that there is some relationship between the distributions. '

The p-value is the probability of the occurrence of a given event within a statistical hypothesis
test. In other words, the p-value indicates the probability of uncorrelated distributions (X and Y)
producing the same correlation as determined from the correlated distributions, X and Y.

The interpretation of p-value is as follows: a small p-value (generally, p<0.05 or 5%) indicates
that it is unlikely that any association between the distributions (X & Y) exists due to random
chance. Therefore, if we see a small p-value (p<0.05), we can infer that there is a relationship
between the distributions, and we can reject the null hypothesis. In other words, a small p-value
(p<0.05) indicates that there is statistically significant relationship between X and Y.!° On the
contrary, if the p-value is greater than 0.05, we can infer that the relationship between the
distributions is not statistically significant and we cannot reject the null hypothesis.'® We note
that a p-value larger than the threshold (0.05) does not imply there is simply no relationship
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between the distributions. But, instead, the hypothesis under investigation does not adequately
explain the observations.

We also note that although the choice of p-value threshold of 0.05 is most commonly used, it is
an arbitrary convention.

The correlations and p-values were calculated using scipy (scipy.stats) library in python.!!
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Figure S1. XRD plot of a representative CH;:NH3PbI3 thin film on FTO substrate

demonstrating the crystallinity of the film.
Indexed to Tetragonal CH,NH,Pbl, Indexed to Pbl,

Figure S2. Inverse Pole Figure of CH3:NH3PbI3 thin films with individual back scatter
diffraction patterns indexed to (a) tetragonal CH3NH:3PbIs structure and (b) hexagonal
Pbl: for the same scan region.
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Figure S3. Pole Density Figure. Projection of crystal orientations into the sample
coordinate system. The color bars represent multiples of random distribution of
orientations, meaning pole figure of a random standard sample would be ‘1x’ at all points.
Pole figure regions with intensities higher than ‘1x’ demonstrate lattice planes that are
preferentially aligned in those directions compared to a sample with random texture.
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Figure S4. Conventional SEM image at 0 degrees tilt and EBSD of the corresponding
region. (a) Inverse Pole Figure (IPF) overlaid on top of the high-resolution SEM image. (b)
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High-resolution SEM image acquired after EBSD measurement. The white regions are due
to charging effects.

Figure SS. Overlay of scanning electron microscope image and inverse pole figure (IPF)
shown in Figure 1b and 1c¢ in the main text.

Figure S6. Higher resolution SEM image (at 40’ tilt) of the region in Figure 1b in the main
text with scratch markers defining the ROI. The arrow shows the same region along the
arrow in Figure 1b.
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Figure S7. Grain identification from IPF using different misorientation thresholds of (a) 2
degrees, (b) 3 degrees, (¢) 5 degrees and (d) 6 degrees. Grains are plotted with their mean
orientation. Refer Figure 2 in the main text for 4 degrees grain threshold and for color key.
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Figure S8. Grain identification process from raw inverse pole figure (IPF) to grains with
mean orientation. (a) Raw IPF. (b) IPF after pixelated regions corresponding to one pixel
grain are removed from the map. (¢) Grain detection performed on resulting IPF from (b)
with a threshold angle. The IPF is plotted with corresponding grains and grain boundaries
that were identified. (d) Grain mean orientation is calculated and plotted with the
corresponding grain boundaries.

Figure S9. SEM image at 40 tilt of CH;NH3PbI: thin film for the region in Figure 2 in the
main text.
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Figure S10. Inverse Pole Figure (IPF) with grain boundaries after grain detection showing
grain-to-grain orientation heterogeneity within the film. See Figure 2a and 2b in main text
for IPF and plot of grains with mean orientation.
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Figure S11. Electron back scatter diffraction patterns of the same region from two
consecutive scans showing that the pattern is present and indexed to the same
crystallographic orientation of tetragonal CH3NH3PbI3 after consecutive scans and, thus,

demonstrating the minimal influence of electron beam induced damage on the overall results
interpreted from the diffraction patterns.
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Figure S12. Misorientation angle histogram showing the distribution of grain boundary
misorientation angle in a representative CH3NH3PbIs thin film.
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Figure S13. Grain boundary misorientation axis distribution showing preferred orientation
along [110] direction. Uncorrelated axis distribution is calculated using the uncorrelated
misorientation (from points far from each other) and the underlying orientation
distribution function. Misorientation axis distribution for random texture was calculated
using random orientation distribution and crystal symmetry in the film.
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4 degrees

Figure S14. (a) SEM image at 40 degrees tilt and corresponding grains identified at
different thresholds; (b) 4°, (¢c) 3°and (d) 5% and plotted with their mean grain orientation.
The grain marked with “X” represents the grain in Figure 3a in the main text.
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Figure S15. (a) High-resolution SEM image of a grain along with (b) Inverse Pole Figure
(IPF) with sub-grain boundaries. (¢) Kernel average misorientation (KAM) and (d)
misorientation with respect to mean grain orientation of the same grain in (a) and (b). The
grains were identified using a 4 threshold. The grains in (b), (¢) and (d) correspond to the
grain marked with “X” in the (a).
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Figure S16. Inverse Pole Figure (IPF) with sub-grain boundaries (a, d, g), kernel average
misorientation (b, e, h) and misorientation with respect to mean grain orientation (c, f, i)
for three different grains from different EBSD scans.
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Figure S17. Monte-Carlo simulation (using CASINO'?) of electron interaction with
CH:3NH;3PbIs showing backscatter electron intensity as a function of (a) z-depth in the film
at 6kV accelerating voltage. The simulation was performed in traditional EBSD geometry
(70° electron incidence with respect to the surface normal). This shows that the traditional
EBSD geometry is more surface sensitive with a higher probability of backscattered
electrons escaping from the perovskite surface. (b) X-Y plane profile of the back-scattered
electron beam energy at 70° electron incidence with respect to the surface normal, showing
~37% backscattered electron energy distributed ~106 nm in the X-Y plane.
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Figure S18. Correlation plot of PL intensity as a function of grain orientation spread
(GOS) showing negative correlation for three different sample sets individually comprising
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of (a) 25 grains, (b) 80 grains and (c) 38 grains. The plots show anti-correlation with the
line representing a linear regression fit to the data and shaded region representing 95%
confidence interval. Error bars represent the standard deviation of the average PL
intensity in a specific GOS interval.
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Figure S19. Histograms of (a) grain orientation spread (GOS) and (b) grain area for
different grain threshold values. (c) Correlation between grain area and GOS at different
threshold values showing strong positive correlation at all different grain threshold values.
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Figure S20. (a) Grain orientation spread within grains as a function of grain area showing
positive correlation with high statistical significance (p = 0.019; p<0.05). (b) PL intensity
measured at fluence corresponding to local trap density (see main text for more details) as
a function of grain area showing very weak negative correlation with very low statistical

significance (p = 0.34; p>0.05). The contours in (a) and (b) represent the kernel density
estimate.
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Appendix B: Supplementary Information for
Chapter 3

Experimental Procedures
Materials and Methods

Perovskite precursor solutions were prepared and deposited according to method reported by
Eperon et al. '? FAI (Greatcell), DMAI (Greatcell), CsI (Sigma Aldrich), Pblz (TCI), PbBr2
(Sigma) and PbCl2 (TCI) were dissolved in anhydrous DMF & DMSO (ratio of 3:1 v/v) to
produce a 1M solution of FAxCsix-yDMAyPb(l0.8Bro2)3.The small amount of Cl added is in
stoichiometric excess (6 mg for a ImL solution).

Perovskite solutions of varying A site composition (DMA10, Ctrl 67/33 and Ctrl 80/20) were
made by tuning the amount of FAI, CsI and DMAI according to the formula above.

All precursors were used as purchased and stored and mixed in a Nitrogen glovebox.

Perovskite thin films were prepared on plasma/UV-Ozone cleaned glass. The solution was
deposited on top of the substrate and spun at 5000 rpm for 60 s. At ~35 s remaining, anhydrous
methyl acetate antisolvent was dropped from above. The thin films were then annealed at 100 C
for 30 mins. The thin films were prepared in a Nitrogen filled glovebox.

Time-of-flight secondary-ion mass spectrometry (TOF-SIMS)

TOF-SIMS data was collected using IONTOF TOF-SIMS 5. Bi** was used as primary ion for
TOF-SIMS analysis. The primary ion dosage used for depth profile was ~1.5 x 10!! ions/cm.
The measurement was performed in high mass resolution mode. The sputtering was done using
Ar (at 20 keV) with a cluster size of 1000. The sputtering ion dosage used was ~6.1 x 1013
ions/cm. An area of 500 x 500 um was sputtered and a raster size of 100 x 100 um within the
sputtered area was used for analysis. Identical settings were used for both positive and negative
ions.

Photoluminescence Microscopy

Local photoluminescence (PL) spectra were collected using a custom scanning confocal
microscope built around a Nikon TE-2000 inverted microscope. An infinity corrected 100x dry
objective (Nikon LU Plan Fluor, NA 0.9) was used for the acquisition. The sample was
illuminated with a 470 nm pulsed diode laser (PDL-800 LDH-P-C-470B, 2.5 MHz, ~300 ps
pulse width) and the sample PL was filtered using a 600 nm long pass filter and directed onto a
Ocean Optics spectrometer (USB-2000). The sample stage was controlled using a piezo
controller (Physik Instrumente E-710) and the pixel dwell time was 10-100 m:s.
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Photo-induced Force Microscopy (PiFM)

A Molecular Vista VistaScope coupled to a LaserTune QCL was used for PiFM imaging. The
PiFM was operated in sideband mode where the first and second mechanical resonance
frequencies at 320 kHz and 1.9 MHz of a Si cantilever with Pt coating were used to detect the
photoinduced force and surface topography, respectively. The spatial resolution of the
hyperspectral image acquired was 256 x 256 pixels /512 x 512 pixels. The PiFM spectra was
collected by sweeping the laser from 760 to 1875 cm™!. The PiFM imaging was then carried out
by keeping the laser at 1714 cm!, corresponding to the C=N stretch in FA (formamidinium).

Data Analysis

TOF-SIMS data were analyzed using commercial software provided by IONTOF. PL
microscopy data were analyzed using an inhouse software that is openly available online at
https://github.com/SarthakJariwala/Python GUI apps. All the data were then plotted and
analyzed further in python using numpy,* matplotlib,* seaborn,> and seaborn-image.
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Figure S1. UV-Vis absorption spectra of DMA10, Ctrl 67/33 and Ctrl 80/20 thin films.
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Figure S2. Cumulative explained variance observed in the TOF-SIMS spectra of DMA 10,
Ctrl 67/33 and Ctrl 80/20 thin films. 3 principal components explain over 99% of the
observed variance in the TOF-SIMS spectra.
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Figure S4. Normalized relative intensity of C3HIN2+ peak spectra (m/z = 73.08) for
DMAT10, Ctrl 67/33 and Ctrl 80/20 thin films.
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Figure S5. Normalized relative intensity of FA peak spectra (m/z = 45.05) for DMA10, Ctrl
67/33 and Ctrl 80/20 thin films.
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Figure S6. Normalized relative intensity of Cs peak spectra (m/z = 132) for DMA10, Ctrl
67/33 and Ctrl 80/20 thin films.
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Figure S7. TOF-SIMS depth profile of positive ions — FA, Cs, Pb, DMA, and Si acquired on

different regions of different DMA10 samples.
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90

60 70




-
o
D

-
o
(&)

-
o
S

-
o

N

-
o

Intensity (counts)

—
O—:

10

Figure S9. TOF-SIMS depth profile of negative ions — Br, I and SiO2 acquired on a DMA10

thin film.
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Figure S10. PiFM scan at 1714 cm™! for different DMA10, Ctrl 67/33 and Ctrl 80/20 thin
films normalized to the average intensity showing larger variations in FA composition
(1714 cm™) for DMA incorporated thin films.
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Figure S11. Higher spatial resolution PiFM image showing heterogeneity in the local FA
composition in DMA10 film, acquired at 1714 cm™! (tracking local FA composition).
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Figure S12. PiFM image at 1714 cm™! for various DMA10 (top left) and Ctrl 67/33 (top
right) thin films showing that the distribution of FA intensity is more uniform in the Ctrl
67/33 thin films compared to DMA10 thin films (bottom). This indicates that the local FA
heterogeneity is not merely a result of the increase in Cs concentration for the DMA10
films.
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Appendix C: Supplementary Information for
Chapter 4

Experimental Methods
Perovskite solution and thin film fabrication

Perovskite Solution: 1M (3v% Formamide): All precursors were purchased from Sigma, unless
stated otherwise. Perovskite precursor solutions were formed by adding stoichiometric amounts
of precursor salts FAI (greatcellsolar), Csl, Pbl, (TCI/Sigma), PbBr2 in DMF:DMSO (1300:640
for Cs17Br15 and 1600:360 for Cs25Br20, Cs40Br30 and Cs40Br40) and 60uL of Formamide to
make a 2mL 1M solution.

Spin coating procedure: The glass substrates were plasma cleaned before spin coating. Inside the
glovebox, the perovskite solution was filtered before deposition. The substrates were placed on
the spin coater chuck and ~25 uL of the filtered perovskite solution was deposited on top. The
substrate were spun at 4000 rpm for 60 seconds. When ~35 s were remaining, ~50 uL of
chlorobenzene (CB) was dropped from above. The films were then annealed on the hotplate at
100 C for 30 s and at 150 C for 10 mins.

Triple cation (FAMACs) films were made according to previously reported procedure. !

Surface passivation with (3-Aminopropyl)trimethoxysilane or APTMS

Surface passivation with APTMS was done at RT in vacuum oven (Precision Vacuum Oven
Model 19) for 5-10 mins. 1 mL of APTMS was taken in a 4 mL vial and perovskite films were
placed around the vial as shown in schematic S1. Silane deposition was performed under vacuum
with the gauge pressure reading -30 In. of Hg relative to atmospheric pressure. The chamber
dimensions are 30.5x20.3x20.3 cm (length x width x height) but to avoid coating the entirety of
the inside chamber with silanes, we cover the films and APTMS vial with a 500 mL glass jar
inside the chamber. After silane deposition, the films were sonicated in anhydrous CB/Toluene
for 60 s. Alternatively, instead of sonicating, films can also be washed by dynamically dropping
anhydrous CB or Toluene on top of the spinning sample (2000 rpm for 60 s). Finally, the
samples were dried with No.

For solution deposition of APTMS on top of perovskite films, 5v% of APTMS was prepared in
anhydrous CB. ~50-70 uL of the prepared solution was placed on top of the prepared perovskite
film and spun at 2000 rpm for 60 seconds.
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Scheme S1. Schematic of passivation with APTMS on perovskite surfaces
Shipping Samples for XPS/UPS Measurements

After fabrication, the samples were transferred internally through an antechamber to a solvent-
free inert glovebox. The samples were covered in an Al foil and sealed in a vacuum bag (Weston
30-0101-W 8-by-12-Inch Vacuum-Sealer Bags). The samples were stored in the solvent-free
glovebox until they were shipped overnight. Upon receiving the samples, they were transferred
directly to a solvent-free glovebox and stored there until XPS/UPS measurements.

Quasi-Fermi Level Splitting (QFLS)

The Shockley-Queisser theoretical QFLS limit (Aug,) for a bandgap of 1.63 eV is 1.353 eV at
300K. Using this theoretical limit in Ross equation?, we can calculate the QFLS based on the
external photoluminescence quantum efficiency (PLQE, next) as seen in Eq. S1.

Aty e = Attsq — KT [In (Nexe) | (S1)
Using measured external PLQE value of 20.1% at ~1 sun condition with above bandgap
illumination and 7'= 300 K, we calculate QFLS A, . value of 1.31 eV; ~97% of the theoretical
SQ limit.
The application used to calculate Shockley-Queisser limit is available online at
https://sqcalculator.herokuapp.com/ and the code is available at
https://github.com/SarthakJariwala/Shockley-Queisser-Web-App.

External Photoluminescence Quantum Efficiency (PLQE)

PLQE was performed in an integrating sphere (Hamamatsu C9920-02, A10094) using a 532 nm
CW laser (CrystaLaser, GCL532-005-L) following the procedure reported by de Mello et al.?
with scattering correction. For intensity dependent measurements, the incident laser intensity was
attenuated using neutral density filters
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Time-resolved Photoluminesce (TRPL)

Measurement: TRPL was measured using a PicoQuant Picoharp 300 TCSPC system equipped
with a 470 nm pulsed diode laser (PDL-800 LDH-P-C-470B, 300 ps pulse width). The laser was
pulsed at repetition rates from 100KHz to 1MHz. The PL emission was filtered using a 580 nm
long-pass filter before being directed to the detector.

TRPL fitting: To analyze the data, we fit the time resolved PL decays to the stretched exponential
decay function described in Eq S2. Physically, the stretched exponential can be interpreted as a
superposition of different relaxation rates in the film and captures the distribution of local
recombination rates.*” The distribution of the relaxation rates is captured by the B factor in Eq
S2. A B value closer to 0 represents a more heterogeneous distribution in the relaxation rates and
a 3 value closer to 1 represents a more homogeneous distribution in the relaxation rates. If B is 1,
then the PL decay is a single exponential. The characteristic lifetime (tc in Eq S2) is the time
required for the PL intensity to reach 1/e of the maximum intensity. The average lifetime, or <t>,
for a single PL decay considers the characteristic lifetime and the B factor to give an average
lifetime of that distribution, and is given by Eq S3. Notably <t> is the lifetime most relevant for
analyzing photophysics, such as evaluating PL quantum yields.?

- B
[ =I,eC 7 (S2)
— Zpcl 1/ ) ;
<Tt>= 2 I'( /ﬁ)’ where F( /ﬁ) is the gamma function (S3)

Surface Recombination Velocity Calculation

The surface lifetime (7s) is determined from Eq. S2 using average PL lifetime (from PL fitting) as
effective lifetime (7¢) and assuming a bulk lifetime (7b) of 8 us (see main text). Using the surface
lifetime, the upper limit of SRV, where one interface has no recombination (SRV1 = 0), can be
calculated as shown in Eq. S3.° The thickness (W) can be measured experimentally (here, W =
400 nm) and the diffusion coefficient (D) can be determined using Einstein’s relation (D = ukT)
using measured or literature mobility () value of 35 cm?V-!s'! for Cs17Brl5 thin film.!?

1 1 1
w T w (54
w 4
7y = 2=+ () (W/m)? , when SRV1 =0 (S5)

SCAPS Simulations

SCAPS 3.3.07'12, developed at the University of Gent, was used to perform drift-diffusion
simulations. Perovskite material parameters used in the simulations are listed in Table S3. We
note that although photon recycling effects are not directly included in the device model, the
radiative recombination rate constant is taken from experimental value measured from escaped
photons post radiative recombination.!?
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The general cell design was Metal/HTL/Perovskite/ETL/Metal. In our simulations, the cell was
illuminated from the HTL side. As noted in the main text, we use idealized contacts (0 eV
interface energy offset) with realistic material properties such as mobility, bandgap, etc. By
idealized contacts with realistic transport properties, we mean that we take the electronic
transport properties (e.g. carrier mobility, thickness) typical of HTL and ETL layers, and assume
that versions with appropriate energy level offsets (0 eV) and SRV (as modeled) can be realized.
Keeping an ideal alignment of all the contact layers allows us to explicitly simulate and
understand the impact of SRV. The SRV is introduced both between the perovskite/HTL and
perovskite/ETL interfaces. Although these two interfaces will likely have different SRVs in
reality,'* for the purposes of the simulation we kept their SRV values the same. For a full list of
the parameters used, refer to Table S3.

Data Analysis
The application code to analyze data is available as an open-source resource at

https://github.com/SarthakJariwala/Python_GUI_apps
Data analysis and plotting was done using matplotlib,'> pandas!® and seaborn.!”

Scanning Electron Microscope (SEM)

SEM images were measured using a FEI Sirion SEM at 5 kV accelerating voltage. To avoid
charging the samples were prepared on ITO substrates.

Glow Discharge Optical Emission Spectroscopy (GDOES)

Depth-dependent composition was measured using a Horiba GD-Profiler-2 using a high-power
radio frequency (RF) argon plasma in a 4 mm diameter anode. The plasma was operated at 30
W and a pressure of 600 Pa. Lead (Pb), Bromine (Br), Iodine (I) and Oxygen (O) were detected
using the 406 nm, 149 nm, 146 nm, and 130 nm atomic emission lines, respectively.

X-ray Photoelectron Spectroscopy (XPS)

National Renewable Energy Laboratory Measurements:

As received samples were loaded into a solvent free N2 glovebox with < 0.1 H20 and Oz,
unpackaged, left to sit for 30 minutes, and then loaded into a KF Flange tube that had been baked
in a vacuum oven overnight at 150 C. The KF Flange tube was then shut and stored in the
glovebox until XPS analysis, at which point it was moved to the XPS argon glovebox, loaded
onto an analysis puck, grounded, and then transferred inertly to the analysis chamber.

Control samples were fabricated on ITO samples shipped to NREL using an analogous
procedure to the one above. Specifically, dry salts were weighed out in a solvent free glovebox,
solvated in another glovebox, and spun in a third glovebox. After annealing, the resulting
perovskite films were left to sit in the glovebox for 5 minutes before being transferred to the
same solvent free glovebox as the shipped samples. From this point on, samples were handled
identical to the as received samples (left to sit for 30 min, loaded into dry KF, transferred to XPS
glovebox for analysis).
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High resolution X-Ray Photoemission Spectroscopy (XPS) measurements were performed on a
Physical Electronics 5600 photoelectron spectrometer, which has been discussed in detail
previously.'® In order to avoid beam damage, low power 13d core level measurements were first
taken with a monochromatic 15W (15kV, 1 mA) Al Ka excitation centered at 1486.7 eV,
followed by typical XPS analysis using the same source at 350 W (15 KV, ~23 mA) and UPS
analysis using radiation generated by a He-gas discharge lap (He I =21.22 eV). All XPS core-
level spectra were collected using a step size of 0.1 eV and pass energy of 23.50 eV while UPS
spectra and XPS WF measurements were conducted with a step side of 0.025 and pass energy of
2.95 eV. The electron binding energy scale was calibrated using the Fermi edge and core levels
of gold and copper substrates, cleaned with Argon ion bombardment. UPS spectra were
numerically corrected for satellite peaks that arise from the polychromic He I radiation. Peak
areas were fit using a Gaussian-Lorentzian peak fitting algorithm with a Shirley background.
WFs were determined using the intersection between the baseline and a linear fit to the main
secondary electron cutoff feature. VBMS were calculated using linear extrapolation of the main
feature in the valence band edge to the background signal and corrected by the shift seen in the
13d core level measurements from low to high power. Additionally, to confirm that the
consistency and reproducibility across multiple methods of analysis, fits in good agreement with
the first set of measurements were made using the gaussian interpolation method described
above (with different sigma factor due to different instrument response functions). Spectra taken
with the Al source are typically assigned an uncertainty of 0.05 eV. Spectra taken with UPS are
typically assigned an uncertainty of 0.025 eV. Compositional analyses are typically assigned an
uncertainty of 5%.

University of Arizona Measurements:

Monochromatic XPS and UPS: Samples from the University of Washington, prepared and
shipped under inert atmosphere environment, were loaded into a clean N2 glovebox (< 0.1 ppm
02 and H20 and solvent-free for over a week) which allowed for the samples to be positioned on
a sample stub and transferred into the high vacuum surface analysis chamber without exposure to
ambient. Photoemission spectroscopies were then conducted with a Kratos Axis Ultra PES
system with a base pressure of ca. 2 x 10 Torr. XPS core level (CL) spectra were acquired with
a monochromatic Al Ko source (1486.6 eV, 20 mA, 15 kV, 20 eV pass energy) at a take-off
angle (TOA) of 0 degrees w.r.t. the surface normal. Average and standard deviation values for
BEs and atomic ratios were determined by measuring at least three spots per sample (n > 3). The
XPS binding energy scale was calibrated with sputter-cleaned Cu (3p32 = 75.10 eV; 2p32 =
932.60 eV), Au (472=84.00 eV), and Ag (3ds2, 368.20 eV) foils. XPS spectra were processed
using the Vision 2 software package (Kratos Analytical). Relative atomic concentrations are
quantified from background-corrected and systematically deconvoluted CL spectra, which are
corrected for the orbital photoionization cross sections and KE-dependent analyzer transfer
function. Prior to typical high intensity (20 mA, 15 kV: 300 W) XPS measurements, the
secondary electron cutoff (SECO) was measured using low intensity (1 mA, 15 kV: 15 W) XPS
at 3 different spots on each sample, and the I 3d and Pb 4f core level (CL) were also measured at
spot 2 on each sample. These measurements were used to determine if high intensity X-ray
exposure changes the sample work function, band edge positions (i.e., BE with respect to a
constant Fermi Energy; BEr = 0 eV) and I/Pb ratio. For purposes of this report no discernable
changes were noted for these parameters although it should be noted that extensive X-ray
exposure of the perovskite film under some XPS analysis conditions can cause compositional
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changes within the sampling depth, which can change the effective work function, and need to be
monitored to ensure sample integrity is sustained.

After the XPS characterization the valence band region (high kinetic energy) and the SECO were
measured at spot 2 using UPS with a He I excitation source (SPECS UVS 10/35), (ca. 1.1-1.2 x
107 Torr He pressure, the He discharge lamp was operated at a current of 25 mA, producing a
source energy = 21.22 eV) and an analyzer pass energy of 5 eV. Samples were fixed and
grounded to stainless steel stubs. Samples were biased at -10.0 V for UPS measurements to
enhance the yield of photoelectrons at the low kinetic energy (LKE) edge. The Fermi energy (Er)
for UPS measurements was calibrated with sputter-cleaned Au, and the work function of the
sample determined by subtracting the spectral width (Er-LKE) from the excitation energy (21.22
eV), providing a value of 5.1 eV for clean Au.

To ensure maximum sensitivity and spectral contrast for determination of the VBM energy and
work function of each sample He I, satellites were removed from these spectra. These UPS
experiments used a non-monochromatic He discharge lamp excitation source, which has a
primary He Ia emission line at 21.22 eV. The He discharge lamp also emits low-intensity He I3
(Ep=23.09 eV, AEp.o = 1.87 eV, Ip) = 1.4-1.5% of the He la intensity) and He Iy (E, =23.74
eV, AE,.«=2.52 eV, I = 0.6-0.8% of the He la intensity) satellite lines, which generate
photoelectrons with slightly higher kinetic energy (KE) that overlap with the primary He o -
created photoemission spectrum which can effectively hide spectral features below the VB edge,
and may complicate determination of the VBM energy. In order to subtract satellite
photoemission features from the He low VB spectra: 1) the raw UPS data is multiplied by the
relative satellite intensity (Ip/(e) Which shows slight variations due to fluctuations in He discharge
lamp pressure caused by evaporation and refilling of the liquid nitrogen trap that removes trace
oxygen from the He gas source; 2) shifted by the relative offset w.r.t. He It (AEg/-o) to lower
BE, and 3) subtracted from the raw UPS data. After removal of satellite photoemission features
the residual background due to secondary electron photoemission was subtracted from the UPS
data using a polynomial fitting function. The valence band region was then deconvoluted with
the minimum number of Gaussian peaks to adequately reproduce the data, and this data was then
area normalized to reveal differences in overall spectral shape. The VB onset energy was
estimated using a Gaussian Interpolation protocol where VBM is determined to occur at 3.5¢ on
the high kinetic energy side of the highest KE VB peak were ¢ ~ the full width at half-maximum
of this peak.'” The values of VBM shown here are similar to those shown previously by Tao and
Olthoff using a monochromatic He I discharge.?’

University of Washington Measurements:

High resolution XPS and angle resolved XPS at University of Washington was performed using
Kratos AXIS Ultra DLD XPS system on samples prepared on ITO substrates. Control samples
were fabricated as described above. APTMS samples were treated with APTMS vapors for 5
mins. The angle-resolved composition for an individual sample was calculated by averaging the
composition at minimum three different sites on the same sample at every photo-electron take-
off angle. XPS spectra were analyzed using the Kratos Analytical software package.
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Table S1: Perovskite composition determined from XPS measurements

Made FA/A Cs/A Pb/A (I/3)/A (Br/3)/A Measured
at
Uw 0.84 0.16 1.06 0.86 0.14 Univ. of
Arizona
Uw 0.83 0.17 1.07 0.86 0.14 Univ. of
Arizona
UW 0.84 0.16 1.02 0.87 0.13 Univ. of
Arizona
Uw 0.84 0.16 1.09 0.90 0.16 NREL
NREL 0.84 0.15 1.08 0.87 0.15 NREL
Average 0.84 0.16 1.06 0.87 0.14
Std. Dev 0.01 0.01 0.02 0.02 0.01
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Table S2. XPS binding energies of N 1s signal for control and APTMS passivated Cs17Br15

thin films
Binding Energy Peak Area (RSF %
Corrected)
Control — N1s 400.172 eV 7686.4 92.68
Control — N1s 401.542 eV 606.75 7.32
APTMS - N1s 400.514 eV 6932.63 87.85
APTMS — N1s 402.121 eV 959.049 12.15
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Table S3. SCAPS simulation parameters.

Parameter Value
Perovskite Thickness (nm) 400
Dielectric Permittivity 39
Electron Affinity (eV) 4.01
Bandgap (eV) 1.63
Absorption Coefficient (cm™) SCAPS Model
Bulk Lifetime (ns) 8000
Radiative Recombination Rate Constant (cm?/s) 4e-111
Auger Rate Constant (cm¥/s) 0
VB/CB Effective Density of States (cm™) 3el8
Electron and Hole Mobility (cm?/V.s) 3510
Doping Concentration (cm™) lel2
Bandgap ETL (eV) 2
Bandgap HTL (eV) 3
Electron Mobility (¢cm?/V.s) ETL le-2
Hole Mobility (cm?/V.s) HTL le-4
Minority Carrier Recombination Velocity from Vary
Perovskite to ETL/HTL (cm/s) — SRV
Thickness ETL (nm) 30
Thickness HTL (nm) 10
Interface Energy Offset ETL/HTL with Perovskite Vary (0 eV main text)
VB/CB Effective Density of States (ETL and HTL) (cm™) 120
Dielectric Constant ETL 5
Dielectric Constant HTL 3.5
Majority and Minority Carrier Recombination Velocity  1e7
at Front and Back Metal Contact (cm/s)
Interface Energy Offset ETL/HTL with Metal Contacts 0

(eV)
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Supplementary Information
TRPL additional discussion

The defects at the surface can act as traps for the photo-generated carriers in the film. As also
noted by Feldmann ef al.,?! the initial drop in the PL intensity at early times is due to non-
radiative recombination. We observe this fast drop in the PL intensity at early times in our
control samples for a range of different compositions. This initial drop in the PL intensity
reduces dramatically after APTMS passivation for all compositions studied here and we observe
a nearly mono-exponential (pseudo-first order) like PL decay for Cs17Br15. These pseudo first-
order radiative recombination kinetics at low excitations are consistent with the photo-doping
phenomenon as proposed by Feldmann et al.?! As the recombination rate at these low excitations
is proportional to the photodoping density, the lifetime increase after surface passivation would
indicate a decrease in recombination rate and hence, a reduction in the photodoping density. This
reduction suggests that some of those photodoped carriers could originate from surface trapped
carriers - as these surface states get passivated, they are neither accessible to non-radiative
recombination, nor would there be photodoped carriers that are promoted from these states into
the band inducing a monomolecular like radiative recombination.
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Figure S1. Integrated PL intensity (normalized to average) and time-resolved PL decay for
control Cs17Br15 and TOPO (0.025M) treated Cs17Br15 films
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Figure S2. Time-resolved PL decay for CH:NH3PbIz (MAPI) thin films (made acc to ref.?®)

before and after TOPO treatment.’ The average PL lifetime improves from 137 ns (control)
to 1.2 us after TOPO treatment.
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Figure S3. X-ray diffraction of Cs17Br15, Cs25Br20, Cs40Br30 and Cs40Br40 perovskite
thin films. Peak marked with “#” represents Pbl..
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Figure S4. UV-Vis absorption spectra (left) and corresponding Tauc plots (right) of
Cs17Br15 (Eg ~1.63 eV), Cs25Br20 (Eg ~1.7 eV), Cs40Br30 (Eg ~1.75 eV) and Cs40Br40 (E¢
~1.8 eV) perovskite thin films showing sharp absorption onsets. Tauc plot from the
absorption spectra are used to determine the bandgap.
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Figure S5. Valence band photoemission spectra for three identical perovskite active layer
(PAL) thin films, as described in the text. The UPS data was acquired with He I excitation
(21.22 eV) and was corrected for the additional photoemission arising from He I8 and He
Iy satellites in the excitation source. After removal of satellite photoemission features a
polynomial fitting function was used to remove the residual background due to secondary
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electron photoemission. The VBM region was fit with a minimum number of Gaussian
peaks and the VB onset (VBM) energy (vertical line in each plot) estimated from the
intersection of the energy axis and photoemission intensity at 3.5 sigma away from the
mean of the highest KE valence band peak. Valence band XPS spectra were acquitted at
low X-ray fluence ( AIK alpha source operated at 1 mA, 15 kV: 15 W) and the high KE
valence band photoemission data treated in the same way as the UPS data. It can be seen
that there is good agreement in estimates of VBM energy even though the sampling depths
for the UPS experiment (less than ca. 10 nm) and the XPS experiment (approximately 3x
that sampling depth seen for UPS data) are different.
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Figure S6. External PLQE for APTMS passivated Cs17Br15 thin films showing high PLQE
even at 0.01 Sun intensity. For a collection of samples with highest PLQE of 8.3% (n=10) at
~1 Sun intensity (60 mW/cm?), we measure a highest PLQE of 3.6% (n=7) at ~0.01 Sun
intensity (0.7 mW/cm?). The boxes show the quartiles of the data and the whiskers extend
to capture the rest of the distribution. The white triangle denotes the average of the
distribution. The red scatter points are the individual data points.
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Figure S7. Integrated PL intensity normalized to the average for control and APTMS
passivated Cs25Br20 films.
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Figure S8. Integrated PL intensity normalized to the average for control and APTMS
passivated Cs40Br30 films.
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Figure S9. External PLQE for control and APTMS passivated Cs25Br20 (Eg ~1.7 eV) thin
films measured at ~1 Sun intensity (60 mW/cm?). The highest PLQE at ~1 Sun intensity
increases by 10X from 0.28% for control films to 3.5% for APTMS passivated Cs25Br20
films.

1004
E
6 10714
£
2 Control
@ ——— 2 mins
8 10-24|— 4 mins
£ —— 6 mins
—— 8 mins
—— 10 mins
103

20'00 3000 4000 5000
Time (ns)

Figure S10. Normalized time-resolved PL intensity for control and APTMS passivated
Cs17Br1S5 films as a function of exposure time to APTMS.
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Figure S11. Normalized time-resolved PL intensity for (left) control and APTMS
passivated Cs17Br1S5 films by spincoating Sv% APTMS in CB, and for (right) control and
only CB spincoated Cs17Br1S5 films. Together these figures demonstrate that the APTMS is

acting as a surface modifier.
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Figure S12. Time-resolved PL decay for CH:NH3PbI3 (MAPI) thin films (made acc to

ref.?%) before and after silane treatment. The average PL lifetime improves from 148 ns
(control) to 3.4 us after silane passivation.
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Figure S13. Normalized time-resolved PL decay for control, APTMS passivated and PTAA
treated Cs17Br15 films demonstrating PL improvements post APTMS passivation are
retained after transport layer (PTAA) deposition.
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Figure S14. Composition determined from XPS survey spectra for control and APTMS
passivated Cs17Br1S films. The increase in Si and O concentration demonstrates the
presence of APTMS on the perovskite surface. The O 1s signal observed in control samples
is adventitious O likely adsorbed on the surface.
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Figure S15. Elemental depth profile of silane passivated Cs17Br15 films acquired usign
GDOES (glow discharge optical emission spectroscopy) showing decreasing O signal and
increasing perovskite signal (Pb, I, Br) as a function of depth (sputtering time). As the
perovskite is completely etched away as determined from the decreasing Pb, I, Br signals,
we see the O signal rise again, now from the glass substrate underneath the perovskite. Si
signal intensity is much weaker compared to O (and other elements such as Pb, I, Br) and
therefore, it wasn’t included in the plot for clarity and brevity.

Figure S16. SEM morphology of control and APTMS modified Cs17Br15 thin films (on
ITO) showing no morphology change of the underlying perovskite after APTMS
modification.
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Figure S17. Angle-resolved XPS for APTMS passivated film. N 1s/C 1s signal as a function
of photo-electron take-off angle. The decreasing N 1s/C 1s signal with increasing take-off
angle (more surface sensitivity) indicates that the terminal amine in APTMS is oriented
towards the perovskite surface.
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Figure S18. O 1s/N 1s signal ratio for control and APTMS passivated Cs17Br15 thin films
as a function of photo-electron take-off angle. The APTMS samples show an increasing
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trend of O 1s/N 1s ratio with increasing surface sensitivity, indicating that the methoxy
groups on average are oriented away from the perovskite surface. The control samples
show no distinct trend. The O 1s signal observed in control samples is adventitious O likely
adsorbed on the surface.
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Figure S19. C 1s/N 1s signal ratio for control and APTMS passivated Cs17Br15 thin films
as a function of photo-electron take-off angle. The APTMS samples show a distinct trend
with increasing C 1s/N 1s ratio with increasing surface sensitivity, indicating that the
terminal amine is oriented towards the perovskite surface. The control samples show no
distinct trend.

116



(-
o

—— SRV =103 cm/s
——— SRV = 10! cm/s

.56%

0._
—— SRV = 10°% cm/s
—101 PCE = 23
PCE = 27
—20A PCE = 27

.07%
.99%

Current Density (mA/cm?)

-3 , I , . I
8.00 0.25 0.50 0.75 1.00 1.25 1.50

Voltage (V)

Figure S20. Simulated J-V curve (using SCAPS5) for metal/HTL/Cs17Br15/ETL/metal
geometry with the same SRV at the perovskite/HTL and perovskite/ETL interface and
perfect interface energy alignment of the transport layers with Cs17Br15 (HTL — hole
transport layer, ETL — electron transport layer).

a 30

281

PCE (%)

[a]
[Ce]
o

Fill Factor (%)

w
<

117

26
24-
22
20-

o

Voc (V)

0w O W o
N £ 2

1000 cm/s 10 cm/s 1cm/s 1000 cm/s 10 cm/s 1 cm/s
SRV d SRV
25
241
Y23
<
E 22!
3
—21-
20
1000 cm/s 10cm/s 1cm/s 1000 cm/s 10 cm/s 1 cm/s
SRV SRV




Figure S21. (a) Power conversion efficiency (PCE), (b) open circuit voltage (Voc), (c¢) fill
factor and (d) short circuit current density (Jsc) for J-V SCAPS'! simulations shown in
Figure 4 in the main manuscript.
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