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ABSTRACT

Growth and Strain of Hybrid Perovskite Films: Impacts on Stability and Light Emission
by

Rhys Marie Kennard

Hybrid halide perovskites (HHPs) are being commercialized as solar cells and are
being investigated for use in a wide variety of other optoelectronic devices. The most
efficient solar cells rely on alloys of the cubic perovskite AMXs structure, such as
(CS.FA,MA)Pb(I,Br)s3, where FA and MA stand for formamidinium and methylammonium.
HHPs have incredibly versatile structure and consequently, emission color, making them
attractive for light emitting diodes or lasers. In addition to the AMX3 structure, HHPs can
be made as two-dimensional (2D) materials, whereby large bulky organic cations
separate M-X (metal-halide) semiconducting sheets. Tuning the thickness of the M-X
layer changes the color of the exciton emission, and thus much effort has been devoted
to making optoelectronic devices from 2D perovskites. Generally, HHP-based devices
rely on polycrystalline thin films, which poses challenges: polycrystalline thin films
contain grain boundaries, exhibit film strain, and are prone to forming undesired
crystalline phases.

Here, the fundamental structural, ionic and optical properties of HHP thin films
are investigated. The first section is dedicated to understanding how film strains, such as
those imparted by commercial fabrication procedures, may change sub-grain structure
and cause degradation of the HHP. The second section examines phase stability and
halide interdiffusion in mixed-halide 3D alloys. The third and fourth sections report

viii



phase-pure 2D film fabrication, and examine how strain and residual solvent can turn off
certain emission features intrinsic to the 2D phase in question. These results help extend
the utility of HHPs for optoelectronic devices by providing design rules for how to grow

films with targeted structural and optoelectronic properties.
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Chapter 1: Introduction

1.1 Structural diversity: HHPs for a plethora of applications

Hybrid halide perovskites (HHP) are currently being commercialized as solar cell
absorbers and are attractive for a variety of other optoelectronic applications, such as
light emitting devices or photodetectors. 1-> HHP are solution processable, which means
they can be fabricated at low temperature, thus circumventing energy-intensive
processes needed to fabricate traditional semiconductor-based devices. 12 The power
conversion efficiency of HHP-based solar cells rivals that of solar cells made with
polycrystalline silicon. ¢ In addition, the emission color of HHPs can be tuned by changing

the crystal structure, making HHPs attractive for light emission 34

Figure 1.1. (a) Cubic AMXs structure of HHPs. Shown here is the cubic phase of methylammonium lead
bromide MAPDbBrs, generated using a reported crystallographic information file (cif). 7 The
methylammonium cation is disordered at room temperature. (b) Photograph of solar cell devices using
HHPs as the absorbance layer. ¢ (b) Reprinted (adapted) with permission from (Chem. Mater. 2018, 30, 13,
4193-4201). Copyright (2018) American Chemical Society.



HHPs have basic structure AMX3, where A is a small cation, M is a metal, and X is
a halide (Figure 1.1). Typically, methylammonium (MA), formamidinium (FA) or cesium
are used as A-site cations, Pb or Sn are used as the metal, and I, Br or Cl are used as the
halides. 268 Alloying the different ions is a common route to obtain specific
optoelectronic properties. For example, alloying the halides to form AM(CLBr)s or
AM(Br,I)3 changes the bandgap and emission color, which is attractive for light emission.
9 Figure 1.2 shows emission from CsPbX3 nanocrystals. Films of such nanocrystals are
efficient light emitters, with quantum yields up to 90%. ° In addition, the highest solar
cell efficiencies have been achieved by mixing the halides (typically x 90% [ and 10 % Br)
and the A-site cations (Cs/FA/MA). ¢ Pb is typically preferred over Sn for solar
applications, as Sn-based devices suffer from poorer photoconversion efficiency in solar
cells, from poorer film quality and from degradation from Sn2* to Sn#*. 610 However, Pb-
Sn alloys are being investigated as an alternative to using Pb alone, due to concerns

regarding the toxicity of Pb. 11

b  CsPb(Cl/Br), CsPb(I/Br),
CsPDbCl, CsPbBr, CsPbl,

FWHM
12nm-42nm

Norm. PL

400 450 500 550 600 650 700 750
Wavelength (nm)

Figure 1.2. (a) Photograph of CsPbXs nanocrystals in solution under UV illumination. (b)
Photoluminescence emission spectra of these nanocrystals. ° Reprinted (adapted) with permission from
(Nano Lett. 2015, 15, 3692-3696); https://pubs.acs.org/doi/10.1021/n15048779. Copyright (2015)
American Chemical Society. Further permissions related to the material excerpted should be directed to
the ACS.
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https://pubs.acs.org/doi/10.1021/nl5048779

While HHP exhibit huge structural versatility, there are bounds on which ions
can/cannot form a 3D perovskite phase (e.g., cubic, tetragonal, orthorhombic). The
tolerance factor, t dictates whether or not ions can form a 3D perovskite phase, as well

as which type of phase will be formed: 12

T‘A+ Ty

- V2(ry + %)
Where t is the tolerance factor, and ra, rm and rx are the radii of the ions in the AMX3
structure. For alloys, average radii of the ions in the different sites can be used. Additional
factors, such as globularity, are sometimes needed to account for different shapes of the
A-site cations. 13 The tolerance factor is typically 0.8-1 for most three-dimensional (3D)

perovskite structures (e.g. tetragonal, cubic). 14
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Figure 1.3. Types of 2D hybrid perovskites (non-exhaustive list) with different (a) slicing, (b) octahedral
connectivity, (c) stacking, and (d) metal ion ordering (double perovskites). 815 (a) Reprinted (adapted)
with permission from (J. Am. Chem. Soc. 2014, 136, 5, 1718-1721). Copyright (2014) American Chemical
Society. (b)-(d) Reprinted (adapted) with permission from (J. Am. Chem. Soc. 2019, 141, 3, 1171-1190).
Copyright (2018) American Chemical Society.



Another common perovskite structural type is the two-dimensional (2D)
perovskite. 2D perovskites have semiconducting sheets of M-X octahedra that are
separated by large, typically organic cations that are too big to go in the A-site of a 3D
perovskite. 2D perovskites are attractive because they exhibit enhanced stability in
ambient over their 3D counterparts when used in photovoltaic devices. 16 Changing the
number n of M-X octahedra that sit between the spacer cations, as well as changing the
chemistry of the spacer, provides an additional way to change the absorption/emission
energies. 817 2D perovskites also exhibit a variety of fascinating and/or unusual
optoelectronic properties such as magnetic dipole transitions, 1819 self-trapped exciton
emission, 20-26 and ferroelectricity. 27

Due to the wide variety of spacer cations available, there is enormous versatility
in structures available to 2D perovskites. 820 2D perovskites can be thought of as “slices”
of 3D perovskites along various planes, such as the (001) plane or the (110) plane: Figure
1.3.a shows the resulting “(001)” and “(110)” 2D phases, 2° and Figure 1.3.d shows a
“(111)” phase (Cs4CuSb2Cli2). 8 The connectivity of the 2D sheets can be changed, from
corner-sharing, to edge-sharing, to face-sharing (Figure 1.3.b). 8 The stacking of (001)
phases can also change (Figure 1.3.c). 8 In Ruddlesden-Popper (RP) phases, the
octahedra on the upper M-X layer are shifted by half an octahedron from the M-X layer
below are called. In contrast, for Dion-Jacobson phases, the octahedra on the top and
bottom M-X layers align. 2D perovskites that have several different ions in the metal site,
which arrange themselves in an ordered manner, are called “double perovskites” (Figure

1.3.d).
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Figure 1.4. Examples of excitonic tunability in 2D perovskites. (a) Emission from members of the
(BA)2(MA)n-1Pbulsn+1 RP family, for n = 1 through 5 and MAPDI;3 (n = o). 20 (b) Absorbance of mixed-halide
2D perovskites with schematic block band diagrams. 20 (c) Corrugated 2D perovskite that exhibits self-
trapped exciton (STE) emission, which is shown in (d). 1520 (e) Schematic mechanism of STE emission. 15
(a)-(c) Reprinted (adapted) with permission from (Chem. Rev. 2019, 119, 5,3104-3139). Copyright (2019)
American Chemical Society. (d) Reprinted (adapted) with permission from (J. Am. Chem. Soc. 2014, 136, 5,
1718-1721). Copyright (2014) American Chemical Society. (e) Reprinted (adapted) with permission from
(J. Phys. Chem. Lett. 2016, 7, 2258-2263). Copyright (2016) American Chemical Society.

The structural versatility of 2D perovskites provides additional knobs with which
to tune the optoelectronic properties of HHPs. For example, the bandgap and optical
emission can be changed by changing the number n of M-X octahedra in sheets of the
Ruddlesden-Popper family, which has basic structure (A’)2(A)n-1MnX3n+1, where A’ is the
spacer cation and A is the A-site cation. Because 2D perovskites exhibit both dielectric
and quantum confinement, emission is typically excitonic. 28 Figure 1.4.a shows how the
energy of the free exciton emission changes with n in the (BA)2(MA)n-1Pbnl3n+1 RP family.
20 The n = oo phase is the 3D perovskite MAPbIs. The emission color can further be tuned

by switching the halides in the 2D phases from I to Br to Cl, as shown in Figure 1.4.b. 20



Changing the chemistry of the spacer can also change the dielectric confinement, which
can change carrier mobility. 2° Introducing distortions to the M-X octahedral bond
lengths and angles favors formation of self-trapped excitons (STEs), which broadens the
emission until white (Figure 1.4.c). 1520-26 A variety of mechanisms have been proposed
to explain the mechanism of self-trapping, including coupling to phonons, 19 polarons, 30

or enhancement of the self-trapping by metal vacancies. 2>

1.2 Methods for growing hybrid perovskites

Novel compositions of HHPs are typically prepared as bulk crystals, while devices
typically employ films. We will first review some common bulk crystal preparation
methods, before reviewing film preparation methods. Many bulk crystals are prepared
via precipitation from aqueous acid: the precursor salts are dissolved in the acid, the
mixture is heated and stirred, and bulk crystals precipitate during cooling (Figure 1.5.a).
2231 Different bulk crystals prepared in this manner can be alloyed via mixing with a
mortar and pestle, followed by annealing. 22 Alternate methods for preparing bulk
crystals involve preparation from organic solvent. Precursors are sometimes less soluble
in organic solvent at elevated temperatures; this can be exploited to grow large crystals
of 3D phases. 32 This process, called “inverse temperature crystallization”, is shown in
Figure 1.5.b. Diffusion of antisolvent into the precursor solution can also precipitate
bulk crystals (Figure 1.5.c). 33 This process can be exploited to grow large, uniformly-
oriented bulk crystals on substrates, which is particularly useful for optical studies, as

crystallite orientation can sometimes control the optical emission. 1° Crystals grown



directly oriented on substrates are then easier to exfoliate into flakes, for optical studies

in which thin materials are needed. 1°

(c)

Diffusion

Precursor
- solution

4 Antisolvent

£ (DCMm)

DCM
M/
i - | Precursor
]

solution

Figure 1.5. Growth methods for HHP bulk crystals. (a) Vials of 2D perovskites grown via precipitation from
aqueous acid. 31 (b) Inverse temperature crystallization procedure for MAPbI3 (top vials) and MAPbBr3
(bottom vials). 32 (c) Antisolvent crystallization method for crystals grown either in solution or attached to
a substrate!?.33 (a) Reprinted (adapted) with permission from (Chem. Mater. 2016, 28, 2852-2867).
https://pubs.acs.org/doi/10.1021/acs.chemmater.6b00847 Copyright (2016) American Chemical Society.
Further permissions related to the material excerpted should be directed to the ACS. (b) is from an open-
access article. (c) Republished with permission of the Royal Society of Chemistry, from Fast growth of
monocrystalline thin films of 2D layered hybrid perovskite, Ferdinand Lédée, Gaélle Trippé-Allard, Hiba
Diab, Pierre Audebert, Damien Garrot, Jean-Sébastien Lauret, Emmanuelle Deleporte, 19, 19, 2017;
permission conveyed through Copyright Clearance Center, Inc.

While bulk crystals are useful for discovering new compositions, optoelectronic
devices typically use HHPs in film form. The most commonly-used method to grow HHP
films on an academic laboratory scale is spin-casting shown in Figure 1.6. ¢ Precursor
salts, typically PbXz, A’X and/or AX, are first dissolved in a polar solvent such as
dimethylformamide (DMF) or dimethyl sulfoxide (DMSO). A few microliters of the
solution are dropped onto a pre-cleaned substrate, which is then spun to spread the
solution into a thin layer. Antisolvent, such as chlorobenzene or toluene, is sometimes
dropped on before the end of the spinning, to drive solvent removal and enhance
perovskite crystallization. The film is then annealed to finish removing solvent and
obtain crystalline perovskite phases. The entire procedure is usually carried out in inert

environment (i.e., glove box) to prevent degradation from air. Spin-casting is thus a very
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simple fabrication procedure, particularly in comparison to cleanroom processing. Film
thickness and gain size are readily tunable by changing the spin speed and/or the
concentration of precursor ions. The spin-casting procedure can impart wrinkling
stresses, and the annealing procedure can cause thermal stress, due to thermal expansion
mismatch between the perovskite and the substrate. Thermal stress can sometimes be
used to stabilize cubic phases, but in other cases accelerates degradation back to the
precursors.

Precursor Antisolvent

() solution O
Figure 1.6. Typical steps in the spin-casting procedure for film casting: the precursor solution contain

dissolved PbXz and AX salts is placed on a cleaned substrate, which is then spun. Antisolvent (e.g. toluene,
chlorobenzene) is the dropped to aid crystallization. The film is then annealed.

Commercial methods for film fabrication also rely on solution casting, but
sometimes require methods compatible with roll-to-roll processing, if that is the large-
scale production method selected. Roll-to-roll processing is highly attractive as a
manufacturing method, as it enables significant cost reduction over more traditional
manufacturing methods. 34 To this end, a number of solution casting methodologies for
HHPs have been developed, and include blade coating, slot-die coating, spray coating,
inkjet printing and screen printing. > These all involve the perovskite “ink” (precursor
ions dissolved in organic solvent) being fed onto a flexible substrate and spread or
patterned by a nozzle, blade, patterned screen, etc. An alternate method involves
deposition from vapor, which circumvents the need to use environmentally unfriendly

solvents and can more easily yield thinner films (50 nm) than the solution-based
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techniques described above. However, vapor deposition is slower and requires more

sophisticated equipment than solution deposition. >

1.3 Challenges for growing films of 3D phases

A great challenge for HHP devices has been to improve their environmental
stability. HHPs can readily degrade in ambient back to their precursors, although the rate
of degradation greatly depends on the composition selected. MAPbIs, the prototypical 3D
perovsKite, is very sensitive to air, water, or UV light. 3> Thermal strain coming from
thermal expansion mismatch between the substrate and the HHP has been shown to
accelerate degradation. 3¢ Sn, while attractive as a replacement for Pb, can readily oxidize
at film interfaces. 11 The stability in ambient can be improved by adding larger cations to
the lattice, 37 by fabricating 2D/3D heterostructures, 16 or by encapsulating the HHP-
based device. 38

Improvements must also be made to the phase stability of HHPs. Mixed I-Br 3D
alloys with higher Br content reversibly separate into I-rich and Br-rich phases under
light exposure. 3° Reducing the crystallite size is necessary to prevent such phase
separation, 49 making nanocrystals attractive for the red-green emission region.
Furthermore, while alloy compositions such (Cs,FA,MA)Pb(I,Br)s yield the best solar cell
power conversion efficiencies, ¢ the long-term phase stability of such alloys is unclear. 41
Care is therefore required when assessing the viability of novel perovskite compositions
for use in devices.

In addition, while the power conversion efficiency of HHP-based solar cells rivals

that of Si, 641 a greater understanding of defects in films is required in order to further



improve device performance. Strain heterogeneity in films has been correlated with
enhanced carrier trapping, 42 so an improved understanding of film strain and of
methodologies to control film strain are needed. In addition, grain boundaries can serve
as hole traps, but the exact nature of trap clusters remains unclear. 41 Interfaces with
electrodes introduce additional non-radiative recombination processes, which then limit
the open circuit voltage and the fill factor of HHP-based solar cells. To mitigate these
effects, various coatings can be applied to the top and bottom interfaces of the HHP layer;
however, much remains to be understood regarding the mechanisms of passivation and
how to further improve defect passivation. 41

Thus, while 3D HHPs have demonstrated outstanding solar cell performance,
limitations to their stability and the prominent roles played by defects motivate
exploration of other forms of HHPs. To this end, 2D perovskite phases have received
considerable attention. However, different challenges arise when trying to grow 2D films,

as will be discussed in the next section.

1.4 Challenges for growing films of 2D phases

One challenge associated with growing films of 2D perovskite phases is that the
emission from the film does not always match the emission of the corresponding bulk
crystals (Figure 1.7.a-b). This is particularly noticeable for Ruddlesden-Popper phases
(RPs), which are commonly studied as materials for solar cells and light emitting devices.
The main advantages of using RP phases over 3D phases are that RPs are more stable in
ambient 16 and do not exhibit rapid phase separation in the red-green spectral region like

3D phases do. 3° However, spin-cast films of 2D phases often exhibit emission
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corresponding to the associated 3D phase, instead of to that of the targeted 2D phase. For
example, films RP phases, which have crystal structure (A’)2(A)n-1MnX3n+1, often have
emission corresponding to n = co (AMX3) instead of to that of the targeted n = 3, 4, etc.
4344 This is particularly a problem for n = 3 and above; in contrast, n = 1 rarely form other
phases in films, as there is no A-site cation to form other phases with. The ability to easily
cast the 2D phase of choice as a film is crucial for deploying 2D perovskites in

optoelectronic devices.
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Figure 1.7. Challenges encountered when growing films of 2D perovskite phases. Emission from films (a)
does not always match emission from bulk crystals (b) of (BA)2(MA)s-1Pbulsn+1. 4> Emission from the 3D
phase MAPDI; is labelled in gray. (c) Solvate complexes in (BA)2(MA)n-1Pbnl3n+1 precipitate after annealing
into nano-MAPDbI3. 43 (d) Nanostructure of “2D” films: 2D and 3D phases are separated, and phases of
various n are present. A stacking fault defect is shown in the inset. 46 (¢) Formation of red-emitting edge
states formed by exposure to moisture. 47 (a) and (b) Republished with permission of the American
Association for the Advancement of Science, from Extremely efficient internal exciton dissociation through
edge states in layered 2D perovskites, J.-C. Blancon, H. Tsai, W. Nie, C. C. Stoumpos, L. Pedesseau, C. Katan,
M. Kepenekian, C. M. M. Soe, K. Appavoo, M. Y. Sfeir, S. Tretiak, P. M. Ajayan, M. G. Kanatzidis, J. Even, ]. J.
Crochet, A. D. Mohite, 355, 6331, 2017; permission conveyed through Copyright Clearance Center, Inc. (c)
Reprinted (adapted) with permission from (Chem. Mater. 2019, 31, 15, 5832-5844). Copyright (2019)
American Chemical Society. (d) Republished with permission of the Royal Society of Chemistry, from Direct
assessment of structural order and evidence for stacking faults in layered hybrid perovskite films from X-
ray scattering measurements, Wen Liang Tan, Yi-Bing Cheng and Christopher R. McNeill, 8, 25, 2020;
permission conveyed through Copyright Clearance Center, Inc. (e) Reprinted (adapted) with permission
from (ACS Nano 2019, 13, 2, 1635-1644). Copyright (2019) American Chemical Society.
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Many reasons have been put forth to explain the off-target emission; three are
highlighted here. The first is competing reactions: the AX, PbX2 and A’X precursors
complex with the solvent in different ways, resulting in the formation of a variety of
intermediate phases during crystallization (Figure 1.7.c). 4344 After solvent removal
during the annealing step, some of these phases become nanoscale 3D phases, such as
MAPDIs. 43 Charge carriers then migrate to the 3D phase, which has lowest bandgap. This
funneling has been exploited to produce light emitting diodes with high efficiency, 48 but
removes tunability of light emission color in films. Stacking fault defects, shown in Figure
1.7.d, explain intergrowth of different n phases within a same grain. The Ruddlesden-
Popper spacer area turns into a stacking fault defect when, instead of separating two
sheets of n = 3 (for example), the spacer area separates one sheet of n = 2 and one of n =
4. 4649 Thus, the overall stoichiometry of n = 3 is retained, but the nanostructure is not
that of n = 3. A third main contributor to the emission shift is moisture: as shown in
Figure 1.7.e, whereby insertion of water molecules between the semiconducting sheets
can result in formation of red-emitting compounds that are localized at the edge of the
crystal. 47 Thus, preventing formation of off-target 2D phases or 3D phases is key to
obtaining films of 2D phases with desired emission.

A secondary challenge associated with 2D perovskite film growth is controlling
the orientation of the semiconducting A-Pb-X sheets. The average sheet orientation of RP
phases is known to change with n, being fully parallel to the substrate for n = 1 and
increasingly perpendicular for larger n. 4450 Changing these growth patterns can be

challenging, but some degree of control is needed, as the semiconducting sheets need to
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be homogeneously aligned between the device electrodes in such a way that carrier
transport is maximized.

A large number of solutions have been proposed for overcoming the challenges of
phase control and orientation; a particularly effective one is highlighted here. Recent
work replaced the A’X precursor salt with A’-acetate. 1 The resulting films exhibited
emission from the target n 2D phases. However, one drawback of the acetate method is
the need to synthesize the A’-acetate precursor, but this drawback might be overcome if
the A’-acetate precursor becomes commercially available, as has been the case with many
novel halide perovskite precursors. In addition to making films whose emission matched
that of the targeted 2D phases, the authors also showed that the crystal structure of the
films matched that of the bulk crystals. A key method for doing so is to check that the
signature peaks for 2D phases are present: for the Ruddlesden-Popper family, these
peaks are the (0k0) peaks that arise from stacking of the 2D semiconducting sheets. In
the next section, we will discuss a common method for verifying the presence and

orientation of the 2D semiconducting sheets.

1.5 GIWAXS Characterization of thin films

Grazing Wide-Angle X-Ray Scattering (GIWAXS) is commonly used in the HHP
field to extract a wealth of information regarding phase composition, crystallite
orientation, and strain. GIWAXS is also used in other fields, such as polymers, batteries,
or catalysis, to extract similar information. REFs In GIWAXS, X-Rays hit the sample at
grazing incidence (typically under 2° - Figure 1.8.a) and are scattered onto a 2D detector

(Figure 1.8.b). Planes parallel to the substrate scatter along gz; and planes perpendicular

13



to the substrate scatter along gxy (Figure 1.8.c). The ability to probe gxy and other off-
specular regions (i.e. anything other than- gz) provides invaluable information not
typically accessible using lab diffractometers, which only probe gz. Due to geometric
factors, a portion of gz is missing in GIWAXS; this “missing wedge” is shown in black in
Figure 1.8.b. GIWAXS is typically performed at synchrotron beamlines, enabling much
more sensitive detection and much faster acquisition times than laboratory-scale
diffractometers. The rapid and sensitive acquisition enables in-situ or in-operando
experiments to be performed that would be difficult or impossible with laboratory-scale
instruments. Peak shifts and peak broadening can further provide information about
strain or disorder in the lattice. For GIWAXS characterization of 2D HHPs specifically,
particular care needs to be made to verify that the (0k0) peaks of the desired phase are
present. These peaks correspond to Pb-Br sheet stacking, and become weak or absent
when RP phases of different n are intergrown (Figure 1.7.d). In phase-pure films, like

that shown in Figure 1.8.b or elsewhere reported, the (0k0) peaks appear strongly.
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Figure 1.8. Grazing Incidence Wide-Angle Scattering (a) experiment, (b) example of pattern and (c)
crystallite orientations corresponding to the pattern in (b). (See Chapter 4). Reproduced in part with
permission from ACS Journals, submitted for publication. Unpublished work copyright 2021 American
Chemical Society.
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1.6 Outlook

Understanding degradation, phase behavior, and growth in HHP films is crucial

for deployment of HHPs in optoelectronic devices. The first part of this thesis is dedicated

to understanding film degradation mechanisms that may occur specifically during roll-

to-roll processes. The second part explores phase stability and halide interdiffusion in

mixed-halide 3D HHP phases. The third and fourth sections present methods for

obtaining phase-pure n = 3 RP films and assess the roles of film strain and residual

solvent in changing the emission properties of the resulting films. The results presented

here enhance our understanding of fundamental properties of HHP films and extend the

utility of HHPs for optoelectronic devices.
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Chapter 2:

Structural Consequences of Repeated Bending:
Ferroelastic Hysteresis in MAPDbIs Films

2.1 Introduction

Hybrid halide perovskites of type APbX3 have emerged as materials for solar cells
and are attractive for a variety of other thin film electronic devices.1-¢ The highest power
conversion efficiencies in solar cells have been achieved using compositional derivatives
of tetragonal methylammonium lead iodide (MAPbIs), by alloying MA* with Cs* and/or
FA*, or by alloying I- with Br-, to form (Cs,FA,MA)Pb(Br,I)3.1 Alloying of halides and
introduction of large cations further provides a facile way to tune the band gap, making
halide perovskites attractive for light emitting diodes or lasing applications.3>-10 A key
advantage of hybrid halide perovskites over conventional semiconductors is the ease
with which perovskites can be coated via roll-to-roll processing to form electronic
devices.!! A thorough understanding of the structural consequences of repeated bending,

i.e., repeated strain application, on perovskites is therefore crucial. To date, strain in
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MAPDI;s films has been shown to affect defect concentration!2 and related properties such
as degradation rate,1314 the activation energy of ion migration,’* and the
photoluminescence lifetime.1>

Tetragonal MAPbI3 is ferroelastic, which complicates how it responds to
mechanical strain. Ferroelasticity involves the spontaneous formation of sub-grain
domains of differing orientation, the relative proportion of which can be changed by
applying stress.16-19 This phenomenon is common in a variety of materials, such as
zirconia2? or oxide and fluoride perovskites,21.22 and has been increasingly investigated
in halide perovskites.23-32 At elevated temperatures many APbX3 materials have higher
symmetry, but as the material cools the Rs4* phonon mode condenses, inducing
permanent out-of-phase tilting of the BX¢ octahedra and a spontaneous strain in the
material.33-37 The strain magnitude is lowered by transition to a lower symmetry phase,
which in MAPbI3 is the cubic Pm3m to tetragonal [4/mcm transition.16:17.37-42 Mechanical
constraints such as surrounding grains encourage twin domain formation, thus ensuring
that the original macroscopic dimensions are maintained. Such domains have previously
been observed in MAPDbI3.242529-31 Compositional derivatives of MAPbIs that are thought
to be cubic on the bulk scale (e.g., (Cs,FAJMA)Pb(Br,I)3) also exhibit twinning on the
nanoscale.23 Although processing conditions may affect the types of domains formed,
twinning is inherent to tetragonal MAPbI3 and is therefore observed in films of this
material.30

Applying stress to a ferroelastic induces ferroelastic hysteresis, which involves
semi-reversibly changing the relative proportion of different domains (“domain

switching”) by inducing movement of the walls separating them.18 Recent work shows
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that that the walls between twin domains in MAPbI3 slow carrier diffusion in single
crystals without any external strain applied.*3 Despite the increased attention paid to
ferroelasticity in hybrid perovskites,?327.2843-49 much still remains unknown. For
example, in other materials, domain walls nucleate point defects and facilitate diffusion
of ionic species.>0-33 Understanding how twin walls move and are created and annihilated
is therefore crucial to the successful development of flexible MAPbIs-based devices.
Here, we analyze the ferroelastic hysteresis loop of MAPbI3 and its impact on the
stability of polycrystalline films. Strain heterogeneity in previous reports that was linked
to increased defect content was here found to originate from specific twin domains.
Cyclic strain tests of films revealed the approximate stresses at which ferroelastic
hysteresis initiated (coercive stress) and saturated, as well as the ways in which the
stress—strain curve changed. The coercive stress revealed the thermal stress needed to
change the domain population, which was estimated for different substrates. Changes to
domain sizes and proportions revealed changes to the number of domain walls and were
correlated closely with enhanced degradation of MAPbIs. This behavior was related to
particular strain cycles and can help explain differences in ion migration, degradation,

and photoluminescence lifetime behavior observed in literature.

2.2 Experimental section

Materials
Lead(II) iodide was purchased from Sigma-Aldrich (Pblz, 99.999% purity, trace
metal basis) Methylammonium iodide (CH3NHsl, 299% purity) was purchased from

Dyseol. N,N-dimethylformamide (DMF, 99.8%, anhydrous), dimethyl sulfoxide (DMSO,
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>99.9%, anhydrous), and chlorobenzene (99.8%, anhydrous) were purchased from
Sigma-Aldrich and kept in a nitrogen glovebox.
Spin-Casting of Kapton-PEDOT: PSS-MAPbIs-PMMA

Kapton sheets were cleaned via ultrasonication in isopropyl alcohol for 10 min.
To stabilize the Kapton against further changes during heating, the cleaned sheets were
carefully put between two aluminum plates and protected with very flat Al sheets, and
the stack was heated at 350 °C for 2 h on a hot plate in a N2-filled glovebox. Following
this, the heat was turned off and the stack was allowed to cool naturally to room
temperature. The pretreated Kapton sheets were then exposed to an oxygen plasma at
~300 mTorr for 10 min, with air as the oxygen source. To keep the Kapton flat during
spin-casting, the Kapton sheets were gently placed onto a glass slide covered with a thin
PDMS sheet (for information on making the PDMS sheet, see ref 7). For annealing, the
Kapton sheets were then removed from the glass-PDMS support. Care was taken to not
bend the Kapton sheets during any of these steps. PEDOT: PSS (300 pL) was spin-cast
in air onto the treated Kapton substrates at 2000 rpm for 10 s. The Kapton-PEDOT: PSS
stack was annealed at 130°C for 4 min. To ensure film smoothness, (1) Kapton substrates
of at least 2 cm x 2 cm size were required, and (2) the PEDOT: PSS spin-casting and
annealing procedures were repeated a second time, with the second annealing being 6
min. The samples were then transferred to a nitrogen-filled glovebox for MAPbIs and
PMMA spin-casting. The precursor solution for MAPbIs was fabricated in a nitrogen-filled
glovebox. Pbl2 and CH3NHsl were dissolved in 1 mL of DMF and 96 uL of DMSO to make
a 1 M solution, and the mixture was stirred overnight under mild heating (60 °C). The

solution was then spin-cast onto the Kapton-PEDOT: PSS at 1000 rpm for 10 s and then
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4000 rpm for 30 s. When 8 s passed after the spin turned to 4000 rpm, 0.2 mL of
anhydrous chlorobenzene was dropped on the substrate (23 s before the end of the
coating). The films were then immediately annealed at 100°C for 10 min on a hot plate,
again in a nitrogen-filled glovebox. All temperatures were verified with a thermocouple.
PMMA was then cast onto Kapton-PEDOT: PSS-MAPDI3 as a capping layer. A total of 60
uL of a 25 mg/mL solution of PMMA in toluene was spin-cast onto the stack at 2000 rpm
for 30 s, and no further annealing treatment was performed.
GIWAXS Characterization

Grazing incidence wide-angle X-ray scattering (GIWAXS) experiments were
performed on beamline 11-3 (12.7 keV, wiggler side-station) at the Stanford Synchrotron
Radiation Lightsource (SSRL). The source-to-detector (two-dimensional Rayonix MX225
CCD) distances were calibrated using lanthanum hexaboride (LaB6). All raw images were
geometrically corrected using Nika. Sections (cakeslices) of the 2D GIWAXS patterns at
specific angles were selected and integrated to obtain 1D patterns. GIWAXS analysis was
performed primarily on two cake slices: the first near-out-of-plane (“nOP”, 18°-23°,
Figure 1c) and the second near-in-plane (“nIP”, 67°-72°). Both cake slices were chosen
to be 18° from 0° and 90°. Due to the sample roughness and to avoid double diffraction
issues, a large incidence angle (2°) was chosen, resulting in the entire MAPbI3 film
thickness being probed and the near-0° angles being cut off. Nevertheless, the
parameters chosen enabled clear determination of near-in-plane vs near-out-of-plane
twin orientations and of the strain magnitudes of the planes in each domain. All patterns
were converted to d from g, and all peaks were fit to Pseudo-Voigt patterns using Igor,

with Gaussian and Lorentzian contributions kept constant (Igor Multipeak “shape” factor
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of 1) across all peaks and samples. The d-spacings of the peaks in Figure 3a were then
compared with measured d-spacings of MAPbI3 single crystals at 300°K to assign the
(220) vs (004) nature and to calculate the strain magnitude (see also discussion of
Figures 3 and S3).
Other Characterizations

Scanning electron microscopy was performed using an FEI Nova Nano 650 FEG
SEM operating at the 10-20 keV accelerating voltage with beam currents of 0.40-0.80
nA. For SEM measurements, the samples were sputter-coated with gold to prevent
charging. No PMMA was cast on samples used for top-down measurements, to get
accurate grain size measurements. Powder X-ray diffraction patterns were obtained
using a Panalytical Empyrean powder diffractometer in reflection mode with a CuKa

source, operating with an accelerating voltage of 45 kV and beam current of 40 mA.

2.3 Results and discussion

2.3.A. Identifying Sets of Twin Domains Using GIWAXS

We cast MAPDIs on polyimide (Kapton) and characterized the resulting films using
Grazing Incidence Wide Angle X-ray Scattering (GIWAXS) (Figure 2.1a). PEDOT:PSS was
cast to planarize the Kapton surface, and was selected because it is a widely-used hole
transport layer in perovskite photovoltaic devices.>4#55 MAPbI3s was then spin-cast
following previously-described procedures (see Experimental Section),” with an
antisolvent rinse and 100°C annealing steps.*¢ Scanning Electron Microscopy (SEM)
(Figure 2.51) revealed that the MAPDI3 film exhibited 200 + 100 nm grain size and = 400

nm thickness. PMMA was then cast on top of the MAPbI3 to prevent degradation, 57 as
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subsequent experiments were largely performed in air. No X-ray scattering features of
Pbl; were observed (expected peak at g ~ 0.9 A-1; Figure 2.1c). The ring-like shape taken
by the features in the 2D pattern (Figure 2.1c) indicates a distribution of orientations of
MAPDI3 crystallites, consistent with prior electron back scatter detection (EBSD) work
on polycrystalline films.>8 To better understand correlations between these differing
orientations and ferroelastic domains, small areas of the 2D GIWAXS patterns were
integrated to form 1D patterns along two select orientations, near-in-plane (nIP) and
near-out-of-plane (nOP) (Figure 2.1c). Details related to the analysis of the GIWAXS
patterns are given in the Experimental Section and in Figure 2.S2. The large incidence
angle (2°) was chosen so that the X-Rays penetrated the entire MAPbI3 depth (calculated
penetration depth 1000 nm; 5960 Figure 2.1a); and observation of substrate peaks
(Figure 2.1c) confirmed that the entire depth was probed. Because the GIWAXS beam

area was several mm?, the results below are representative of the bulk of the MAPbI3 film.
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Figure 2.1. (a) Schematic of the samples as-prepared, with a Kapton substrate, a PEDOT: PSS planarization
layer, MAPbI3, and a PMMA encapsulation layer. GIWAXS X-Rays with incidence angle 2° penetrate roughly
1000 nm into the sample (throughout the whole MAPbI3 film thickness), 5960 over an area of several mmz2.
(b) Twinning in MAPDI3 grains, with crystallographic structure of two twin domains of MAPbI3 following
reference, 2¢ and with MAPDI3 in the 14/mcm tetragonal phase.2437 The (220) and (004) planes are shown,
as well as the (112) mirror plane (twin boundary/domain wall) separating the domains, and A and C twin
types. (c) GIWAXS pattern of an as-cast MAPbIs film, showing the areas integrated for near-out-of-plane
(nOP) analysis (18°-23°) and near-in-plane (nIP) analysis (67°-72°). The (220), (004), (202) and (211)
rings are labelled. The asterisks correspond to substrate peaks (i.e. Kapton-PEDOT: PSS only; no MAPbI3
or PMMA). Although appearing to overlap in this 2D pattern, the (220) and (004) peaks are distinguishable
(see below).

26



The predominant twin domain structure and twin domain types observed by
GIWAXS are shown in Figure 2.1 and in Figure 2.2. At room temperature, MAPbI3 is in
the tetragonal 14/mcm phase,37-42 with several ferroelastic domains cohabitating in the
same grain (Figure 2.1a-b).242530 Previous Transmission Electron Microscopy (TEM)
work 24 revealed that the (112) plane acts as a boundary between different domains (also
called domain wall), and is also a mirror plane to these domains. Because we primarily
saw ferroic a and ¢ domain types (see below - Figure 2.2, 2.3, 2.6, 2.7), we named the
domains observed A and C. 6162 To distinguish A vs. C, we used the scattering intensities
and positions in reciprocal space of the (220) and (004) planes. The (220) nOP peak and
associated (004) nIP peak revealed Domain A, while the (220) nIP peak and associated
(004) nOP peak revealed Domain C (Figure 2.1b, Figures 2.2-2.3). However, the (220)
and (004) planes have similar d-spacings in the 2D patterns (Figure 2.1c). For this
reason, we additionally examined the evolution of the intensity of the (211) peak with
respect to the (202) peak (see discussion of Figure 2.S3). Importantly, the analysis of the
intensities of the (220) vs. (004) peaks also allowed us to extract the relative fraction of

Domains A vs. C in the film, and how this proportion changed after bending.
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Figure 2.2. Summary schematic showing A and C domains, with preferential 90° a-c arrangement. 61,62

Films that had not experienced mechanical deformation exhibited both A and C
domain types (Figure 2.3). Figure 2.3a shows nOP and nIP patterns of an as-cast sample.
The main nOP peak (near 3.14 A) was assigned to a (220) plane, which is consistent with
a higher intensity of the (211) peak appearing nOP (Figure 2.3b, see discussion of Figure
2.83). This preference for the nOP orientation of the (220) plane is consistent with what
is typically observed for MAPbI; films. 31 In the nIP pattern, the peak near 3.16 A was
considerably more intense than in the nOP direction, and the (211) peak was much
weaker, indicating less scattering from the (220) peak in the nIP direction. We therefore
assigned the nIP peak near 3.16 A to be the (004) plane that corresponds to crystallites
with (220) planes oriented nOP. Based on these two assignments, there is a considerable
population of A-type domains in the film. Thus, the typically-observed strong presence
of (220) in films 31 corresponds to Domain A.

Since MAPDI;3 is a ferroelastic, twin domains exhibit the same crystal structure,

but in different orientations. Therefore, the strains of (220) planes in different twinned
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domains should be equal. The nIP peak near 3.14 A was thus assigned to (220) and the
nOP peak near 3.16 A was thus likely (004). These two peak assignments reveal Domain
C. The two populations identified here, Domains A and C, are consistent with the well-
established 90° a-c configuration, hence our nomenclature for the domains (Figure
2.2).6162 Further analysis of the domains required correcting the intensities for structure
factor (see Appendix to Chapter 2). We note that there were two other weaker peaks in
this region, one near 3.12 A and the other near 3.18 A, with the latter being stronger in
the nIP direction. The peak at 3.12 A in particular appeared much more strongly after
bending (Figure 2.7a). We thus appear to have two sets of twin domains: Twin Set 1
(TS1), that is dominant, with domains A:1 and C:1, and a smaller population of Twin Set
2 (TS2).
2.3.B. Correlating Strain Heterogeneity with Ferroelastic Domains

We analyzed the strain of all peaks, allowing the assignment of peaks to TS2
(Figure 2.3a, 2.3d). The structure of [4/mcm MAPDI3 in single-crystal form has been
extensively studied, with broad agreement regarding lattice parameters at various
temperatures. 37-42 Here, we selected the unstrained d-spacings at 300°K from a neutron-
diffraction study of MAPbI3 single crystals, chosen due to the precision of the method. 37
Strain was calculated based on shift from these unstrained d-spacings. To ensure
consistency, we took patterns of four film samples and calculated average d-spacings and
d-spacing uncertainties. For TS1, the (220) peak (near 3.14 A), hereafter called “(220):1”,
exhibited weak tensile strain (+ 0.08 % 0.03 %). The (004) peak in TS1 (near 3.16 A,
“(004):1”) exhibited compressive strain (- 0.37 * 0.09 %). It is expected that the (220)

and (004) planes of domains A and C for TS1 exhibit the same strain, as these domains
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should only differ in their orientation. For TS2, based on the improbability of having
domains with strains = 1.5 %, we assigned the peak near 3.12 A to the (220) plane and
the peak near 3.18 A to the (004) plane. Thus, for TS2, we have compressive strain (-
0.39£0.13 %) for (220):2, and large tensile strain (+ 0.8 £ 0.4 %) for (004):2. The relative
intensities of (220):2 and (004):2 roughly follow those of (220):1 and (004):1, likely
indicating A and C domain types for TS2 as well, called A:2 and C:2. The strains from the
(220) peaks for both twin sets are approximately a third of the magnitudes of the strains
of the (004) peaks, and opposite in sign, matching what is expected from Poisson’s ratio
of 0.33.%3 Thus, the strains identified are consistent with the film having two twin sets,
each containing a and c type twin domains.

Importantly, we establish a correlation between the heterogeneity of strain in the
films and the ferroelastic domains (Figure 2.3d). Sub-grain changes to strain and
orientation were previously observed, but were not correlated with ferroelastic
domains.>® The d-spacings of the (220) peak were shown to vary by = - 0.2 % within
films, with the more compressed regions having higher defect densities.12 Here, we show
that variations in d-spacing in films correlate with different ferroelastic domains.
Specifically, large compressive (220) strains originate from a different twin set. The large
strains and small population of TS2 throughout the entire film thickness (Figure 2.1a)
suggest that TS2 originates from unfavorable growth conditions such as rapid solvent
removal, spatial constrains imposed by grain boundaries, and other factors. Because TS2
exhibits larger strains than TS1, it is more likely to appear in areas in which local strain

is greater, such as near grain boundaries or at the substrate interface (Figure 2.3d and
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2.7). The films are dense with few pinholes (Figure 2.1a) and it is possible that TS2 may

help offset strain gradients within the film.
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Figure 2.3. (a) GIWAXS near-out-of-plane (nOP) and near-in-plane (nIP) patterns of an as-cast MAPbIs
film, with assignments to various (220) or (004) and twin domain type labelled. nOP and nIP patterns are
normalized to highlight the relative contributions of different (220) and (004). Each fit is shown
individually, as is the sum of the fit peaks. (b) (202)-(211) region of the nOP and nIP patterns (see Figure
2.83), normalized with respect to the (202) for (211) intensity comparison. (c) Fraction f of the film
exhibiting the different (220) and (004) orientations nOP and nIP for the patterns in (a). Average fractions
for 4 samples are shown in Figure 2.S4. (d) Summary schematic of the sub-grain twinning microstructure
identified here, with two possibilities for Twin Set 2 location (separate small grains and boundaries of
grains that are predominantly Twin Set 1). Strains associated with the (220) and (004) peaks are listed
(calculated from peak shifts from the single crystal structure at 300°K 37) and were calculated from the
average and standard deviation for 4 samples.
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2.3.C. Determining Volume Fractions of Ferroelastic Domains

Next, we calculated the relative fraction f of each domain in the film (see
Appendix to Chapter 2). The fractions for the patterns shown in Figure 2.3a are shown
in Figure 2.3c, and the averaged fractions for four samples are shown in Figure 2.54. We
distinguish two fractions f, obtained respectively from the nOP and nIP patterns. The
distinction is necessary, as nOP scattering detects most planes parallel to the substrate;
however, nIP scattering can miss a significant number of planes perpendicular to the
substrate (Figure 2.S5), in crystallites that otherwise have nOP planes visible. Thus, we
extract volume fraction from the nOP patterns, and use the nIP patterns to qualitatively
confirm our interpretations. The large incidence angle (2°) means the entire film
thickness is considered (Figure 2.1).

From the nOP pattern (Figure 2.3a), * 70 % of the film exhibits (220):1, with ~ 20
% of the film exhibiting (004):1 and another = 10 % exhibiting some combination of
(220):2 and (004):2, with a greater amount of (220):2 (Figure 2.3c). This confirms the
predominance of A-type domains. The results in Figure 2.3 were also reproduced for 3
subsequent films, with between 80-100% of fractions f from the nOP patterns belonging
to TS1, and the remaining 0-20 % being TS2 (Figure 2.S4). Analysis of nIP patterns
revealed = 45 % and = 40 % for the (004):1 and (220):1 respectively, in agreement with
both 80-100 % of the film being TS1, and with there being some invisible peaks nIP
(Figure .S5). Some of the lack of agreement between nOP and nIP fractions could also
originate from the grains being rotated in-plane with respect to each other. Another
possibility is that we have some 90° a-a twinning, involving two A-type domains, where

the domain wall belongs to the {112} family. This 90° a-a configuration is the structural
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equivalent of the 90° a-c configuration (Figure 2.2), but with a different orientation.62
Prior work reported 90° a-a configuration for films cast directly on TEM grids,24 rather
than the predominant 90° a-c configuration observed here under different growth
conditions. To circumvent questions of nIP plane invisibility vs. in-plane grain rotation
vs. 0of 90° a-c / 90° a-a twinning type, we restrict quantitative analysis of fractions to the
nOP patterns. Overall, the films are 80-100% TS1 and 0-20 % TS2, with a preference for
90° a-c twinning type (Figure 2.2, 2.3d).

2.3.D. Residual Stress in MAPDbI3 Films on Flexible Substrates
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Figure 2.4. Conversion of the strains of (220):1, (004):1, (220):2 and (004):2 to stresses, with the
corresponding nIP twin domains labelled. All error bars refer to the standard deviation from 4 samples.

Because the impacts of thermal stress from the substrate have garnered much
interest, 131464 we also quantified the nIP stresses of the four domains (Figure 2.4). We

multiplied the strains identified for (220):1, (004):1, (220):2 and (004):2 (C:1, A:1, C:2
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and A:2, nIP) by the Young’s modulus for MAPbI3 (14 GPa, chosen to be mid-range among
reported values) and plotted these stresses in Figure 2.4. 63.65-67 Because the modulus is
nearly directionally isotropic, 67 we multiplied the strains by the same modulus for (220)
and (004) values to get the nIP stresses. These stresses were 11, - 52, - 55 and 112 (*
10) MPa for (220):1, (004):1, (220):2 and (004):2 respectively. As discussed above
(Figure 2.1a), these are representative of the entire film depth. In prior work, switching
from a silicon substrate with low thermal expansion coefficient or T.E.C. (0.26 x 10-5/K)
to a polycarbonate substrate with similar T.E.C. (6.5 X 10-5/K) to those reported for
MAPDI3 (4-16 x 10-5/K) 6869 was reported to greatly reduce the average residual in-plane
stress, as measured via wafer curvature. 14 However, the contributions of individual twin
domains to this stress were not elucidated. Here, we have a Kapton substrate (T.E.C. 3-
11 x 10-5/K) 7071 and PEDOT: PSS planarization layer (T.E.C. 5 X 10-5/K), 72 with similar
T.E.C. to MAPbI3 (4-16 x 10-5/K), 6869 and a PMMA capping layer that also has similar
T.E.C. (5-10 x 10-5/K). 73 Because T.E.C.kapton/PEDOT: pss = T.E.C.polycarbonate and because the
films in prior work 14 were also processed at 100°C, we compared the individual domain
stresses to the reported average stress of MAPbI3 on polycarbonate (12 + 2 MPa). With
the exception of the (220):1, all of the individual domain stresses exhibited much larger
magnitude than the average stress of MAPbI3 on polycarbonate, with some exhibiting
opposite sign. Notably, most individual domain stress magnitudes were of equal or larger
magnitude to the average stress reported for MAPbI3 on Si (54 + 8 MPa). These results
demonstrate that the residual stresses of individual twin domains in MAPbI3 can be quite
large even when using a substrate of similar T.E.C..

2.3.E. Expected Ferroelastic Behavior upon Bending
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The ferroelastic hysteresis loop for MAPbI3 has not yet been characterized in
detail. Therefore, we analyzed structural changes caused by repeated bending, which is
of interest for the behavior flexible devices. We will first describe expected ferroelastic
behavior (Figure 2.5), then discuss the effects of repeated bending on film structure
(Figures 2.6, 2.7, 2.8) and stability (Figure 2.9). We then relate our findings to existing
literature on defect behavior in MAPbI3, as domain walls have been found to nucleate
vacancies and facilitate ion diffusion in other materials.>0-53

Ferroelastic hysteresis involves non-linear, but to limited extent, reversible
switching from one domain type to another; in our case, from domain A to domain C
(Figure 2.5a). 1874 This is accomplished by applying tensile strain (or stress) in gx, which
causes the domain wall to move, provided that the applied stress has some minimum
magnitude corresponding to the coercive stress oc. Thus, the bond distances between the
Pb2* jions and the I~ ions change at the domain wall, on the side of domain A, such that
eventually the octahedral tilting of domain C at the domain wall becomes more
energetically favorable. 18 The domain wall thus advances through A and converts all the
octahedral tilting to that of C. Correspondingly, the orientations of the (220) and (004)
planes become that of C. If the material is under an opposite (compressive) stress in gx,
the octahedral tilting of A becomes again more favorable, so the domain wall moves back
through C and A becomes bigger. Thus, while being somewhat reversible, the process is
highly non-linear (Figure 2.5b), and the domain sizes after a full ferroelastic hysteresis
loop may not be the same as they were initially. Saturation S (Figure 2.4b) is achieved

when all possible switching to either A or C has occurred. Domain switching also imparts
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an inelastic strain & on the material 2021 that is retained after the applied strain is
removed. This retention enabled us to indirectly analyze the ferroelastic hysteresis loop.

Ferroelastic hysteresis is one part of the stress-strain curve for ferroelastics. An
idealized curve based on the literature for various oxide perovskites and zirconia is
presented in Figure 2.5c. 20-2275 Upon fabrication, a spontaneous strain s exists in the
material. At very low applied stresses (between point 1 and oc), there is an elastic-only
regime, in which the domain walls do not move and bonds between atoms simply stretch
or compress. At the coercive stress oc, ferroelastic hysteresis begins (Figure 2.5b-2.5c).
In this regime, the types of strains acquired by the material are assigned differently from
study to study; 20-22 but it is generally agreed that ferroelastic hysteresis imparts inelastic
strains on the material, which for simplicity, we call the inelastic strain ¢i. The end of the
ferroelastic hysteresis regime is marked by saturation S, at which point all possible
domain switching has occurred. After this ferroelastic regime, a second mostly-elastic
regime (until point 2) occurs, followed by the fully plastic regime (points 2-3) and
fracture. For applied stresses below the fully plastic regime, the total strain in the
material is &tot = EElastic + €i; Where &glastic is elastic strain and €i is the inelastic strain. Some
ferroelastics exhibit large plastic regimes, 20 others less so, 2122 indicated by two possible
locations for fracture. Experiments on free-standing MAPDIs films identified only a single
mostly-linear elastic regime before fracture. 76 This indicates 1) that that the fully plastic
regime is likely quite small and 2) that the slopes both quasi-elastic regimes and the
ferroelastic hysteresis regime are likely quite similar. In Figure 2.5¢, we have drawn
them to be very different for clarity. For any stress larger than og, if the applied stress is

removed (“Unloading” in Figure 2.5c), the material does not go back to its initial state,
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due to the inelastic strain &i. Subsequent re-loading occurs much more closely to the
Unloading (dashed) line in Figure 2.5c than to the original curve. In the following
experiments, we focus particularly on the unloading/re-loading behavior to indirectly

study the hysteresis loop.
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Figure 2.5. (a) Expected structural changes during ferroelastic hysteresis; tetragonal crystal structure
from reference.3” Convex bending applies tensile in-plane strain and concave bending applies compressive
in-plane strain. (b) Ferroelastic hysteresis loop and (c) Idealized stress-strain curve for a ferroelastic based
on prior work,20-22 where ¢s, €i, €wot, €Eastic are the spontaneous, inelastic, total and elastic strains
respectively, S is the saturation point, and oc is the coercive stress. The stars indicate fracture point
locations for different materials. GIWAXS patterns were collected after unloading the applied stress (black
dot on the stress-strain curve).

The bending experiment is schematically shown in Figure 2.S7, and referenced in
Figure 2.5a. The MAPDI3 stack was repeatedly bent around cylinders and then released,
with two different bending configurations used. Following the naming convention used
in prior works, 13-15 convex bending (“outward” bending) involves having the Kapton

substrate touch the cylinder, with MAPbls/PMMA on the outside, and concave bending
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(“inward” bending) involves having MAPbl3/PMMA touch the cylinder with Kapton on
the outside (Figure 2.5, 2.S7). Thus, strain ex is applied along gx, and strains ey and €z are
induced in gy and gz, following the coordinate system of Figure 2.S7. Convex bending
results in tensile ex (compressive €y and €z) and concave bending results in compressive
ex (tensile ey and €z). Several bending diameters were selected and the applied strains
|ex| were calculated following the methodology outlined in the Appendix to Chapter
2.6365-67.77-79 Jsing Poisson’s ratio (0.33), ¢3 the induced strains |ez| in qz were then
approximated (Table 2.1). We verified via SEM that applying these strains did not cause
readily observable fracture of the films (Figure 2.S8). Prior to bending, the film was
isotropic in-plane, as the small thermal expansion mismatch between the polymer
substrate (T.E.C. 3-11 x 10-5/K, 7071) and MAPDI3 (T.E.C. 4-16 X 10-5/K, 6869) induced a
mild biaxial in-plane strain. We collected GIWAXS patterns immediately after the applied
strain was relieved, i.e. after “Unloading” (Figure 2.5), and we call these post-bending

samples “unbent”.

yea EAICORNN AT
35 0.34 0.10
31 0.39 0.12
18 0.67 0.20
10 1.26 0.41
4.1 3.06 1.01

Table 1. List of diameters employed and the corresponding applied strains |ex| and induced strains |ez| to
the gx and gz directions respectively.

2.2.F Sweeping Through the Ferroelastic Hysteresis Loop by Bending.

38



Bending with a diameter of 10 mm (Figure 2.6) induced clear signatures of
ferroelastic hysteresis. Figure 2.6a shows the evolution of the nOP patterns of a film after
up to 12 convex bending cycles around a 10 mm diameter. Following this, the film was
bent concavely up to 12 times. After convex bending, the initial (220):1 intensity
decreased, in favor of the (004):1 intensity increasing. Subsequent concave bending
restored the (220):1 intensity. These observations were backed by quantitative analysis
of the fractions for all peaks (Figure 2.6b) and by the decrease (convex bending) then
increase (concave bending) of the (211) intensity (Figure 2.S9). Thus, A:1 domains were
replaced by C:1 domains upon convex bending, and this process was generally reversed
upon subsequent concave bending. However, the strong retention of (220):1 intensity
(Figure 2.6a-2.b) suggests that the domain walls did not move very far. Some changes in
(220) and (004) strains were observed after bending; however, the origins of these were

not clear (see discussion of Figure 2.512).
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Figure 2.6. 10 mm bending experiment. (a) GIWAXS nOP patterns in the (004)-(220) region for the
successive convex and concave bending around a 10 mm diameter. For the (220):1, (004):1, (220):2 and
(004):2 peaks in these patterns, (b) corrected fractions f of the total scattered intensity in the peaks from
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(a). (c) Relationships between the observed domain switching and the stress-strain curve.

The changes observed can be correlated with the stress-strain curve, shown in
Figure 2.6c. In cycles 4-12 for both convex and subsequent concave bending, the fractions

plateaued at consistent values (Figure 2.6b), indicating that after cycle 4, the amount of

A vs. C was stable. This

the initial stress-strain curve, and the A:C domain ratio changed. When the applied stress

was removed, the curve

suggests that during the first convex bending, MAPbIs followed

followed the unloading line (dashed). Subsequent re-loading and
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unloading occurred in a similar location to the first unloading line, leading to the plateau
in the fraction of each domain. During subsequent concave bending, the domain walls
moved closer to their original positions, and the unloading/reloading lines moved closer
to the original curve.

We next applied larger strains to MAPbI3 films. The bending experiment was
repeated with a diameter of 4.1 mm (|ex| = 3.06 %; |ez| = 1.01 %; Figure 2.7). Separately,
we investigated the effects of concave bending only, without prior convex bending. The
changes to the (220):1 and (004):1 peaks (Figure 2.7a) were more pronounced than for
the 10 mm experiment, likely due to the larger applied strain (see also Figure 2.510).
Interestingly, the (220):2 appeared much more distinctly after convex then subsequent
concave bending, suggesting some interaction between TS1 and TS2 (see discussion

below).
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Figure 2.7. 4.1 mm bending experiment. (a) nOP patterns and (b) Corrected fractions of total scattered
intensity f (uncertainties < 0.1 %) for nOP peaks in the (220)-(004) region, for 6 convex followed by 6
concave bending cycles, and 6 concave bending cycles only.

Saturation was nearly attained upon bending around a 4.1 mm diameter (Figure
2.7a). As-cast, the film exhibited the typical preference for A:1 ((220):1 nOP), with some
C:1 ((004):1 nOP) and A:2 ((220):2 nOP). Convex bending increased the C:1 population
to = 85 % of the film, accompanied by a large decrease in the A:1 fraction and complete

disappearance of A:2. No fracturing was observed (Figure 2.S8). This process was to
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some extent reversed with concave bending, with A:1 ((220):1) occupying = 65 % of the
total nOP population, which is still higher than the as-cast A:1 population (x 50 %). A:2
reappeared, much more distinctly, although at slightly lower fraction than for the as-cast
sample. Strikingly, concave-only bending induced near-complete (95 %) A:1 population
nOP, indicating near-complete saturation. These trends in the fractions suggest near-
complete cycling through the hysteresis loop, and certainly to greater extents than for

the 10 mm diameter.

2.3.G. Removing Large Compressive Strains

The evolution in fractions f for TS2 suggested interaction between TS1 and TS2
(Figure 2.7), and therefore, physical contact between them. TS2 disappeared after 4
convex cycles and reappeared very distinctly after subsequent concave bending. Because
the entire film depth was probed (Figure 2.1), this suggests either the presence of a
mobile domain wall between TS1 and TS2, or that small grains of TS2 only can be
converted to the more favorable TS1 using very large applied strains (|ex| = 3.06 % here).
In support of these interpretations, the compressively-strained A:2 disappeared
completely after 6 concave cycles only (induced tensile |ez|), in favor of A:1, which has

mild tensile strain. Thus, the ratio of TS1: TS2 can be controlled by applying large strains.
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Figure 2.8. Determination of the coercive strain, from which the coercive stress oc was calculated. Powder
XRD data for the 35 mm, 31 mm and 18 mm-diameter bending experiments, corresponding to applied | x|
of x 0.34 %, 0.39 % and 0.67 % respectively. The location of the coercive stress on the stress-strain curve
is shown on the right. The yellow arrows show growth of the (004):1, indicative of ferroelastic hysteresis
(F.H.).

Finally, we repeated the bending experiment with much larger diameters, to find
the coercive stress (Figure 2.8). Because (004):1 grows into a peak that is very distinct
from (220):1 (Figure 2.6, 2.7) we were able to use powder X-Ray diffraction (PXRD),
rather than GIWAXS. Due impurities in the X-Ray wavelength (Cu-Ka2, tungsten and Cu-
KpB) resulting in extra peaks, and due to the low counts on the powder diffractometer,
TS2 could not be resolved as easily; however, the onset of hysteresis was clearly
identified using the TS1 peaks. The PXRD patterns of films bent convexly up to 4 X around
diameters of 35 mm, 31 mm and 18 mm are shown in Figure 2.8, with applied strains
lex| of = 0.34 %, 0.39 % and 0.67 % respectively. The patterns shifted slightly and
inconsistently in d-spacing after bending. This is likely caused by the lack of height
alignment of the flexible films in PXRD, which is done in GIWAXS and necessary to obtain
accurate d-spacings. Notably, the (004):1 did not grow when |ex| = 0.34 %, grew
noticeably when |ex| * 0.39 %, and grew significantly when |ex| = 0.67 %. A control
experiment was performed to confirm that these changes were not induced by the X-Ray

beam (Figure 2.S11). Thus, the coercive strain is |ex| # 0.36 % Because the actual applied
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strain is in gx, we take |ex| to calculate the coercive stress. Using a modulus of 14 GPa,
63,65-67 the coercive stress for MAPbIs is thus oc = 50 MPa.
2.3.H. Using Substrate Thermal Mismatch to Control Twin Population
If an external stress source, such as thermal stress from the substrate or roll-to-
roll printing setup, causes application of more than the coercive stress, |50| MPa in &x
(Figure 2.8), it will modify the twin domain population. The stress or imparted by
Ep

thermal mismatch can be calculated using o = Pa— (ag — ap)AT, 1* where Ejp is the
—vp

Young’s modulus, vp is the Poisson’s ratio, ag and ap are the T.E.C.s of the substrate and
the perovskite and AT is the temperature gradient while cooling. Using the values
discussed in the Residual Stress section, (Ep = 14 GPa, vp = 0.33, ap = 5 X 10->/K and AT
=100°C - 20°C = - 80°C), a low T.E.C. substrate such as silicon (ag = 0.26 X 10-5/K) will
induce = 50 MPa on MAPbIs for a low annealing temperature of 70°C. A glass substrate
with mid-range T.E.C. (as = 1 X 10-5/K) will induce the coercive stress upon cooling from
80°C and finally, a substrate with a higher T.E.C. such as Kapton (ags =3 X 10->/K, chosen
among the lower reporter T.E.Cs for Kapton) 7971 will induce the coercive stress upon
cooling from 140°C. These numbers will vary based on the E» and T.E.C. selected for the
calculation; however, it is clear that ferroelastic behavior should be quite different with
substrates of differing T.E.C. Thus, it does seem that thermal mismatch can be used to
tailor the ferroelastic domain population. However, this does not exclude interface
interactions or other solution-casting phenomena 8% which may also greatly direct twin
population. Further work is needed to decouple these effects.

2.3.H. Domain Walls and Long-Term Stability
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We also examined the long-term stability of films with no bending, and either 6
convex cycles only or 6 concave cycles only around the 4.1 mm diameter (Figure 2.9). We
stored these films for 7 months in ambient and in the dark, and then examined powder
XRD patterns. Specifically, we looked for the appearance of the degradation product Pblz
at d ~ 7 A (Figure 2.9a) and for major changes in the proportions of A:1 vs. C:1 (Figure
2.9b). Due to low signal on the powder diffractometer, TS2 was not easily resolvable.
Prior convex bending only correlated with a large amount of Pblz, while no bending and
concave bending only showed no Pbl: (Figure 2.9a). In addition, the patterns in the
(220)/(004) region (Figure 2.9b) were quite similar to those 7 months prior (Figure
2.7a), suggesting that the proportions of A:1 vs. C:1 changed negligibly over 7 months
(Figure 9b). Thus, without external stimulus, the domain walls appear to be fairly

immobile.
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Figure 2.9. Powder XRD patterns of non-bent films (flat) and films previously bent convexly and concavely
around a 4.1 mm diameter, after 7 months of storage in air, showing (a) the region in which the degradation

product Pbl: typically appears and (b) the (220)/(004) region. Schematics are shown of twin domain
layout prior to storage (see Figure 2.5S13), with the dashed lines indicating ghost walls.

We noticed an interesting correlation between these differences in degradation,
and creation vs. annihilation of domain walls. Analysis of peak widths after bending (4.1
mm experiment - Figure 2.56 and 2.513) indicated wall creation during convex bending

and annihilation during concave bending. This analysis (see discussion of Figure 2.S6
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and 2.513) is consistent with observations in literature from polarized optical
microscopy of MAPbI3.3% Indeed, the as-cast films contained few C domains, so nucleation
of new C domains might be necessary to accommodate all the applied strain during
convex bending. In contrast, because concave bending favors the presence of A domains
and because the as-cast films contained mostly A domains, existing A domains grew and
merged into a few large domains without the need of domain nucleation. Thus, walls
seemed to be created during convex bending, with more degradation occurring after
bending in this configuration (Figure 2.9). In contrast, films with no changes in number
of walls or annihilation of walls were stable.

More walls likely correlates with more degradation because walls encourage
point defect presence. In other systems, walls are known to harbor a higher
concentration of vacancies and to facilitate diffusion of vacancies/ionic species.50-53
Domain walls can also nucleate point defects,8! so the walls nucleated during convex
bending may have also nucleated more point defects. However, walls may also have
moved during convex bending. When they move, domain walls can leave behind some of
the vacancies they contain, creating a “ghost line” of vacancies in the old wall location,
also sometimes called “ghost wall”.>0 This can create a “memory” of the wall,8283 which
has been observed several times in MAPbI3.2429 This memory could mean that wall
movement or annihilation does not fully remove the point defects residing in the
previous location of the wall. Here, we found that the films with likely wall nucleation
(convex bending) showed Pblz formation; while the films for with wall annihilation or
movement only (concave bending) showed no Pblz formation. Additionally, films for

which no wall movement was imposed, also showed no Pblz formation. This result
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implies that additional point defects, created during the wall nucleation in convex
bending, are responsible for the enhanced degradation. In contrast, wall movement, lack
thereof, or annihilation do not nucleate new defects, so films with concave or no bending
showed no bulk degradation.
2.3.1. Impact for Behavior of Optoelectronic Devices

Wall creation during convex bending and wall annihilation during concave
bending help explain prior defect-related results in MAPbI3.13-15 Prior studies found that
films maintained under convex bending exhibited lower activation energy for vacancy-
mediated ion migration!3 and more Pblz formation (i.e. degradation),314 than flat films,
suggesting higher defect content. Correspondingly, the photoluminescence lifetime of
MAPDI;3 films decreased during convex bending in a different study,!> suggesting more
trap-mediated recombination. Our analyses (Figures 2.7, 2.9, 2.813) indicate that these
behaviors originate from domain wall nucleation during convex bending. The opposite
trends regarding degradation, ion migration, and photoluminescence lifetime were
observed for in-situ concave bending, suggesting fewer point defects/ domain walls
(Figures 2.7, 2.9, 2.813). Our results also indicate that repeated bending in one
configuration (convex or concave) will likely not change the above-described behaviors
much after the first few bending cycles (Figure 2.6 and Figure 2.7). In addition, domain
walls will not move without external stimulus (Figure 2.9). Subsequent bending in the
opposite configuration (i.e. concave or convex) will change these defect behaviors to
limited extents (Figure 2.6 and Figure 2.7). To avoid such defect-related changes, the
films should not be bent past the coercive stress (* 50 MPa, Figure 2.8), which is likely

most relevant in the context of roll-to-roll processing MAPbIs, or installing flexible
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modules. Thermal control over twin population may be employed using low-TEC
substrates and mild temperatures (Using Substrate Thermal Mismatch to Control the
Population of Twins section; Figure 2.8). A possible method for eliminating
unfavorably-strained domains (compressive A:2 domains, Figure 2.3) and reducing the
number of domain walls is to apply large out-of-plane tensile strain (Figure 2.7).

Changing the number of twin walls in films upon repeated bending may greatly
impact carrier diffusion. Our findings reveal twin wall movement, and strongly suggest
wall creation, annihilation, and the presence of “ghost walls” 2429508283 jn the sample
after bending, which is a memory of the wall formed by the point defects the departed
wall has left behind. Deep traps seem to nucleate along with twin walls in films, as
evidenced by the decreased photoluminescence lifetime upon convex bending (i.e.
enhanced trap-mediated recombination).15 In apparent contrast, recent work on single
crystals suggests that twin walls contain shallow traps that slow carrier diffusion, but do
not induce trap-mediated recombination.43-4> [t is possible that single crystals contain
fewer deep traps than films, and thus that twin walls impact carrier diffusion very
differently in films vs. single crystals. It is also not clear to what extent twin walls carry
their traps with them when they move or annihilate. “Ghost walls” may therefore greatly
impact carrier transport in both films and single crystals. The impacts of repeated
bending on shallow trapping and carrier diffusion requires further investigation,
particularly in films.

We note that the detailed ferroelastic loop will also depend on factors such as the
grain size. In oxide perovskites, grain size is known to affect domain/domain wall

formation.8* Here, we used films with grains of 200 * 100 nm, but films used in devices
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can have grain sizes of up to several microns,8> which may affect the types of twin
domains formed and their strains. However, because MAPbI3 is ferroelastic, the presence
of twin domains is expected, regardless of processing conditions. We also probed the
entire film thickness (Figure 2.1a), but different types of twins, in particular TS1 vs. TS2,
may predominantly exist near different interfaces. Bringing the perovskite closer to the
cubic phase via either temperature or composition should lower the spontaneous strain,
and thus reduce the size of the hysteresis loop.1886 In addition, dislocations at interfaces
are known to pin domain walls, thus preventing domain wall movement.87.88 Complete
understanding of defect behavior in MAPbIs-based devices will therefore likely require
investigations of how grain size, temperature, pinning, substrate interface interactions

and other parameters affect the ferroelastic hysteresis loop of MAPbIs.

2.4 Conclusions

In conclusion, we have examined ferroelastic twinning in polycrystalline thin
films of MAPDIs. Strain inhomogeneity in films originated from specific twin domains. We
then characterized the ferroelastic hysteresis loop of MAPbI3 and identified approximate
values for the onset of the loop (coercive stress) and saturation. External stress sources,
such as thermal stress from the substrate or roll-to-roll printing setups, must apply at
least |50| MPa to modify the proportions of different twins, and the temperature at which
this occurs is substrate-dependent. Cyclic strain tests revealed changes to the
unloading/reloading line locations in the stress-strain curve. Domains from differently
strained twin sets in the films are found to interact with each other and convert from one

twin set type to another. Degradation of MAPbI3 to Pblz was found to correlate with the
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presence of domain walls, with more domain walls (convex bending) favoring
degradation and fewer domain walls (concave bending) favoring stability. These results
help us to understand the structural processes related to defects in polycrystalline films
of MAPDI3 and the ionic and optoelectronic properties that they impact. We anticipate
that the method presented above for characterizing the hysteresis loop will aid future
studies of how strain and the hysteresis loop change under different device fabrication

and operation conditions.
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2.7 Appendix to Chapter 2

PMMA
MAPbI,

PEDOT: PSS [t
Kapton

Figure 2.S1. SEM images of an as-cast film, showing (a) a cross-section of an as-cast film, (b) a lower-
magnification cross-section showing the Kapton thickness and (c) a top-view image of an MAPbIs film on
top of which no PMMA was cast. 19 keV accelerating voltage was used for (a) and (c) and 10 keV was used
for (b). Scale bars in (a) and (c) are 1 um.

The MAPDI; film measured here was 1-4 grains thick. Because the films were cast
on plastic substrates, they did not break in half cleanly, so parallax issues were
encountered when trying to determine thickness. The exact thicknesses were difficult to
measure, but were approximately 400 nm for MAPbI3, 200 nm for PEDOT: PSS and 50
nm for PMMA. To properly measure grain size without parallax issues, we measured a
film from the top (Figure 2.S1c) that did not have PMMA. The average grain size was

estimated from measurement of 100 grain widths to be 200 + 100 nm.
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Counts (norm.)

Figure 2.S2. GIWAXS nOP patterns of films bent concavely around a cylinder with 4.1 mm diameter. Scan
1 and Scan 2 indicate two consecutive scans of the same sample, showing lack of change and thus good
stability under the beam.
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Figure 2.S3. Crystal structures of MAPbIs in the tetragonal 14/mcm phase ? showing (a) the angles made
between the (202) plane and the (220) and (004) planes and (b) the angles made between the (211) plane
and the (220) and (004) planes. (c-d) Cosines of the angles in (a) and (b) respectively.

In order to properly assign GIWAXS peaks as (220) vs. (004), we tracked the
intensity of the (211) peak with respect to its neighboring (202) peak. Figures 2.S3a-b
show the angles that the (202) (Figure 2.S3a) and (211) (Figure 2.S3b) planes make
with the (220) and (004) planes. Conveniently, the (202) plane is at equal angle from the
(220) and (004), making normalization of the (211) with respect to the (202) useful for
analysis (i.e. the (202) is a reference point and the (211) intensity will reveal (220) or
(004) predominance). The cosines of the above-mentioned angles are shown in Figure

2.S3c-d. Because the (211) plane is nearly parallel to the (220), much stronger (211)
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intensity will be observed when the peak at d ~ 3.1-3.2 A is (220) (Figure 2.S3c).
Correspondingly, because the (211) is nearly perpendicular to the (004), a weak (211)
intensity with respect to the neighboring (202) peak likely indicates that the peak at d =
3.1-3.2 Ais (004) (Figure 2.53d). So, in nOP patterns, strong (211) correlates more with
A domains and weak (211) correlates more with C domains. To further verify these
assignments, we compared the nOP patterns with the nIP patterns, as a domain with
(220) reflections out-of-plane should have corresponding (004) reflections in-plane

(Figure 2.3).
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Additional information regarding fraction f
To calculate f, the fitted peak intensities were corrected for structure factor, 34 and we
used Equation 2.1:

f — 100 X ICorr,peak of interest (21)

IC‘orr,total

Where Icorr is the corrected peak intensity.

frepresents the fraction of the film having (220) or (004) reflections, in the nOP or the
nlP patterns. Thus, it is important to correct the scattering intensities of (220) and (004)
relative to each other. The intensities Ik of a peak (hkl) ((220) or (004)) were therefore
corrected for structure factor Fhki, using Icorr = (Inki) ( Fnki)2. 3 Conveniently, the (220) and
(004) peaks were always within < 0.1 A of each other, and we calculated the fs for each
for the same nOP or nlP pattern. Other correction factors 3 that might otherwise be
necessary were therefore ignored, such as the Debye-Waller thermal correction or
Lorentz/polarization factors. In addition, because each pattern probed specific domain
orientations and not a powder sample, the multiplicity of all peaks should be 1. Thus, the

corrected intensities were Icorr = (Ink1) ( Fhii)2.
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Figure 2.S4. Reproduction of Figure 2.3c for 4 samples, where the values are the average fs and the error
bars represent the standard deviation of these values. The results reproduce those shown in Figure 2.3,
albeit with larger uncertainty values.
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Figure 2.S5. A-type domains with all planes visible nOP but with only some planes visible nIP, depending
on domain rotation. Two A-type domains with the orientation shown here, and with a domain wall between
them belonging to {112}, would exhibit 90° a-a type twinning (also possible in this study).
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Derivation of Equation for Minimum Domain Size Dmnin

Counts

d, d,
d(A)

Figure 2.S6. Sample peak in real-space, showing a peak of center d, with breadth b spanning from d: to d>.

Here, we extracted peak breadths to obtain domain size. Because we did this only
for one peak, rather than over a series of peaks, the numbers reported in this study
should be taken as the minimum domain size. We did not calculate size from a series of
peaks because the (110) and (002) peaks significantly overlapped with each other and
because the (330) and (006) peaks significantly overlapped with substrate peaks, so the
(220) and (004) peaks were best for breadth calculations. For this reason, we caution
that the following analysis provides estimates only, because the effects of strain are not
decoupled from peak width, over multiple peaks. We do note, however, that the results
of this analysis (number of walls increases or decreases) are consistent with prior

microscopy observations. 5 We were also primarily concerned with relative changes to

Dnmin upon application of stress, not with the absolute values of the numbers themselves.

Prior work modified the Scherrer equation for GIWAXS to obtain the following: ¢

2nK

Dppy = —
Aqpi
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Where Dk is the average domain size, K is an hkl-dependent constant 7 and Aqnki is the
breadth of the Bragg reflection hkl in reciprocal space. However, because we analyzed all
our data in real-space (d-spacings) and not in reciprocal space (q), we converted the

above equation to real-space. Because q = 21t/d and Agnk = q1 — q2:

s = 20 (- ) = 2 () = 2 ()
nhkt = ”dl dy) = 7T did, ) 7T

Where b is the breadth (area divided by intensity)® in real space, d is the center of the hkl

peak,di=d-b/2and d2=d + b/2 (see Figure 2.56). Thus,

b

1
(a=2)(a+2h)) o <d2 - b2/4>

Aqpy = 21

STES

(2= /)

Dmin

Where K is the Scherrer constant (= 1.0 for both (220) and (004)) 7, b is the breadth which
in this case is the peak area divided by the peak intensity (uncorrected), and d is the d-

spacing. Pseudo-Voigt fitting methodology was applied to all samples.
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Calculation of Applied Strain Magnitudes

q;
q
S
As-Cast Convex -
GIWAXS

Unbent
- Q: v & Convex
A GIWAXS
Unbent Concave
Concave
GIWAXS

Figure S7. Bending experiment for convex and concave bending. GIWAXS patterns were taken after the
applied strain was released.

Here we calculate the approximate magnitudes of the strains € applied to MAPbI3

films during bending (Figure 2.S7). To do so, we use the equation provided by Suo et al.:

8

. _ (tf + ts> (14 2n+ xn?
top ax 2R/ (1+ A+ xm)

In this equation, the “top” designates the top region of the Kapton-PEDOT: PSS-MAPbI3-
PMMA stack; thus, the area closest to MAPbIs. “gx” designates the strain in the gx
direction; i.e. in-plane. R is the radius around which the film is bent (so 2R is the
diameter), tris the film thickness, ts is the substrate thickness, 1 = tf/ts and y is the ratio
of elastic moduli Y, where y =Yf/Ys.

The Young’'s modulus of MAPbI3 has been found to vary between 10 and 20 GPa
(> 10, 12.8, 14, and 20 GPa); °-12 so we take 14 GPa here as a mid-range value for
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approximation. The moduli of PEDOT: PSS is = 2 GPa 13, that of PMMA is 3 GPa and that
of Kapton is 2.5 GPa. Because the moduli of PEDOT: PSS and Kapton are not only very
similar but also an order of magnitude lower than that of MAPbI3, we can approximate
the “substrate” as being composed of Kapton and PEDOT: PSS. In addition, because the
modulus of PMMA is much lower than that of MAPbIs and because the PMMA layer is
much thinner than the MAPbIs layer, we can approximate the “film” as being MAPbIs only.
Thus, y =Yr/Ys = Ymapbi3/Ykapton ® (14 GPa) / (2.5 GPa) = 5.6.

Next, from Figure 2.S1, we obtained the thickness of Kapton tkapton (125 000 nm),
of PEDOT: PSS (* 200 nm), of MAPbI3 (* 400 nm) and of PMMA (= 50 nm). Assuming
again that the “substrate” is Kapton + PEDOT: PSS and that the “film” is MAPbIs, n = tf/ts
~(400nm)/(125200 nm) ~ 0.00319. Because  ~ 1073, &, 4« is practically independent

of both n and y.8 We can therefore approximate the applied strain in the gx direction:

tr+ tg
& ¥ (fZR )

The ex obtained are listed in Table 2.1. Then, Poisson’s ratio was used to calculate &z.
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(a) No bending (b) After bending

Figure 2.58. SEM micrographs of films with no bending ((a), (c)) and after bending 2 times ((b), (d))
convexly around a diameter of 4.1 mm, with low and high magnifications. No cracks were observed here.
(19 keV)
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Figure 2.59. (211)-(202) region of the nOP patterns in Figure 2.6 (repeated bending around 10 mm
diameter), showing the expected drop in (211) intensity as C replaces A after convex bending, with
subsequent recovery of the (211) (and of A) after concave bending.
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Figure 2.510. (a) GIWAXS nOP patterns in the (004)-(220) region for the successive convex and concave
bending around a 4.1 mm diameter, as listed. (b) (221)-(202) region of select GIWAXS nOP and nIP
linecuts.

Convex bending resulted in very large growth of the (004):1, with the main as-cast
(220):1 peak considerably decreasing (Figure 2.7a). Correspondingly, the (211)
strongly increased nIP and decreased nOP (Figure 2.S10b). Subsequent concave bending
resulted in an increase of the initial (220):1 peak, but with much (004):1 left over from
the convex bending, and with a large and visible (220):2 shoulder. As expected, the (221)
increased nOP and decreased nIP. Interestingly, when only concave bending was applied
with no prior convex bending (called “concave bending only”), the (220):1 was practically
the only peak observed, indicating mostly A:1. In this case, the (211) nIP is weaker than
the (211) for the as-cast film, indicating more (004) nIP after 6 concave cycles only and
therefore more (220) nOP. These striking changes are clear signs that much domain
switching occurred during bending, with modifications made to the film being

significantly retained when the applied strain was relieved.
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Figure 2.S11. Three sequential powder XRD patterns (black, then red, then blue) of an as-cast MAPbI3 film
in the (220)-(004) region, showing a lack of change, and thus, stability under the beam.
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Figure 2.S12. Evolution of (220) and (004) strains after the (a) 10 mm bending cycles and (b) 4.1 mm
bending cycles.

Some changes in strain for the (220) and (004) peaks were observed after
bending. For the 10 mm experiment, these changes seemed to correlate with bending
configuration (convex vs. concave). It is possible that inelastic strain was retained by the
(220) and (004) planes of MAPbIs after the applied strain was released.

While extensive alignments and calibrations performed on multiple instruments
enabled us to determine with certainty the strain values pre-bending (Figure 2.3),
alignment difficulties encountered after bending made us hesitant to draw conclusions
from the trends observed post-bending (Figure 2.S12). The strains measured in GIWAXS
were fairly close to the resolution of both the height alighment performed during data
collection, and the chi-q alignment performed during data processing (a further
alignment that is done to correct any potential insufficient alignments during data
collection). Good agreement for strains of the flat (pre-bent) samples measured via
GIWAXS (Figure 2.3) and via lab XRD (on a variable-height stage) enabled us to conclude

with confidence the values of the strains in Figure 2.3. Identification of different peaks
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post-bending was also obvious, such as the growth of the (004):1 peak in Figures 2.6 or
2.8. However, because the substrate was a very flexible polymer film, the precise
locations of the different (220) and (004) peaks were less certain post-bending, even
with all alignments, corrections, and various other measurement tricks (e.g. a very
slightly sticky stage). For this reason, we included here the measured strains should the
reader be curious, but do no extensively comment. We did not analyze the strain
evolution of the (110)/(002) or (330)/(004) because the (110) and (002) peaks
significantly overlapped with each other and the (330) and (006) peaks significantly
overlapped with substrate peaks, so the (220) and (004) peaks were best for strain

calculations.
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Figure 2.513. 4.1 mm bending experiment. Corrected fractions of total scattered intensity f (uncertainties
< 0.1 %) for nOP peaks in the (220)-(004) region. (b) changes in minimum domain size Dmin for the (220):1,
(004):1, (220):2 and (004):2 peaks of nOP patterns (see Figure 2.7). (c) Summary schematics of the
processes occurring during the 4.1 mm diameter bending experiments, with the evolution in the number
of domain walls (DWs) listed. TS stands for Twin Set. For clarity, only the prior locations of walls that
disappeared are shown as ghosts, rather than the prior locations of both walls that moved and walls that
disappeared.

Changing the Number of Domain Walls during Bending (4.1 mm).
We examined changes to the minimum domain size Dmin for the 4.1 mm bending
experiment (Figure 2.7) in more detail, to see if the walls only moved, or if walls were

created/annihilated as well. We caution that this study provides estimations only, as the
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effects of strain are not decoupled from peak width, over multiple peaks; but the analysis
below is consistent with prior microscopy work. > We focus on TS1, as the peaks in TS2
were quite weak. Convex bending induces more C, and concave bending induces more A
(Figures 2.5, 2.6 and 2.S13), due to wall movement. Thus, if we only have wall
movement, C domains should become bigger after convex bending and A domains should
become bigger after concave bending. However, if new C domains nucleate during convex
bending, the size of C should decrease. These trends should also apply to the minimum
size Dmin, estimated using Scherrer broadening analysis (see above). Rapid growth of
nucleated domains might mean that Dmin of C decreases only slightly, as opposed to
sharply decreasing. With respect to the minimum size specifically, if many C domains are
annihilated during concave bending, the Dmin of A domains will likely increase
significantly. Such domain nucleation/annihilation is necessarily accompanied by an
increase/decrease in the number of domain walls. In MAPbI3 under applied stress, both
domain nucleation and annihilation have been observed, so we know that large changes
to the number of domain walls is possible. >

Changes in Dmin revealed both wall movement and creation/annihilation (Figure
2.813b-c). Dmin of C:1 increased after 2 cycles of convex bending, and Dmin of A:1 dropped.
Thus, the walls moved through A:1s to increase the sizes of C:1s. This is reflected in the
large increase in fraction of C:1 (Figure 2.S13a). The minimum size of C:1 then decreased
(cycles 4-6) while fraction of C:1 continued to increase, suggesting C:1 nucleation upon
further convex bending, and thus, more walls. Curiously, the Dmin of A:1 concurrently
increased. This suggests annihilation of the smallest A:1 domains as walls move from

C:1s. The mixture of wall movement with wall creation/annihilation during convex
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bending/unbending is consistent with previous microscopy observations made on
MAPDI3 single crystals.> This process of wall movement/creation/annihilation appeared
to be reversed with subsequent concave bending: Dmin of A:1 decreased, suggesting A:1
nucleation. Dmin of C:1 increased slightly but stayed within measurement uncertainty,
suggesting slight C:1 annihilation. In the case of concave bending only (no prior convex
bending), the minimum domain size of A:1 was 57.1 + 0.4 nm, which is substantially
larger than the range of as-cast domain sizes for A:1 (38 + 4 nm, 4 samples). This result
combined with the 95 % proportion of A:1 (Figure 2.S13a) suggests the microstructure
shown in Figure 2.S13c, in which large A:1s are separated by very few C:1s, with very
few domain walls total in the grain. Such a microstructure would result from progression
of walls from A:1s through most C:1s such that many walls are annihilated, and large A:1s
remain. Again, this behavior is consistent with observations of wall annihilation under
concave bending in single crystals. > Thus, convex bending resulted in both wall creation

and annihilation, while concave bending only seemed to favor annihilation.
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Chapter 3:

Phase Stability and Diffusion in Lateral
Heterostructures of Methyl Ammonium Lead
Halide Perovskites

3.1 Introduction

Hybrid halide perovskites have recently emerged as candidates for optoelectronic
applications because they exhibit solar cell efficiencies similar to those of crystalline
silicon,12 are solution processable, and are made from inexpensive, earth-abundant
materials.3-¢ Hybrid halide perovskites have an ABXs structure, where A is a cation (e.g.
Cs*, CH3NHs*, CHsN2*), B is a metal (e.g. Pb, Sn, Bi) and X is a halide. Mixed A-site cations
and halides can be used to tune the optical gap and structure near room temperature; the
resulting alloys have the highest power conversion efficiency in solar cells.17-14 Films of
nanocrystals of alloys are efficient light emitters, with quantum yields up to 90 %,!> and
have been explored for LED applications.1¢ Despite the successes of alloys, halides can
diffuse in hybrid perovskites, 17 which negatively impacts the performance of devices.
Hysteresis in the current-voltage characteristics of solar cells is attributed to halide
migration.1819 Mixed bromide-iodide perovskites can phase separate into I-rich and Br-
rich domains upon light exposure,20-31 leading to instabilities in the performance of Br-
rich perovskite solar cells.32-37 A thorough understanding of halide movement in mixed-
halide perovskites is therefore desirable for future design of efficient devices.

While much progress has been made towards understanding the mechanisms and

kinetics of light-induced phase separation,20-31 the diffusion of halides in MAPb(Brxl1-x)3

80



without illumination is not as well understood. Many studies have focused on
ion/vacancy movement in response to an electric field,18-38-48 rather than on ion/vacancy
movement down a concentration gradient.224? Recent work has elucidated interdiffusion
behavior of bromide and chloride in CsPb(BrxClix)3 nanowires;4950 however,
interdiffusion in Br-I systems has been less explored. Halide interdiffusion constants
were previously extracted from CsPbBr3-MAPblIs 4° and PbBrz-MAPbIz 29
heterostructures, where distances travelled by the halides in a given time enabled
calculation of the diffusion constant.2949 However, halide interdiffusion in CsPbBrs-
MAPbDI3 and PbBr2-MAPbI3 may differ from that in pure MAPbX3 because of differences
between the phase diagrams of the systems. Studies of Br-I interdiffusion in the
MAPD(Brxl1-x)3 system are further complicated by the prediction of a miscibility gap,>51-52
where compositions within the gap phase-separate into I-rich and Br-rich regions,
impeding halide interdiffusion down concentration gradients.

Here, we examine interdiffusion of halides in diffusion couples with varying
composition of MAPb(Brxl1-x)3 at temperatures relevant to electronic devices. Using a
halide substitution procedure, we fabricated lateral heterostructures of hybrid halide
perovskite thin films and examined changes in the interfacial profiles upon exposure to
heat and light. The stability of interfacial profiles confirmed that the interdiffusion
coefficients D; at temperatures relevant to device operation are low, and suggests that
the MAPb(Brxl1-x)3 miscibility gap extends to higher temperatures and more Br-rich
compositions than expected based on computational models. These results suggest

compositions where it is possible to form heat-stable heterostructures of MAPb(Brxl1-x)3.

81



3.2 Experimental section

Materials

Lead (II) iodide was purchased from Sigma Aldrich (Pblz - 99.999% purity, trace
metal basis) and from TCI chemicals (Pblz - 99.99% purity, trace metal basis).
Methylammonium iodide (CH3NH3I, = 99% purity) was purchased from Dyseol. Lead (II)
bromide (PbBr2 - 99.999% purity, trace metal basis) and methylammonium bromide
(CH3NH3Br - 98% purity) were purchased from Sigma Aldrich. PolyDiMethylSiloxane
(PDMS) was fabricated from a Sylgard 184 elastomer kit. N-N-dimethylformamide (DMF,
99.8%, anhydrous), dimethyl sulfoxide (DMSO, = 99.9%, anhydrous), Chlorobenzene
(99.8%, anhydrous) were purchased from Sigma Aldrich and keptin a nitrogen glove box.
y-butyl lactone (GLB, 2 99%) was purchase from Sigma Aldrich and stored in air. Bromine
(Brz, 99.5% purity) liquid was purchased from Alpha Aesar and stored in air. Quartz
substrates (z-cut, seedless, 15 X 15 X 0.5 mm) were purchased from University Wafer.
Polytriarylamine (PTAA), polyethylenimine (PEIE, 37% aqueous solution) were
purchased from Sigma Aldrich and phenyl-C61-butyric acid methyl ester (PCBM, = 99%)
was purchased from Nano C.
Spin-casting of I-rich perovskites for heterostructures

Quartz substrates were ultrasonicated for 10 min in acetone and then for 10 min
in isopropyl alcohol. The substrates were then exposed to oxygen plasma at ~300 mTorr
for 10 min, with air as the oxygen source. Precursor solutions were fabricated in a
nitrogen-filled glove box. Pblz and CH3NH3l were dissolved in 1 mL DMF and 96 pL. DMSO
to make a 1M solution, and the mixture was stirred for at least 30 min in a nitrogen-filled

glove box. The same procedure was applied to precursors PbBrz and CHsNH3Br. The two
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solutions were then mixed in stoichiometric ratios necessary to obtain the desired
perovskites (e.g. 3 parts I-solution and 7 parts Br-solution to obtain MAPb(Bro.70l0.30)3).
The mixed solutions were then spin-cast onto the quartz substrates at 1000 rpm for 10 s
then 4000 rpm for 30 s. When 8 s passed after the spin turned 4000 rpm, 0.2 mL of
anhydrous chlorobenzene was dropped on the substrate. The films were transferred on
a hotplate of 100 °C immediately, and thermally annealed for 10 min, again in a nitrogen-
filled glove box. The temperature of the heat diffuser was verified with a thermocouple.
This spin-coating procedure was used for all heterostructures except that of Figure
3.513 (see discussion of this figure below). The above-described preparation yielded
17% solar cell PCE for MAPbIs (see Figure 3.S1).

Solar cell device fabrication and characterization (Figure 3.51)

Quartz substrates were cleaned and plasma-treated as described above. All
procedures were performed in a nitrogen-filled glove box. A 2 mg/mL solution of PTAA
in chlorobenzene was spin-cast on the substrates at 6000 rpm. The DMF solution
containing MAPDI3 precursors was then spin-cast as described above. A solution for the
electron transport layer (30 mg/mL PCBM in chlorobenzene) was spin-cast on the
MAPbDI3 layer at 1000 rpm. 0.02 wt.% PEIE in isopropyl alcohol was then spin-cast at
6000 rpm. The devices were finally capped with Ag (80 nm) by vacuum deposition. The J-
V characteristics were measured at 1 sun illumination (AM 1.5G, 100mW/cm?) in a N2-
filled glovebox with a solar simulator equipped with a Xenon lamp (Newport), a Keithley
2602 Source Meter and a calibrated silicon reference cell (Figure 3.S1). The voltage was
ramped from 1.50 V to -0.50 V then back to 1.50 V with 0.01 V step and 0.03 s delay

time. The power conversion efficiency (PCE) was calculated with the following equation:
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PCE (%) = 100 x Voc x Jsc x FF / Pinc from the open circuit voltage, Voc, the short circuit
current, Jsc, the fill factor FF and the incident powder Pinc.

Spin-casting of MAPb(Brxl1-x)3 thin films for lattice parameter calibration curve
(Figure 3.55¢)

The procedure was identical to that described immediately above, with the
following differences. Pblz and CH3NHsl were dissolved in DMF to make an 0.55 M
solution (same procedure for PbBrz and CH3NH3Br), and the mixtures were stirred for
>1 h at 60 °C in a nitrogen-filled glove box. The spin procedure was 2000 rpm for 1 min,
with no antisolvent used. The films were annealed at 70 °C (verified with a
thermocouple) for 5 min.

Fabrication of PDMS mask for heterostructures

Polydimethylsiloxane (PDMS) was fabricated by pouring 0.5 g of Sylgard 184
silicone elastomer base into an aluminum boat and adding 0.12 g of curing agent. The
base and curing agent were stirred using a disposable plastic spatula until visible
formation of many bubbles. The boat was then set on a flat surface, to ensure even
spreading. After the last bubble disappeared, the cup was placed on a hot plate at 53 °C
(as determined by thermocouple) for 10 min. The PDMS was poked with a needle to
ensure no liquid remained and cut with a razor blade for use as a mask. The top surface
(exposed to air) of the PDMS was contacted with the perovskite, as it was flatter than the
bottom surface (that had been in contact with the bottom of the boat). Care was taken
not to press the PDMS layer onto the perovskite, as this led to partial removal of the
perovskite by the PDMS.

Vapor substitution to fabricate heterostructures
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Briefly, a previously-reported vapor substitution setup was reproduced, with the
following differences. 1 All nitrogen gas lines were purged for 5 min. 1.25 mL of liquid
bromine was poured into a 50mL round-bottomed flask and allowed to equilibrate for ~
2 min. The bromine gas stream was combined with a second nitrogen stream, leading to
a second 50mL round-bottomed flask (the sample chamber). The masked thin films were
dropped into the chamber (Brz concentration = 0.48 atm) and kept there for ~1 min. The
PDMS mask was then carefully removed from the heterostructure.

Interdiffusion experiments

Prior to heating, we spin-coated a thin layer of polystyrene on top of the
heterostructures, both to prevent desorption of methylammonium, enabling lengthy and
high-temperature experiments, and to minimize diffusion along the perovskite surface.
The heterostructures were heated for extended times (up to 360 min.) on a hot plate with
a heat diffuser in a nitrogen-filled glove box. The heat diffuser was encased in aluminum
foil to ensure that the samples were kept in the dark, as light may affect halide transport.
At particular time points, the heterostructures were transported from the hot plate (in
the glove box) to the optical microscope for analysis. The time from hot plate to
microscope was < 5 min. The heterostructures were then transported back to the glove
box, and put on the hot plate again. The total time off the hot plate at each time point was
< 10 min.

Characterization and Equipment

Optical microscopy images were acquired using an Olympus BH-2 microscope in

transmission mode. X-Ray Diffraction patterns were acquired using an Empyrean

Powder Diffractometer with a step size of 0.01313°, with a Cu-Ka source, operating with
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an accelerating voltage of 45 kV and beam current of 40 mA, with samples rotated at 4
revolutions/min to improve signal-to-noise ratios. UV-Vis spectra were acquired using a
Shimadzu UV3600 UV-Nir-NIR Spectrometer with a step of 1 nm, in ambient conditions.
Scanning Electron Microscopy/Energy Dispersive X-Ray data was acquired using both an
FEI XL30 Sirion FEG SEM and a ThermoFischer Apreo C LoVac FEG SEM with EDX
detectors. 10keV was used in both SEMs so as to be able to detect iodine with an adequate
signal-to-noise ratio via EDX. Confocal microscopy was performed on a Leica SP8 Laser
Scanning Confocal microscope, with a laser excitation wavelength of 458 nm. Time-
resolved PL were collected using an inverted microscope (Nikon Eclipse Ti-U) at 20x
magnification. Samples were continuously excited by a 405nm laser (Thorlabs S1FC405)
through a 20x objective, with power density * 160 mW/cm? at the level of the sample,
and PL was continuously collected with 1 s integration times through the same objective
and was passed through the entrance slit of an imaging spectrometer (Princeton
Instruments IsoPlane), spectrally separated by a 150 lines/mm grating, and collected
with a CCD array (Princeton Instruments Pixis). A standard 405nm PL filter set
(Semrock) was used for all PL. measurements to remove excitation wavelengths from the
collected signal.
Image integration to obtain interface profiles

To obtain interface profiles, optical and EDX microscopy images were integrated
using FIJI/Image] software. The optical images were converted to grayscale by taking the
average values of the red, green and blue pixels, giving each pixel equal weight. The entire
image area was then selected and then collapsed (integrated) to a line using the “plot

profile” function. This methodology was used (rather than obtaining simple linecuts of
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the images) in order to improve signal-to-noise ratios, which was particularly important
for EDX-obtained interface profiles. Compositional verification of the optically-obtained
interface profiles was performed using EDX, with MAPbBr3 and MAPDbI3 baseline

compositional verifications performed in regions far from the interface.

3.3 Results and Discussion

. I-rich
precursors
@

\H, Anneal at 100°C

Spin-coat |- for 10 min
rich perovskite l
“ o 3. L
MAPD(Brl;_,); — Mask with PDMS and
MAPDbBr; heterostructure expose to Br, vapor

Figure 3.1. Fabrication procedure for perovskite-perovskite heterostructures.

To fabricate a diffusion couple comprising a lateral heterostructure of two
compositions of MAPb(Brxl1-x)3, we used a two-step process. First, we spin-coated an I-
rich perovskite thin film and then we used a halide exchange reaction to form the
heterostructure.>3 We sought a methodology that would reflect the crystallinity and

microstructure of thin films typically used in devices. Other heterostructures or halide
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gradients have been formed by processes including solution exchange,>* placement of
microplates on top of nanowires,*? activation of phase separation/domain merging in
single crystal nanowires using light,?2> electron-beam lithographic patterning of
nanowires,>> and contacting nanowires with single crystals.5¢ While lithographic
patterning enables fabrication of very sharp patterns, developers and electron beams
may cause sample damage and/or introduce vacancies in the hybrid halide perovskites.>”
Modification of the halide composition using precursors in solvent may also impact the
crystallinity of the substituted layer due to recrystallization. We therefore selected
substitution by reaction with a vapor of Brz to ensure that the I-rich and Br-rich
perovskites had similar morphology and grain size,>3 which is desirable for interdiffusion
studies. As with many substitution procedures, the number of vacancies in the Bra-
exposed side may change relative to that on the masked side, which could change the
rates of interdiffusion in these two areas relative to other methods.

The procedure to form lateral heterostructures is shown in Figure 3.1. lodine-
rich perovskites were spin-coated onto quartz substrates. We chose an I-rich perovskite
spin-coating procedure that yields 17% solar cell efficiency for MAPbIs, before any halide
substitution (Figure 3.S1). A 2 450 um-thick PDMS conformal mask was then laid on top
of the thin film of MAPb(Brxl1-x)3, thus covering half of the 1.5 cm X 1.5 cm X 300 nm thin
film. The masked film was exposed to bromine vapor (* 0.48 atm) in a nitrogen
environment. The PDMS acted as a barrier to the bromine vapor and the exposed areas
were allowed to react fully with the vapor, yielding MAPbBrs3. Consistent with previous
reports,>3 the reaction was complete within one minute, indicating rapid reaction of Brz

with MAPDbIs. The PDMS was then peeled off, leaving behind a lateral heterostructure of
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MAPDb(Brxl1-x)3]MAPbBrs. We focused on heterostructures with three compositions:
MAPDI3|MAPbBr3, MAPb(Bro.12l0.88)3]MAPbBr3, and MAPb(Bro.70l0.30)3|MAPbBr3. These
are hereafter referred to as xsr = 0|1, xar = 0.12]1, and xsr = 0.70|1 heterostructures
respectively. We chose to examine the response of iodine-containing phases xsr = 0.12
and xsr = 0.70, in addition to that of xsr = 0, because these are at the approximate locations
of the binodal lines at room-temperature predicted by calculations using density

functional theory.51
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Figure 3.2. (a) XRD patterns of the MAPbI3-MAPbBrs heterostructure (xsr = 0|1 - black trace (1)), of
simulated MAPbIs (orange trace (2)), of simulated MAPbBr3 (blue trace (3)), and the quartz substrate (gray
trace). Simulations were performed using the [4/mcm structure of MAPbI3 58 and using the Pm-3m
structure of MAPbBr3.26 The dotted gray lines are guides for the eye, and the black * indicate additional
peaks arising from Tungsten (1.4764 A) and CuKp (1.3926 A) contamination in the X-Ray source. (b) UV-
Vis spectra of the MAPbI3-MAPbBr3 heterostructure, of spin-cast MAPbIs and of spin-cast MAPbBrs.

The conformal mask and substitution by Brz vapor led to complete exchange of

the halide along with an interfacial region (70 - 100 microns wide) of mixed composition;
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examination of changes along this interfacial region in response to heat was used to
analyze phase behavior in MAPb(Brxl1-x)3, as will be discussed later. Formation of the
desired heterostructures was confirmed via X-Ray Diffraction (XRD), UV-Vis
spectroscopy (Figure 3.2), Scanning Electron Microscopy (SEM - Figure 3.3) combined
with Energy-Dispersive X-ray analysis (EDX - Figures 3.52, 3.S3 and 3.S4) and confocal
microscopy (Figures 3.3 and 3.S5). XRD of the entire film of an xsr = 0|1 heterostructure
displayed peaks corresponding to both MAPbI3 and MAPbBrs3, indicating full replacement
of the iodine with bromine (Figure 3.2a). Similarly, the UV-Vis spectrum of an xsr = 0|1
heterostructure displayed increased absorption at the onsets of the MAPbIs and
MAPbBr3 bandgaps (Figure 3.2b). XRD and UV-Vis characterization for the xsr = 0.12|1
and xgr = 0.70| 1 heterostructures also confirmed formation of the desired phases (Figure
3.S6). Plan view SEM of xsr = 0|1 revealed the local structure of the interfacial region
(Figure 3.3a). The films comprised * 300 nm grains contained in large, continuous
domains, which is favorable for examining halide diffusion across large areas. The change
in contrast in domains along the interface indicated that halide substation occurred in
the middle of the domains (Figure 3.3a). Top-view and cross-sectional EDX (Figures 3.4,
3.52, 3.3, and 3.54) confirmed the locations of Br and I, and thus of xsr = 0 and xsr = 1.
No iodine was observed above noise level in the xsr = 1 region, again suggesting complete
removal of iodine from this area. Intermediate xsr compositions along the interface were
assigned based on halide content relative to the EDX- and optically-determined xsr = 0
and xgr = 1 compositions for xsr = 0|1. Similar analysis was performed to determine
macroscopic interfacial composition in the xsr = 0.12|1 and xsr = 0.70| 1 heterostructures.

EDX baseline compositions were obtained far from the interface (data not shown) to
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confirm lack of bromine in xsr = 0 and lack of iodine in xsr = 1 (Figures 3.4, 3.6 and 3.S3).
The interface width was determined to be 100 um (Figures 3.4 and 3.S3) via both EDX,
optical microscopy, and confocal laser scanning microscopy (Figures 3.3b-d and 3.S5).
We attribute the width of the interfacial region to our fabrication procedure in which Br2
vapor permeates PDMS at the edge of the mask (Figure 3.S7); and note that in a system
with a miscibility gap, which is predicted for the MAPb(Brxli-x)3 system,>! a sharp

interface would be expected with an impermeable mask.

(a) SEM (b) Emission 499-599 nm  (c) Emission 605-699 nm  (d) Emission 699-800 nm

Figure 3.3. Plan view SEM of an MAPbI3-MAPbBr3 heterostructure before heating (a). The inset in is a
high-magnification view of the area indicated by the arrow. Confocal scanning luminescence emission map
at three windows of emission, 499 - 599 nm (b), 605 - 699 nm (c), and 699 - 800 nm(d), each labelled with
false color, of an MAPbI3-MAPDbBr3 heterostructure before heating, with excitation wavelength 458 nm.

We examined the phase stability of the heterostructures upon heating without
light exposure, at temperatures relevant for thin film devices (see Experimental
Section). Operating temperatures are typically under 70°C for solar cells>® and
lamination or curing temperatures for solar cell encapsulants can exceed 100°C.6061 The
miscibility gap for MAPb(Brxl1-x)3 calculated by DFT extends to 70°C,>! leading to the
expectation that halides will not diffuse down concentration gradients below this
temperature. We therefore selected 100°C because it is within the window of

temperatures encountered under practical conditions for devices and can test the
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expected miscibility of the halide ions, at a temperature that will not be too damaging to
the perovskite layer.2 Prior to heating, we spin-coated a thin layer of polystyrene on top
of the heterostructure, both to prevent desorption of methylammonium, enabling
lengthy and high-temperature experiments, and to minimize diffusion along the
perovskite surface. The heterostructures were heated for extended times (up to 360
min.) on a hot plate with a heat diffuser in a nitrogen-filled glove box. Lack of degradation
and change in grain structure after heating were confirmed via XRD and top-view SEM
(Figures 3.S8 and 3.S9). The heat diffuser was encased in aluminum foil to ensure that
the samples were kept in the dark, as light may affect halide transport. After heating, the
compositional profiles at the heterostructure interface were analyzed via optical
microscopy in transmission mode and via EDX (Figure 3.4). At each time point, the
samples were quickly removed from the hot plate/heat diffuser in the glove box for
optical microscopy analysis and were placed again on the heat diffuser afterwards. The
total time off the hot plate, at each time point, was kept under 10 min. This method
ensured rapid quenching of any halide migration, which would be visible via change in
local bandgap. Using optical microscopy to obtain interface profiles enabled repeated
analysis of the same location on each heterostructure at each time point, enabling very
rapid analysis of the interface profiles at specific times. Optical microscopy also
circumvented potential electron beam-induced sample damage (and corresponding
changes in vacancy concentration) that may have occurred during EDX analysis. Interface

profiles were subsequently analyzed after heating via EDX to confirm the composition.
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Figure 3.4. Optical microscopy images (transmission mode) of the same xsr =0|1 heterostructure before
(a) and after (b) heating at 100°C for 360 min, obtained via illumination with white light. (c, d) EDX maps
of I and Br in separate xsr =0|1 heterostructures before (c) and after (d) heating at 100°C for 120 min. (e)
Interface profiles (halide fraction vs. distance D) of the heterostructures in (a)-(d), showing overlap of the
optical microscopy and EDX-determined xgr traces. xi represents the halide fraction of I obtained from the
EDX images (c) and (d) (orange circles). xsr represents the halide fraction of Br obtained from the EDX
images (c) and (d) (blue circles) and from the optical microscopy image (a) (blue line). The dashed lines
indicate the interface width. The black arrow in (a) and (e) denotes residual PDMS on the heterostructure
surface (Figure 3.S7), resulting in a dip in optical intensity near = 150 um.

We verified that optical microscopy provided comparable interfacial profiles to
EDX, enabling a measurement of the interface profiles in a quasi-real-time and non-
destructive manner (Figure 3.4). The interface profiles of xsr = 0|1 obtained before and

after heating, using both optical microscopy and EDX, are shown in Figure 3.4. Because
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the bandgap of MAPbBr3 is # 540 nm and that of MAPbI3 is * 775 nm (Figure 3.2b), when
the heterostructures were illuminated with white light, the MAPbI3, the MAPbBr3 and the
intermediate mixed-halide regions exhibited very different transmission behavior
(Figure 3.4a/b) and thus very different contrast. The dark color in Figure 3.4a/b is
MAPbDI3, the yellow is MAPbBr3, and the pink is the intermediate region. The images were
converted to grayscale by taking the average values of the red, green and blue pixels,
giving each pixel equal weight. We then integrated the images to obtain interface profiles,
with the darker and lighter areas corresponding to MAPbIs and MAPbBr3 respectively
(Figure 3.4e and Appendix to Chapter 3). Interface profiles obtained from EDX
overlapped well with those obtained via optical microscopy (Figure 3.4e), confirming
the validity of the optical method. The optical microscopy and EDX interfacial profiles
differ ata position of * 150 um along the interface (black arrows in Figure 3.4a/e), which
we attribute to residual PDMS on the sample (Figure 3.S7). We assume the EDX trace is
more accurate in this region. We subsequently applied the optical method to xsr = 0.70|1
and xsr = 0.12|1 heterostructures (Figures 3.7 and 3.S10), again confirming

compositions using EDX.
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Figure 3.5. (a) Predicted miscibility gap for the MAPb(Brxl1-x)3 system following a regular solution model
(from DFT 51), with expected interface profile behavior (b) when heated to below the gap for a two-phase
binary system and (c) when heated to above the gap, for a single-phase binary system.¢3 Sections (1) and
(3) refer to the Br-rich and I-rich halide miscible regions outside the miscibility gap, and section (2) refers
to the halide-immiscible region within the gap. The blue and orange regions designate predicted binodal
and spinodal areas of the miscibility gap.

The expected changes in the interface profiles upon exposure to heat strongly
depend on whether or not the heterostructure is heated to below or above the miscibility
gap. 6364 Figure 3.5 depicts a schematic miscibility gap for the MAPb(Brxl1-x)3 system,
with approximate interfacial profile shapes before and after heating shown if the
heterostructure is kept at temperatures within the miscibility gap (Figure 3.5b) or is
heated to above the miscibility gap (Figure 3.5c). For simplicity, the tetragonal-cubic
phase transition in the I-rich region is not shown. Within the schematic gap (Figure 3.5a

- shaded area), halides are expected to phase separate into I-rich and Br-rich phases. The
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shape of the interface profile is thus not expected to change for composition regions of
the interfacial profile that are contained within the miscibility gap (Figure 3.5b - section
(2)). However, outside of the miscibility gap, halides can still intermix, which should
change the shape of the profile away from the interface (Figure 3.5b - sections (1) and
(3)). Due to mass balance as halides move from one side to the other, the interface should
shift also slightly in location (Figure 3.5b).6364 In contrast, should the heterostructures
be heated to above the miscibility gap (Figure 3.5c), halides should be free to intermix
across the entire interfacial profile. Br and I should thus diffuse down their respective
concentration gradients, resulting in apparent flattening of the entire interfacial profile,
as shown in Figure 3.5c. This flattening would be most apparent near the edges of the
interface (Br-rich and I-rich regions), and least apparent near the mid-point, where the
composition stays constant.

Before discussing the response of the interfacial profiles to heat, we first analyzed
the behavior of the interfacial profiles upon formation. Although XRD and other
characterizations indicated clear presence xsr = 0 and xsr = 1 in the heterostructure
(Figures 3.2 and 3.4), no XRD peaks corresponding to intermediate compositions were
identified (Figure 3.2 and 3.S6), as the interfacial region is a small percentage of the
overall area in the incident beam. Given the presence of the gap,25°1 one might expect the
interface to be composed of crystallites with stoichiometries corresponding to the I-rich
and Br-rich binodal lines. When averaged, mixtures of different amounts of these
crystallites would then yield the apparently-smooth composition profiles of Figures 3.4
and 3.6. In agreement with this, a MAPbI3 film exposed to Brz vapor for only 5 seconds

(as opposed to 60s required for full bromination) exhibited highly uneven bromination,
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in the sense that exposure to Brz vapor induced formation of pockets of Br-rich regions,
rather than the even, gradual composition change that would be expected if the
compositions were miscible (Figure 3.S11). However, emission corresponding to
intermediate mixed-halide compositions (605 - 699 nm, or 0.3 < xsr < 0.7; see discussion
of Figure 3.S5) was observed in the interfacial region via scanning confocal microscopy
(Figures 3.2b and 3.S5), where sample exposure times are on the order of microseconds,
indicating some retention of the 0.3 < xsr < 0.7 compositions. Prolonged exposure to
above-bandgap light (405 nm, or 3.06 eV) induced a red-shifting photoluminescence
emission at 730 nm (1.7 eV) that also became more intense over time, which is
characteristic of light-induced phase separation into I-rich and Br-rich regions?? (Figure
3.512), and suggests that some intermediate compositions were present initially. Given
all these observations, it is likely that upon formation, the interface was composed of
some metastable intermediate compositions, as well as of some phase separated

nanoscale I-rich and Br-rich regions (Figures 3.2b and 3.S5).
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Figure 3.6. Compositional profiles of an xsr =0|1 heterostructure obtained using optical microscopy after
0 min, 120 min, 260 min and 360 min of heating at 100°C. Profiles from Fick’s second law with different
interdiffusion coefficients D; were calculated as described in Section 3.S9.

We then examined the effects of heating on the interfacial profiles. All
heterostructures studied exhibited little interfacial profile flattening upon heat exposure
(Figures 3.6, 3.7, 3.510 and 3.S15). Slight changes in composition near xsr = 0.8 and xsr
= (0.1 were observed in xgr =0|1 after heating at 100°C for 360 min (Figure 3.6); however,
overall, the interfacial profiles changed very little. The profiles do not follow Fickian
behavior described by Figure 3.5c¢, i.e. what would be expected from a solid solution (see
Figure 3.513). Calculations of how the diffusion profile should change according to Fick’s
law (see Section 3.S9 of the Appendix to Chapter 3) with interdiffusion coefficients Di

of different magnitudes were overlaid with the interfacial profiles for comparison
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(Figure 3.6). Although there is some uncertainty of the profile derived from microscopy
at higher values of xsr, Di cannot be larger than ~ 10-11 cm?/s at 100° C based on
examination of the profile on both sides of the interface. The profiles of the xsr =0.12]|1
and xsr =0.70|1 heterostructures were also unchanged upon heating at 100°C for 260 min
by microscopy and EDX (Figures 3.7 and 3.510, 3.S14). We thus take Di < 10-11 cm?2/s as
an upper bound of the interdiffusion coefficient for MAPb(Brxl1-x)3 at 100°C. Such a value
is consistent with D; obtained at lower temperatures and in different systems, namely 3
X 10-12 cm?/s at 50°C using PbBr2 as a Br-source for a PbBr2-MAPbI3 heterostructure?®
and ~1 X 1012 cm?/s at room temperature for a CsPbBr3-MAPDbI3 heterostructure.4?

However, the poor fit to this model suggests an alternative explanation.

(a) 0 min at 100°C (Opt.) (b) 260 min at 100°C (EDX)
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Figure 3.7. (a) Optical microscopy image of an xgr = 0.70|1 heterostructure before heating. (b) EDX
mapping of [ and Br in the same xgr = 0.70|1 heterostructure (in the same location) after heating at 100°C
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for 260 min. (c) Interface profiles (halide fraction vs. distance D) of the same xsr = 0.70|1 heterostructure
upon heating to 100°C for varying amounts of time. xi represents the halide fraction of I obtained from the
EDX image (b) (orange circles). xsr represents the halide fraction of Br obtained from the EDX image (b)
(blue circles) as well as from the optical microscopy image (a) (black line). Additional interface profiles
obtained via optical microscopy are included (dashed blue lines).

The lack of flattening of the interfacial region may indicate slow interdiffusion, but
if the miscibility gap extends to higher temperatures than predicted then we would
expect different behavior than that of Figure 3.5c¢. The changes in the interface profile at
100°C were slight and only at the edges of the interface profiles (Figure 3.6), much like
the interfacial profiles depicted in Figure 3.5b. No large changes were observed in xsr =
0.12|1 and in xsr = 0.70]1 heterostructures upon heating at 100°C for 260 min (Figures
3.7 and 3.510). The interfacial profiles were all set to overlap at xsr = 0.5 during analysis
and we do not have a marker to track changes in the interfacial profile shifted in location
as in Figure 3.5b. We also examined a xsr = 0|1 formed using another route to for the
initial MAPDI3 layer and found similar behavior (Figure 3.S15). Overall, these results

suggest a miscibility gap extending to above 100°C and well into the Br-rich region.
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Figure 3.8. Effects of 8-9 months of storage at room temperature on the interfacial profiles of (a) xsr = 0|1
and (b) xsr = 0.70]1, with overlapping simulations of Fick’s law with different D; and interfacial profile

flattening (black arrow).
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To rule out the possibility of slow interdiffusion at room temperature, we then
examined the response of interfacial profiles to long-term storage (8-9 months), to
determine the composition bounds of the miscibility gap at room temperature. All
encapsulated heterostructures (xsr=0|1, xsr =0.12|1 and xsr=0.70|1) were stored at room
temperature in ambient for 8 to 9 months, after which the interfacial profiles were again
obtained via a combination of optical microscopy and EDX (Figures 3.8, 3.S10 and
3.516). We show the profiles expected for simple diffusion in the absence of a miscibility
gap for a range of interdiffusion constants. Even for values as low as ~10-13 cm?2/s at this
timescale we would expect a substantial change in the profile on both sides of the
midpoint which is not observed. A noticeable change towards higher concentration of
iodide was observed in the composition region from 0 < xpr < 0.2 in xpr =0|1 stored for 8
months, consistent with the presence of a solid solution region from 0 < xsr < 0.2 (Figure
3.8a).205165 Based on the distance that the composition shifted (* 20 um), D; in this
region would be = 10-13 cm?/s, which is lower than the D; estimated in the I-rich region
of a CsPbBr3-MAPDI3 heterostructure at room temperature.# In contrast, little change
was observed in the composition region 0.2 < xgr < 1.0 in xsr =0|1 (Figure 3.8a),
consistent with the presence of a miscibility gap for 0.2 < xsr < 1.0. The behavior of the
profile, particularly the region near xsr 0.2, is consistent with the presence of a
miscibility gap (Figure 3.5b), in general agreement with the predicted phase diagram by
DFT. To further probe the extent of the gap into the Br-rich region, we compared the
interfacial profiles of xsr =0.70|1 before and after 9 months of storage, via EDX. No
flattening was observed, suggesting that the miscibility gap extends to very near xgr = 1

at room temperature (Figure 3.9), which is much further into the Br-rich region than
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predicted by theory.>1 Extension of the gap to xsr * 1 may explain why mixed Br-I hybrid
of very high Br-content (e.g. xsr = 0.9) have been observed to undergo light-induced phase
separation.?0 Because we cannot access longer times for interdiffusion at elevated
temperatures, we cannot completely rule out that diffusion is simply slow which limits
our ability to set the temperature for the miscibility gap. Such very slow interdiffusion
would be consistent with the slower re-mixing of halides in the dark, after light-induced
phase separation, the latter of which is typically a rapid process. 2021 Figure 3.9 shows

three possibilities constrained by the magnitude of the interdiffusion constant.

Interfacial Profile Stability
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Figure 3.9. Summary of results, with three possible explanations for the obtained data, and with the Br-
rich binodal line at room temperature near xsr = 1. Schematic phase diagrams for the MAPb(Brxl1-x)3 system,
modified from reference,5! should the miscibility gap either extend to above 100°C or extend to below
100°C, with the obtained upper bounds for D; at room temperature and 100°C. C. and T. refer to cubic (Pm-
3m) 26 and tetragonal (I4/mcm)58 phases respectively, with phase transition temperatures for the xsr = 0.0
and xsr = 0.2 compositions reported from references.336¢ The blue and orange regions designate binodal
and spinodal areas of the miscibility gap, respectively.

Finally, we examined the response of an xsr = 0|1 heterostructure to light (Figure

3.10). Light-induced spinodal decomposition has been observed in single-crystal
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nanowires of MAPb(Brxl1-x)3, where halides diffused up the concentration gradient.2> We
would thus not expect interface profile flattening when exposing an xsr = 0|1
heterostructure to light, but rather the formation of I-rich and Br-rich regions along the
interface. Consistent with these expectations, prolonged exposure of the interface region
to above-bandgap light (3.06 eV) at = 0.14 Suns (* 14 mW/cm?) induced the growing and
red-shifting photoluminescence emission at 1.7 eV characteristic of light-induced phase
separation into I-rich and Br-rich regions (Figure 3.512).20 Previous works also reported
that the I-rich domains formed during spinodal decomposition are sub-100 nm?2023 in
polycrystalline MAPb(Brxli-x)3, which is below the resolution of our experiment. We
tested the response of the interfacial profiles of an xsr = 0|1 heterostructure to light by
exposing the whole heterostructure to 1 Sun (AM 1.5G, 100 mW/cm?) of light for 360 min
(Figure 3.10) at room temperature. In agreement with expectations, the interfacial
profile of xsr = 0|1 did not change after light exposure, providing additional confirmation
that light does not activate long-range halide transport in mixed-halide perovskite thin

films.
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Figure 3.10. Integrated interfacial profiles of an xsr = 0|1 heterostructure before and after exposure to 1
Sun for 368 min, with corresponding xsr axis shown on the right.
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3.4 Conclusions

In conclusion, we have examined interdiffusion in planar heterostructures of
MAPD(Brxl1-x)3 films. These structures did not undergo simple interdiffusion that would
be expected for a miscible system, but were more consistent with the presence of a
miscibility gap at 100 °C. We also determined the upper bound of the bromide-iodide
interdiffusion coefficient (Di < 10-11 cm?2/s) in spin-coated MAPb(Brxl1-x)3 films at 100°C.
Long term study of the interface indicates that the binodal line at room temperature
extends to higher fractional composition of bromine than predicted by theory, but is in
reasonable agreement at high iodide composition. Improvement of our understanding of
the phase diagram of MAPb(Brxl1-x)3 will help to explain the origin of light-induced phase

separation observed in very Br-rich mixed halide perovskites.
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3.7 Appendix to Chapter 3
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Figure 3.S1. Current-Voltage (J-V) curve for a solar cell made from MAPbIz with an
ITO/PTAA/MAPDI3/PEIE/Ag device structure with Voc=1.07 V, Jsc = 18.5 mA/cm?, FF=0.86 and power
conversion efficiency of 17.6% under 1 Sun simulated solar illumination, in forward and reverse bias.
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Figure 3.S2. EDX spectrum of the gold-coated xsr =0|1 heterostructure in Figure 3.3a (fabricated on a
quartz substrate).
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Figure 3.S3. Overlayed EDX iodine and bromine maps (a) and integrated EDX interface profiles (b) of the
xsr =0|1 heterostructure shown in Figure 3.3a where xsr and x1 represent the halide fractions of Br and I
respectively.

The xsr = 0, x8r=1, x1= 0, and x1 = 1 compositions far from the interface were
assigned by taking EDX baseline compositions were obtained far from the interface (data
not shown) to confirm lack of iodine in MAPbBrs3 regions and lack of bromine in MAPbI3
regions. Compositions far from the interface were separately confirmed via XRD and UV-
Vis (Figures 3.2 and 3.S6). The halide interface profiles of Figure 3.S3 are thus

compositionally representative.
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Figure 3.S4. (a) Cross-sectional SEM and (b) corresponding iodine EDX map of a MAPbI3-MAPbBr3
heterostructure before heating.
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MAPDbI;-MAPbBr; heterostructure (xg, = 0 is MAPbI; and xg, = 1 is MAPbBr;)
(a) Emission 499-599 nm (b) Emission 605-699 nm (c) 699-800 nm

(d) Overlayed signals (e) Integrated intensities
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Figure 3.S5. Confocal microscopy image of an xsr = 0|1 heterostructure, for an excitation wavelength of
458 nm. Images (a)-(d) represent emission between (a) 499-599 nm, (b) 605-699 nm, (c) 699-800 nm and
(d) is an overlay of these emission signals. xsr composition assignments were made using reference 2. (e)
Represents the integrated intensities of each emission (normalized).

Emission between 499 nm and 599 nm includes emission from xsr= 1 (at ~540
nm) as well as from some Br-rich phases (0.7 < xsr < 1.0), based on previously-published
work.?2 The 699-800 nm emission channel covers xsr= 0 (at ~780 nm) as well as some I-
rich phases (0.0 < xsr < 0.3). Correspondingly, the 605-699 nm emission channel covers
intermediate mixed-halide phases not included in the other two emission channels (0.3
< xsr < 0.7). Observation of 605-699 nm emission indicates emission from mixed-halide
compositions (0.3 < xsr < 0.7) under light exposure at 458 nm, which is expected given
the short exposure times in scanning confocal microscopy (~ microsecond). This

approximate composition assignment is in agreement with composition assignment from
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optical microscopy and EDX (Figures 3.4e and 3.6), as emission from the 605-699 nm
channel spans a width of # 10 um, corresponding to the interface width for 0.3 < xsr < 0.7.
Given the large width of emission peaks from MAPb(Brxli-x)3, 23 the observed overlap
between channels is not surprising. We therefore relied on EDX for exact composition
determination (Figures 3.4 and 3.S3). The decrease in intensity near 800 um in the 699-
800 nm emission channel (0.0 < xsr < 0.3) likely stems from emission being cut off at 800
nm in this channel, which cuts off some of the MAPbI3 emission (emission center

wavelength 775 nm)?2 and other low xsr emission.
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Figure 3.S6. (a, b) XRD patterns of xs-= 0.7|1 and xs-= 0.12|1 heterostructures after 260 min of heating,
with for comparison xsr = 0|1 before heating. The gray lines are a guide to the eye, with large dashes
indicating MAPDIs (xsr = 0) peaks and the small dashes indicating MAPbBr3 (xsr = 1) peaks. The downwards
gray arrows in (a) designate peaks from the quartz substrate and the * indicate extra (110) and (100) peaks
arising from Tungsten (1.4764 A) and CuK@ (1.3926 A) radiation contamination in the X-ray source. (c)
Calibration curve made from the (100) XRD peaks of spin-coated MAPb(Brxl1-x)3 thin films to verify the
XRD xsr = 0.70 (blue box) and xsr = 1 assignments. (d) UV-Vis spectra of xsr = 0.70|1 and xsr = 0.12]1
heterostructures after heating to 100°C for 260 min and of xsr = 0|1 before heating.

For all XRD pattern analyses, a z-height correction was applied to match the xsr =
1 lattice parameter with the known lattice parameter of MAPbBr3 from the reported CIF
file. # The calibration curve in (c) matches that of previous works to within the step size
of our instrument (26 = 0.01313°). 25 The band onsets for MAPbl3s and MAPbBr3 are
visible at ~795 nm and ~540 nm respectively, as well as the onsets for xgr = 0.12 at ~775
nm and for xgr = 0.7 at ~625 nm. Interference fringes become apparent at longer

wavelengths.
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Figure 3.S7. Optical microscopy image of an MAPbBrs-MAPbDIs heterostructure with the PDMS mask still
on the MAPDbIs side.

Figure 3.S7 shows a MAPbBr3-MAPDI3 heterostructure, with the PDMS mask still
on it. The thick black stripe indicates the location of the edge of the * 450 pm mask, as
well as the mask’s shadow. The location of the PDMS mask to the left of the interfacial
region indicates that Br2 bled under the mask. The coincidence of the locations of the
PDMS mask and of the optical artifact in Figures 3.4/3.6 strongly suggests that the

artifact arises due to residual PDMS on the film.
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Figure 3.S8. XRD patterns of xgr= 0|1 (a) and xsr= 0.7|1 (b) before and after 260 min of heating, showing
no change, and therefore little degradation. Notably, a Pblz peak at * 12° does not appear after heating.
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(a) No heat (b) 240 min at 70°C

Figure 3.S9. Top-view SEM of two halves of the same fully-brominated film (a) without heating and (b)
after heating at 70°C for 240 min.
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(a) 0 min at 100°C (b) 260 min at 100°C

Xg = 0.12 ;%%XBF =
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Figure 3.510. Optical microscopy images of the same xp=0.12|1 heterostructure before (a) and after (b)
heating at 100°C for 260 min, obtained via illumination with white light. (c) Interface profiles of the
heterostructure after 0 min, 137 min and 260 min of heating at 100°C, and after storage at room
temperature for 9 months. The deviations between optical microscopy and EDX at high xgr are interpreted
as noise.
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Exposed to Br,
vapor for 5 sec.

Figure 3.511. Optical microscope image of a MAPbIs film (xsr = 0) exposed on the bottom half to Brz vapor
in an N2 environment for 5 sec, demonstrating the unevenness of the bromination reaction.
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Figure 3.S12. Time-dependent photoluminescence spectra of localized regions (the interfacial and
MAPDBr3 regions) of an xsr = 0|1 heterostructure under 405 nm excitation (continuous collections with 1
s integration times), with a power density * 14 mW/cm? at the level of the sample.

The gradually increasing and red-shifting peak at % 1.7 eV indicates light-induced
phase separation in the mixed-halide interfacial region. 2 The gradual red-shift of the
peak at = 1.7 eV indicates formation of I-rich regions that increase in iodine content. The
inset shows photoluminescence peaks at low intensity, with constant MAPbBr3 emission

visible at 2.3 eV.
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t1/2 (i.e. the Boltzmann transformation) (b) for the optical microscopy-obtained traces of the xgr = 0|1

100
D (pm)

heterostructure in Figure 3.6.

Dividing distance axis of the interface profiles by t1/2, the square root of the time
(120 min, 260 min, or 360 min at 100°C), resulted in lack of interface profile overlap. This

confirmed that Fick’s second law cannot be used to determine D;, assuming a solid

solution regime.

150

200

Scale
by t172

-

_06F
)ED L

(b)
1.0;' -
0.8F

0.4
0.2f
0.0F

05 10 15 20 25
D/t 12 (um/s)

125

Legend:

— 0 min at 100°C
— 120 min at 100°C

— 360 min at 100°C



Section S9 - Simulations of Fick’s Second Law

To approximate D;, we used the error function solution for a diffusion couple

(binary system) based on Fick’s second law, for a solid solution regime: 67

+ - d
cd,t) = Sy Bk orp (L) )

Where c (d, t) is the concentration of a species having diffused a distance d after heating
for a time ¢, cr and ci. are the concentrations of that same species very far away from the
interface (at infinity) on the right and left sides of the interface respectively, and D; is the
interdiffusion coefficient, which in this expression is constant with respect to
composition.
Initial and boundary conditions

Equation (1) can be used as an approximation for concentration-dependent
interdiffusion provided that the following boundary and initial conditions hold true: cr
and c. are uniform compositions extending to quasi-infinity, and the initial shape of the
diffusion couple is a step-wise function. ¢-8 Because the as-fabricated heterostructures
exhibited a wide interface rather than a step-wise shape, we made the following
assumption. The initial (fictional) form of the interface profiles was a step function. After
a time to, halides (fictionally) interdiffused, forming the wide interface that was initially
observed upon fabrication (Figures 3.4, 3.6, 3.7 and 3.S10). For each D; (1010 - 10-13
cm?/s), to was adjusted, so that the simulated error function would overlap as best as
possible with the interfacial profile of the xsr = 0|1 heterostructure upon fabrication (0

min of heating). Times heated (360 min) or stored at room temperature (8 months) were
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subsequently added to to (i.e. t + to) to simulate the error function. For all xsr = 0|1
simulations, cr = 1 (MAPbBr3) and cL = 0 (MAPbI3), and for all xsr = 0.70|1 simulations, cr
=1 (MAPDbBr3) and c. = 0.7. Below is a summary of the simulation parameters used for

equation (1).

Table 3.S1. Parameters for simulations of Fick’s second law (equation 1)

Figure Di (cm?/s) to (s)

10-10 4000

4,512 10-11 40000
(100°C fo;‘600rrr§ir;5md 260 / 1012 400000
10-13 4000000

10-10 6500

5 10-11 65000
(Room temp. for 8 months) 10-12 650000
10-13 6500000
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Figure 3.S14. Calculated interfacial profiles for xsr =0.70|1, for 0 min and 260 min of heating, using the
parameters of Table 3.S1.
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Figure 3.515. SEM/EDX study of an xsr= 0|1 heterostructure made from poorer-quality MAPDbI; films. (a)
Plan view SEM image of the xar = 0|1 heterostructure after heating at 70 °C for 120 min. (b) Higher-
magnification image of the section of the interface indicated by the black arrow. (c¢) EDX-determined
interface profiles of the heterostructure in (a) after heating at 70 °C for 0 min, 120 min, and 240 min, where
the profiles were determined by fraction of halide x that is Br. The vertical dashed line indicates
correspondence between the SEM image and the Br composition profile.

We examined whether changes in the interface profile were affected by the spin-
coating process for MAPbIs. The heterostructure in Figure 3.S15 was fabricated as
described above in all ways except the spin-casting of xsr = 0 perovskite. Here, Pblz and
CH3NHsI were dissolved in 300 pL. DMSO and 700 pL y-butyl lactone (GBL) to make a 1M
solution, and the mixture was stirred for >1 h at 60°C in a nitrogen-filled glove box. The
solution was then spin-cast onto quartz substrates using a two-step procedure: 1000 rpm

for 10 s, with a 200 rpm/s acceleration then 5000 rpm for 20 s with a 1000 rpm/s
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acceleration. A few drops of chlorobenzene were dispensed onto the spinning substrate
~5 s prior to the end of the spin-coating procedure to aid crystallization. The thin films
were then annealed on a hot plate with a heat diffuser at 34°C for 2 min, at 40°C for 2
min, at 50°C for 2 min, and at 70°C for 10 min (temperatures were verified with a
thermocouple) again in a nitrogen-filled glove box. These films yielded 8% solar cell PCE
(data not shown).

Consistent with our other heterostructure analyses, we observed little change in
the interface profiles after heating (Figure 3.S15a and Figure 3.S15c). Here, the
heterostructure was heated to 70°C rather than to 100°C. No interface profile flattening
was observed via EDX after 240 min of heating. Because the linewidth of our EDX traces
was = 3 um, we took this to be the maximum possible distance travelled by halides after
240 min. Using equation (1), we then obtained an interdiffusion coefficient D; < 10-13

cm?2/s at 70°C.
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(a) Fresh (b) 8 months
XBr =0
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Figure 3.516. Optical microscopy images of the xpr= 0|1 heterostructure from Figure 3.8, before (a) and
after (b) storage for 8 months. The strong retention of initial color indicates substantial retention of
perovskite phases.
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Chapter 4:

Growth-Controlled Broad Emission in Phase-Pure
Two-Dimensional Hybrid PerovsKkite Films

4.1 Introduction

Two-dimensional hybrid perovskites are attractive for optoelectronic
applications such as solar cells and light-emitting devices because their optical emission
can be changed by their structure. 1-> Many 2D perovskites belong to the Ruddlesden-
Popper (RP) family, which has a layered (A")2(A)n-1BnX3n+1 structure, where A’ and A are
cations, B is a divalent metal and X is a halide. 4-10 By changing the number n of B-X
octahedral sheets that sit between large organic A’ cations, the energies of the band gap
and of the free exciton change, leading to tunable emission across the entire visible
spectrum. Increasing distortions in B-X octahedral bond lengths and angles has been
found to broaden the emission, with some compounds exhibiting white emission. 11-17
This broad emission has been proposed to originate from radiative recombination of self-
trapped excitons (STEs). 11-1517.18 The mechanisms of broad emission are under debate,
however, and include different types of STEs, 17-19 coupling of STEs to specific point
defects, 16 coupling of phonons to spacer cation stacking, 20 phonon replicas, 2! polaron
self-localization, 22 extrinsic effects, 2324 and shallow traps. 25

Because perovskite optoelectronic devices typically comprise polycrystalline thin
films, 326-31 much work has been devoted to understanding growth of RP phases in

polycrystalline form. RP phases with narrow emission (i.e. free exciton emission) exhibit
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similar spectral features in single crystals and in phase-pure polycrystalline thin films.
93233 Strain, which is typically present in films, 34-39 results in a small shift in the energy
of the free exciton emission. 40 The growth conditions used to cast films of RP-phases can
produce impurities, which are typically higher-n RP phases and 3D phases, that cause the
emission to red-shift relative to that of the intended phase. 41-47 However, being able to
tune the emission color RP-based LEDS or lasers requires the elimination of undesired
higher-n RP phases and 3D phases. Recent work has identified routes to prevent impurity
formation and grow 2D RPs with narrow emission, but there is less known about the
growth of polycrystalline films of broad/white emitting perovskites. 432.3342,454849 [
particular, the impacts of film fabrication characteristics, such as strain or casting
kinetics, on the optical properties of broad-emitting 2D perovskites are not yet
understood.

Here, we find that film growth can greatly affect the proportions of broad vs.
narrow luminescence emitted by a solution-cast 2D phase. We found that using a single
A/A’-site cation, ethylammonium, enables spin-casting of phase-pure films of lead
bromide perovskites, and that the optimal size of this cation also prohibits off-target
phase formation due to unfavorable tolerance factor and octahedral distortions. Strain
that occurs in thin films favors high-energy, narrow emission, while slowing the growth
kinetics and removing strains and enables recovery of broad, lower-energy emission.
Lower-energy emission appears to be phonon-coupled, and can be attributed to self-

trapped exciton emission or to phonon replicas.

4.2 Experimental Methods
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Materials

Lead bromide (PbBrz2, 99.999 %), ethylammonium bromide (EABr, = 98 %), lead
oxide (PbO, =2 99.0 %), N-N-dimethylformamide (DMF, 99.8%, anhydrous), poly (methyl
methacrylate) (PMMA, MW 350000), and hydrobromic acid (HBr, ACS reagent, 48%)
were purchased from Sigma Aldrich and used as received. Polished z-cut quartz
substrates (15 X 15 X 0.5 mm) were purchased from University Wafer.
Film casting

Quartz substrates were cleaned via ultrasonication in isopropyl alcohol for 10 min
and exposed to oxygen plasma at ® 300 mTorr for 10 min. All subsequent solution
preparation and film fabrications were performed in a nitrogen-filled glove box.
Precursor solutions for (EA)2(EA)2Pb3sBrio were fabricated by dissolving 0.375 mmol (47
mg) EABr and 0.25 mmol (92 mg) PbBr2 (molar ratio of EA/Pb = 1.5) in 0.5 mL DMF, to
make an 0.5 mM solution (based on Pb). To make other compositions ((EA)2PbBrs and
mixed-phase films), the ratio of EABr/ PbBr2 was adjusted following Figure S9. The
solutions were left stirring overnight at 60°C to ensure good dissolution. Films were spin-
cast at 4000 rpm for 60 seconds without antisolvent rinse, and promptly annealed at
100°C (verified by thermocouple) on a hot plate with a heat diffuser. After the films
cooled, 60 pL of a PMMA solution (75 mg PMMA/3mL toluene) was spin-cast on top of
the films at 2000 rpm for 30 seconds. The films were stored in a nitrogen glove box until
characterization. For SEM, PDS, and certain stability experiments, the same spin-casting
procedures were employed, but PMMA was not cast on the films. Films for PDS were cast
on separate amorphous quartz substates.

Growth of (EA)+PbsBrio bulk crystals
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(EA)2(EA)2PbsBrio crystals were grown similarly to the previously-published
procedure. 1 Briefly, PbO and EABr (in 3:4 molar ratio) were dissolved in HBr, and the
solution was heated. Large crystals of (EA)2(EA)2Pb3Brio were formed upon cooling.
GIWAXS characterization.

Grazing Incidence Wide-Angle X-Ray Scattering (GIWAXS) experiments were
performed on beamline 11-3 (12.7 keV, wiggler side-station) at the Stanford Synchrotron
Radiation Lightsource (SSRL). The source-to-detector (two-dimensional Rayonix MX225
CCD) distances were calibrated using lanthanum hexaboride (LaB6). All raw images were
geometrically corrected using Nika. Au nanoparticles (100 nm) drop-cast on quartz
substrates were used to verify chi-q alignment post-processing. Sections (cakeslices) of
the 2D GIWAXS patterns at specific angles were selected and integrated to obtain 1D
patterns. The two cakeslices used were near-out-of-plane (“nOP”, 3°-21°) and near-in-
plane (“nIP”, 70°-88°), both with a chi-q angle width of 18°. An incidence angle of 0.5°
was chosen for the following reasons: (1) it is shallow enough to properly detect the nIP
(0k0) peaks (these were cut off when large incidence angles, such as 2°, were used) and
(2) it is well above the critical angle. The critical angle was calculated to be near 0.17°
using GIXA; 2 this value is slightly below the measured critical angles (0.2°-0.26°) of the
BA-MA RP film series. 3 It is important to be far enough above the critical angle to avoid
double diffraction, which may manifest in the nOP (but not nIP) peaks. # All peaks were
fit to Pseudo-Voigt patterns using Igor, with Gaussian and Lorentzian contributions kept
constant (Igor Multipeak “shape” factor of 1) across all peaks.

PDS characterization
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Photothermal Deflection Spectroscopy (PDS) measurements were performed
using a homebuilt instrument as previously described. > Briefly, monochromated light
from either a 150 W Xenon or a 100 W halogen lamp is modulated at 0.5 Hz with a
mechanical chopper and then split to be separately focused onto the sample and a
pyroelectric detector. Degassed and filtered perfluorohexane (C6F14, 3M Fluorinert FC-
72) is employed as the deflection medium. The deflection of a HeNe laser aligned
perpendicularly to the pump beam to also be parallel and proximal to the sample surface
is measured by a position-sensitive Si detector using a lock-in amplifier. Analysis and
fitting was performed using MATLAB.). Absorbance peak positions are best determined
from UV-Vis (Figure 4.3a), since the PDS signal is less accurate above 3 eV.

Other Characterizations

Powder X-Ray Diffraction patterns were obtained using a Panalytical Empyrean
powder diffractometer in reflection mode with a Cu-Ka source, operating with an
accelerating voltage of 45 kV and beam current of 40 mA. Au nanoparticles (100 nm)
drop-cast on quartz substrates were used to calibrate peak positions for strain
characterization. All peak locations were obtained by Pseudo-Voigt fits using Igor Pro 8.

Scanning Electron Microscopy was performed using an FEI Nova Nano 650 FEG
SEM operating at 7-10 keV accelerating voltage with beam currents of 0.40-0.80 nA. For

SEM measurements, the samples were sputter-coated with gold to prevent charging.

Absorbance spectra were extracted from transmission measurements made on a
Shimadzu UV-2600 ultraviolet-visible spectrophotometer at room temperature and in

ambient conditions.
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Photoluminescence spectra were acquired using a Horiba FluoroMax 4
spectrometer calibrated with Milli-Q water. Photoluminescence spectra reported in in
the main text were all collected using an angle of 75° between the excitation and emission
port to reduce scattering. Some PL spectra in the SI were acquired using an angle of 25°
for comparison, since the proportions of different features can be angle dependent. All
measurements were performed with an excitation wavelength of 370 nm (3.35 eV) and
a 400 nm long-pass filter was placed in front of the mission port to reduce scattering.
Spectra were fit to Gaussians using Igor Pro 8.

Temperature-Dependent Photoluminescence measurements were performed
using a home-build photoluminescence spectrometer. For the temperature control, the
samples were placed into a LN2-cooled cold finger cryostat (Janice VPF-100) with
Lakeshore 335 temperature controller. The PL was excited by an 80 MHz laser pulse train
with wavelength of 370 nm (3.35 eV), the pulse energy was in sub 100 pJ range and the
laser spot size diameter was about 100 pm. The UV laser light was produced by frequency
doubling the output of Spectraphysics Tsunami Ti: Sapphire femtosecond laser oscillator
with the fundamental wavelength of 740 nm in Coherent/Inrad optical harmonics
generator. We verified that at the given laser energy density level there was no
photoinduced damage to the sample. The PL emission was collected in near 90 degrees
geometry by a system of lenses and focused on the input slit of a spectrometer (Acton
Research SP500). The stray laser light was blocked by an interference long pass filter
(Omega Filters) with cut on wavelength 380 nm. The spectra dispersed by the
spectrometer were recorded by a charge- coupled device detector (Princeton

Instruments PIXIS:400). The spectra collected were corrected for the instrument
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response by measuring the response of the setup to the light of a black body-like source
(Ocean Optics LS-1) and calculating appropriate correction factors. Spectra were
acquired at an angle of 45° between the excitation and emission port to avoid scattering

from the laser beam. All spectra were fit to Gaussians using Igor Pro 8.

4.3 Results and Discussion

Out-of-plane tilt

287A More
3.12 A Distorted

305A Less
3.05 A Distorted

More
Distorted

Figure 4.1. (a) Crystal structure of (EA)4PbsBrio from reference 12 with (b) reported Pb-Br bond lengths
and octahedral distortions. (c) Top-view and (d) cross-sectional SEM images of an (EA)4PbsBr1o film spin-
cast on quartz. Films were capped with PMMA for most measurements, but not for top-view SEM, to better
examine film morphology. The black color in the background of (c) is the substrate.

We aimed to understand relationships between growth and optical properties in
polycrystalline thin films of RP phases that exhibit broad emission. One challenge
encountered during RP film growth, for RPs with n > 1, is that the A-site and A’-site

(spacer) cations segregate into different phases, resulting in highly-emissive 3D
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impurities. 4> To circumvent this challenge, we sought to study the film growth of RP
phases in which A and A’ are identical. We therefore selected the (EA)2(EA)n-1PbnBr3n+1
family, where EA is ethylammonium. The structures of the n = 1 and n = 3 phases of this
family have been determined from bulk crystals. 1213 The n = 1 phase contains single
sheets of Pb-Br octahedra separated by EA cations (Figure 4.S1). The structure of the n
= 3 phase, (EA)4Pb3Brio, is shown in Figure 4.1. 12 To accommodate the large size of EA
in the A-site (274 pm), 5051 the 3-layer inorganic sheet forms two substructures
comprising highly-distorted outer octahedra and relatively undistorted inner octahedra
(Figure 4.1b). The bond lengths of the outer, distorted octahedra show large variations
(= 20 %), with the shortest at 2.75 A and the longest at 3.31 A, while those of the inner
octahedra have less variation. The outer layers also exhibit significant out-of-plane
tilting, contrary to the inner octahedra. The angle and bond length 11-17 distortions in the
outer layers are thought to encourage formation of self-trapped excitons (STEs), which
create broad, lower-energy photoluminescence emission. 1216 Both the n =1 and n = 3
phases of the (EA)2(EA)n-1PbnBrsa+1 family exhibit pronounced narrow emission from
free excitons, as well as broad emission at room temperature.1213 Thus, studying the
properties of (EA)2(EA)n-1PbnBr3n+1 films can reveal if strain and growth kinetics impact
emission.

We first verified the phase composition of n = 3 and n = 1 (EA)2(EA)n-1PbnBr3n+1
films before assessing how growth conditions impact emission. To prepare films of n = 3,
we spin-cast precursor salts in nearly-stoichiometric proportions (see Experimental
Section). A very small excess of EA was found to be necessary to growth the films, likely

counteracting strong Pb-Br-DMF complexation. 52 Films were then capped with PMMA to
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prevent possible degradation. The as-cast n = 3 films exhibit < 130 nm grain size and
thickness and many pinholes (Figure 4.1c-d). Bulk crystals of n = 3 were also grown
using literature methods and the crystal structure was verified (see Methods and Figure
4.S2). 12 We also prepared n = 1 films and confirmed their composition for comparison

with the n = 3 films (Figure 4.S1).
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Figure 4.2. (a) XRD pattern of a spin-cast (EA)+Pb3zBrio film, with % strain of peaks and a simulated (Sim.)
powder pattern assuming no preferred crystallite orientation. 12 (b) Grazing Incidence Wide-Angle X-Ray
Scattering (GIWAXS) pattern of a spin-cast (EA)4+PbsBrio film with indexed peaks-and near-out-of-plane
(nOP) and near-in-plane (nIP) regions indicated. S indicates spillover from the incident beam. (c)
Integrated and normalized nOP and nIP patterns, with relative % strain of select peaks. (d) Inset of (c),
showing a closer view of the (111) nOP and nIP peak positions. (e) Schematic of the two primary crystallite
orientations identified from the GIWAXS pattern: one oriented with (0k0) in-plane (gxy axis) and the other
oriented with (0k0) out-of-plane (gz axis). Out-of-plane-oriented peaks have mild compressive strain and
the (111) is more compressed than in the in-plane-oriented crystallites.
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X-ray scattering from the as-prepared n = 3 films is consistent with the desired
(EA)4PbsBrio phase (Figure 4.2). The X-Ray diffraction (XRD) pattern of the n = 3 film is
in good agreement with the simulated powder pattern of this material (Figure 4.2a). The
(0k0) and (111) features have approximately the relative intensities that would be
expected from the XRD pattern expected from the single crystal structure. 12 The
presence of the (0k0) features suggests phase purity, since they appear strongly in phase-
pure RP films 33 and in powders of target RP n phase. ° In contrast, the (0k0) are
weakened relative to other peaks, or absent entirely, in mixed-phase films 42 due to
stacking fault defects that result in intergrowth of different n within a single grain. 4243
Grazing Incidence Wide-Angle X-Ray Scattering (GIWAXS) patterns of the films were
collected to probe off-specular diffraction (Figure 4.2b). All observed peaks are indexed
to features of (EA)4Pb3sBrio (Figure 4.S3) with the only missing peaks predicted to have
very small intensity. GIWAXS confirms that there is a distribution of orientations of
crystallites in the films (Figure 4.2b). In particular, the presence of (0k0) and (111) only
near gxy and gz, but not in between, reveals that the Pb-Br octahedral sheets prefer to
grow either parallel or perpendicular to the substate (Figure 4.2c-d). Further analysis
reveals a slight preference for the crystallites growing with Pb-Br octahedra growing
perpendicular to the substrate (Figure 4.S3). Thus, the (EA)4Pb3Brio films appear phase-
pure and textured based on X-ray scattering.

X-ray scattering also reveals that the grains in the n = 3 films exhibit strain. Based
on the peak shifts seem in XRD (see Experimental Section), the film is compressively
strained (by under 0.3 %) in the out-of-plane direction (Figure 4.2a). This mild strain is

consistent with prior reports of the spin-coating 35 and/or annealing 34 procedures
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imparting mild biaxial stress in hybrid organic metal halides. To examine strain in greater
detail, sections of the GIWAXS pattern were integrated near-out-of-plane (nOP) and near-
in-plane (nIP) (see Figure 4.S4 for definition of these areas), and normalized for clarity.
The position of the (111) nOP is shifted into compression, in agreement with the mild
compression observed in XRD, and is additionally more compressed than the (111) nIP
(Figure 4.2a/c/d). The difference in strain between the (111) nOP and (111) nIP shows
that the mild biaxial strain affects out-of-plane vs. in-plane oriented crystallites
differently (Figure 4.2d). In addition, small peaks are identified near the main (0k0) and
(111) peaks for the nOP and nIP patterns (Figure 4.2d and Figure 4.S4), and are
assigned to strained (0k0) and (111) features. From peak fits, these weaker peaks had 2-
3 % strain relative to their respective main (0k0) and (111) peaks. Overall, the films
exhibit mild biaxial strain that differently affects in-plane vs. out-of-plane oriented

crystallites, with small populations of highly-strained crystallites.
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Figure 4.3. (a) Absorbance and (b) Photoluminescence emission (excitaiton 3.35 eV) of bulk crystals and
spin-cast films of (EA)4Pb3Br1o. The inset in (a) shows the energy difference between the n = 3 main exciton
absorbance peak of the bulk crystals and film. The dashed line connecting (a) and (b) is a guide to the eye.
Emission peaks are labelled A, B and C. (c) Gaussian area of features A, B, and C (see Figure 4.S5 for fits).

The optical properties of polycrystalline films and bulk crystals of (EA)4+Pb3Brio show
features of only n = 3. The UV-Vis absorbance spectrum of polycrystalline thin films is
well-matched with that of the bulk crystals (Figure 4.3a), and both are comparable to
the bulk crystal spectrum previously reported. 12 The absorbance spectra of the bulk
crystals and film exhibit a sharp increase near the main n = 3 excitonic feature at = 3.0 eV
(Figure 4.3a). In contrast, thin films of n = 3 RP phases that also contain off-target n or

3D impurities frequently show absorbance spectra that have large sub-gap slopes and
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poorly-visible n = 3 excitonic features. 424553 [n addition, the 2.9 eV onset of emission is
close in energy to the absorbance onset for both films and crystals (dashed line in Figure
4.3), which is a sign of phase purity (Figure 4.3b). If lower band-gap phases were
present, even in small concentrations, we would expect emission from excitations
funneled to these phases, as observed in mixed-phase (BA)2(MA)n-1Pbnl3sn+1 RP films. 4245
Three primary features are observed in the emission in both bulk crystals and films: a
high-energy excitonic feature near 2.9 eV (peak A), one near 2.7 eV (peak B), and broad
emission below 2.7 eV (peak C - for spectra in nm, see Figure 4.S6 54). No other emissive
features are detected. Thus, the optical properties of the films are those of the n = 3 phase.

The proportions of the different n = 3 emission peaks change considerably from
bulk crystals to films (Figure 4.3b). To better assess these changes, we fit the normalized
emission spectra (Figure 4.S5) and examined the areas of peaks A, B and C (Figure 4.3c).
The integrated area of the free exciton at 2.9 eV (peak A) does not change much from bulk
crystals to films. However, the area of B (2.7 eV) increased slightly in films, which is the
opposite of what is seen from self-absorption, as peaks from self-absorption become
weaker in thinner perovskites. 5> Notably, the broad, low-energy tail, C, decreases sharply
in area from bulk crystals to polycrystalline films. Broad, low-energy peaks such as C, that
are far in energy from the free exciton, are commonly attributed to self-trapped excitons,
11-17 and not to self-absorption. 55> To further understand C, we excited bulk crystals
below-gap (2.75 eV), and observed no emission (Figure 4.S7). Thus, C does not come
from impurities or extrinsic effects, 23 and (EA)4Pb3Brio must be excited above-gap for
the low-energy emission (peak C) to appear, which is again consistent with attributions

of peak C to self-trapped excitons. 11-18 We then confirmed that the changes in relative
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areas of A, B and C were not due to measurement conditions (see Figure 4.S8), since the
proportions of emissive features in 2D materials can sometimes vary with collection
angle. 18 In all cases, the bulk n = 3 crystals exhibit more low-energy tail emission (peak
C) than the polycrystalline films. We also notice that the EA n = 1 films contain the same
emission features as bulk n = 1 crystals, but proportionally less low-energy, broad
emission than that reported for the bulk n = 1 crystals (Figure 4.S1). 13 Thus, the target-
n emission seems to be preserved in films for both n = 3 and n = 1, but with large changes

to the proportions of emissive species.
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Figure 4.4. Effects of cooling on photoluminescence emission. (a) Temperature-dependent
photoluminescence emission of bulk crystals (top panel) and film (bottom panel) of (EA)4Pb3Brio, with
pulsed excitation at 3.35 eV (see Experimental Section). A self-trapped exciton (STE) peak appears below
110°K near 1.9 eV. (b) Evolution of integrated area of peaks A, B and C with temperature for bulk crystals
(top panel) and a film (bottom panel). The black arrow indicates strong overlap between peaks A and B at
low temperatures in the bulk crystals, making decoupling A and B uncertain at low temperatures (for fits
and additional discussion of fits, see Figure 4.59). C is a broad feature that appears to split into 2 peaks
(lighter and darker blue) below 200 K (c) Evolution of peak position with temperature for peaks A, B and
C in the bulk crystals and films. FE stands for free exciton and Phon. for phonon-coupled.

Temperature-dependent emission reveals several types of emissive features,
which allows us to understand the changes in emission proportions in films (Figure 4.4).
Conventional STEs observed in perovskites increase in intensity with cooling; this is
attributed to less de-trapping back to the free exciton state at lower temperatures. 1417

This type of STE appears below 110 K in both bulk crystals and films, near 1.9 eV. The
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behavior of B and C contrasts strongly with this 1.9 eV feature. The normalized emission
spectra with cooling of bulk crystals and films are shown in Figure 4.4a with peak area
(Figure 4.4b) and peak position (Figure 4.4c) and fits in Figure 4.S9. The B and C
features blue-shift strongly with cooling, and C seems to disappear at low temperatures.
The fits for feature C are less certain due to its breadth; however, the disappearance of C
with cooling is obvious. It is possible that B and C blue-shift so strongly with cooling that
they overlap with themselves or with peak A, as highlighted by the black arrow in Figure
4.4b (see also Figure 4.59). The large blue-shift/disappearance of B and C with cooling
is consistent with coupling to phonons. Similar blue-shifts have been previously
observed in (A’)2Pbls, 1821 as well as in lithium niobate. 56 In particular, the energy shifts
with cooling of C (277 meV in the crystals) and B (184 meV in the crystals; 72 meV in the
film) are on the order of the blue-shift observed for (A’)2Pbls over a similar temperature
differential (120 meV). 18 The strongly blue-shifting feature of (A’)2Pbls has been
assigned to both an STE with specific phonon-coupling behavior 18 and to a phonon
replica; 21 both are possibilities for B and C. This large blue-shift/disappearance with
cooling of B and C contrasts with the behavior of extrinsic features, 23 polaron self-
localization, 22 convolutions of a bright exciton with a localized state, 2> or shallow traps,
25 as these have different behavior with cooling. The blue-shifts of B and C are larger
(>10x) than shifts expected from self-absorption. 5> In addition, the free exciton (peak A)
exhibits a much smaller shift with cooling (34 meV and 33 meV in crystals/films
respectively), consistent with previously-reported free exciton behavior. 18 Overall, the
behavior of B and C is most consistent with phonon-mediated processes, such as STEs or

phonon replicas.
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Strain likely causes the differences in the proportions of A, B and C in bulk crystals
and polycrystalline films (Figures 4.2, 4.3, 4.4). Film strain observed in the (EA)4+PbsBrio
films by X-ray scattering (Figure 4.2) is likely the origin of the small blue-shift (by 0.012
eV) of the main free exciton in the film compared to in bulk crystals (Figure 4.3a). Similar
shifts (» 0.013 eV) in free exciton energy were observed in other 2D perovskites upon
application of 1 % strain.*0 Strain can also affect the lower-energy emission: prior work
on bulk crystals of (BA)2PbBr4 found that microstrain, caused by differing stacking of
spacer cations in the bulk region, can enhance the phonon-coupled, lower-energy
emission. 20 Given the assignment that B and C are phonon-coupled and the crystallites
are strained (Figure 4.2), it is likely that changes to the emission intensities of B and C
are linked to these strains. The effects of thickness are not as easily decoupled, as
preparing thinner samples involves either spin-casting or mechanical exfoliation, and
both of these involve strain 35 of some sort (exfoliation involves manually applying
pressure in order to separate the semiconducting sheets). We also exfoliated bulk
crystals of (EA)4PbsBrio; the results are consistent with different strain changing the
relative proportions of B and C (Figure 4.S10). Strain has also been found to turn the
emission from STEs off or on, depending on whether strain decreases or increases Pb-Br
octahedral distortions in 1-D or 0-D hybrid halide perovskite-like free-standing crystals.
11,58 In particular, when strain decreased the octahedral distortions, 1! the free exciton
emission (narrow and higher energy) proportionally increased at the expense of the STE
emission. Here, we find that the films contain strain that varied between 0.1 % and 3 %
(Figure 2), which is on the order of the deformation that were found to decrease STE

emission in free-standing, micron-sized crystals under pressure 11 (see additional
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discussion in the Appendix to Chapter 4 5960). The changes in emission intensity of B
and C from bulk crystals to polycrystalline films thus likely stem from film strain, which

can affect both spacer cation stacking and octahedral distortions.
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Figure 4.5. PDS spectra of a bulk crystal and film of (EA)4PbsBrio, showing fits of different absorption
onsets (see Appendix to Chapter 4) and the extracted Urbach energies Eu. More detail in the 2.6 eV-3.0
eV region, as well as goodness of fits, are shown in Figure 4.S11.

Photothermal Deflection Spectroscopy (PDS) was then used to examine more
subtle optical changes caused by switching from bulk crystal to polycrystalline films
(Figure 4.5). PDS enabled highly sensitive measurement of the absorption onsets
throughout the ~ 130 nm film (see Experimental Section). The slight blue-shift of the
film PDS absorbance with respect to that of bulk crystal is consistent with the UV-Vis

measurement of Figure 4.3a (see also Experimental Section). The lack of any PDS
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absorbance feature in the film below the main onset is further indication of n = 3 phase
purity in the films. In contrast, nominally n = 3 films with mixed-phase composition
exhibited low-energy absorbance features that were indexed to higher-n Ruddlesden-
Popper phases. 4> The bulk crystal of (EA)4Pb3sBrio exhibits a tail at low energy, but this
tail is non-emissive when excited directly (Figure 4.S7), so we rule out emissive
impurities or extrinsic effects 23 as the source of the tail. We fit portions of the PDS spectra
(see Experimental Section) to extract the Urbach energies Eu, representing the degree
of disorder in electronic states near the absorption edge (see also Figure 4.511).
Differences in onset between the film and bulk crystal can be attributed to strain
(Figure 4.5). While the bulk crystal only exhibits one absorbance onset with an Urbach
energy Eu of 39 meV, the film exhibits two onsets that can be fit with different Eu of 45
meV and 54 meV. GIWAXS reveals populations of crystallites with two different strain
states (Figure 4.2). The two absorbance onsets, with their two distinct Urbach energies,
likely correspond to these two states because of the sensitivity of free excitons to strain.
40 The increase in Urbach energies from the crystal (39 meV) to the film (45 and 54 meV)
also likely originates from strain. In addition, the weak, sub-gap absorbance in the bulk
crystal below 2.6 eV is likely connected to the larger amount of broad, lower-energy
emission from C present in the bulk crystals. Direct excitation near the absorbance tail
does not lead to emission (Figure 4.S7), ruling out emissive impurities as the source of
the tail. However, it is clear that making (EA)4Pb3Brio as a film prevents formation of this
tail. Thus, strain has two effects - it can increase the electronic disorder of the free

excitons present, and likely hinders formation of states likely connected to broad
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emission. These results suggest the importance of controlling strain during growth of

thin films for modifying the photoluminescence.
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Figure 4.6. (a) XRD patterns of films made by drop-casting the n = 3 precursor solution, with/without
annealing. The n = 3 and n = 1 peaks were assigned from reported structures 1213 and the n = 2 peaks were
assigned based on analogy from other RPs. ¢1 (b) Photoluminescence emission of these films (3.94 eV
excitation). The emission spectra of (EA)4PbsBrio bulk crystals and spin-cast films are also shown.

Having examined the various ways in which sample thickness and film strain can

impact the optical properties of (EA)4+Pb3Brio, we next sought ways to control the optical
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properties of films by controlling film growth. Film strains suggest that rapid spin-casting
may not be the optimal growth method for controlling low-energy emission. Because film
strains can originate from stresses acquired during spin-casting 3° and from thermal
expansion mismatch between the material and substrate during annealing, 34 we tried to
modify the deposition kinetics to avoid these two factors. We slowed the deposition
kinetics by drop-casting the precursor solution and allowed the solvent to slowly
evaporate (in N2 atmosphere glove box for 1h). The samples were then, in some cases,
annealed, and then capped with PMMA for protection (see Experimental Section). SEM
images of the non-annealed and annealed films show large grains, ~20 ym-wide and ~3
um-thick, without complete coverage of the substrate (Figure 4.S12). Thus, in the drop-
cast films, the grains grow on the substrate with few spatial constrains from neighboring
grains, in contrast to spin-cast films. The grains exhibit one crystal habit and are isotropic
and homogeneous, suggesting that non-RP phases, such as solvates or other
intermediates, do not form, in contrast to the behavior of other drop-cast 2D or 3D
perovskites. 454662 XRD patterns of drop-cast films, with and without annealing, are
shown in Figure 4.6a. The drop-cast films contain in majority n = 3 and the position of
the peaks do not indicate strain. Additionally, small amounts of n = 1 and additional
features are present. Because only n = 1 and n = 3 single crystal structures have been
reported, we attribute certain peaks to n = 2, by estimation of where the n = 2 peaks
should be based on analogy with the (BA)2(MA)»-1PbnX3s+1 RP peak locations. ?

Slowing growth by drop-casting enables recovery of the broad emission. Figure
4.6b shows the photoluminescence of the drop-cast films overlaid with those of the spin-

cast n = 3 film and of the n = 3 bulk crystals. The drop-cast films exhibit comparable low-
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energy emission (peaks B and C) to the bulk crystals. An extra feature is observed near
2.75 eV, possibly originating from the small amount of proposed n = 2 in the drop-cast
films (see Figure 4.6a). However, the spectra of the drop-cast films closely resemble that
of the n = 3 bulk crystals, indicating that most of the emission comes from n = 3. Since
thick grains in the drop-cast n = 3 films grow slowly and with few spatial constrains from
neighboring grains, such slow and unconstrained growth of thick grains seems necessary
for retaining the lower-energy emission. The slow, drop-cast growth may also have
changed cation stacking in a way that encourages broad emission. 20 Annealing the drop-
cast films does not change the emission much, likely because the n = 3 phase formed
before annealing, so the perovskite likely did not retain much thermal stress post-
cooling, although this may depend on the thermal expansion coefficient of the substrate
used. 34 Thus, deposition methods that reduce strain are likely to favor low-energy

emission in films.
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Scheme 4.1. Origins of phase purity in the n = 3 films. (a) Summary of findings of Figures 4.2, 4.3, 4.6,
4.513 and 4.S14, where ¢ stands for the tolerance factor. (b) Illustration of how stacking fault defects lead
to intergrowth of n in the (BA)2(MA)nr-1PbnXsn+1 RP series, and how in contrast, the EA RPs have a lack of
different n phases available for intergrowth, resulting in n = 3 phase-purity.

Finally, we discuss why only n = 3 is observed in spin-cast films, rather than other
phases in the (EA)2(EA)n-1PbnBrsn+1 family, and why it is favorably formed (Scheme 4.1).
The spin-casting procedures we used typically yield 2D-3D mixed-phase films unless
particular care is taken, 3342434546 5o the formation of a phase-pure n = 3 film via spin-
casting is notable. First, no experimental single crystal structure for a 3D EAPbBr3 phase
has been reported to our knowledge. Previous work that attempted to make films of 3D
EAPDbBrs3 found that a 2D phase formed instead, 63 and we believe that prior assignments
to the EAPbBr3 phase in nanocrystals may actually correspond to (EA)4PbsBrio (see
“Further Discussion on 2D and 3D Phases” in the Appendix to Chapter 4). ¢4 We also
attempted to make EAPbBr3 films (Figure 4.S13 and Scheme 4.1a) and obtain non-
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emissive films with broad features in XRD. The absence of formation of a 3D perovskite
phase of EAPbBrs is consistent with the tolerance factor for EA with Pb and Br prohibiting
3D phase formation (t = 1.13; see Appendix to Chapter 4 for calculation). By itself, EA
(274 pm) 5051 js just small enough to fit in the A-site of 2D phases, since the 2D
perovskites have less strict requirements for tolerance factor. ¢>6¢6 The n=3 and n=1RP
phases in the (EA)2(EA)n-1PbnBrsn+1 family have been reported as single crystal
structures, but there are no reports of phases with other n values. 1213 The presence of a
single EA cation in the A/A’ sites also limits the number of competing precipitations. The
phase purity observed in n = 3 and n = 1 films thus likely originates from lack of available
other phases, due to the large size of EA and consequently unfavorable tolerance factor
for impurity 3D or larger-n RP phases. This phase selectivity is in direct contrast to the
behavior of the widely studied (A’)2(A)n-1Pbn(I or Br)ss+1 RPs families, where spin-casting
leads to polycrystalline films with mixed RP and 3D phases unless particular care is taken
to suppress their formation. 3342434546 The tolerance factor of the 3D structures MAPDI3
and MAPbBr3 are 0.96 and 0.99 respectively, so a large variety of corner-sharing
structures can form (Scheme 4.1b) leading to more ready formation of off-target RP and
3D phases. 42:43:4546,67 The ability to grow phase pure polycrystalline films with EA shows
that selecting A-site cations that are too large to form 3D phases, but are within sizes
tolerable for layered structures, is a route to eliminating alternative phase formation.
The n = 3 phase forms preferentially over the n = 1 phase, likely due to specific
patterns of Pb-Br octahedral distortions (Scheme 4.1). While the stoichiometry of the n
= 3 precursor solution roughly matched (EA)4Pb3sBrio, a large excess of EA (nearly 2X) is

needed to make thin films of n = 1 (EA)2PbBr4 (Figure 4.5S13). Bulk crystal synthesis of
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n =1is also reported to require EA excess, 13 unlike bulk crystal synthesis of n = 3, which
follows n = 3 stoichiometry. 12 Not only are n = 3 films much more stable to heat and the
ambient than the n = 1, but the n = 1 films degrade to n = 3 (see discussion of Figure
4.514). Thus, n = 3 is much more easily formed and stable than n = 1. This preference
likely originates from the large size of EA (274 pm): 5051 the n = 3 phase forms
distorted /undistorted octahedral substructures within the Pb-Br sheets to accommodate
this large size, and the less-distorted inner layer of the n = 3 likely stabilizes the 3-layer
Pb-Br sheet. In contrast, the n = 1 contains only one highly-distorted octahedral layer
(Figure 4.S1). The n = 1 can thus can form in a phase-pure manner but requires
significant stoichiometric excess to form (Figure 4.S13) and readily transforms into the
more stable n = 3 (Figure 4.S14). We hypothesize that the n = 2 structure, similarly to
the n = 1, would only contain highly distorted octahedral sheets, and not have the inner
stabilizing layer of the n = 3 phase. Thus, the optimal size of the EA cation, creating the
inner stabilizing layer and preventing 3D formation, is instrumental to casting phase-
pure n = 3 RP films. Tailoring the ratio of less: more-distorted layers with cations other

than EA may be crucial for spin-casting phase-pure RP films with n # 3.

4.4 Conclusions

Overall, we find that that strain can greatly affect the relative proportions of
different luminescence features emitted by a solution-cast 2D phase. Film strain can
suppress lower-energy, broad emission that is coupled to phonons, in favor of free
exciton emission. Film strain also increases electronic disorder, and removes sub-gap

absorbance features that are likely correlated with broad emission. Broad emission can
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be recovered by slowing the film growth and removing spin-casting strains. Growth
methods that avoid rapid solvent removal, such as co-evaporation or blade coating, will
likely prove more fruitful for retaining broad emission than spin-casting. In addition, the
use of a single cation for both the A-site and spacer enables casting of phase-pure films.
The large size of this cation prevents 3D impurities from forming due to unfavorable
tolerance factor, and prevents off-target n from forming due to unfavorable octahedral
distortions. These results further our understanding of how to control phase composition
and emission in films, which extends the utility of 2D perovskites for light-emitting
devices and may enable novel fabrication of perovskite-perovskite heterostructures,

which are useful in a variety of devices.
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4.7 Appendix to Chapter 4

Calculation of Tolerance Factors

Tolerance factors t were calculated using ion sizes in ©7 and using the equation: 8

. T+ Ty
V2(rg + 1)

Where ra, rs and rx are the ion radii of the ABX3 structure. Table 4.1 below shows the ion

radii used in pm, and the resulting ts:

A (EA,MA) Pb Brorl t
274 (EA) 98 196 (Br) 1.13
217 (MA) 98 196 (Br) 0.99
217 (MA) 103 220 (I) 0.96
Fitting the PDS Data

Following previous work, %10 the Urbach tails were fit according to:

E—EG)

PDS = A exp(
U

Where PDS is the PDS signal from Figure 4.5, where A is a prefactor, E¢ is the bandgap

and Ev is the Urbach energy.

Further Explanations regarding Strain
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Prior work on 1-dimensional Pb-Br compounds found that the broad emission
intensity sharply decreased with respect to the free exciton emission when 0.5 GPa of
pressure (or stress) was applied. 11 The proposed mechanism for this was that under
stress, the bond lengths and angles become closer to those of the ideal cubic MAPbBs;. 11
While the directional Young’s modulus of (EA)2(EA)2PbsBrio is not known, we can
estimate that it is between the values for (BA)2(MA)2Pb3Brio and MAPbBrs3, or 4 GPa< E
< 30 GPa. 1213 In terms of strain, these stress values correspond to 12.5 % > £ > 1.7 %,
using the simple stress-strain relationship o = Ee. Although these values represent a
broad, range, it is reasonable that the strain values measured in Figure 4.2 could be big

enough to cause emission changes.
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Figure 4.S1. Characterization of (EA)2PbBrs (n = 1) films. (a) Photoluminescence emission (3.94 eV
excitation) at 25- and 75-degree collection angles. (b) Scanning Electron Microscopy of an n = 1 film. XRD
patterns plotted on (c) linear and (d) log scales. A simulated pattern of (EA)2PbBr4 assuming no preferred
crystallite orientation, and based on the published structure, is shown as well. 1* The copper X-Ray source
has tungsten contamination (1.4764 A), resulting in occasional extra peaks. The simulation in (d) shows
the extra peaks from Tungsten-X-Rays as well.

The films appear to be (EA)2PbBr4 from X-Ray characterization. The crystallites
seem to orient with the long b axis normal to the substrate, as evidenced by the strong
diffraction from (0k0) peaks. The photoluminescence emission energies match well
those of published crystals. 14 However, as with (EA)2(EA)2Pb3Br1o, the broad emission is
considerably weakened in favor of the free exciton emission. The large size of (EA)2PbBrs
suggests that grain size is not the only contributor to this emission change. Other

potential factors (e.g., growth kinetics, strain) are discussed in the main text.
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Figure 4.S2. (a) Experimental XRD pattern of bulk crystals of (EA)2(EA):PbsBrio made following
previously-published methods. ! A simulated (Sim.) powder pattern made using the published crystal
structure ! is also shown below (calculated assuming no preferred crystallite orientation). The crystals
were dropped onto quartz substrates, and seem to preferentially orient with (0k0) parallel to the substrate,
given the predominance of (0k0) observed in the pattern. Quartz peaks are indicated with an asterisk. (b)
Cross-sectional SEM of the bulk crystals, revealing thickness > 10 microns.
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Figure 4.S3. Simulated GIWAXS pattern of (EA)2(EA)2PbsBrio assuming (a) full out-of-plane crystallite
orientation and (b) full in-plane crystallite orientation. Out-of-plane- and in-plane-oriented crystallites are
shown above the simulated pattern, with the (020) plane for reference. Main peaks are indexed. For
simulations, the cif file from prior published work was used. ! (c)-(d) Overlay of these simulated patterns
with the experimental (EA)2(EA)2PbsBrio GIWAXS film pattern from Figure 4.2, with main peaks indexed.
S indicates spillover from the undiffracted beam. (e)-(g) Diffraction or lack thereof for planes (e) aligned
along gy (lack of diffraction), (f) aligned along gx (diffraction) and (g) aligned along gz (diffraction).
Diffraction peaks in gxy are less intense than those in gz because a smaller fraction of planes in gxy are
probed; whereas all planes in gz are probed.

The main peaks of the experimental pattern matched with those of the simulated
patterns. The (0k0), (111) and (202) peaks in the experimental pattern matched well
with their expected locations in-plane and out-of-plane (Figure 4.S3c-d). This
agreement confirmed the presence of the two preferred crystallite orientations. In order

to assign off-axis peaks (i.e., not along gz, or gxy), we overlaid the simulated patterns for
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crystallites with out-of-plane and in-plane orientation with the experimental GIWAXS
pattern of Figure 4.2. Particularly good agreement for off-axis peaks was found when the
crystallites have in-plane orientation (Figure 4.S3d), suggesting a greater proportion of
in-plane-oriented crystallites. Geometric factors, explained in the caption and in Figure
4.S3e-g, cause greater probing of peaks in gz than in gxy, which likely explains why the
(0kO) peaks along gz appear more intense than those along gxy. In addition, due to the
similar location of different peaks (especially near gz, gxy = 1 or 2), some peaks may have
several possible assignments. Some of the higher-order peaks (i.e., peaks near gz and gxy
= 2.5) were weaker in the experimental pattern than in the simulations. This is due to
two reasons: 1) the film is both thin and disordered (strain, two crystallite orientations),
so higher-order peaks are weakened and 2) the simulation took only structure factors
into account, and no other factors such as Debye-Waller, which make higher-order peaks
weaker. Overall, the experimental GIWAXS pattern matched well the simulated GIWAXS

patterns, particularly for in-plane crystallite orientation.
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Figure 4.54. (a) Near-out-of-plane (nOP) and (b) near-in-plane (nIP) regions used to obtain the patterns
in Figure 4.2d. The nOP region covers angles between 3° and 21° and the nIP region covers angles between
70° and 88°. Both sections were chosen to have equal angular spread of 18°. (c) Integrated and normalized
nOP and nIP patterns, with relative % strain of select peaks. Peak fits are also shown.
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Figure 4.S5 Photoluminescence emission of bulk crystals, exfoliated flakes, film of (EA)4PbsBrio (see
Figure 4.3 and Figure 4.510). All spectra were fit to multiple Gaussians using Igor Pro 8. All measurements
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were performed with an excitation wavelength of 370 nm (3.35 eV - see Experimental Section).
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Figure 4.S6. (a) Photoluminescence emission and (b) absorbance of spin-cast films and powders of
(EA)2(EA)2PbsBrio from Figure 4.3, shown here in nm (excitaiton 3.35 eV; 370 nm).

A (nm)

The optical data were collected in nm and converted to eV. For emission spectra, a

Jacobian transformation 15 was applied to the intensities:

) 1240 X Intensityconected
Intensityconvertea = Energy?

Where Intensityconpertea 1S the PL intensity of the plot in eV, Intensitycoyecteq 1S the PL

intensity of the plot in nm, and Energy is 1240/wavelength.
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PL (norm.)

Figure 4.S7. Photoluminescence emission (75-degree collection angle) of (EA)2(EA)2PbsBrio bulk crystals
and film. The excitation was selected to be 2.75 eV to verify that broad emission only occurs when exciting
the material above the absorption edge. Despite use of a long-pass filter, some scattering was observed in
all samples characterized in this study at energies closest to the excitation energy, most noticeably when
no (or little) photoluminescence was present in the sample. Here, the only signal observed was this
scattering, confirming that sub-onset excitation does not produce broad emission.
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Figure 4.S8. Changes (or lack thereof) in emission in films and bulk crystals of (EA)2(EA)2Pb3sBrio with
excitation energy and/or collection angle. Although some variations in the free exciton: broad emission

proportions were observed when changing angle and/or excitation, the films consistently had a greater
proportion of free exciton emission, and the bulk crystals consistently had a greater proportion of broad
emission.
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Figure 4.S9. Temperature-dependent photoluminescence emission of the (a) bulk crystals and (b) film of
(EA)4PbsBrio (see Figure 4.4). All spectra were fit to multiple Gaussians. Measurements were performed
with an excitation wavelength of 370 nm (3.35 eV), using a pulsed laser (see Experimental Section).

In the low-energy region, either one or two Gaussians were needed to fit peak C,
and this variation likely arose from variations in measurement conditions across
different instruments (e.g., angles of 75° vs. 45° between the excitation and emission port
in different instruments, different detector sensitivities in different instruments, etc.).
Various fitting methods were investigated, such as increasing the number of Gaussians

arbitrarily. However, the trends reported in Figure 4.4 and Figure 4.S9 remained the
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same. Because the second peak for C (lighter blue circle) broadens/flattens until
disappearing, the peak position is uncertain, so it is not reported. For films, only one

Gaussian was consistently needed to fit C.

Gaussian

(b) Area

—~
Q
N

LU= 5 B Y I N L N Y N B B

g.@ — Bulk crystals
== Exfoliated r

®§ Film A | O3
AN A i

" 0.2+

PL. (norm.)

. 45000nm - .

Figure 4.510. (a) Comparison of the photoluminescence of exfoliated flakes with those of films and bulk
crystals of (EA)4«PbsBrio, taken under conditions identical to those for Figure 4.3. Exfoliated flakes of
(EA)4PbsBrio were prepared from bulk crystals via the standard scotch-tape method. 1617 (b) Gaussian area
of peaks A, B, and C. (c) Cross-sectional SEM of the exfoliated flakes on quartz, with a PMMA capping layer.
The flake thickness was highly variable. The origins of differences in emission are discussed in the main

text.

To examine how exfoliation may change emission from B and C, we exfoliated bulk
crystals of (EA)4Pb3Brio (Figure 4.S10) and obtained a variety of thicknesses, with some

aslow as 95 nm. Photoluminescence emission of the ensemble average of these exfoliated
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flakes revealed that the flakes had intermediate behavior to the bulk crystals and films:
the intensity of C was film < flakes < bulk, and the intensity of B was bulk < flakes < film.
These differing trends suggest that B and C have different nature; i.e., one might be a
phonon replica and the other, an STE. However, it is clear that the proportions of B and C
both change with sample preparation. As discussed in the main text, exfoliation is not
fully decoupled from strain, as mechanical exfoliation involves applying pressure to

separate the sheets, and this may change the cation stacking.
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Figure 4.S11. PDS in the 2.6-3.0 eV region for the bulk crystal and film, with goodness of fit parameters
from MATLAB: the sum of squares due to error (SSE), R-square (R), Adjusted R-square, and the Root mean
squared error (RMSE).
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Drop-cast Drop-cast+ anneal

Figure 4.S12. SEM of the drop-cast films from Figure 4.6, with the inset of (c) showing a cross-section.
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Figure 4.S13. XRD patterns of spin-cast and annealed films, for which the EA/Pb molar ratio of the
precursor solutions was steadily increased. Only for EA/Pb = 1.5 and for EA/Pb = 3.8 were phase pure films
obtained, and these were n = 3 and n = 1 films respectively. A slight excess of EA is thought to be needed
for n = 3 film formation because Pb and Br form strong complexes with DMF. 18 However, the large excess
of EA (nearly twice the stoichiometric amount) needed for the n = 1 film formation shows that n = 1 is not
easily formed. No 3D film or phase was formed.

To further understand the limits of phase formation in the (EA)2(EA)n-1PbnBr3n+1
family, we tried to make ethylammonium-based RP films of different n via spin-casting
(Figure 4.S13). The molar ratio of EABr: PbBr2 (EA/Pb for short) in the precursor
solutions was steadily increased from 1.0 (EAPbBrs 3D stoichiometry) to 3.8 (nearly
twice the n = 1 (EA)2PbBrs stoichiometry). For EA/Pb = 1.0, which corresponds
stoichiometrically to EAPbB3, we obtained broad peaks, likely indicating an amorphous
phase (the film was also non-emissive). In addition, no 3D-like phase was conclusively
observed in any of the EA compositions tested. Despite the large range of EA/Pb molar

ratios tested, only the n = 1 and n = 3 compositions could be cast as phase-pure films.
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Figure 4.S14. XRD patterns under different stability testing conditions for (a) n = 3 and (b) n = 1 spin-cast
films.
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We examined the stability of n = 1 and n = 3 spin-cast films, in order to better
understand which phases are thermodynamically favorable (Figure 4.S14), and
summarized the results in Scheme 4.1. Films were spin-cast with or without the PMMA
capping layer. Four testing conditions were employed, to test stability to heat and air: (1)
control: as-cast (with PMMA capping), (2) heat test: heating at 70°C in the glove box
(nitrogen environment) for 80 min (with PMMA capping), (3) air test: storage in air at
20°C for 240 min (no PMMA capping) and (4) heat and air test: heating at 70°C in air for

80 min (no PMMA capping).
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The n = 3 phase proved more thermodynamically stable than the n = 1 (Figure
4.514). Heating encapsulated n = 3 films in a nitrogen environment produced no change
in structure, indicating that n = 3 is thermodynamically stable under mild conditions. In
contrast, this mild heating resulted in clear phase-change in the encapsulated n = 1. The
novel peaks were tentatively assigned to n = 3 and n = 2, although the low number of non-
n =1 peaks made full assignment challenging. The greater thermodynamic stability of the
n = 3 may help explain why it formed more favorably in films.

The n = 3 also appeared to be much more air-stable than the n =1 (Figure 4.S14).
Short, unencapsulated storage in air resulted in retention of the n = 3 phase, albeit with
large peak intensity increase and out-of-plane (0k0) stacking preference. Humidity-
induced increase in grain size has been previously reported for MAPbI3; 19 it is possible
that humidity caused recrystallization here as well. This rearrangement is encouraging,
as it suggests that post-casting treatments could control film orientation for n = 3. In
contrast, short, unencapsulated storage in air resulted in degradation of the n = 1 film.
Finally, heating unencapsulated n = 3 and n = 1 films in air resulted in obvious
degradation of both films, indicating that encapsulation will likely be necessary for
ethylammonium RP device use. The originally-n = 3 film contained peaks near 14 and 29
degrees, perhaps indicating a 1D degradation product. Interestingly, the originally-n = 1
film now very clearly contained n = 3 as well as some n = 2, indicating that n = 3 is a
degradation product n = 1. The n = 1 to n = 3 phase change in heated unencapsulated
films also suggests that ethylammonium desorbed. Overall, the n = 3 EA RP was

considerably more stable than the n = 1.
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Further Discussion on 2D and 3D phases with the EA cation

Previous work that attempted to make films of 3D EAPbBr3 found that a 2D phase
formed instead. 20 Given the location of the XRD peaks of this film, it is likely that the n =
3 phase formed in the film in the prior study. 20 Perhaps the use of an antisolvent in prior
work helped n = 3 phase formation, which might be otherwise hindered by excess of lead
in the EAPbBr3 solution stoichiometry. Another report claimed formation of EAPbBr3 in
nanocrystals. 21 However, the optical properties of the resulting nanocrystals matched
(EA)4Pb3Brio, and XRD data was not collected in the range characteristic for 2D phases
(below 26 = 10°), 21 suggesting that the nanocrystals might instead be (EA)4Pb3sBrio.
However, EA can be incorporated into 3D phases, provided there is a small A-site cation

(e.g. MA) that it can alloy with, to form (EA,MA)PbBrs. 20
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Chapter 5:

Residual Solvent Removes Electronic Disorder and
Low-Energy Emission in Two-Dimensional Hybrid
Perovskite Films

5.1 Introduction

Two-dimension (2D) perovskites are attractive for optoelectronic applications
because their emission is tunable across the visible spectrum. 1-5> Commonly-used are the
Ruddlesden-Popper (RP) family of 2D perovskites, which have structure
(A’)2(A)n-1MnX3n+1, where M is a metal (typically Pb or Sn), X is a halide (I, Cl, Br), Ais a
small cation that sits between the M-X octahedra, and A’ is a larger cation (typically
organic) that acts as a spacer for the 2D semiconducting A-M-X sheets. +-10 The emission
color is changed by changing the number n of M-X octahedra in the semiconducting
sheets, or by swapping the halide between I, Br and Cl. While the emission of many RP
perovskites comes primarily from one narrow peak (a free exciton), 1112 a variety of
mechanisms can lead to additional low-energy, broad emission, including coupling to
phonons or defects. 13-15 Increasing the proportion of lower-energy emission can
broaden the emission until white. 1617 The facile color tunability of RPs has rendered
them attractive for light emitting devices, such as LEDs or lasers, and for light absorbing
devices, such as solar cells or photodetectors. 3418-25

Because optoelectronic devices primarily employ polycrystalline thin films, thin

film growth of RPs has been heavily investigated. Thin films are typically grown from
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solution-casting methods, 4 and the latter unfortunately present several challenges. The
solvent and the various precursors can form different complexes in solution, some of
which then precipitate into highly-emissive impurities. 26-32 In addition, orientation of
the A-M-X semiconducting sheets is difficult to control, particularly for larger n RPs. 431,33
Since the orientation of the semiconducting 2D sheets determines the direction of carrier
transport, control of orientation is crucial for using RPs in optoelectronic devices. 4313334
In addition, film strain stemming from spin-casting can change the proportions of
narrow: broad emitting species, which changes the emission color. 35> The three
challenges described here can be overcome by taking particular care with choice of
precursor ions or film growth method; 35-37 however, there is still a need for enhanced
understanding and control of phase composition, sheet orientation and film growth.
Here, we show that residual solvent can be incorporated into the 2D perovskite
lattice in ways that greatly benefit both film growth and optoelectronic properties. The
solvent is retained in between the 2D semiconducting sheets by an additive to the
precursor solution. Solvent incorporation into the perovskite lattice results in a large
increase in grain size of the targeted 2D phase, disappearance of pinholes, and uniform
in-plane orientation of the semiconducting sheets. Interestingly, solvent incorporation
removes also specific lower-energy luminescence peaks, perhaps due to reduced carrier-
phonon coupling. The resulting films also have comparable electronic disorder to the
single crystal. These results present new ways to control growth and emission of 2D

perovskites, and extend the utility of 2D perovskites for optoelectronic devices.
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5.2 Experimental section

Materials

Lead bromide (PbBrz2, 99.999 %), ethylammonium bromide (EABr, = 98 %), lead
oxide (PbO, = 99.0 %), methylammonium bromide (MABr, 98 %), N-N-
dimethylformamide (DMF, 99.8%, anhydrous), poly (methyl methacrylate) (PMMA, MW
350000), and hydrobromic acid (HBr, ACS reagent, 48%), deuterated DMSO (Dimethyl
sulfoxide-ds, 99.9 % atom D, in ampules of 650 uL) were purchased from Sigma Aldrich
and used as received. FABr (formamidinium bromide) was made following a reported
procedure. ! Briefly, formamidine acetate (99 %, Sigma Aldrich) was dissolved in ethanol,
and aqueous hydrobromic acid was added in excess with respect to FA. The mixture was
left to stir in air for > 1h. The solvent was then roto-vaped off, and the resulting solids
were washed multiple times with diethyl ether. The product was vacuum dried
overnight. The resulting FABr was used for both film growth and bulk/single crystal
syntheses. Polished z-cut quartz substrates (15 X 15 X 0.5 mm) were purchased from
University Wafer.
Film casting

Quartz substrates were cleaned via ultrasonication in isopropyl alcohol for 10 min
and exposed to oxygen plasma at * 300 mTorr for 10 min. All subsequent solution
preparation and film fabrications were performed in a nitrogen-filled glove box.
Precursor solutions for films were fabricated by dissolving EABr, PbBrz FABr and MABr
in DMF to make an 0.5 mM solution (based on Pb), in the molar ratio (EA1-xSx)4.5Pb3Brio,
or MAPbBr3 or FAPbBr3 for certain extra characterizations. A slight cation excess was

found to be necessary in previous work to form the n = 3 phase, likely due to strong
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complexation of Pb and Br in DMF. 2 The solutions were left stirring overnight at 60°C to
ensure good dissolution. Films were spin-cast at 4000 rpm for 60 seconds without
antisolvent rinse, and promptly annealed at 100°C (verified by thermocouple) on a hot
plate with a heat diffuser. For some experiments (XRD, PL, GIWAXS), after the films
cooled, 60 pL of a PMMA solution (75 mg PMMA/3mL toluene) was spin-cast on top of
the films at 2000 rpm for 30 seconds. The films were stored in a nitrogen glove box until
characterization. For SEM, PDS, NMR, and FTIR, the same spin-casting procedures were
employed, but PMMA was not cast on the films. Films for PDS were cast on separate
amorphous quartz substates. Films for FTIR were spin-cast on thin glass slides, so that
the Si-O signal wouldn’t overwhelm the film signals (the quartz substrates were much
thicker).
Growth of (EA,FA)+Pb3Brio bulk crystals

(EA,FA)4Pb3Brio crystals were grown similarly to the previously-published
procedure. 3 Briefly, PbO, EABr and FABr in (EAi1-xFAx)4PbsBrio molar ratio were
dissolved in HBr, and the solution was heated. Large crystals were formed upon cooling.
Individual crystals, “single crystals”, were extracted for single-crystal X-Ray analysis.
Bulk crystals were drop-cast onto quartz substrates for PL measurements.
GIWAXS characterization.

Grazing Incidence Wide-Angle X-Ray Scattering (GIWAXS) experiments were
performed on beamline 11-3 (12.7 keV, wiggler side-station) at the Stanford Synchrotron
Radiation Lightsource (SSRL). The source-to-detector (two-dimensional Rayonix MX225
CCD) distances were calibrated using lanthanum hexaboride (LaB6). All raw images were

geometrically corrected using Nika. Au nanoparticles (100 nm) drop-cast on quartz
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substrates were used to verify chi-q alignment post-processing. An incidence angle of
0.5° was chosen for the following reasons: (1) it is shallow enough to properly detect the
nlP (0k0) peaks (these were cut off when large incidence angles, such as 2°, were used)
and (2) itis well above the critical angle. The critical angle was calculated to be near 0.17°
using GIXA; # this value is slightly below the measured critical angles (0.2°-0.26°) of the
BA-MA RP film series. 5 It is important to be far enough above the critical angle to avoid
double diffraction, which may manifest in gz but not gxy. ©
PDS characterization

Photothermal Deflection Spectroscopy (PDS) measurements were performed
using a homebuilt instrument as previously described. 7 Briefly, monochromated light
from either a 150 W Xenon or a 100 W halogen lamp is modulated at 0.5 Hz with a
mechanical chopper and then split to be separately focused onto the sample and a
pyroelectric detector. Degassed and filtered perfluorohexane (C6F14, 3M Fluorinert FC-
72) is employed as the deflection medium. The deflection of a HeNe laser aligned
perpendicularly to the pump beam to also be parallel and proximal to the sample surface
is measured by a position-sensitive Si detector using a lock-in amplifier. Analysis and
fitting was performed using MATLAB.). Absorbance peak positions are best determined
from UV-Vis (Figure 5.3a), since the PDS signal is less accurate above 3 eV.
Fitting the PDS Data

Following previous work, 21011 the Urbach tails were fit according to:

E_EG
PDS=Aexp< E )
U
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Where PDS is the PDS signal from Figure 5.6, where A is a prefactor, E¢ is the bandgap
and Ev is the Urbach energy.

The goodness of fits are as follows (from MATLAB):
(EA)4Pbs3Brio spin-cast film; Ev = 54 meV

sse: 942.3958e-006

rsquare: 997.5532e-003

dfe: 29.0000e+000

adjrsquare: 997.3844e-003

rmse: 5.7006e-003

(EA)4Pbs3Brio spin-cast film; Ev = 45 meV

sse: 21.1291e-006

rsquare: 998.2440e-003

dfe: 60.0000e+000

adjrsquare: 998.1855e-003

rmse: 593.4233e-006

Xra = 0.07 spin-cast film

sse: 1.3240e-003

rsquare: 998.2726e-003

dfe: 78.0000e+000

adjrsquare: 998.2283e-003

rmse: 4.1200e-003
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Other Characterizations

Powder X-Ray Diffraction patterns were obtained using a Panalytical Empyrean
powder diffractometer in reflection mode with a Cu-Ka source, operating with an
accelerating voltage of 45 kV and beam current of 40 mA. Au nanoparticles (100 nm)
drop-cast on quartz substrates were used to calibrate peak positions for strain
characterization. All peak locations were obtained by Pseudo-Voigt fits using Igor Pro 8.
Simulated XRD patterns were made using Vesta.

Scanning Electron Microscopy was performed using an FEI Nova Nano 650 FEG
SEM operating at 7-10 keV accelerating voltage with beam currents of 0.40-0.80 nA. For
SEM measurements, the samples were sputter-coated with gold to prevent charging.

Absorbance spectra were extracted from transmission measurements made on a
Shimadzu UV-2600 ultraviolet-visible spectrophotometer at room temperature and in
ambient conditions.

Photoluminescence spectra were acquired using a Horiba FluoroMax 4
spectrometer calibrated with Milli-Q water. Photoluminescence spectra reported in in
the main text were all collected using an angle of 75° between the excitation and emission
port to reduce scattering. Some PL spectra in the SI were acquired using an angle of 25°
for comparison, since the proportions of different features can be angle dependent. All
measurements were performed with an excitation wavelength of 370 nm (3.35 eV) and
a 400 nm long-pass filter was placed in front of the mission port to reduce scattering.

Spectra were fit to Gaussians using Igor Pro 8.
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1H-NMR spectra were acquired using a Varian 600 MHz SB VNMRS NMR
spectrometer for solutions. Drop-cast and annealed films were scraped off their quartz
substrates using a razor blade, and the resulting solutions were dissolved in deuterated
DMSO. XRD of drop-cast films confirmed a lack of non-n = 3 phases (Figure 5.S7). This
procedure was performed in air. Several scan times were employed: 20-minute scans
were performed using a 30° pulse and 5 second recycle delay, following previous work.
8 Scans with length 20 minutes and 16h were performed using a 90° pulse and 12 second
recycle delay, as described previously. ? All spectra were referenced to the residual
solvent peak for DMSO at 2.50 ppm, and all processing and analysis was done using the
TopSpin software package.

FTIR spectra were obtained using a Perkin-Elmer Spectrum Two spectrometer
equipped with a DTGS detector and diamond windows in the range of 4000-450 cm-1 at
aresolution of 4 cm-1, or in the range of 3500-1200 cm-1 at a resolution of 0.5 cm-1. For
data collection, samples were placed face-down on the crystal and the pressure arm was

used to force the sample into contact with the window.

5.3 Results and Discussion

We aimed to find methods to make RP films with targeted optoelectronic
properties without deviating from typical fabrication procedures. We started from the
(EA)4Pb3Brio composition, where EA is ethylammonium, because this phase can be spin-
cast into a phase-pure RP film without taking particular care with growth procedures. 3>
The structure of this n = 3 RP perovskite is shown in Figure 5.1a. 17 The (EA)4Pb3Brio

phase is unique in that the A-site and spacer cations are identical. Solution growth of
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(EA)4PbsBrio films is thus not plagued by competing crystallizations of the n = 3 phase
vs. emissive impurities, in contrast to the challenging growth of films of other RP
perovskites, such as those belonging to the (BA)2(MA)s-1PbnX3ns1 or
(PEA)2(MA)n-1PbnX3n+1 families. 303138 The large size of EA (274 pm) 3940 forces the outer
Pb-Br octahedra to distort in both bond angle and bond length, which is thought to
enhance formation of self-trapped excitons (STEs). 173> We previously showed that both
of the low-energy emission features of (EA)4PbsBrio are coupled to phonons, and are
possibly STEs. 35 As a spin-cast film, (EA)4PbsBrio exhibits film strain, which suppresses
emission from the lowest-energy feature. 3> We wondered to what extent the
(EA)4PbsBrio composition could be modified and still retain both n = 3 RP structure and
emission in films. We therefore sought to replace EA with other cations, such as
formamidinium (FA) and methylammonium (MA). EA, MA, Pb and Br are known to form
the cubic (EA,MA)PbBrs3 alloy for higher loadings of MA, because the small size of MA
lowers the tolerance factor to be within the 3D perovskite range. 41 We also obtained the
(EA,MA)PbBr3 alloy at high MA loadings, and discuss the results in Figure 5.S1.
Substitution of EA with FA, however, yielded unexpected results, and we discuss these

below.
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Figure 5.1. (a) Crystal structure of (EA)4+PbsBrio from reference 17 showing the more and less distorted
octahedral substructures, and with ethylammonium (EA) in both A and spacer sites. (b) Schematic of a
spin-cast film on a quartz substrate (films were capped with PMMA), with the precursor solution
stoichiometry (EAi1-«Subst.x)ssPbsBrio, where Subst. is the substituent formamidinium (FA) or
methylammonium (MA). Cation sizes are taken from 3940, As discussed previously, 3° a slight excess of EA
is needed to obtain the (EA)4PbsBrio phase in films, due to strong Pb-Br-DMF complexation. 42 (c) Structure
of films with precursor solution (EA1-xFA«)45Pb3Brio: XRD patterns are shown on a logarithmic scale, and
SEM images are shown. The n = 3 (0k0) peaks are indicated with diamonds, and the n = 3 (111) peak s also
indicated. A schematic of the (020) plane is shown as an example of (0k0). The scale bar on all SEM images
is 50 pm.

To prepare films, we first mixed precursor salts in dimethylformamide solvent
(DMF) to form solutions with approximate stoichiometry (EA1-xSubst.x)45Pb3Brio, where

Subst. is the substituent FA or MA (Figure 5.1b). We previously found that to make films
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with (EA)4Pb3Brio composition, a slight excess of EA was needed, such that the precursor
solution had (EA)4.5Pb3Brio stoichiometry. 35 This slight excess of EA is likely needed to
compensate for strong Pb-Br-DMF complexation. 42 For simplicity, we refer to films with
precursor stoichiometry (EA1-xSubst.x)45Pb3Brio by their respective x, such that xra =
0.07 films had a precursor solution with stoichiometry (EAo.93FAo0.07)45Pb3Brio. Films
were spin-cast and annealed, then capped with PMMA to prevent possible degradation
(see Experimental Section) for XRD, UV-Vis absorbance, and photoluminescence
emission characterizations. We also occasionally slowed growth kinetics by drop-casting
the films instead of spin-coating them (see Experimental Section) because we
previously found that slowing growth kinetics enabled recovery of the low-energy
emission tail (phonon-coupled) in (EA)4Pb3Brio films. 35 To better understand the phase
composition of the obtained films, we also prepared (EA1-xFAx)4PbsBrio bulk crystals via
precipitation in aqueous hydrobromic acid (see Experimental Section).

Spin-cast films with FA substitution exhibit the RP n = 3 structure, with impurities
appearing for larger amounts of FA. Figure 5.1c shows the X-Ray Diffraction (XRD)
patterns of films with 0.00 < xra < 0.44. Comparison with the simulated XRD pattern of
(EA)4Pb3Brio over a greater angular range can be found in Figure 5.S2. The initial (0k0)
features of (EA)4PbsBrio, which are signatures of the n = 3 phase, can be found in all FA-
substituted films. 1117 The (111) peak disappears, signaling a change in crystallite
orientation with FA substitution. The FA-substituted films have crystallites oriented out-
of-plane, such that the Pb-Br semiconducting sheets are parallel to the substrate (cartoon
in Figure 5.1c). FA substitution also greatly improves growth of the n3 phase, which is

evidenced in two ways: first, the XRD peaks increase by an order of magnitude with FA
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substitution, signaling high structural uniformity in the n = 3 crystallites. This increase is
especially remarkable because the film thickness does not change much after FA
substitution (Figure 5.S3). Second, the peak width of the compositions with FA is also
considerably narrower, indicating less structural disorder (Figure 5.S2). Non-n = 3
peaks are clearly visible for most FA loadings, suggesting impurity formation. To better
understand n = 3 and impurity growth, we examined the structure of the films using
Scanning Electron Microscopy (SEM). The xra = 0.07 film appears homogeneous via SEM,
consistent with n = 3 being the predominant phase seen in XRD. In contrast, the xra = 0.18
film exhibits large, needle-like impurities, consistent with impurity peaks readily
appearing in XRD. The needle-like shape of the impurities suggests that they are 1-D
phases. More impurities appeared for xra = 0.22 and xra = 0.44, with different crystal
habit, suggesting impurities of different phases. The obvious presence of these impurities
in XRD and SEM contrasts with the behavior of impurities in (BA)2(MA)s-1Pbnl3n+1 RP
films. Impurities in (BA)2(MA)s-1Pbnlsn+1 RP films are often off-target n RP phases, and
they form intergrown into the same grain as the RP of targeted n, 2728 and as such are
indistinguishable in SEM. In contrast, the (EA)2(EA)n-1PbsBrsn+1 family can form very few
n phases, so impurities are likely not other RP phases, and do not intergrow with n = 3. 35
Overall, FA substitution in the precursor solution improves growth of the n = 3 RP phase
in bulk, with uniform in-plane orientation of the semiconducting sheets, but with non-n

= 3 impurities readily appearing for larger amounts of FA.
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Figure 5.2. Photoluminescence emission of films with FA substitution ((EA1-xFAx)45PbsBrio precursor
stoichiometry in DMF), for 3.94 eV excitation. 2D (n = 3) emission is retained until xra = 0.22, with xpa =
0.44 having emission from the 3D (EA,FA)PbBrs phase. The intensity of an FAPbBrs film, made for
comparison, is multiplied by 0.38. (b) Photoluminescence emission of spin-cast and drop-cast films (with
annealing) of xra = 0.07, and of bulk crystals grown from precipitation in aqueous HBr with
(EA0.91FA0.09)4Pb3Brio precursor stoichiometry. For films, the solvent (DMF) is labelled. Assignments of
different emission features to excitons (FE) and phonon-coupled emission (Ph) are labelled, following the
analysis in prior work. 35
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The photoluminescence emission of most FA-substituted films exhibit emission
from only the n = 3 phase, despite containing impurities. Figure 5.2a shows the
photoluminescence emission of the films with 0.00 < xra < 0.44, as well as of an FAPbBr3
film for comparison. Prior work on (EA)4Pb3Brio (xra = 0.00) identified the emission peak
at 2.9 eV to be a free exciton (FE), and found that the 2.7 eV peak and the low-energy tail
are phonon-coupled. 35 The free exciton emission of the n = 3 phase at 2.9 eV is retained
for all 0.00 < xra < 0.22. Thus, emission coming from the n = 3 phase is retained until very
high FA substitution despite obvious non-n = 3 phases appearing in both XRD and SEM
(Figure 5.1c). This suggests that these non-n = 3 phases are emissively silent below 3.1
eV, similarly to how Pblz or PbBr: are emissively silent in MAPbXs3 films. This
interpretation is confirmed by UV-Vis absorbance measurements, which reveal a peak
near 4 eV that gets stronger with increasing FA content (Figure 5.S4). The absence of
emissive impurities contrasts with the behavior of (BA)2(MA)n-1Pbal3s+1 RP films, in
which off-target n RP phases with smaller bandgap dominate the emission. 27.2830.31,36
Indeed, the (EA)2(EA)n-1PbnBr3n+1 family can form very few RP n phases, and substitution
with FA for xra < 0.22 does not seem to perturb this property. 3> The xra = 0.44 film
exhibits emission similar in location and peak shape to FAPbBrs, and has absorbance
onset near 2.2 eV (Figure 5.S4) suggesting that the emission from the xra = 0.44 film
comes from the (EA,FA)PbBr3 alloy (see also Figure 5.S5 43). The (EA,FA)PbBrs3 alloy has
blue-shifted emission from FAPbBrs3, likely because EA widens the gap, consistent with
prior work showing that the (EA,MA)PbBrs3 alloy has larger gap than MAPbBTrs3. 41 Overall,

most films with FA substitution exhibit emission from the n = 3 phase.
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Surprisingly, substitution with even very small amounts of FA turns off the
phonon-coupled emission at 2.7 eV. We verified that this is not an effect of measurement
conditions that may change emission proportions, such as photoluminescence collection
angle (Figure 5.56). The 2.7 eV feature is not turned off for MA-substituted films that
retained n = 3 emission (Figure 5.S1), suggesting that something particular to FA
substitution causes extinction of the 2.7 eV feature. To better understand this, we
changed the growth conditions of FA-containing n = 3 phases (Figure 5.2b). We first
checked the role of film casting kinetics by drop-casting the xra = 0.07 precursor and
annealing the resulting films, and obtain large, unconstrained grains of the n = 3 phase,
and observe only one crystal habit via SEM (Figure 5.S7). The photoluminescence of the
drop-cast xra = 0.07 film contains the n = 3 free exciton (Figure 5.2, Figure 5.S7). In
agreement with the behavior of drop-cast (EA)4PbsBrio, 35> the drop-cast xra = 0.07
contains a greater proportion of low-energy phonon-coupled tail than the spin-cast film
does, but the 2.7 eV feature is still missing. Thus, casting conditions are not responsible
for removing the 2.7 eV peak. We also prepared bulk crystals of (EA,FA)4Pb3Brio from
aqueous hydrobromic acid, and examined their structure and emission (Figure 5.2b).
Individual bulk crystals (“single crystals”) were selected for single crystal XRD analysis,
which reveals that FA can go either in the A-site (in the Pb-Br sheets) or in the spacer site
(between the Pb-Br sheets - Figure 5.S8). The FA-substituted bulk crystals grown from
aqueous acid retain the 2.7 eV feature, so FA substitution alone does not extinguish this
feature. One big difference in the preparation of bulk crystals vs. films was the solvent:

the crystals were prepared from aqueous hydrobromic acid, while the films were
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prepared from DMF. Thus, FA substitution in combination with DMF is likely key to

extinguishing the 2.7 eV emission.
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Figure 5.3. Retention of DMF when FA is present. (a) 1H-NMR of drop-cast and annealed films with xra =
0.07 and xra = 0.00 compositions prepared from DMF (no PMMA capping layer), that were then scraped off
the substrates and dissolved in deuterated DMSO. (b) Transmission (%T) FTIR of spin-cast and annealed
films with xra = 0.07 and xra = 0.00 compositions prepared from DMF (no PMMA capping layer).

Spectroscopic analyses reveal that when FA is present, DMF is retained in the n =
3 perovskite structure (Figure 5.3). Drop-cast and annealed films of xra = 0.00 and xra =
0.07 (Figure 5.S7) were prepared and scraped off their substrates. The scraped films
were then dissolved in deuterated DMSO, and proton NMR was run on the resulting
solutions (Figure 5.3a - for discussion of 1H-NMR on spin-cast films see the Appendix
to Chapter 5). Notably, while both solutions contain NH3 peaks from EA, the drop-cast
xrA = 0.07 sample additionally contains large DMF peaks. Very weak FA peaks are also
visible in the drop-cast xra = 0.07 sample, and peak integration revealed that FA and EA
are present in the proportions weighed out (Figure 5.S9). Figure 5.3b shows Fourier

Transform Infrared Spectroscopy (FTIR) of spin-cast xra = 0.00 and xra = 0.07 films. A
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weak carbonyl peak is present for xra = 0.07, but not for xra = 0.00. This weak carbonyl is
likely from DMF, since DMF has a carbonyl and since FA, EA, and PbBr2 do not contain
carbonyls. Thus, it seems that the xra = 0.07 films, independently of preparation, retain
DMF. Since the only difference between xra = 0.00 and xra = 0.07 is the presence of FA, it
is likely that FA is causing the DMF retention.

FA is likely retaining DMF in between the Pb-Br sheets. From the analysis of the
bulk crystals discussed above (see also Figure 5.S8), we know that FA can go in the
spacer site. DMF (= 300 pm) 44 is too large to go in the A-site, so it can only reside in
between the Pb-Br sheets. It is likely that the amino groups of FA are encouraging
retention of the carbonyl group of the DMF via hydrogen bonding. H-bonding of DMF has
previously been reported in 1D perovskite-like structures, (MA)[PbI3]-DMF and
(BA)[Pbls]-DMF, where the ammonium groups of methylammonium or butylammonium
hydrogen bond with the carbonyl of DMF. 30 A 1D needle structures with FA and DMF has
also been reported, (FA)2Pbsls-4DMF. 4> This structure contains twice as much DMF as
the corresponding MA analogue ((MA)2Pbsls-:2DMF) because FA forms more hydrogen
bonds with DMF than MA. 45 In addition, incorporation of non-spacer molecules between
M-X sheets via electrostatic interactions has previously been reported, whereby benzene
was incorporated into an n = 1 RP via fluoroaryl-aryl interactions with the fluorinated
aromatic spacer. 46 Thus, small amounts of FA can encourage DMF retention in the
interlayer.

The presence of DMF likely removes conditions necessary for emission at 2.7 eV.
Prior work showed that the 2.7 eV feature is likely phonon-coupled, 3> and phonon-

coupled emission can be sensitive to cation stacking, 47 the dynamics of which may

200



depend on the spacer cation. 48 DMF in the interlayer would certainly modify how the
spacer cations are arranged; perhaps to such an extent that the 2.7 eV feature is
extinguished. It is remarkable that the 2.7 eV phonon-coupled feature is turned off, but
that the low-energy phonon-coupled tail is retained (Figure 5.2b). This suggests that the
2.7 eV feature is coupled to one phonon mode, while the low-energy may be coupled to a
separate phonon mode, which would be less perturbed by DMF incorporation. The
unusual behavior of the solvent is remarkable: while residual solvent can be a hindrance
to obtaining desired emission color, 30 here the presence of residual solvent can be used
to turn on or off different emission peaks, thus further tuning the color emitted by

(EA,A’)PbsBrio perovskites.
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(EA),Pb5Br,

Figure 5.4. SEM images of spin-cast films with composition (a) (EA)4PbsBrio, (b) xma = 0.07 and (c) xra =
0.07. The scale bar on all images is 5 pm. (d) Schematic of how DMF-FA is thought to help large lateral grain
growth.

DMF retention in the interlayer explains improvements to film growth. Figure 5.4
shows SEM images of spin-cast films with (EA)4PbsBrio, xra = 0.07 and xma = 0.07
compositions. For (EA)4Pb3Brio and xma = 0.07, the films have small, < 200 nm-sized
grains and many pinholes. In contrast, FA substitution yields an order-of-magnitude
increase in lateral grain size, with grains ~ 5 pm, and disappearance of the pinholes. The
increase in grain size is preserved for all FA substitutions (Figure 5.S10) and is lateral
only, as FA-DMF incorporation does not make the films thicker (Figure 5.S3). To better

understand this improvement to lateral grain size, we employed Grazing Incidence Wide-
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Angle X-Ray Scattering (GIWAXS - Figure 5.5). A simulated GIWAXS pattern of
(EA)4Pb3Brio with full out-of-plane crystallite orientation is shown in Figure 5.5a, with
the n = 3 signature (0k0) peaks labelled. The pattern of the xra = 0.07 film matches this
simulation very closely, revealing full out-of-plane orientation of the 2D sheets. The
peaks are sharp and small, further indicating good orientational uniformity, consistent
with the XRD analysis above (Figure 5.1 and Figure 5.S2). The amount of FA-DMF that
can incorporate in the n = 3 structure seems to saturate, as evidenced by two
observations: first, the appearance of non-n = 3 impurities for xra = 0.18 (Figure 5.1c),
and second, by the lack of contraction of the 2D sheets for xra =2 0.07 (Figure 5.S2). Thus,
since DMF does not need to leave the interlayer, 2D sheets can grow more easily. The
easiest growth direction for the 2D sheets is parallel to the substrate, so large grains are
formed with uniform 2D sheet orientation parallel to the substrate.

The contrast in the morphology and structure of the different compositions tested
reveals that cation chemistry is key to controlling growth. In contrast to the behavior of
FA films, rings are observed in the GIWAXS pattern of the xma = 0.07 film, indicating that
the 2D sheets have no preferred orientation. In addition, 2D sheets in the (EA)4Pb3Brio
film have two preferred orientations, with semiconducting sheets being both in-plane
and out-of-plane, evidenced by (0k0) peaks along both gxy and qz (Figure 5.5b). 3> Most
MA compositions, as well as (EA)4PbsBrio, have very small grains, in contrast to the large
grain size of the FA compositions (Figure 5.4, Figure 5.51, Figure 5.510). In addition,
DMF incorporation into the n = 3 structure is likely what frustrates solvate formation in
xra = 0.07 films, as solvate formation requires available solvent. This is confirmed by

examining drop-cast films without annealing: the n = 3 phase is formed, and one crystal
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habit is seen via SEM (Figure 5.S7). Overall, controlling the orientation and growth of
the semiconducting sheets is closely tied to the chemistry of the A/A’-site cations. Such

improvements are crucial to the development of optoelectronic devices.
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Figure 5.5. Grazing Incidence Wide-Angle X-Ray Scattering (GIWAXS) analysis of FA and MA-substituted
spin-cast films. (a) Simulation of the GIWAXS pattern for (EA)4PbsBrio, assuming full out-of-plane
crystallite orientation (made using the cif file from prior work 17). The main (0k0) peaks are indexed, as
well as the (111). (b) GIWAXS pattern of an (EA)4PbsBrio spin-cast film, showing the two preferred
crystallite orientations. (c) GIWAXS pattern of an xra = 0.07 spin-cast film, showing the sole preferred out-
of-plane orientation, and (d) GIWAXS pattern of an xva = 0.07 spin-cast film, showing no preferred
orientation.

Finally, FA-DMF incorporation greatly reduces electronic disorder. Figure 5.6

shows Photothermal Deflection Spectroscopy (PDS) analysis of the absorbance onsets of
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thin films of (EA)4Pb3Brio and xra = 0.07, throughout the < 200 nm film thickness (Figure
5.83). Onsets were fit in order to extract the Urbach energies Eu, which represents the
degree electronic disorder near the absorption edge. As discussed previously, the
(EA)4PbsBrio film has two absorbance onsets that likely correspond to the two crystallite
types in the film, those with in-plane orientation and those with out-of-plane orientation.
Both have high Urbach energies, of 45 meV and 54 meV. In contrast, the xra = 0.07 film
has a single absorbance onset, with much lower Urbach energy of 37 meV. This is on the
order of bulk crystals of (EA)4Pb3Brio, which have Urbach energy of 38 meV. 35> The
increase in sharpness in absorbance onset is also visible via UV-Vis (Figure 5.S4), and
quantitatively confirmed here with PDS. The reduction in electronic disorder may
originate from the larger grain size and uniform sheet orientation. In addition, DMF in
the interlayer may be removing strains by lowering mechanical interactions between top
and bottom 2D sheets, such that there is less strain-induced disorder. Such sharp onset
in a film is highly desirable for absorption-based optoelectronic devices such as

photovoltaics or photodetectors. 4°
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Figure 5.6. PDS spectra of a spin-cast films of (EA)sPbsBrio and xra = 0.07, showing fits of different
absorption onsets and their respective Urbach energies Euv. For goodness of fits see Experimental Section.

5.4 Conclusions

Overall, we have shown that solvent incorporation into the 2D perovskite lattice
can be can be highly beneficial for both film growth and the resulting optoelectronic
properties of the film. The solvent is retained between the semiconducting sheets by an
additive to the precursor solution. This is unusual, as residual solvent usually forms
separate and highly-emissive phases. The resulting films have narrow emission from the
targeted 2D phase, electronic disorder comparable to that of bulk crystals, uniform

orientation of the semiconducting sheets, and order-of-magnitude increase in lateral
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grains size. Notably, solvent anchoring turns off specific phonon-coupled emission
features, which provides an additional knob with which to tune the emission color of 2D
perovskites. These results present new ways to control growth and emission of 2D

perovskites, and extend the utility of 2D perovskites for optoelectronic devices.
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5.7 Appendix to Chapter 5
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Figure 5.S1. Structural and optical characterizations of spin-cast films with precursor solution
stoichiometry (EA1-+MAx)45PbsBrio, as well as MAPbBrs. (a) XRD patterns. The n = 3 peaks are indexed and
visible for most patterns, with some that we assign to n = 2, by analogy with the (BA)2(MA)»-1Pbnlzn+1 RP
films. 12 (b) Closer look at the (060) peak from the n = 3 phase. (c) Photoluminescence emission (3.94 eV
excitation). (d) SEM images.

Overall, the MA compositions retain the n = 3 phase, but can also form
(EA,MA)PbBr3, which dominates the emission. The growth and sheet orientation are not
improved for most MA compositions, in contrast to those with FA. Notably, MA
substitution does not turn off the emission at 2.7 eV, in contrast with FA substitution.

We explain here these conclusions in more detail. The XRD peaks of n = 3 are
retained for most MA compositions (Figure 5.S1a). A closer look at the (060) peak, which

corresponds to stacking of the n = 3 semiconducting sheets, reveals contraction of the
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semiconducting sheets (Figure 5.S1b). Since MA is small (217 pm) and typically an A-
site cation, it is likely that MA is being incorporated into the n = 3 structure in the A-site.
However, most xma compositions have emission from both the n = 3 phase as well as the
3D (EA,MA)PbBrs phase (Figure 5.S1c), 13 suggesting a coexistence of n = 3 and
(EA,MA)PbBr3 in the films. For xma = 0.22, only the (EA,MA)PbBr3 phase is observed via
XRD and PL. Notably, substitution with MA did not extinguish the 2.7 eV emission: xma =
0.07 retained both the 2.9 eV and 2.7 eV emission peaks, although the 2.7 eV peak seemed
slightly red-shifted. This behavior contrasts strongly with the behavior of the FA
compositions, for which the 2.7 eV feature disappears with xra = 0.07. Indeed, MA, with
its sole ammonium group and position in the A-site, is not anchoring DMF in the spacer
site.

SEM (Figure 5.S1d) revealed that the grain size and film morphology stayed the
same for most MA substitutions. The intensities of the n = 3 XRD peaks also did not
change much for most MA substitutions, and the relative proportions of the (0k0) and
(111) were similar (Figure 5.S1a). Thus, MA substitution does not improve growth for
most compositions in the way that FA substitution does, likely because MA isn’t retaining
DMF. The xma = 0.44 composition had very strong (0k0) in XRD, indicating uniform in-
plane orientation of the n = 3 semiconducting sheets, and correspondingly very large
grains (Figure 5.S1d). This composition is close to the stoichiometry of
(EA)2(MA)2PbsBrio, and it is possible that full MA substitution in the A-site relieves
octahedral distortions to a point that large growth is made much easier. However, the

emission of this film was still mostly from 3D phases. A 3D phase was not strongly
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apparent in XRD, so 3D crystallites in the xma = 0.44 film are likely very small, and

contained in grains that mostly have the n = 3 phase.
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Figure 5.52. (a) XRD patterns of xra = 0.07 and xra = 0.00, compared with the simulated pattern for xra =
0.00. The patterns are shown on a linear scale; with (0k0) peaks marked by the black diamonds; (111) and
(202) peaks as labelled, and SiOz peaks from the substrate labelled as well. The simulation was performed
with the cif file from the reported structure, 3 using Vesta. (b) Closer examination of the (060) peak. In
contrast with the MA compositions, there is (1) strong narrowing and (2) a lack of peak shift past xra =
0.07. These are consistent with FA-DMF improving growth of the n = 3 phase, and with the amount of FA-
DMF in the n = 3 structure saturating.

214



Xea = 0.00 Xea = 0.07

Figure 5.S3. Cross-sectional SEM of xra = 0.00 and 0.07 spin-cast films (no PMMA). The scale bar is 500
nm. The substrate is quartz. Spin-cast films were cut in half with a diamond scribe, which likely induced
some fracturing. However, even in cross-sectional SEM, the xra = 0.07 film appears to have more defined
grains than the xra = 0.00.
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Figure 5.54. UV-Vis absorbance of the xra spin-cast films, with PMMA covering. A higher-gap phase appears
with more FA substituted. The n = 3 free exction is visible for most samples, and very weak for xra = 0.44,
which starts absorbing near the onset of FAPbBr3 and has a very shallow slope. All the other xra, in contrast,
have very sharp onset at the n = 3 free exciton. Most FA films have sharper sub-gap slope than the EA-only
film; this is explored more greatly with the PDS experiment (Figure 5.6).
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Figure 5.S5. XRD pattern of the FAPbBr3 film, with peaks indicated. The simulation made using the cif file
from reference. 1* The pattern was well-matched with the simulation. The 3D cubic phase contains no peaks

at low angle.
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Figure 5.S6. PL emission of an xra = 0.07 film, taken by varying the angle the sample makes with the
excitation and emission ports.

The relative emissive proportions of free excitons vs. lower-energy features can
sometimes depend on the angle of the 2D semiconducting sheets with respect to the PL
collection (“emission port” on fluorimeters). 1516 For this reason, we varied the collection
angle on the xra = 0.07 film, to see if the 2.7 eV feature would reappear. Traditionally, PL
measurements are collected with films making a 45° angle with the emission port; here
we used 25° and 75° to better probe the angle dependence of emission from the oriented
2D sheets (Figures 5.1,5.5). As shown in Figure 5.S6, the emission does not change
when rotating the film. A small extra amount of scattering appears when the sample is
practically facing the excitation port (25°). We previously also verified that the relative

proportions of different features do not change for (EA)4+Pb3Brio films. 2
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Figure 5.S7. Structural and optical properties of drop-cast films of xra = 0.07. (a) XRD of drop-cast films,
with and without annealing, of xra = 0.07. The simulated pattern of (EA)4PbsBrio is also shown, and was
made using the published structure. 3 (b) PL emission of these films and of the spin-cast film of xra = 0.07
film, with 3.95 eV excitation and 75 ° collection angle. FE stands for free exciton, and Ph-2 stands for
phonon-coupled emission (the 2rd phonon-coupled peak; the 1st one is at 2.7 eV and is not present in FA
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films). (c) SEM of drop-cast films, with and without annealing.

The drop-cast films contain primarily the n = 3 phase, and are oriented uniformly
with the semiconducting sheets parallel to the substrate. The grains are micron-scale,
and many are unconstrained. The phonon-coupled emission tail at low energy is more
pronounced when making the films via drop-casting, than it is using spin-casting. Similar

results were found for drop-cast films of (EA)4+Pb3Brio. 2 Notably, the drop-cast films do
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not have the 2.7 eV emission, despite the low-energy tail being present. This verifies that

growth conditions are not responsible for turning off the 2.7 eV peak.
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Figure 5.S8. Structural and optical properties of bulk crystals made from aqueous HBr. (a) Powder XRD
patterns of bulk crystals dropped onto quartz substrates, where the (HBr)aq solution had concentration
(EA1-xFAx)4PbsBrio. Characteristic n = 3 peaks are visible for all samples. (b) PL emission of these crystals
(excitation 3.95 eV). The free exciton (FE), and phonon-coupled features (Ph-1 and Ph-2) remain present
in all samples, even if Ph-1 strongly red-shifts. (c) Structures of single crystals of xra = 0.09 and xra = 0.17.
(d) Evolution of sheet size, inter-sheet distance and distortion for xra = 0.00, 0.09 and 0.17. All distances
were from Pb ion to Pb ion of the designated octahedra. Values for xra = 0.00 were taken from published
work. 3 (e) Schematic of where FA goes and what happens to the octahedra distortions for the xra = 0.09
and 0.17 single crystals.

Overall, analysis of bulk crystals grown in aqueous HBr shows that the 2.7 eV
emission, Ph-1, is retained when FA alone is incorporated into the n = 3 RP

structure (see below).
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Figure 5.S8a shows powder XRD patterns of bulk crystals dropped onto quartz
substrates. The crystals preferentially orient with the semiconducting sheets parallel to
the substrate, consistent with prior work. 2 The n = 3 (0k0) peaks are retained with FA
loading, and the lattice contracts slightly (peaks shift to larger angle) with increasing FA,
consistent with FA being smaller than EA.

Figure 5.S8b shows that Ph-1 red-shifts with increasing FA, but does not
disappear. The free exciton also red-shifts, and the phonon-coupled tail (Ph-2) is also
retained.

Crystals of the xra = 0.09 and 0.17 compositions were selected to be “single”
crystals, and single-crystal XRD was used to generate the structures in Figure 5.S8c.
Because FA and EA are difficult to resolve via XRD, we did not rely on XRD to see where
FA was going, and instead measured the Pb-Pb ion distances (Figure 5.S8d). We looked
at two distances: the top-bottom Pb-Pb distance to get the sheet size, and the Pb-Pb of
the top and bottom sheets to get the inter-sheet distance. For xra = 0.09, the sheet size
decreases slightly and the inter-sheet distance remains the same, so FA is going in the in
the A-site only (Figure 5.S8d-e). For xra = 0.17, both the sheet size and inter-sheet
distance decrease, so FA is going in both the A-site and the spacer site. The distortion is

calculated using:

1 d, —d\°
Ad = =
=5 2.7
where dn are the six individual Pb-Br bond lengths and d is the mean Pb-Br bond length.

The distortion of the outer octahedra is shown in Figure 5.S8c. The outer octahedra

exhibit a sharp decrease in distortion with FA increase, but the distortions are still quite
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high (= 25 X 10-*). For comparison, the distortions of the outer layer of (BA)2(MA)2Pbsl10
are 5 X 104 (calculated using cif file from 12) and most of the emission of this compound
comes from its free exciton. The high distortions to the outer octahedra of xra = 0.09 and
0.17 are in agreement with the retention of the phonon-coupled features, as distortions
can favor phonon-coupled emission such as self-trapped exciton emission. 3.16

The next page shows refinement data for the single crystals of the xra = 0.09 and

xra = 0.17 compositions.
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Table 5.S1. Crystal data and structure refinement for xra = 0.09 and xra = 0.17.

Crystal size

0 range
Index ranges

Reflections collected
Independent reflections

Completeness to O = 25.242°
Refinement method

Data/restrains/parameters
Goodness of fit on F2
Final R indices [I>2sigma(I)]
Rindices

Largest diff. peak and hole

0.150 x 0.100 x 0.100 mm®

3.450 to 30.546°

-11<=h<=10, -64<=k<=64,
-11<=1l<=11

13809
2442 [R(int) = 0.0997]

99.7 %

Full-matrix least-squares on
FZ
2442 /14 / 63

1.140
R1=0.1637, wR2 = 0.3262
R1=0.2275,wR2 = 0.3527

4.094 and -9.843 e.A®

Crystal xra = 0.09 xra = 0.17
Empirical formula (C7.90 H31.70 N4.10) Pb3Brio (C7.68 H30.08 N4.32 )Pb3Brio
Formula weight 1604.94 1603.74
Temperature 296(2) K 293(2) K
Wavelength 0.71073 A 0.71073 A
Crystal system Orthorhombic Orthorhombic
Space group Ccca Ccca
a=84199(11) A «a=90° |a=84199(11)& a=90°
Unit cell dimensions b=46305(6)A B=90° |b=46.305(6)A B=90°
c=84216(10)A y=90° |c=84216(10)A y=90°
Volume 3283.4(7) A° 3283.4(7) A3
Z 4 4
Density (calculated) 3.247 mg/m’ 3.244 mg/m3
Absorption coefficient 27.519 mm 27.519 mm
F(000) 2815 2810

0.150x0.100 x 0.100 mm3

3.450to 27.163°

-10<=h<=10, -42<=k<=58,
-10<=I<=10

10255
1826 [R(int) = 0.1153]
99.7 %

Full-matrix least-squares
on F2

1826 /11 /62
1.115
R1=0.1514, wR2 = 0.290
R1=0.2122, wR2 = 0.3193
3.326 and -8.281 e.A”*
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Figure 5.59. 1H-NMR spectra of drop-cast and annealed films with xra = 0.07 and xra = 0.00 compositions
prepared from DMF (no PMMA capping layer), that were then scraped off the substrates and dissolved in
deuterated DMSO. (a) shows the full spectra, and select regions, of spectra taken with 20-minute
integration time. The region near 2.8 ppm is shown in more detail in the main text. (b) shows a 16h scan of
the xra = 0.07 sample in the region of the FA peaks,

NMR analysis confirmed that the xra = 0.07 composition (drop-cast and annealed;

see Figure 5.S7 for XRD) had both FA and DMF. Peak assignments were made using the

to better resolve them.
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NIST spectrum for DMF, and using prior work for EA and FA. %17 Peak integration yielded
EA: DMF of 0.998: 0.002 for the xra = 0.00 sample and EA: DMF: FA of 0.79: 0.19: 0.02 for
the xra = 0.07 sample. The proportion of DMF relative to FA is perhaps over-estimated in
the xra = 0.07 sample; however, it is clear that the presence of FA also results in the
presence of a large amount of DMF. FA and EA are approximately in the proportions
expected from weighing out the powders; as 0.02 / (0.79 + 0.02) = 0.02, which is not very

far off from 0.07. All relative ratios were obtained using:

Moles EA Integration for EA o Number of H in DMF signal
Moles DMF ~— Integration for DMF = Number of H in EA signal

and

Moles EA _ Integration for EA 9 Number of H in FA signal
Moles FA ~ Integration for FA~ Number of H in EA signal
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0.44

Xga- 0.00 0.07

Figure 5.510. SEM of different xra compositions (spin-cast films). Although obvious impurities appear for
xra = 0.18 and above, the grain size of all phases present, including n = 3, remains quite large.
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Chapter 6:

Summary and Outlook

This dissertation explored the fundamental properties of hybrid perovskite films,
which are attractive for a variety of optoelectronic devices. Chapter 2 showed how
bending films can change the proportions of different sub-grain structures, and how the
formation of such structures is directly linked to film degradation. Chapter 3 set upper
bounds for halide interdiffusion coefficients for the iodide-bromide perovskites, which
are the most widely-used 3D perovskites. Chapters 4 and 5 showed how to grow phase-
pure 2D films, and how strain and solvent incorporation can change the proportions of
different emissive features.

The findings of this dissertation open new questions regarding film properties.
Twinning seems to have the opposite impacts on the optical properties of films vs. bulk
crystals of MAPbI3; the impacts of twinning on the optical properties of films with large
grains is unclear. In addition, the effects of solvent anchoring in the interlayer of 2D
perovskites merits more exploration. In this dissertation, it was shown that solvent
anchoring can turn off select phonon-coupled emission features; this effect may be
tunable by using bulkier solvents, or solvents with different polarity. The ability to make
phase-pure 2D films is highly useful, both for studies of fundamental properties and for
device fabrication.

With the commercialization of perovskite solar cells already underway, we can

expect attempts at commercializing perovskites for other applications as well, such as
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light emitting devices or photodetectors. The tunable structure and resulting wealth of
optical and ionic properties will continue to put hybrid halide perovskites at the forefront

of optoelectronics research.
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