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ABSTRACT OF THE DISSERTATION

Revealing Composition-Performance Relationships In Halide Perovskite Solar Cells By
Correlative Microscopy

by

Yangi Luo

Doctor of Philosophy in Nanoengineering

University of California San Diego, 2020

Professor David P. Fenning, Chair

In recent years, hybrid halide perovskite solar cells have attracted much attention due to
their excellent optoelectronic performance. Leveraging the structural flexibility of perovskites,
composition engineering appears to be an effective approach to improve material and device
stability but can also raise durability challenges such as phase separation. In this presentation, I
will share insights into the composition-performance relationships in these emerging materials
resulting from correlative X-ray, electron, and optical microscopy investigations. Encompassing
a wide range of perovskite chemistries, this work reveals the challenges and benefits of increasing

compositional complexity and elucidates the roles of substituents and additives in these complex
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material systems. By identifying potential pitfalls in tuning the materials chemistry of halide
perovskites, we provide a path forward for further improving their optoelectronic performance

and making them commercially viable.
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Chapter 1

A Brief Introduction to Halide Perovskites
and Their Applications in Photovoltaics

One of the biggest challenges we face in the 21% century is reducing our dependence on
non-renewable fossil fuels. Providing a path forward to a cleaner and greener tomorrow, solar
energy is abundant and accessible. Our overarching goal in solar energy research is to capture
this resource efficiently, produce solar electricity cost-effectively, and to build durable systems to
power our society.

Solar cells, also known as photovoltaic (PV) devices, capture and convert solar energy
directly to electricity using semiconducting materials. Owing to significant research over the past
60 years, today’s silicon (Si) solar cells are commercially viable at a large scale. UC San Diego
recently expanded its microgrid to a 2.4 megawatt solar network because the university identified
this upgrade as a strong return on investment. In fact, California has a solar initiative program
(CS]) as an incentive for people to install solar panels on their houses. In 2018, California took a
giant step further and became the first state to mandate new homes have solar panels installed.

One drawback of Si-based PVs, however, is that their fabrication requires multiple costly
and energy-intensive high-temperature steps, including crystal growth above 1400 °C. In stark
contrast, an emerging class of solar cells, called perovskite solar cells (PSCs), is processed in the
range of 100-150 °C,[1, 2] which translates to more than a 90% reduction in production energy

requirements and a reduced energy- and carbon- payback time. These hybrid halide perovskites



show great potential in PV applications not only due to a 50% reduction in manufacturing costs
relative to Si-based PVs, but also due to their excellent optoelectronic properties. The exceptional
minority carrier diffusion lengths in these materials[3, 4] lead to nearly 100% internal quantum
efficiency[5], which results in high charge carrier collection efficiency and external luminescence

efficiency in PV devices.[2, 6]
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Figure 1.1. Improvement of photovoltaic devices using different types of light absorbing
materials in the past decades.[7] The selective light absorbing materials are gallium arsenide
(GaAs) thin film crystal, monocrystalline Si with heterojunction thin instrinsic layer (c-Si HIT),
monocrystalline Si (c-Si), halide perovskites (PSK), copper indium gallium selenide (CIGS),
multicrystalline Si (m-Si), and cadmium telluride (CdTe).

These extraordinary material properties have enabled perovskite solar absorbers to
achieve large improvements in device performance in the past decade. State-of-the-art per-
ovskite solar cells have outperformed all other polycrystalline photovoltaic absorbers, including
multicrystalline Si as shown in Figure 1.1. After the demonstration of a device with 3.8% power
conversion efficiency (PCE) by Miyasaka et al, a breakthrough in perovskite photovoltaics
occurred in 2012 when the first all-solid-state hybrid perovskite devices were shown by Kim
et al,[8] improving the chemical stability of the perovskite absorber and enabling device per-
formance to exceed 9%. With intense investigation of perovskite material properties globally

from a vast number of research groups, including bandgap engineering and stability optimization



by tuning chemical composition,[9, 10, 11, 12] the record PCE of halide perovskite solar cells
reached 25.2% in 2019. Surpassing 25% PCE by leveraging the chemical flexibility of the
perovskite structure as well as interface engineering in devices[6], hybrid perovskite solar cells
became the most efficient polycrystalline solar absorbers to date. Their efficiency exceeds
those of other emerging solar absorbers including copper indium gallium selenide (CIGS) and
cadmium telluride (CdTe).

To fully exploit the hybrid perovskites for commercially viable optoelectronic applica-
tions, robust functional thin films must be reproduced consistently. The electronic and chemical
instability of halide perovskites due to anomalous electronic hysteresis,[13, 14] rapid decom-
position under exposure to ultraviolet (UV) or visible light[15], and moisture[16] presents a
critical challenge to the reliability of halide perovskites in optoelectronic applications.[17, 18, 19]
The chemical flexibility of the perovskite holds promise for addressing these issues through
formulating complex compositions. An interesting and counter-intuitive trend is observed in
perovskite literature, in which improved efficiency and stability has been strongly correlated
with increased chemical complexity within the methylammonium (MA) containing perovskites.
However, complex chemical composition often leads to other potential challenges, such as
difficult homogenized mixing and proneness to phase segregation. The complex material system
of a high-performing perovskite absorber is a metaphorical black box, in which the funda-
mental roles of each elements and the underlying mechanism of elemental enhancement are
poorly understood or altogether unexplored. Herein, this thesis is centered around investigating
the composition-performance relationship and revealing the role of individual elements via

correlative microscopic techniques.



1.1 Chemical Flexibility of ABX; Hybrid Perovskites: A
large design space to tune functional properties

Hybrid perovskites are a broad family of inorganic-organic compounds that expand the
material design space in the familiar ABX3 perovskite crystal structure,[20] which includes the
widely-studied inorganic oxide perovskites ABOs3.[21, 22] The primitive crystal structure of the
most studied hybrid lead halide perovskite today, methylammonium lead iodide CH3NH3Pblj3, is
shown in Figure 1.2a, where A-site cation, B-site cation and X-site anion, are CH3NH; (MA™),
Pb>*, and I, respectively. Here we discuss the evolution in chemical composition of hybrid
perovskite optoelectronic materials from CH3NH3Pbl3, trending away from single cation (A-site)
and halide (X-site) chemistry to triple/quadruple cations and mixed halide composition to enhance
device performance and long term operational and environmental stability.[12, 23, 11, 24, 25]

Hybrid perovskite materials combine functional advantages of both inorganic and organic
semiconducting materials. The introduction of an organic cation on the A-site to create the hybrid
organic-inorganic material may contribute to unusual defect-tolerance[26] but rather depends
on charge-carrier separation at the conduction and valence band edges as in inorganic materials.
The inorganic framework of Pblg octahedra is formed due to strong lead-halide ionic interaction;
and the electronic structure of perovskite is mainly constituted via this interaction, where the
valance band is composed of Pb (6s orbital) and I (5p orbital) anti-bonding states, while the
conduction band is attributed mainly to anti-bonding states of Pb (6p orbital) and I (5p orbital)
interaction.[27, 28] Optoelectronic investigations have focused on semiconducting lead halide
perovskites, though extensive previous work in metallic stannous halide perovskites highlighted
their exceptional electronic properties.[29, 30] Recently, lead-tin alloys have also been pursed
to reduce the bandgap toward optimal terrestrial values.[31, 32] This thesis focus here on the
lead halide perovskites, given the explosive growth in recent work on their optoelectronic
functionality.

Goldschmidt’s tolerance factor () has been demonstrated to be a valuable approach



Figure 1.2. A cubic unit cell of a hybrid methylammonium lead halide perovskite, with general
ABX3 chemical formula.

for evaluating the formability of existing and as-yet-undemonstrated perovskite compositions.
In 1926, Goldschmidt developed the tolerance factor to estimate whether a specific elemental
composition can exist within the perovskite structure on the basis of elemental ionic radii and
crystal geometry.[33] As the hybrid perovskite material systems attracts increased attention, it
encourages scholars to investigate undiscovered perovskite materials that may have potential
to be excellent electronic, magnetic, or optical materials. Recently, Kieslich et al. calculated
the ionic tolerance factor for over 2300 amine-metal-ion permutations, indicating roughly 742
compositions would adopt the perovskite structure.[34, 35] Within these compositions, one
seventh are known to be suitable for electronic applications.[34] The octahedral factor, derived
from the radius ratio rules of Pauling,[36] provides an additional easily-calculated and necessary
criterion for the formability of halide perovskites.[37] In addition to the crystal geometry and
ionic radii considerations, oxidation state of A-site cation is recently being incorporated in an
improved tolerance factor (7) calculation to help predict perovskite stability.[38] The improved
tolerance factor established by Bartel ef al., appears to correlate linearly with decomposition
enthalpies AH,; calculated by density functional theory,[38] which has great potential to provide
critical insight into the phase stability of predicted perovskite phases and help identify promising

candidates for experimental demonstration and testing.



Tolerance factor calculations provide a framework to understand the current landscape
of hybrid perovskite compositions, and they illustrate the chemical flexibility of perovskites.
Figurel.3a displays a color map of tolerance factor for Pb>* B-site cation perovskites using
a non-modified Goldschmidt equation, covering wide range of A-site cations from K* to
formamidinium (FA) ion and X-site anions from fluoride to iodide. The Shannon’s ionic radii
are used in the tolerance factor calculation.[39] The calculated tolerance factor span 0.75 to
1.05, where the tolerance factor of photoactive black phase hybrid perovskite is commonly
found within the range of 0.83 to 1.06(e.g. the orange and yellow color regions in Figure
1.3a).[12] The values of the tolerance factor indicate the structural formability of the hybrid
perovskite is dominated by the size of large A-site occupants in lead perovskites, in which the
photoactive phase is unlikely to form using A-site cation with ionic radius smaller than Rb*
cations. Similar trend is predicted using the improved tolerance factor 7, but with a narrower
formability window (7 < 4.18 shown in Figure 1.3b), where black phase perovskite is limited
to cation with size bigger than Cs™ ion. The prediction from 7 agrees well with the most of
experimental findings.[40, 41] The formability of photoactive perovskites strongly depends
upon the A-site ionic radii as illustrated in the tolerance factor estimation. However, the optical
properties of the 3-dimensional (3D) hybrid lead perovskite do not show a strong dependence
on different A-site ion composition[42] but can be fine tuned by X-site halide mixing.[9] The
functionality of X- and A- site ions will be discussed in further detail in Chapter 1.2 and 1.3,

respectively.

1.2 Tunable optoelectronic property in mixed halide compo-
sitions

Substitution of different halide anions within the 3D perovskite structure, enables us
to tune the perovskite materials’ optoelectronic properties significantly resulting in variation

of absorption coefficient of thin films.[15] Changes to the lead halide bonding,[43] which
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Figure 1.3. (A) Non-modified Goldschmidt’s tolerance factor (¢) and (B) improved tolerance
factor (7)[38] for a range of hybrid perovskites using Shannon’s ionic radii,[39] including A-site
cations from K+ to formamidinium (FA™) and X-site anion from F~ to I~ .The purple regions in
both (A) and (B) are the windows that photoactive lead perovskites are unlikely to form, while
the formable regions are indicated in orange and yellow color.

contributes the valence and conduction band density of states, lead to sensitive changes in the
functional capability of the perovskite.[44, 45] The absorption wavelengths, of different halide
film compositions upon substituting I~ with Br—, can be fine-tuned in the range of 800 nm to
520 nm by having the appropriate Br to I ratio.[15] The absorption spectra clearly indicate the
optoelectronic tunability that emerges from the structural flexibility of hybrid perovskites. In the
early stage of the hybrid perovskite development, different halide compositions, ranging from
single halide (Cl, Br, and I) to mixed halide Br/L,[15, 46, 47] were explored extensively while

fixing the A-site cation for pursuing the better fine-tuned optoelectronic properties. Impressively,



the structural flexibility extends to post-fabrication chemical modifications, including gas-solid
heterogeneous reactions. For example, Solis-lbarra et al. found that MAPbI3 perovskite films
can undergo halide conversion/exchange after exposure to Br, or Cl,.[48] This observation
indicates the structural flexibility of MAPDI3 thin films but also suggests the instability of the
material itself.[49, 50] Incorporation of a small but increasing Br fraction relative to I promotes
better environmental stability for MA based perovskite devices.[51] The PCE of mixed halide
MAPbI;_,Br, devices, where x = 0.20 and 0.29, display almost no PCE decrease after storing for
20 days at 35% humidity, while the PCE of the triiodide system drops from 11.2% to 2.5%.[9]
However, this mixed halide composition appears to have poor photostability upon
laser/light illumination resulting in a shift in the photoluminescence (PL) peak from 635 nm to
730 nm[15]. Shift in PL peak position suggests the occurrence of photoinduced phase segre-
gation, resulting in I- and Br- rich phases formation. This observation can be attributed to the
metastable nature of the mixed halide systems which leads to gradual deterioration by thermal or
optical energy inputs,[52, 53] or the instability from the mobile halide ions.[54] To improve the
long-term photo- and environmental stability in mixed Br/I phases, mixed A-site cations were

introduced to the mixed halide hybrid perovskite which is discussed in the following chapter.

1.3 A-site compositional engineering improves performance
and stability

Although A-site cation does not impact the electronic structure of the materials directly,
it serves an important component in determining the formability, dimensionality, and stability of
perovskites.[55, 20] Expanding beyond the 3D perovskite structure through the incorporation
of larger A-site cations can vastly broaden the structural and functional design space of hybrid
perovskites,[20] though the highest performing hybrid perovskite solar cells to date are the 3D
perovskites. The dimensionality of the perovskites can be tuned from 2D[56, 57] to Ruddlesden-

Popper quasi-2D [58, 59] to fully 3D perovskite structures by incorporating larger organic



A-site molecules such as 2-phenylethylammonium (PEA) or n-butylammonium (n-BA).[60, 61]
In the 3D perovskite framework, the commonly used A-site cations (methylammonium or
formamidinium) reside in the cages formed by the corner sharing PbXg layer networks. In
contrast, the 2D structure can be regarded as n number of octahedral perovskite layers sandwiched
top and bottom by two layers of larger A-site organic cations. These large organic molecules,
also known as organic spacers, prevent the continuous growth of perovskite 3D lattices resulting
in a quasi-2D layered structure with a mixture of organic spacers and perovskite domains.

The addition of the longer-chained hydrophobic cations has been shown to offer greater
environmental stability to the hybrid perovskite.[62] State-of-the-art low-dimensional Ruddles-
den -Popper quasi-2D perovskite solar cells, with composition of PEA;MA,,_Pb, I3, (n =5),
exhibit decent performance with 18.04% PCE along with 8-month long term stability.[63] Addi-
tionally, the large organic cation salt can be added directly to 3D perovskite solution, in which
the final perovskite films have formation of 2D perovskite platelets interspersed between 3D
perovskite grains, providing potential benefits of improving crystallinity of 3D perovskites,
passivating grain boundary passivation, and enhancing environmental stability.[64] Recently,
2D perovskite can also be deposited as the interlayer, between 3D perovskite absorber and
charge-transport layer, for lowering defect densities and improved carrier lifetime.[65, 66]

Furthermore, A-site engineering for 3D perovskites involves mixing small organic A-site
cations(MA ™ ,FA™) in tandem with incorporating inorganic A-site cations have shown great
promises in achieving highest performance PV applications with decent stability to date. The
poor intrinsic stability of hybrid perovskite appears to originate from the weak stability of MA
as it gradually decomposes to HI and CH3NH>, leaving inactive Pbl, behind.[67] Remarkable
advances have been achieved by precise compositional engineering though substituting unstable
MA™ with relatively stable FA™ . First, the addition of MAPbBr3 to FAPbI; in small quantities
has been demonstrated to produce better film coverage and stabilization of FAPbI3 (nominally,
outside the perovskite formability window, Figurel.3) achieving a PCE of 17.9% by Jeon

et al. with (FAPbI3)g35(MAPDbBr3).15[68] and 22.1% by Yang et al. using an optimized



(FAPDb3)0.95(MAPDbBr3)g 05 With additional iodide ions in organic cation precursor solutions.[69].
For inorganic cation incorporation, selection of inorganic monovalant ions is limited according
to prediction from tolerance factor (shown in Figure1.3), and Cs™ appears to be the only one
being able to be incorporate into perovskite structure. Choi et al. demonstrated Cs incorporation
in MAPDbI3, creating mixed Cs/MA lead iodide perovskites, resulting in stable perovskite films
reaching to 7.68 % PCE.[70] The Cs/FA lead iodide compositional space was explored by Lee et
al., who found that substituting a small amount of Cs helps to not only stabilize the photoactive
black phase of FAPbI; but also improve the PCE from 16.3% to 17.1 %.[71] The presence
of Cs and its effect on FAPbI; phase stabilization can be understood on the basis of entropic
stabilization and the Goldschmidt tolerance factor.[72, 73] The mixed Cs/FA cation chemistry
exhibits significantly improved environmental stability with respect to FAPbIz, maintaining 70 %
of the initial device performance after 220 hours of continuous light exposure while the pure FA
cation lead iodide perovskites do not operate after 70 hours in the same testing conditions.[71] In
the mixed Br/I space, 25% Cs concentration in Csg 25FA(.75Pb(Brg 20l.80)3 composition space
suppresses photoinduced halide segregation and yields 17.4 % PCE.[74] Similar compositional
space with Csg 17FA(.83Pb(Brg.1710.83)3 has shown to withstand damp heat and thermal cycling
with careful encapsulation.[75]

These promising mixed inorganic-organic A-site investigations motivated novel hybrid
perovskite chemistries combining triple A-site cations (Cs*, MA™' and FA™) and mixed halides.
Saliba et al. achieved 21.2% efficiency that was maintained over 250 hours under constant
illumination at room temperature in a nitrogen atmosphere.[11] Later, Christians et al. demon-
strated more than 1000 hour operational stability using CsFAMA triple cations in mixed halides
composition.[76] Expanding the design space further, Saliba et al. incorporated a fourth A-site
cation in small quantities, Rb™, in quadruple cation (Rb*, Cs™, MA™ and FA™") mixed A-site Br/I
halide perovskites, yielding chemistry of Rbg o5(Csg.05(MAg.17FA0.83)0.95)0.95Pb(Io.83Bro.17)3,
to achieve yet higher photovoltaic performance of 21.6%, improved reproducibility, and further

improved stability.[12]
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With rapid advances in the chemical complexity of hybrid perovskite materials, how
the mixing of organic and inorganic rubidium/cesium cations on the A-site and the mixing of
halides on the X-site impact charge collection at the nanoscale remained open questions. In this
thesis, I narrow our focus to the relationship between nanoscale chemistry and charge-collection
properties of 3D hybrid perovskites with mixed organic-inorganic A-site and mixed halide

devices, as they have exhibited the highest performance in optoelectronic applications to date.

1.4 Thesis overview

The goal of this research is to reveal the composition-performance relationship of and
further elucidate the role of each element in complex halide perovskite absorbers. To accomplish
this objective, the development of operando synchrotron-based microscopic techniques is pur-
sued, providing an optimal window to avoid degradation during characterization and enabling
collection of both chemical and electronic information. Along with establishing quantitative
methods for analyzing the compositional data, synchrotron-based microscopic investigations
of chemical determinants of local performance using a wide range of perovskite composition
chemistries are conducted in various device architectures.

In Chapter 2, I detail the characterization method for performing synchrotron based X-ray
as well as electron-beam (E-beam) based microscopy, along with the data analysis approaches to
extract the collected elemental and electronic information. This chapter also highlights useful
characterization guidance and provides the optimal windows to avoid degradation during E-beam
and X-ray beam characterizations.

With the optimal characterization window established, in Chapter 3, I perform the first
microscopic assessment on composition-performance relation in mixed halide perovskites, by
means of X-ray fluorescence (XRF) and X-ray beam induced current (XBIC) microscopy. The
XRF/XBIC result reveals the potential challenge of the spatial heterogeneous halide distribution

in the widely used mixed halide composition. The elemental information from XRF combined
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with the electronic information from XBIC highlights the importance of local chemical stoi-
chiometry on local charge collection. The resulting halide segregation is potentially due to the
ionic size difference of halides or the highly mobile nature of the halide ions shown in Chapter 4.

To avoid the halide segregation observed in Chapter 3 and 4, high performing A-site
modulated perovskite devices using single halide chemistry are prepared and investigated in
Chapter 5. Although the halide segregation problem is avoided, this composition is limited by
A-site stability upon accelerated testing under heat and light.

Lastly, one of the most promising perovskite compositions is explored in Chapter 6,
composed of mixed halides and A-site (with alkaline ions). In this relative complex composition,
adding alkaline ions help homogenize halide distribution, which leads to enhancement in both
performance and stability observed in the perovskite community.

Chapter 7 summarizes the results and conclusions, along with the future outlook in

engineering stable and high performance halide perovskites solar cells from my perspective.
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Chapter 2

Methods and X-ray/Electron-beam Mi-
croscopy Development

Perovskite absorbers exhibit significant compositional and structural heteroeneities on
a variety of length scales,[77] which can lead to either performance enhancement [78] or
device instability.[40] Thus, micro- and nanoscale characterization is necessary to provide
deeper insights on the origins of heterogeneity and reveal the degradation mechanisms in halide
perovskites. Techniques utilizing focused electron beam (E-beam) and X-ray beam offer unique
advantages toward understanding the nanoscale variations for both chemical and optoelectronic
properties. E-beam and X-ray microscopy has readily developed and shown great success in
characterizing semiconducting materials such as silicon, which can be exploited on hybrid halide
perovskite characterization as well.

In this chapter, I will first introduce synchrotron based X-ray fluorescence (XRF) mi-
croscopy and the associated data analysis procedure for obtaining quantitative compositional
information from samples. Next, I will discuss the physical mechanism, benefits, and operational
limits of the operando X-ray beam induced current (XBIC) technique for collecting electronic
information on perovskites. Lastly, since working with hybrid halide perovskites comes with
additional difficulties due to their radiation sensitive nature,[79] a quantitative specification
during E-beam measurement is provided with insights on underlying perovskite degradation

mechnisms during E-beam perovskite interactions.
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2.1 Mapping Elemental Distribution via Synchrotron-based
X-ray Fluorescence (n-XRF)

Micro- or nano- probe X-ray fluorescence (XRF) microscopy has large contribution in
identifying the impact of trace amount metal impurities related failure modes in semiconducting
devices.[80, 81, 82, 83] In single- and multi- crystalline silicon, transition metal impurities can
dissolve or precipitate to form metal silicides, which can result in active carrier recombination
centers and lead to shorten carrier diffusion length and reduce carrier collection.[84] McHugo
et al. first utilized synchrotron based p-XRF at Advanced Light source at Lawrence Berkeley
National Laboratory to report the present of nanometer-scale metal precipitates (Fe, Cr, Ni, Cu,
and Au) in multicrystalline silicon (mc-Si) solar cells.[85, 86] Buonassisi ef al. and Istratov
et al. later found that performance of mc-Si cells were limited not only by the total metal
concentration but also the distribution of metal clusters within grains or grain boundaries.[87, 88]
These microscopic learning have revealed the chemical and electronic nature of the nanoscale im-
purities or variation in composition, which are essential to evaluate the composition-performance
relation. Leveraging on the readily developed XRF microscopy, elemental distribution in halide
perovskites and its impacts on local electronic performance can be unlocked.

X-ray fluorescence (XRF) microscopy provides mapping of elemental composition,
achieving better than part per million sensitivity and sub-30 nm resolution.[90] The basic
requirement of X-ray microscopy is a bright X-ray source, most commonly found at a synchrotron
facility, that allows the beam to be focused into small spot size using X-ray optics. The most
common nano-focusing approach is to use a Fresnel Zone Plate shown in Figure 2.1.[90, 91, 92]
Rastering the sample or the X-ray optic using precision nano-positioning stages enables high-
spatial resolution scanning X-ray interrogation of materials. Then, the detection of XRF signal
relies on the emission of elemental characteristic X-ray photon by relaxation of an outer-shell
electron to the core-hole generated upon X-ray absorption. The basic physical mechanism of

XRF is illustrated in Figure 2.1. The process begins first with the creation of a core-hole (e.g. in
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Figure 2.1. X-ray fluorescence operates by a mechanism where an X-ray photon of high enough
energy removes a core-shell electron, and the core-hole is filled by relaxation of one of an outer
shell electron with energy conserved by fluorescent photon emission.Reproduce from [89]

the K, L, or M shell) by absorption of an incident X-ray photon of energy greater than the binding
energy of an electron in that shell. Outer-shell electron relaxation can occur by multiple pathways
including Auger electron emission or the emission of various characteristic fluorescent X-rays
shown in Figure 2.2. The energy of the fluorescent X-ray photon is dictated by conservation of
energy between the electronic transition’s initial state and its final state. Dipole selection rules
determine which transitions are quantum mechanically allowable, and each is characteristic of
the absorbing atomic species. Typically conducted in a 2D mapping mode, the collected XRF
signal is a 2D projection of the three-dimensional distribution of XRF emission integrated from
the surface into the bulk of the sample.

Synchrotron XRF enables rapid, sensitive, and spatially-resolved mapping of composition
in samples of various geometries and architectures. Though XRF provides information seemingly

analogous to that of energy dispersive X-ray spectroscopy (EDX), a widely available electron
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microscopy-based technique for compositional analysis, XRF offers several distinct advantages
over EDX. Deceleration of electrons within a sample during EDX measurements generates
white Bremsstrahlung background radiation, limiting sensitivity to 0.1% [93] - a limitation not
present in XRFE, which uses photons as an excitation source, and accordingly has about 1000x
the sensitivity of EDX. This boost in sensitivity not only reduces measurement time and energy
dose imparted to a sample, but actually allows lower-energy emission weaker L- or M-lines that
would typically be masked by EDX background to be used for analysis. EDX measurements
also often require incident electrons to have an energy 3-5 times higher than the binding energy
of core-level electrons to have acceptable characteristic fluorescence photon signal, [94] which
can be particularly damaging to beam-sensitive perovskite materials. XRF is a dose-efficient
photon-in, photon-out technique in which little excess energy for the incident X-ray beam is
required above the absorption edge of interest. Spatial resolution in SEM-EDX is typically
limited to 0.5-1 um by broadening from the electron interaction volume, though this limit is
lifted in TEM-EDX by the thin sample thickness (j100 nm). XRF resolution can reach 10-30
nm at state-of-the-art facilities, primarily determined by the spot size of X-ray nanoprobes.
Critically, the long penetration depth of X-ray beams allows us to measure buried layers in a
multilayer device such as a solar cell (Figure 2.1), enabling compositional mapping at high
resolutions in extended samples. Overall, the dose efficiency and information depth of XRF

unlock compositional characterization in beam-sensitive materials like lead halide perovskites.

2.1.1 Performing XRF Measurement on Halide Perovskite

Consideration in choosing the appropriate incident X-ray beam energy and awareness
of potential overlapping emission peaks is crucial. This is particularly essential in the mixed
halide and mixed A-site absorbers as mentioned in Chapter 1.2 and 1.3. Figure 2.2 displays
an exemplary XRF spectrum of a Csg 1FA( 9Pbls perovskite solar cell in the common double-
heterostructure architecture, in which the perovskite layer is sandwiched between electron

transport layer (ETL, SnO,) and hole transport layer (HTL, Spiro-OMeTAD). After the carrier
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selective contacts, the holes and electrons are extracted using Au and indium tin oxide current
collector (ITO), respectively. This yields a common layered stack of perovskite device of
ITO/SnOx/perovskite/Spiro-OMeTAD/Au. Here, the 7 keV X-ray beam impinges upon the
back side of the sample, penetrating through the thin Au back-contact and Spiro-OMeTAD
overlaying layers, the absorber, tin oxide, and into the substrate. Due to long penetration length
of X-rays and bright synchrotron radiation, all elements from the individual layers in the stack
are detectable, with the exception of low-Z elements (less than Na and including H, C and O)
due to their low fluorescence yield.[95] The emitted X-ray photons are named in a hierarchical
scheme where the first letter (K, L, M) defines the core-hole level. A Greek letter and number
specify the original orbital of the electron that relaxes, with transitions labeled «, 8, and ¥, in
order of increasing transition energy with finer orbital angular momentum differences denoted
using subscripts 1,2, etc.[96] As illustrated in Figure 2.2 a, relaxations within a single atom to
fill a core-hole can be complex because more than one electron is available to fill the core-hole
and emit the fluorescence X-ray photons. Fuggle et al. summarized the electron binding and
X-ray emission energies in metals as a function of atomic number (Z),[97] which is included in
the booklet “X-Ray Data Booklet”[98] serving as a valuable resource for quick reference and
providing guidance in selecting the incident beam energy.

As is evident from the overlapping peaks in Figure 2.2 b, careful data analysis is required
to extract quantitative elemental concentrations from raw XRF signal in halide perovskites,
particularly in strongly overlapping regions, such as the energy range of 3-5 keV where emission
lines from Iz, Inz, and Sny, overlap.[98] It is crucial to select the most favorable L-lines for data
quantification and apply rigorous spectral fitting routines that deconvolute overlapping emissions
and background from the spectra.[99] The fitted elemental concentrations can be quantified
using NIST-traceable XRF standards with 5-10% uncertainty in elemental concentration. To
obtain the most accurate quantification, XRF standards are measured as soon after sample XRF
data collection as possible in the sample-detector position/geometry. An optimistic lower bound

error i1s 10% after all accounting for the propagated errors during data quantification.[100] This
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Figure 2.2. Elemental characteristic X-ray photons and their associated energy level.[89] (a)
X-ray fluorescence operates by a mechanism where a high intensity X-ray beam removes a
core-shell electron and the core-hole is filled by relaxation of one of an outer shell electron.
(b) A representative XRF spectrum taken on a layered stack perovskite solar cells with device
architecture of ITO/SnOx/perovskite/Spiro-OMeTAD/Au. The elemental specific fluorescence
photons emitted are detected and produce an XRF spectrum of elements along the beam path.

quantification uncertainty strongly depends on the concentration of the element of interest and
the layer architecture of sample or cell stack. Attenuation of both incident and outgoing X-ray
photons within the sample should be accounted for systematically.[101, 102] The elemental
quantification of perovskites is further challenging because many emission lines are far in
energy from typical NIST standards (primarily for 3d transition metals), requiring calibration of
yields and branching ratios. An approach to simplify the quantification process is to use a well-
characterized perovskite sample — ideally a single-crystal perovskite with known composition
and comparable thickness to the perovskite sample of interest — as a standard, allowing direct

conversion of XRF counts into estimated elemental composition.[40, 100]

2.1.2 XRF Data Analysis and Interpretation

Since it is often a challenging to fabricate and handle single-crystal with comparable
thickness to its sub-micron layer thickness in device, XRF data analysis to account for signal at-

tenuation in highly absorbing Pb-containing perovskite films is crucial to avoid misinterpretation
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of the XRF results. According to Beer Lambert’s law, the attenuation of light intensity within a

medium at a fixed X-ray photon energy is expressed:

—t
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I = ILexp( ) (2.1)

where I, is the incident intensity of light, A; is the attenuation length of incident X-rays, ¢
is the depth and « is the incident angle with respect to the sample normal. Then, the intensity of
fluorescent X-rays emitted at the given depth that reaches the detector is:
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where Q is the fluorescence yield describing the emission probability of the fluorescent photons
and Q is the solid angle defined by the detector collimator. Since fluorescence radiation is emitted
uniformly in every direction, the term /47 is used to account for the fraction of fluorescent
signal that makes it to the detector.[103] Considering the outgoing fluorescent signal is attenuated
by the absorber along the beam path, with a factor of exp(zyc’—o’sﬁ),[104] the intensity of the XRF

signal is given by the following equation:

film Q —t —t
L(t) = /0 IOQﬂrexP(licosa)exP(ﬂ,ycosﬁ )dt (2.3)

where A, is attenuation length of element-specific fluorescent photons and f3 is the detector angle
with respect to sample normal.

Using the relationship established in Eq 2.3, the total XRF signal attenuation due to
self-absorption can be estimated. In this analysis, we assume the incident intensity of X-ray
beam, sample-detector geometry and fluorescence yield remain unchanged, and that the element-
specific attenuation factor @, is expected to be proportional to overall attenuation of fluorescent

photons that are collected at the detector as shown in Eq 2.4. Then, the attenuation corrected
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elemental signal equals to Lyegsureq/ @y, Where Lyeasureq is the raw XRF intensity.

—t
Aicoso

ayle) = [ exply o Jenpl oo @4

Figure 2.3 illustrates the estimated attenuation factor ¢, at various film thicknesses using
X-ray beam at 13.6 keV with a and B equal to 15° and 75°, respectively. At 13.6 keV, the
X-ray beam allows the emission and detection of Brg,, Pb;,, and I, which are the three major
elements detectable by XRF in perovskite absorber. The attenuation factor of Brg, (EBrKa =
11.92 keV) and Pbr, (Epy,, = 10.45 keV) appear to be very similar in the given thickness
window. In contrast, signal I, is being attenuated more and requires a larger correction factor
using 1/a,. Note that the attenuation length of element-specific X-ray photons is estimated

based on the X-ray interaction with perovskite absorber, FAPbI, ,5Br( 75.[105]
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Figure 2.3. Estimating attenuation factor for FAPbI; »5Br( 75 absorber using 13.6 keV X-ray
beam. The estimation is calculated using relation in Eq 2.4 with sample-beam geometry of o
and B of is 15 and 75°, respectively.

Due to the significant self-absorption of iodine signal shown in Figure 2.3, it’s important
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to implement this correction on perovskite films to avoid misinterpretation of the chemical envi-
ronment of iodine, between Pbl, precursor and APbl; perovskite composition as the difference
of Pb:I ratio is within the magnitude of self-absorption. Thus, removing the impact of self

absorption on the collected signal is one of the essential steps while quantifying the XRF data.

2.2 Probing Local Electronic Performance using X-ray
Beam Induced Current (XBIC)

In addition to obtain composition information (e.g., Chapter 2.1), the same X-ray micro-
and nanoprobes can characterize local electronic properties of semiconducting devices such as
solar cells.[106, 88, 107] The collected signal of X-ray beam induced current (XBIC) involves
not only the process of generating electron-hole pairs but also the collection of the excited carriers.
As shown schematically in Figure 2.4, the highly energetic electrons excited by X-ray absorption
can decay by a cascade of secondary interactions, ultimately resulting in the generation of a
large number of band-edge charge carriers for each absorbed X-ray photon in an internal carrier
amplification process.[108] During XBIC measurement, these excited carriers drift/diffuse, are
separated via junctions and are ultimately collected at device contacts. The current is amplified
externally to produce an XBIC signal.

Compared with other beam induced current techniques such as electron-beam induced
current (EBIC), XBIC offers unique capabilities and advantages due to the particular X-ray-
matter interaction. One obvious advantage of utilizing XBIC is the long penetration length of
hard X-ray photon. This allows a large fraction of incident X-rays to interact with the buried
layer of interested in a layered stack device. Along with smaller interaction volume by X-ray
with respect to electron-beam,[89] operando beam induced current studies are achievable using
X-ray nanoprobe. For example, XBIC is often exploited in conjunction with compositional
(XRF)[109] or structural (X-ray diffraction, XRD) information.[110], providing further insights

on the root cause of detrimental/enhanced electronic performance.
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Figure 2.4. X-ray micro- nanoprobes can extract composition and electronic information
simultaneously. X-ray beam induced current (XBIC) measures current collection of the band-
edge electron-hole carriers resulted from the cascading secondary interaction following the

primary core hole generation. Reproduce from [89].

2.2.1 Performing XBIC Measurement on Perovskite

Unlike n-XRF measurement, electronic performance characterization on the nanoscale
is often challenging on hybrid halide perovskites, as shown in Figure 2.5. The characterization
windows for n-XRF was first compiled by Stuckelberger et al., in which there were no changes
in X-ray elemental mapping after five repeat scans under high X-ray flux density in MAPbI3

absorbers.[111] Although the composition extracted from XRF has proven to be stable under
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the high flux X-ray beam, atomic-scale defects are generated under X-ray irradiation. This
leads to the exponential decay of the XBIC signal, which is similar to that observed in EBIC
measurement as reported by Klein-kedem.[79] As a matter of best practice, care should be taken
when characterizing beam sensitive perovskites in order to avoid the operation regime that the

detected signal starts to vary significantly as a function of incident beam dose.
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Figure 2.5. Signal decay as a function of dose for nanoprobe XRF and XBIC. The X-ray
microscopy measurements were conducted using a 30 x 30 nm? focused beam with photon
flux of 10° photon s~ ! at 26-IDC nanoprobe beamline in Advanced Photon Source (APS). The
characteristic decay of the XBIC signal was tracked using a MAPDI3 perovskite absorber with
a device architecture of FTO/meso-TiO,/perovskite/Spiro-OMeTAD/Au.[111] The nano-XRF
study was performed on hole transport layer (HTL) free MAPbI;_,Br, device.[101] Reproduce
from [89].

As rapid degradation of XBIC signal is seen during measurement, a two-step strategy
is adapted to achieve successful n-XRF/XBIC measurement. We first perform an “electronic”
measurement map, followed by an “elemental” map. For the electronic map, we combine
high-throughput fly-scanning mapping that reduces scanning time to a typical 20-50 ms per

point dwell time [112] and insert beam attenuation filters to reduce X-ray dose. This strategy
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takes advantage of the ~ 10°> multiplication factor of band edge electrons generated per single
hard X-ray photon and the relative ease of low-noise amplification of pA current measurements.
To filter the electronic noise further, lock-in amplifier to collect modulated XBIC signal.[113]
However, the significant reduction in dose reduces our XRF elemental sensitivity. As necessary to
improve our XRF signal-to-noise to strengthen any correlation between the nanoscale chemistry
and the charge collection, following XBIC electronic measurement, we re-map the same area for
X-ray fluorescence at full flux and typically with a larger per point dwell time (~ 150-250 ms) to
achieve a high signal-to-noise ratio of the elemental distributions. These largely generalizable
characterization strategies have enabled us to investigate the relationship between nanoscale

chemistry and charge collection in the hybrid perovskites in the later chapters.

2.2.2 XBIC Data Analysis

To enable cross sample comparison, XBIC signal is often corrected to the extent possible
for variations in X-ray absorption and subsequent carrier generation due to absorber thickness
and morphology variation of the overlaying layers. Given long penetration length of X-ray (>
2 um, at 7 keV), which is far beyond the nominal perovskite thickness (~ 500-600 nm), local
thickness variation can vary XBIC signal considerably since thicker absorber is likely to absorb
more X-ray, leading larger amount of charge-carrier generation, than thinner sample. X-ray
absorption as a function of thickness can be estimated according to Beer Lambert’s law (i.e., Eq
2.1). Since the active absorber is buried layer, the amount of incident X-ray photons reaches the
absorber can be attenuated by the overlaying layer Au and Spiro-OMeTAD. Thus, to calculate the
effective X-ray absorption, the signal attenuation at the overlaying layers should be considered.
Assuming the incident flux is mostly absorbed by Au than Spiro-OMeTAD before it reaches
perovskite, we can establish the relation based on Eq 2.1 to account for morphological variation
in the overlaying Au layer as shown in Eq 2.5,

—lAu —Ipsk
n Jexp(
Au

IpsSK
Libsorbed (tPSK) = /0 Ioexp( )dtPSK (25)

Apsk
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in which 7 and A is the thickness and X-ray attenuation length, respectively. Leveraging on the
accessibility of compositional information during operando XRF/XBIC measurement, thickness
profiles, in the plan of measurement, of both Au and perovskite layers can be approximated.
The detected elemental concentration in XRF maps are used to scale thickness approximation
linearly, with the average of elemental counts in XRF matched to the nominal thickness of each

layer using the expression below:

Ipp(i, j) + 1 (i, J) i
. . .« . nomina
1 ZT:lle(ZJ) +1;(i, j)) /nm

tpsk (i, J) = ( (2.6)

where i and j indicate the x- and y- coordinates of a 2D map, Ip; and I; are the corrected Pb and
I XRF signals due to self-absorption using Eq 2.4, and #,,5,inq; 1s the nominal film thickness. The
thickness profile of Au is obtained using a similar approach with the XRF signal of Au. With
this normalization, we are able compare the performance of different perovskite devices and
elucidate the impact of experimental variables/parameters on electronic properties.[114] To help

better demonstrate this approach, an interactive Jupyter Notebook is provided on ”Github”.

2.3 Probing Carrier Collection using Electron-beam In-
duced Current (EBIC)

Similar as X-ray microscopy, electron-beam (E-beam) is known to be a strong probe to
degrade perovskites rapidly. The formation of intermediate or degraded phases was evidenced in
transmission electron microscopy (TEM) by the appearance of forbidden reflections in methy-
lammonium lead iodide (CH3NH3Pbl3) after 1 min of continuous e-beam irradiation at 200
kV and 2 e/(A%s).[115] Methylammonium lead bromide (CH;NH;3PbBr3) has similarly been
reported to lose crystallinity under an accumulated dose of 10 to 20 e/(AZs) at an e-beam voltage
of 300 kV during high-resolution TEM (HRTEM) measurements.[116] Given the signal-starved
nature of scattering experiments, structural characterization of perovskite materials using e-beam

microscopies has often meant pushing the limit of detector capabilities and/or carefully tuning
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beam conditions.

The electron-beam analogs of XBIC, electron-beam induce current (EBIC), can identify
heterogeneous recombination activity and charge carrier collection due to composition variations,
structural defects, or impurities.[117, 118, 119, 107] It can also provide valuable insights into
understanding device operating mechanisms by identifying the location of charge-separating
junctions in cross-section and enabling quantitative measurement of carrier diffusion lengths
to those junctions.[120] Cross-sectional EBIC performed by Edri et al. confirmed the p-i-n
operating mechanism in MAPbI;_ ,Cl, perovskites,[121] whereas MAPbBr3 cells were identified
to operate as p-n junction type cells by Kedem er al. [122, 123] Plan-view EBIC can help
demystify the role of chemical composition or structure defects on carrier generation and
collection. For example, recently Rb-rich aggregates were found to be photoinactive and weakly
recombination-active by plan-view EBIC in Rb-containing quaternary A-site perovskites.[40]
Besides investigation of carrier collection heterogeneities, plan view EBIC can also be used to
extract carrier diffusion length for both holes and electrons by capturing the carrier diffusion
profile onto selective contacts, as recently quantified for mixed halide perovskites.[124]

Despite these pioneering studies, compared to traditional semiconducting materials,[117,
119, 125, 126] perovskite solar cells have seen relatively little application to date of EBIC, or
correlative microscopy studies on devices incorporating e-beam characterization with other
ex-situ characterization on the same areas because of the unique challenges presented by this
class of materials, namely poor beam stability and related dose- and rate-dependent activation
and decay effects. In this following chapter, we identify an experimental window where little
e-beam induced degradation is seen in perovskite solar cells, as evidenced by the relative stability
of the time-dependent EBIC current, which is sensitive to electronic defect concentration. We
identify the accelerating voltage as the dominant parameter in determining the rate of damage to

PSCs using EBIC measurements in plan view.
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2.3.1 Determining Range of Accelerated Beam Voltage for Conducting
Plan-view EBIC

For this investigation, a 16.8% triple-cation perovskite solar cell with nominal chem-
istry of Csg 05(FA9.87MAg.13)0.95Pb(Ig.83Br(.17)3 (CsFAMA) in the common device architecture
FTO/TiO,/Perovskite/Spiro-OMeTAD/Au was selected due to its spatially-uniform initial EBIC
signal across the device. Cell performance for the CsSFAMA device is shown in Figure 2.6.
Its spatially-uniform electronic response is in good agreement with recent results that indicate
alkali-ion addition on the A-site homogenizes the absorber chemistry and carrier dynamics
relative to alkali-free compositions.[40] Thus, the triple-cation absorber was used here to isolate

the effect of beam conditions.
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Figure 2.6. J-V curve of the triple-cation device used in the initial EBIC study.

The configuration for plan-view EBIC is shown in Figure 2.7 A, where the beam interacts
with the absorber by penetrating through the backside Au contact and the hole transport layer
(HTL, Spiro-OMeTAD). As shown in the schematic, when the device is contacted externally,
excited carriers can be collected as electron beam induced current. We connect the device in
short-circuit conditions to a pre-amplifier (Femto DLPCA-200) whose output is synchronized
with the microscope scan generator using a Mighty EBIC 2.0 controller (Ephemeron Labs).

Monte Carlo electron trajectory simulations using CASINO [127, 128, 129] were used
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Figure 2.7. EBIC measurement configuration and simulation of energy deposited in perovskites.
(A) Experimental setup of plan-view EBIC measurement. A beam voltage is chosen such that
the e-beam penetrates sufficiently through the backside Au contact and excites carriers within
the perovskite bulk. The charge carriers are collected via the selective contact layers, and this
EBIC current amplified externally for detection. (B) Simulation of energy deposited in the device
layers per incident electron at a beam voltage of 7.5 kV (top) and 11.5 kV (bottom).

to identify the range of acceleration voltages for which the electron beam probe reaches the
perovskite beneath the overlying layers in the solar cell. A cross-section SEM image of the
cell used is shown in Figure 2.8, from which layer thicknesses were extracted to construct an
accurate device model for CASINO simulation. CASINO estimates the scattering, trajectory,
and differential energy loss of electrons interacting with a given material from the probabilities
of particular electron-matter interactions.[127] From the simulations, an operating window from
7.5 to 11.5 kV was established. The projected interaction volumes at 7.5 and 11.5 kV are
shown in Figure 2.7 B, in which whiter pixels have higher energy deposited. The penetration
depth is shallow at 7.5 keV, and the interaction volume just passes the HTL/perovskite interface.
Conversely, a large interaction volume appears at 11.5 kV, extending just into the FTO. Thus, by

examining accelerating voltages from 7.5-11.5 kV we can probe through the perovskite thickness.
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Selecting beam currents near the lower limit of widely-accessible SEMs, an experimental matrix
of beam voltages (7.5 to 11.5 kV with 1 kV increment) and beam currents (nominal currents:
6.3, 13, 25, 50 pA was identified for systematic investigation. A dwell time per point of 26.5 us

was used throughout.

Figure 2.8. Cross-section secondary electron image of the CSFAMA device used in the EBIC
study. Device architecture is FTO/meso-TiO,/Perovskite (PSK)/Spiro-OMeTAD (HTL)/Au. The
layer thickness estimated from the SEM is 70, 180, 500, 60, and 680 nm for Au, HTL, PSK,
meso-TiO, and FTO respectively.

2.3.2 Three Operating Regimes: Activation, Quasi-Steady, Decay

At the lowest e-beam powers, we find a beam induced current activation similar to two
previous reports.[79, 124] In Figure 2.9 A, three EBIC maps selected from a set of repetitive
scans of the same area carried out at 7.5 kV and 6.3 pA are shown (Scans 1, 35, and 65). Under
these conditions, the perovskite device starts with relatively low area-averaged EBIC current of
0.33 £ 0.06 nA. Over successive scanning, the map brightens, until after 35 scans, the highest
EBIC signal is observed with an average of 0.48 + 0.06 nA. The EBIC signal then gradually
decays upon further scanning, as seen in the 65/ scan. Similar optoelectronic activation is
observed in the visible light-perovskite interaction as well, such as PL enhancement after light
soaking.[130, 131] The presence of activation response suggests either (1) the stabilization or
filling of traps by photogenerated carriers or the incident electrons from the beam,[79, 132] (2) a

consequence of lead halide formation and surface passivation after e-beam interaction,[133, 134]
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and/or (3) the result of thermal annealing of the absorber by the beam.

A

Scan 01 0.7
€
2
3 g
o<
o
L
0.0
B Scan Number c Scan Number D Scan Number
1 17 34 50 66 1 8 15 21 28 1 3 4 6 7
0.50 1.50 15.78
Decay

< < =3 11.5 kV /50 pA

£ 0.40 £ 1.00 £10.52

Q o &}

o fos m

L L w

o 0.30 o 0.50 o 5.26

Z Activation z Plateau =

75kV /6.3 pA 85kV /13 pA
0.20 0.00 0.00
0.01 017 034 0.50 0.02 0.20 038 0.56 0.07 020 033 0.46
Dose (eV/nm®) Dose (eV/nm®) Dose (eV/nm®)

Figure 2.9. Type of EBIC responses at different beam power. (A) Selected scans from a time
series of plan view EBIC maps showing the activation response of the CsSFAMA-1s-Au device
under 7.5 kV / 6.3 pA. Scale bar 10 um. (B-D) Three characteristic EBIC profile showing
activation, quasi-steady, and decay responses, obtained by plotting the average EBIC signal
collected from the EBIC maps as a function of accumulated energy dose in the perovskite.

Under higher beam powers, we observe two distinct EBIC responses: at intermediate
power we find a “quasi-steady” response before decay finally sets in, and finally at “high” power a
direct decay of permanent degradation. The quasi-steady response is defined semi-quantitatively
when the rate of change of EBIC signal as a function of dose has multiple inflection points shown
in Figure 2.10, suggesting multiple reacting mechanism occurring simultaneously. Examples of
the three EBIC responses observed are shown in Figure 2.9 B-D, where the average EBIC from
successive maps is shown as a function of Scan Number (top axis) and energy dose absorbed in
the perovskite normalized by the beam interaction volume in the perovskite layer (eV/nm?) as
calculated by CASINO simulation (bottom axis). This dose represents the volumetric energy
density deposited in the perovskite and is used to examine dose effects as an intensive quantity.
In Figure 2.9 B, the activation response from the same area shown in Figure 2.9 A is displayed,

where the maximum EBIC current is collected during the 35/ scan, equivalent to an absorbed
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dose of 0.27 eV/nm>. When the beam power is slightly higher, 8.5 kV / 13 pA, a quasi-steady
response is observed where the EBIC current remains almost unchanged from Scan 8 to 15 as
seen in Figure Figure 2.9 C (a dose range of 0.16 to 0.30 eV/nm?). On the other hand, the highest
beam power (11.5 kV /50 pA) tested results in almost 30% reduction of EBIC signal after the

3" scan (Figure 2.9 D).
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Figure 2.10. The EBIC response across the 20 different conditions of acceleration and voltages
in this study.

The type of EBIC response observed does not appear to be strongly influenced by total
accumulated energy dose (as shown in Figure 2.9), but it is strongly related to the power absorbed

in the perovskite. A categorization of the characteristic type of EBIC response as a function of
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beam current and beam voltage is provided in Figure 2.8, with contours indicating calculated
lines of constant power absorbed in the perovskite in units of nW per point per scan. The
categorization is extracted from the EBIC response at every beam condition, which is shown
in Figure 2.10. Given that current varies by a factor of 5 but voltage by less than a factor of
2 across this parameter space, the characteristic EBIC response is evidently more sensitive to
the e-beam voltage than the incident beam current. However, the type of EBIC response most
closely follows the contours of power absorbed in the perovskite.

An activation response is seen when the power absorbed in the perovskite per point is
less than 4 nW, decay EBIC profiles are mainly observed at beam energy above 20 nW, and
quasi-steady responses can be found from 6-20 nW. Notably, activation and decay responses in
literature reports of cross-section EBIC [79, 121] (as shown in Figure 2.12) also appear to follow
these bounds — activation is seen when j6 nW is absorbed in the perovskite per point and decay
is seen when ;40 nW is absorbed per point. This correspondence when accounting for the power
absorbed in the perovskite between cross-section experiments, where the perovskite is directly
exposed to the beam, and the plan-view experiments here with overlying HTL and Au layers,

suggest that the type of EBIC response is mainly a result of the beam-perovskite interaction.

2.3.3 Operating Regimes for Other Perovskite Devices

Leveraging on these learning, we perform similar study on perovskites with different
absorber chemistry and architecture. Three other samples are explored with perovskite chemistry,
methods of fabrication, device architecture and performance listed in Table 2.1. One-step (/s) and
two-step (2s) are the two different deposition method utlized for sample preparation. Samples are
denoted using the A-site composition followed by the deposition method and metal backcontact,
in which CsFAMA-1s-Au was device used for collecting data present in Figure 2.9 and 2.11.

As perovskite composition can impact the absorber stability significantly, we extend
the lower beam voltage limit to the extend possible to prevent rapid degradation of unstable

perovskite even at 7.5 kV. While lowering the beam voltage for plan-view EBIC, it is crucial
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Figure 2.11. Categorical heat map of EBIC responses for beam current and voltage combinations:
yellow red for “activation”, orange for “quasi-steady”, and red for “decay.” The contour lines are
lines of constant absorbed power in the perovskite in nW per point.

3 Klein-Kedem et al
Decay
;2.5 -
2=
o)
g
% 2 Quasi-
> Steady
£
©
815
Activate

20 40 60 80 100
Beam Current (pA)

Figure 2.12. Absorbed power in the perovskite per point in cross-section EBIC. Contour lines
are in nW from CASINO calculations. Also shown are the bounds for the activation, quasi-steady,
and decay regimes seen in the plan-view experiments in this study. The experimental beam
conditions used by Edri et al.[121] (1.5 kV/110 pA) and Klein-Kedem et al.[79] (3 kV/3 pA) are
indicated and correspond to 6.7 and 120 nW/pt absorbed in the perovskite, respectively. Edri
et al[121] saw rapid EBIC decay, while Klein-Kedem et al.[79] observed EBIC activation, in
agreement with the bounds established in Figure 2.11.
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Table 2.1. Sample information for EBIC measurement

Sample Name FAMA-2s-Au FAMA-2s-Ag CsFAMA-2s-Au CsFAMA-1s-Au

Deposition
Method 2s 2s 2s 1s
Absorber (FAPbI;), g (FAPbI3)gg2  Csgos(FAPDbIs)gg Csqgs(FAPDI3) a3
Chemistry (MAPbBr3)g4  (MAPDbBr3) 08 (MAPbBr3)g 4 {(MAPDbBr3)g 47
Architecture ITO/SnO,/ ITO/SNO,/ ITO/SnO,/ FTO/m-TiOy/
PSK/Spiro/Au  PSK/Spiro/Ag PSK/Spiro/Au PSK/Spiro/Au
PCE (%) 17.95 20.7 19.11 16.89

to consider the beam voltage effects on penetration depth as shown in Figure 2.7. With typical
layer thickness of Au and HTL, the minimum beam voltage is simulated to be 6.5 kV to allow
incident E-beam to penetrate through the overlaying layers fully shown in Figure 2.13. The EBIC
responses for these samples are provided in Figure 2.14. As compared with device fabricated
using /s, samples prepared using 2s seem to be more sensitive to E-beam with decay regime shift
towards lower beam power region. This beam sensitivity behavior also narrows the window for
quasi-steady response (i.e. all 2s samples). Even though the exact EBIC responses are slightly
different between each other, the major trend still holds, in which high beam voltage and current
combination degrades sample rapidly and lower beam power induces less damage on EBIC
signal. Based on Figure 2.14, 6.5 kV / 6.3 pA can be used as the starting beam voltage and
current combination for characterizing perovskites with typical 70 nm Au and 180 nm HTL

layers.

2.3.4 Discussion and Conclusion

The variation of EBIC responses between samples with slight differences in composition
illustrates the composition-dependent stability in halide perovskites. The shift of EBIC responses
provides insights on the material stability upon interacting with high input energy from the e-
beam. When comparing composition only, samples with the highest Br concentrations (CsSFAMA -

Is-Au) appear to be most stable devices under the e-beam among all the compositions. A similar
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Figure 2.13. CASINO simulation of energy deposited in the device layers per incident electron
at beam voltage of 6 kV (left) and 6.5 kV (right).
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Figure 2.14. Categorical heat map of EBIC responses for samples with different composition.

trend is observed for samples that have the same deposition method (i.e. FAMA-2s-Au and
FAMA-2s-Ag). These observations align with literature findings, in which devices that have
over 1000 h stability under continuous illumination are composed of at least 0.33 mole of
Br substituent in the mixed A-site and halide systems.[76, 135, 136] In addition to the Br
concentration, the incorporation of Cs for stability enhancement should not be neglected as it

strongly suppressed the photo-induced phase segregation in the mixed halide Br/I perovskite
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absorber.[137, 74]

The EBIC data provide evidence that at least two distinct dose-dependent processes occur
in the perovskite device during e-beam interaction. These processes are highly sensitive to the
beam power reaching the perovskite, causing qualitative changes to the dose response, including
the dominance of degradation processes at high power. The sensitivity to beam power may
indicate that the rate of these processes depends on (1) the energy of the electrons incident on the
perovskite layer, such as knock-on effects in the inelastic scattering process, and/or that it depends
on (2) the power density, such as in local heating (which has previously been discussed).[79]
The quasi-steady response appears to be the superposition (or at least interaction) of multiple
photophysical processes occurring simultaneously. It perhaps indicates the competition be-
tween degradation and carrier induced brightening, or a self-repairing mechanism involving
lattice expansion or lattice re-ordering.[131] While moving towards less stable compositions,
the narrowing window of quasi-steady response suggests degradation dominates over other
photophysical processes, as shown in Figure 2.14. As a result, the quasi-steady response will not
be present if the halide perovskite is rapidly degraded under e-beam. For stable perovskites, on
the other hand, the quasi-steady window provides an extended range of experimental conditions
where EBIC or other electron microscopy can be conducted successfully without immediate
degradation.

Some care must be taken in transferring the success of these operating beam current and
voltage conditions to other microscopes and samples. In particular, the necessary voltages for
the interaction volume to reach the absorber will be architecture-dependent. Determination of
device layer thickness to support evaluation of the experimentally-desirable accelerating voltage
using CASINO is encouraged prior to executing EBIC. I provide a user executable package
for processing CASINO output files to help transfer this result to different perovskite solar cell
architectures.[138] It is important to note that because the perovskite is more sensitive to electron
acceleration voltage, it may be favorable to increase beam current to achieve sufficient EBIC

signal-to-noise if necessary. With typical layer thickness of Au (70 nm) and HTL (180 nm),
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we recommend starting plan-view EBIC measurement at 6.5 kV/ 6.3 pA to avoid rapid beam
damage on the samples.

The activation, decay, and newly-observed quasi-steady responses indicate that multiple
defect mechanisms are at play, demanding further investigation into the underlying defect chem-
istry. Having clearly-defined experimental conditions for successful E-beam characterization
should facilitate correlative microscopy such as sub-band optical spectroscopy to pursue deeper
understanding of the defects involved. EBIC can be part of a suite of tools for understanding the
interplay of device-limiting defects in halide perovskites.

Plan-view EBIC can be seen as a promising — and even reliable — perovskite characteriza-
tion approach to probe nanoscale current collection in operational perovskite devices, identifying
defects and assessing device quality. Potential applications include exploring the underlying role
of composition variations and passivants such as in quasi-2D perovskites [139, 66] or additives
such as thiocyanate,[140] and to provide feedback for perovskite manufacturing scaling efforts,
as 1s common in traditional semiconductor technology. Using the conclusions provided here,
SEM-based characterization can be carried out with confidence of inducing little to no electronic

degradation.

2.4 Chapter Conclusion

This chapter summarizes the rapid and efficient synchrotron based n-XRF technique
for acquiring spatially resolved elemental distribution in nanoscale resolution. Implementing
self absorption correction of the element-specific XRF signal is crucial during halide perovskite
characterization. Unlike n-XRF elemental signal, electronic signal of XBIC and EBIC decays
significantly under intense radiation. With the quantitative specification of probe voltage and
current, electronic measurements (i.e. XBIC and EBIC) are performed with care to avoid sample

degradation.
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Chapter 3

Mixed Halide Perovskites: the Challenges
and Difficulties

As introduced in Chapter 1.1, chemical flexibility of perovskite structure benefits the
optical absorption and stability tunability in hybrid halide perovskite materials. The chemical
complexity of absorber increases as the result of tuning A-, B-, and X- site compositions.
Elements used during the tuning process can result in unforeseen beneficial or detrimental
impacts. The main objective of this thesis work is to reveal and elucidate the roles of these
tuning elements and their impact on local electronic performance. Synchrotron based X-ray
microscopic techniques are chosen to perform rapid multi-modal microscopy within the dose
limit before perovskite absorber degraded. Chapter 2 lays the ground work for conducting the
measurement and analyzing the collected data. In this chapter, the halide stoichiometry and
performance relation is revealed in the mixed halide perovskites. Upon adding Cl and Br into
I-rich perovskites, CI and Br are found to be heterogeneous distributed spatially in the films.
Cl-rich aggregates do not appear to affect the local carrier collection but Br-rich clusters are

efficient current collectors.
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3.1 Spatially Heterogeneous Chlorine Distribution and the
Electronic Impacts in Mixed Halide Perovskites

Spatial heterogeneities in the chemical makeup of thin film photovoltaic devices are
pivotal in determining device efficiency. The presence of chlorine is positively identified, by
means of n-XRF, in CH3NH3Pbl; films synthesized with Cl-containing precursors and as an
impurity in some films synthesized with nominally Cl-free precursors. The impurity may be
introduced from precursors or as contaminants during film synthesis. The films formed from
Cl-containing precursors contain roughly an order of magnitude higher amount of chlorine,
with CI:I values greater than 0.02 found whether Cl is present in either the organic or the
inorganic precursor for both one- and two-step fabrication processes. A spatial variation in
the ClI incorporation is observed within single particles and as well as between particles within
a given film, and the standard deviation of the Cl:I ratio across the films is up to 30% of the
aver-age value. Understanding and controlling the heterogeneous distribution of chlorine in

hybrid perovskite layers may offer a path to improve their photovoltaic performance.

3.1.1 Introduction

Reports have shown that using chloride containing salts or precursors (methylammonium
chloride, MACI, and/or PbCl,) can assist perovskite crystal growth using one-step method, in
which organic and inorganic halide salts are mixed in solution prior to deposition. This can
be attributed to the small size chloride ions or the formation of PbCl, nanocrystals, which can
act as a nucleation center [17, 141]. Additionally, the presence of MACI can also enhance the
adsorption of lead iodide perovskite absorber on the TiO; substrate and produce large oriented
crystallite domains by allowing slow crystal growth.[141, 142]

In perovskite solar cell synthesis, during the final annealing step the majority of the
chlorine sublimes, resulting in a low degree of chlorine incorporation.[143] A number of reports

with varying film preparations have failed to identify Cl incorporation with X-ray photoelectron
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spectroscopy (XPS) or energy dispersive X-ray spectroscopy (EDS),[144, 145, 146] although
bulk incorporation of chlorine as CH3;NH3Pbl;_,Cl, with x<0.4 has been shown by bench-
top X-ray fluorescence, synchrotron-based X-ray absorption spectroscopy and photothermal
induced resonance (PTIR).[143, 147, 148, 149] X-ray absorption near-edge spectroscopy indi-
cates that remnant Cl cannot be fully explained by the chemical state of Cl found in MACI and
PbCl; precursors.[148] More typically, chlorine incorporation has been measured to be between
0.030<x<0.41 by XPS or EDS.[150]

Minor element incorporation in semiconductor absorbers typically leads to detrimental
introduction of trap states in the bandgap,[151, 152] although at times it can be beneficial. For
example, Na incorporation has been shown to provide beneficial passivation of grain boundaries
in CIGS solar cells [153] and H is used to passivate structural defects in silicon solar cells.[154]
Photoluminescence and EDS measurements have tentatively correlated chlorine with improved
electronic performance, though its distribution in the film remains poorly quantified.[155]

In this study, we use synchrotron-based n-XRF microscopy to measure the na-noscale
in-plane spatial distribution of chlorine in perovskite solar cells. By mapping the elemental
distribution in nominally methylammonium lead iodide films with 100 nm spatial resolution, we
find that chlorine is incorporated heterogeneously across the film, varying between individual
particles. We quantify the variation in local incorporation of chlorine amongst different fabrica-
tion methods and find that it is largely independent of whether the Cl containing precursor is
the organic or the inorganic component. All perovskite film stacks studied here are fabricated
by standard conditions except no hole-transport layer is present.[ 156] Such a structure has been
shown to produce a range of 10.8 to 12.8% efficiency [157, 158, 159] and allows a stronger XRF
response to be measured through a largely-transparent Au back contact without the intervening
hole-transport layer. The XRF nanoprobe provides insight into not only the local chemical
stoichiometry of organometal halide but also the chemical distribution within this thin film
system. The nanoprobe fluorescence data reveal a mi-croscopically heterogeneous distribution of

chlorine and its manipulation by perovskite precursor chemistry, opening new directions toward
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understanding how the distribution can be harnessed to optimize and stabilize hybrid perov-skite

solar cells.

3.1.2 Materials and Methods

A series of solar cell thin film stacks was fabricated utilizing three different deposition
methods: one-step (/s),[160] two-step (2s),[161] and spray deposition[162] with various ratios
of methylammonium halide and inorganic precursors to produce perovskite absorbers on a
mesoporous and a dense layer of TiO, substrate for both /s and 2s method, and planar TiO;
for spray deposition method (detailed compositions in Table 3.1). In the /s method, perovskite
solution (40 wt% in DMF) was deposited onto the mesoporous TiO; by spin-coating at 2000
rpm, followed by an anneal at 90°C for 30 min. For the 2s deposition method, Pbl, was first spin-
coated on mesoporous TiO; at 2000 rpm for 25 sec, allowed to stabilize for 3 min, then annealed
at 70°C for 30 min. Second, this layer is dipped into methylammonium halide solution for 20s
and then annealed at 90°C for 30 min to form the active perovskite absorber layer. These spin
velocity, annealing temperature and time, dipping time, and precursor concentration parameters
have been established as optimal for the hole transport layer-free solar cell architecture used
here.[161] Spray deposition used the same perovskite solution concentration as the /s method
but used DMF as the solvent. The solution was sprayed using a Paasche H-SET airbrush onto a
planar TiO, substrate held at 80°C. The deposited layer was then annealed at 80°C for 40 min.
The 40 nm Au back contact layer was evaporated over the perovskite layer under 5 x 107° torr.

Table 3.1 details the samples that were investigated, the ratios of their precursor chemistry,
and their average chlorine incorporation as measured by n-XRF. The samples are grouped into
two different categories, those with Cl-containing precursors and those with nominally Cl-free

precursors.
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Table 3.1. Effect of Precursor and Deposition Method on Cl Incorporation of Perovskite Samples

Precursors

Precursors with CI Pbl, + MACL:MAI (2:1,25)
Pbl, + MACL:MAI (1:1,15)
PbCl, + MAI (Is)
Precursors without ClI Pbl, + MAI (Spray)
Pbl, + MAI (Is)

3.1.3 Chlorine Incorporation is Tuned by Chlorine Content of Precur-
sors

Using the synchrotron based n-XRF, we are confident to identify the incorporation of
Cl in the final perovskite films after annealing. A typical single-point XRF spectra is shown in
Figure 3.1a indicating the detection of Pb, I and Cl in a Pbl;, + MACI:MALI film. Au from the
semitransparent back contact, Ti from the underlying mesoporous TiO; and blocking layer, and
Sn from the F:SnO, substrate are also detected. Figure 3.1b magnifies the shaded area indicated
in Figure 3.1a. It compares the Pbl, + MACI:MAI samples, made with Cl-containing precursors,
to another sample made with Cl-free precursors and positively identifies the presence of chlorine
in the sample made with Cl-containing precursors, indicated by the Clg emission at 2.62 keV.
While readily identifiable, the signal response of Clgq indicates only trace amounts of chlorine
remain in the system.

Using chlorine-containing organic or inorganic precursors results in a significant chlorine
incorporation into the hybrid perovskite films. Trace chlorine impurities are detected in some
samples produced with nominally Cl-free precursors. Five different organic and inorganic
precursor combinations and deposition methods listed in Table 3.1 are analyzed using n-XRF and
shown in Figure 3.2. The XRF maps in Figure 3.2 are organized in descending order of average
Cl:I mass ratio measured in the samples. The first three samples, containing the higher average
Cl:I ratios, are the cells fabricated using either the Cl-containing organic halide MACI (row 1

and row 2) or the Cl-containing precursor PbCl, (row 3). Row 1 shows the XRF data for the
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Figure 3.1. Identifying Cl incorporation in perovskite. (a) A typical single-point X-ray fluores-
cence spectrum revealing that, in addition to detecting all major elements in the film stack, Cl
is positively identified (b) The normalized fluorescence spectrum in the 2260-2900 eV range
(shaded area of (a)) containing the Clg emission.

Cl-containing film synthesized by the two-step method with 2:1 MACI:MAI. Row 2 shows the
data for a one-step film with 1:1 MACI:MAI. The two bottom rows show the nominally Cl-free
samples synthesized with Pbl, and MAI with different depositing methods spray (row 4) and 1s
(row 5). For a given sample, the Pb and I maps (Figure 3.2a and b, e and f, i and j, m and n, q
and r) show similar spatial elemental distribution.

The Cl elemental distribution depends strongly on the film precursors. A normalized
Cl XRF map and the quantitative Cl:I ratio are shown for each sample to support detailed

comparisons between samples. All halide maps are scaled to their individual maximum for
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Figure 3.2. Lead, iodine, and chlorine and Cl:I mass ratio X-ray fluorescence maps (1 um scale
bars). Maps are corrected to account for incident beam and outgoing fluorescence attenuation
through the multiple layers. XRF images are arranged in descending order of average Cl:I ratio
response. The quantitative Cl:I mass ratio, defined at each point as the measured chlorine loading
in ug/cm? over the iodine loading in pg/cm?. CL:I ratio maps are scaled identically from 0.00 to
0.12 for all samples.

comparison of the relative distributions across samples in Figure 3.2. The Cl spatial distribution
has a similar pattern as lead and iodine in the Cl-containing precursor samples, but close
comparison reveals the Cl distribution is distinct. The Cl:I ratio maps are all scaled identically

from O to 0.12 CI:I. The ratio maps not only provide a local chemical halide composition ratio
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but show local variations in chlorine incorporation relative to iodine. The inhomogeneity of
halide chemistry is clear in the ratio maps.

The Cl content of the resulting film can be directly manipulated by the amount of Cl-
containing precursor used in synthesis. When chlorine is intentionally present in the precursors
(Figure 3.2 rows 1-3), the sample’s C1 XRF image is bright across the film, indicating local Cl
content is high (Figure 3.2 ¢, g and k). The Pbl, + MACL:MALI (2:1, 2s) sample has the highest
Cl-content in the precursors and subsequently the highest CI:I ratio and the largest amount of
chlorine rich areas (Figure 3.2 row 1). The Cl:I ratio map for the Pbl, + MACLI:MAI (1:1, Is)
reveals slightly higher local Cl:I ratios than the PbCl,+MAI and a greater variance as evidenced
by larger contrast in the ratio map. Cl is incorporated whether it is present in the organic or the
inorganic precursor.

The n-XRF data suggest that the degree of chlorine incorporation is dominated by the
chlorine content of the precursors and that it is largely independent of whether chlorine-containing
precursor is organic or inorganic component. While there may be some process dependence, for
example the Cl:I ratio in the 2s sample (Figure 3.2c) is slightly narrower in distribution than
the /s preparations (Figure 3.2g and k), the Cl:I ratio maps offer a clear indication that Cl is

generally incorporated in these films in a highly heterogeneous distribution.
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3.1.4 Chlorine Heterogeneity within Single Particles

The measured variation in CL:I ration within single particles can be as large as the
variation across the film in Flgure 3.2. Figure 3.3 details three particles randomly selected and
highlighted in Figure 3.2f. For each particle an approximate particle boundary is determined
from the I XRF map and indicated across the I, Cl, and Cl:1 XRF maps. In the Cl maps of
Figure 3.3b, e and h, the inhomogeneous distribution of chlorine is revealed by readily visible
chlorine-poor and -rich areas. The median halide ratio of the three regions are similar at 0.025,
0.024 and 0.030 respectively, but the Cl:I ratio within each particle varies by a factor of 4-6
and the corresponding CI:I histogram on the right hand side of the figure indicates the overall
distribution of the halide stoichiometry within the selected region. In particular, it is interesting
to note that Cl rich regions are adjacent to the crystal region where Cl:I ratio is low.

The in-plane distribution indicates that Cl-rich areas appear adjacent to the boundary
of some particles, perhaps indicating spatial segregation (Figure 3.2 i-l, Figure 3.3). The
heterogeneous Cl incorporation observed here may lead to electrostatic effects at grain boundaries,
such as: (1) wider bandgap MAPbCl3 blocking layers that prevent minority carriers from reaching
recombination sites at the grain boundary or perhaps (2) enhancing performance by acting as
current-collecting channels as is the case of trace Cl in CdTe solar cells.[163] The nanoscale
variations in CI content that are directly observed here correspond to recent observation of
local, nanoscale variations in bandgap in CH3NH3Pbl;_,Cl, films by Chae et al.[149] that
were attributed to the heterogeneity of a Cl-doped perovskite phase. The spatial segregation of
Cl seen may suggest a preferential heterojunction band alignment forms at grain boundaries,
enhancing device performance by limiting recombination. Similarly, scanning Kelvin-probe
force microscopy has found potential differences across grain boundaries relative to the grain
interior, possibly due to Pbl, phase segregation at grain boundaries.[164, 165] On the other
hand, other Kelvin-probe force microscopy studies of grain boundaries in CH3NH3I3_,Cl[121]

films reveal insignificant potential variation across the bulk or at boundaries, suggesting that no
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depletion region develops at these interfaces.
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Figure 3.3. Three high-resolution images of regions of interest randomly selected from the
Cl-containing Pbl; + MACI:MAI (1:1, Is) sample. The highlighted boundary indicates the
approximate outline of a single particle. The Cl:I map visualizes the varying chemical distribution.
Within each boundary, the CI:I ratio is computed with a summary histogram shown next to the
ClI:I color bar. Scale bar is 100 nm.

3.1.5 Electronic Contribution of Chlorine Clusters

Building from the detection of a varying CI distribution within perovskite films, it is
crucial to gain clearer insight into its nanoscale electronic impacts. deQuilettes et al. explored the
role of Cl in MAPbI3_,Cl, film by correlating SEM/EDX and u-PL mapping.[155] Brighter PL
regions are detected where CI content is high. However, the electronic role of Cl is still somewhat

inconclusive. Other indirect effects due to presence of Cl, such as better crystal crystallinity,
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cannot be entirely neglected. For example, first-principles calculations indicate that Cl may play
a role in passivating defect states at grain boundaries.[45] As an alternative to looking at PL of

band-to-band recombination at open-circuit,
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Figure 3.4. n-XRF/XBIC study of the optoelectronic role of CI. (a-c) I, Cl, and normalized CI:I n-
XRF maps illustrate the varying halide distribution within MAPbI3_,Cl, films over many grains.
(d) Normalized XBIC mapping of the same film shows strong variations in nanoscale charge
collection. (d) Scatter plot of normalized XBIC and CI:I mass ratio reveals little relationship local
Cl incorporation and charge collection, indicating that the spatial variation in current collection
is not a direct result of the Cl distribution.

Here, we utilize n-XRF/XBIC to look at a MAPbIs_,Cl, device under charge-extracting
short-circuit conditions with result shown in Figure 3.4. A two-step deposition process was
used to deposit perovskites on a mesoporous TiO; scaffold. The organic precursor solution had
MAI:MACI = 2:1. The iodide map shows the individual grains and grain boundaries within the
film, and the normalized Cl:I ratio map again indicates a highly heterogeneous distribution of
Cl in the system (Figure 3.4a to ¢). The normalized XBIC appears to show enhanced charge
collection in the thinnest part of the film near the grain boundaries Figure 3.4d. A plot of

normalized XBIC vs. local Cl content is shown in Figure 3.4e. No correlation is found between
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the relative enrichment of Cl content and current collection. It seems that the Cl does not play
a direct role in either enhancing carrier collection or preventing it. Instead, the data support
arguments that the overall improvement on device performance and longer carrier lifetime upon
addition of CI containing precursors are likely due to the indirect effect of improving crystal

quality or enhancing surface/defect passivation.

3.2 Heterogeneous Distribution of Bromine and Its Impact
on Local Charge Collection

As mentioned in Chapter 1.1, a small amount of Br incorporation benefits phase stability
and optical absorption tunability. In this chapter, a nanoscale spatial variation of Br incorporation
is found in both iodide rich and poor FAPbI;_,Br, solar cells by n-XRF. Simultaneous collection
of spatially-resolved X-ray beam induced current (XBIC) maps reveal large variations in local
photocurrent collection. The application of these characterization techniques to the mixed-halide
perovskites allows us to precisely superimpose the halide heterogeneity on the corresponding
photocurrent response with resolution down to 200 nm. Combining the local elemental informa-
tion from n-XRF and the local optoelectronic response from XBIC reveals the electronic role of

Br substitution and Br-rich regions are shown to have efficient current collection.

3.2.1 Introduction

The benign role of Cl raises questions regarding the role of Br in the widely used
mixed halide MAPb(I; _,Bry)3 and MA_,FA,Pb(I; _,Bry,)3. Incorporating a small fraction
of Br has shown to stabilize the black phase of FAPbI; in particular.[69] The FAPbl;_,Br,
composition range has been studied in detail by Eperon ef al. and Rehman et al. investigating
the band gap tunability, phase stability and charge carrier dynamics at various levels of Br
incorporation.[10, 166] The band gap of the FAPbl;_,Br, compositions can be tuned from 2.2
to 1.5 eV, with a shift from cubic to tetragonal phase as x varies from O to 1. An obstacle to

homogeneous chemical mixing is the crystal structure difference between the tetragonal triiodide
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and cubic tribromide FA lead perovskites, and only a small fraction of Br can coexist and be
incorporated to produce a stable film in the FA-based perovskites.[10] Perovskite films with
higher Br:I ratio exhibit a reduction in crystallinity and even amorphization along with X-ray
diffraction (XRD) peak shifting and boarding, particularly for the (110) tetragonal peak.[10, 167]
THz photoconductivity measurements at high Br incorporation (Br > 0.3) reveal that the regions
of poor crystallinity that form due to the phase mismatch hinder charge-carrier transport with
vanishing carrier mobility.[166]

Even in optimized 1:5 Br:I MAPb(Ig 2Brg )3 perovskite films, abnormal optoelectronic
behavior is observed including a reversible photo-induced trap formation in which the photo-
luminescence wavelength is red-shifted upon illumination[15, 168] and hysteresis during JV
measurements where the forward and reverse biased conditions produce JV curves particularly in
the triiodide perovskites.[169, 170] Multiple researchers have implicated ion migration[171, 172]
in combination with charge collecting at low-bandgap iodide-rich regions[173] to explain the lo-
cal bandgap shifting under illumination. The intrinsic heterogeneity in bromide-iodide nanoscale
chemistry in mixed-cation films has been evidenced indirectly by Kelvin Probe force mi-
croscopy with nanoscale potential fluctuations that are thought to fundamentally limit solar

cell performance.[174]

3.2.2 Spatial Distribution of Halides and Their Impacts on Charge
Collection

Microscopic evidence of the nanoscale variations in chemistry and carrier collection
underlying these important findings is provided by n-XRF/XBIC investigation of FAPbl;_,Br,.
Figure 3.5 shows the nanoprobe XRF and XBIC maps for samples with different Br:I ratios
(x =0.25 and 0.75). The Br incorporation is highly varied as seen in the Br:(Br+I) ratio maps
in Figure 3.5 a and b. The average Br:(Br+]) ratio and its standard deviation for the nomi-

nally FAPDI, 75Brg 25 and FAPbI; 75Brg 75 films are 0.08 £ 0.01 and 0.25 £ 0.04, respectively,

indicating good agreement between the average measured composition and the targeted com-
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position. Though the characteristic grain sizes are smaller in the x = 0.25 film than in the x
= 0.75 film, a similar degree of Br segregation is observed in both films, as quantified by a

coefficient of variation in Br:(Br+I) (standard deviation/average) of 0.17 for both FAPbI; 75Br( 25

and FAPb12.25BI‘0.75.
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Figure 3.5. Halide distribution in FAPbI;_,Br, and its impact on charge collection. (a,b) n-XRF
maps showing the Br:Br+] ratio in films with x = 0.25 and 0.75. Heterogeneity increases with
x but is seen in both films. (c,d) Normalized operando XBIC maps reveal highly non-uniform
charge collection, with some locals areas exhibiting far better current collection than others.
Large fractions of the x = 0.75 film show little photoresponse. (e,f) Two-dimensional histograms
of normalized XBIC vs Br:(Br+]) ratio for x = 0.25 and 0.75 show a positive correlation between
local Br enrichment and current collection probability.
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The observed composition variation can potentially lead to the heterogeneous current col-
lection in the FA based mixed Br/I devices. The normalized XBIC electronic map accentuates the
evident phase segregation within the films. Especially in the higher Br content FAPbI, ;5Br( 75,
large non-collecting regions are observed in Figure 3.5 ¢ and d. A two-dimensional histogram
is used to illustrate the relation between Br incorporation and charge collection within each
film as shown in Figure 3.5 e and f. In both cases, the regions within the film with higher Br
content seems to yield better charge collection. This observation can be attributed to the band
gap difference between FAPbBr3; and FAPbI3, in which the local regions of I-rich perovskite
phase serve as sinks for generated carriers, with carriers generated in the Br-rich regions effi-
ciently swept away and collected.[173] Although the Br-rich regions show improved charge
collection, the tendency of mixed bromide iodide films to segregate on the nanoscale may limit
the ability of these perovskites to reach their ultimate voltage limits due to bandgap-related Voc
fluctuations.[174, 175]

Besides composition-performance relationship, the operando XRF/XBIC also provide
evidence of composition determined phase stability in FAPbl3_,Br, absorbers. As illustrated
in Figure 3.5 c-d, larger photoinactive regions are seen in FAPbI, »5Br( 75 absorber than in
FAPbI; 75Brg »5. The observed phase segregation agrees with both experimental findings that
high Br concentration (Br>0.3) can result in poor crystallinity of due to phase mismatch between

FAPbI; and FAPbBr3.[10, 167]
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Chapter 4

Mobile Bromine Ions: Direct Observation
of Halide Migration and Its Effect on Pho-
toluminescence

Challenge in homogenize mixing, phase mismatch, and chemical instability under operat-
ing conditions are the potential factors that attribute to the resulting phase segregation observed
in both mixed CI/I and Br/I perovskite absorber shown in Chapter 3. Eliminating the influence
evolved from grain boundaries or heterogeneous halide mixing, we prepare a simpler material
system, methylammonium lead bromide (CH3NH3PbBr3) single crystal, to assist us understand
the nature of halide stability. To investigate the instability and its consequences, we varied the
electric field applied to single crystals and mapped changes in both their elemental composition
and photoluminescence. Synchrotron-based n-XRF with 250 nm resolution revealed quasi-
reversible field-assisted halide migration, with corresponding changes in photoluminescence. We
observed that higher local bromide concentration was correlated to superior optoelectronic per-
formance in CH3;NH3;PbBr3. A lower limit on the electromigration rate is calculated from these
experiments, and we interpret the motion as vacancy-mediated migration based on nudged elastic
band density functional theory simulations. The XRF mapping data provides direct evidence
of field-assisted ionic migration in a model hybrid perovskite thin single crystal, while the link
with photoluminescence proves the halide stoichiometry plays a key role in the optoelectronic

properties of the perovskite.
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4.1 The Mobile Nature of Halides

Many groups have suspected ionic migration under an electric field and illumination
as an important limiting mechanism in hybrid perovskite devices, particularly in regard to
current-voltage sweep hysteresis.[49, 176, 170, 177, 169] Assuming thermal equilibrium and
non-interacting defects, perovskites are predicted to have a high concentration of vacancies
(10'7-102° cm—3 for CH3NH;Pbl3).[178] Evidence of vacancy-mediated diffusion of X-site
anions (in the ABX3 structure) with low activation energy through the conventional hopping
mechanism along the anion octahedral edge has been determined for oxide[22] and inorganic
halide perovskites.[179] In the analogous hybrid halide perovskites, extensive computational
investigations, particularly in the methylammonium lead iodide (CH3NH3Pbl3) system, have
shown that I is likely the most mobile ion because it exhibits a lower energy barrier to migration
in comparison to Pb>* and CH3NH3+.[49, 177, 171] Serval groups have observed ionic migration
of both organic cations and halide anions and in CH3NH3Pbl3 and CH3NH3Pbl;_,Cl, using
energy-dispersive x-ray spectroscopy (EDS),[176, 180] time-of-flight secondary-ion-mass spec-
trometry (tof-SIMS),[181] X-ray photoemission spectroscopy (XPS)[182] and IR microscopy
mapping techniques.[181] These analytical techniques each have their own specific limitations.
For instance, tof-SIMS involves sample fragmentation and physical destruction of the investigated
area;[183] IR microscopy can detect bond stretches of the organic components in perovskite films
but is generally not sensitive to the low-frequency vibrations of the inorganic components;[184]
and XPS is sensitive only to the first few nanometers near the surface and requires high vacuum
conditions. EDS must be applied with caution to halide perovskites because of their sensitivity
to electron beam damage.[15, 79] Finally, the n-XRF technique maps heavy elements throughout
the bulk of the sample with higher spatial resolution and sensitivity than XPS, tof-SIMS, EDX
or IR microscopy.

The best way to provide a direct link between composition and performance is to com-

bine spatially-resolved elemental or chemical detection methods with techniques that probe
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the material’s local optoelectronic properties. Luminescence spectroscopy and imaging are
versatile techniques to probe recombination mechanisms and dynamics in semiconductors. For
example, recently researchers have used spatially-resolved luminescence to reveal the role of
Cl in CH3NH3Pbl;_,Cl,,[155] to correlate contact resistance with morphology,[185, 186] and
to understand the degradation of the perovskite layer[186] and its interfaces.[187] Despite the
importance of ionic migration, open questions remain as to how stoichiometric changes affect
photoluminescence — a property directly linked to device performance.[188, 189]

In this chapter, we identify a direct relationship between halide migration and local
optoelectronic quality. Direct elemental evidence of halide migration in a CH3NH3PbBr3 single
crystal is detected using n-XRF. Thin single crystals[190] of CH;NH3;PbBr3, which are tens of
microns wide and ~ 500 nm thick, are used as a model system to study the fundamental properties
of ionic migration in hybrid perovskites, avoiding complications from grain boundaries that are
present in perovskite thin films. In response to an applied electric field, local stoichiometric
variations appear along the crystal, which are correlated to local changes in the PL intensity. PL
intensity increases in halide-rich regions and decreases in halide-poor ones, with quasi-reversible
variation observed over multiple voltage biasing cycles. Furthermore, nudged elastic band
(NEB) density functional theory (DFT) computations confirm that Br- ions experience a low
energy barrier to migration within the CH3;NHP3bBr3 structure. The direct link between local
stoichiometry and optoelectronic quality also clarifies that halide migration is a challenge that is
intrinsic to the absorber and one that may play a determining role in the ultimate performance

limits of perovskite devices.

4.2 Materials and Methods

Nano-XRF mapping is used to identify the spatial distribution of elements within a
CH3;NH;3PbsBr; single crystal under applied bias. The crystals span Pt electrodes, and the

voltage is applied laterally across the device as shown in Figure 4.1. Pt electrodes prevent any
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driving force from a difference in the work functions of two different metals and also minimize
chemical reactions or diffusion[53] of metallic atoms at the metal/perovskite interface.[191] Prior
to the XRF measurement, electrical contact between the perovskite crystal and Pt electrodes was
confirmed by current-voltage (I-V) scans and evaluate the semiconducting nature of lead halide
perovskite in both light and dark conditions (Figure 4.2). Fluorescence spectra were collected at
each point during the XRF mapping using a synchrotron X-ray beam with a 250 nm full-width
half maximum. Figure 4.3a shows the corresponding optical micrograph of the CH;NH3;PbBr3
crystal studied by XRF. Note that the light elements in the methylammonium cation are not
detectable by XRF, but the major heavy elements Pb and Br are detectable with sensitivity down

to parts per million.
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Figure 4.1. Photon-in Photon-Out Correlative Microscopy: schematic of nanoprobe X-ray
fluorescence and spatially-resolved photoluminescence (PL) measurement. A 250 nm X-ray
beam excites elemental fluorescence that reveals the local perovskite stoichiometry in single
crystals bridging Pt-Pt electrodes. Subsequently, a laser beam excites optical luminescence to
elucidate local optoelectronic quality. Note XRF and PL were not performed at the same time,
but sequentially in a correlative microscopy approach.
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Figure 4.2. The electrical contact and photoresponse of MAPbBr3 crystals on Pt-Pt electrodes
were ensured before XRF and PL experiments. Current-voltage curves of MAPbBr3; crystal
before X-ray (for XRF) exposure under (a) dark condition, (b) AM1.5G illumination, crystal
before laser (for PL) exposure under (c) dark condition and (b) AM1.5G illumination show
clearly the crystals were electrically contacted to the electrodes and their current enhances by
light illumination.[54]

4.3 Observing Br Migration upon Bias via n-XRF Mapping

The local Br:Pb stoichiometry within the CH3NH3PbBr3 single crystal is initially homo-
geneous across the crystal but changes systematically during application of an external electric
field (Figure 4.3). The seven XRF maps of the Br:Pb atomic ratio in the 30 x 30 um? crystal are
arranged from left (Map 1) to right (Map 7) based on the chronological sequence of applied bias.
Map 1 is the initial scan showing the Br:Pb atomic ratio. As expected, the initial area-averaged
Br:Pb ratio across the crystal was 3.08 +/- 0.2. An arrow above each XRF map measured under
bias indicates the direction of the electric field, where the left electrode is held at ground and
the right electrode has the applied voltage bias V,;, (orange arrow: V,, = -2V and blue arrow:
Vapp = +2V). The Br:Pb ratio is plotted because it removes the effects of small spatial variations
in thickness, but the shift in Br:Pb ratio seen in Figure 4.3b results entirely from a change in

the Br distribution, as the Pb distribution remains constant throughout the XRF mapping (not

59



a b Br:Pb Atomic Ratio

Mean of Br:Pb
(molar ratio) 2.8 +

26 |

0 50 100 150 200 250
Time (min)

Figure 4.3. n-XRF measurement of the changes in elemental distribution in a CH3NH3;PbBr3
single crystal under bias. (a) An optical image of the CH3;NH3PbBr3 crystal characterized by
n-XRF. Regions A and B where the crystal covers the two different electrodes are indicated.
The electrode under region A is grounded and the other electrode is biased. Scale bar is 15
um. (b) X-ray fluorescence maps of the Br:Pb elemental ratio with 250 nm step size and 100
ms dwell time per point under a sequence of +/- 2V biases. The direction of the corresponding
electric field for each map under bias is denoted by an arrow above the map (-2V orange and
+2V blue). (c) The mean Br:Pb ratio of Area A and Area B (¢f. Figure 4.3a) as measured by
X-ray fluorescence during the bias sequence with the corresponding bias condition (top). Time
spent at -2V is shaded in orange and +2V in blue.

To examine the migration in detail, the perovskite crystal underwent a total of three
poling cycles, from unbiased to +/- 2V bias to unbiased. After collecting the initial unbiased map
(left of Figure 4.3b), a -2V DC bias was applied. After 30 minutes of bias applied without X-ray
irradiation, we collected an XRF map ( 25 min duration) with the bias still applied to observe the
effect of the electric field. The change in the Br:Pb atomic ratio between Maps 1 and 2 clearly
indicates depletion of Br above the electrode at lower potential (right Pt pad). This depletion is
consistent with the direction that Br~ anions would migrate. The bias was then removed, and

after a 30 min relaxation period, a third XRF map was taken to visualize any diffusion along
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the Br concentration gradient. The Br concentration is then slightly depleted over the left-hand
electrode as Br™ diffuses back in the absence of bias.

When the direction of the bias is reversed (+2V), the Br shifts toward the positively biased
electrode, also consistent with migration of Br~ anions. A significant Br shift away from the
left-hand negative electrode is observed in Map 4, while the Br concentration recovers slightly
on the right-hand electrode (Map 2 vs 4). Upon subsequent relaxation in Map 5, a small recovery
in the Br distribution is again seen. The last cycle seen in Maps 6 and 7 repeats the same -2V
and OV bias condition as Maps 1 and 2, respectively, and confirms that the observed changes in
the Br:Pb distribution are repeatable. Given the observed migration across the 10 yum electrode
gap within 30 min at a 2V bias, the lower bound estimate of Br mobility at room temperature is
2.78 x 10719 cm?/(V-s) (see Chapter 4.7 for details).

To assess the migration of Br~ within the crystal more quantitatively, the changes in
average Br:Pb atomic ratio above each of the two electrodes are presented in Figure 4.3c.
The average ratio is plotted with respect to time and applied bias. As Br:Pb increases on one
electrode, a decreasing ratio is seen on the other, providing additional support for an ion migration
mechanism. The largest Br concentration change occurs above the lower potential electrode
(Electrode B) right after the first bias is applied, when the Br:Pb ratio drops from 3.0 + 0.03 to
2.6 £ 0.07. All subsequent changes are smaller, and the Electrode B area never recovers fully to
its initial Br concentration. On the other hand, Electrode A exhibits a more reversible response
to applied bias and largely recovers from the smallest Br:Pb ratio near 2.8 4 0.09 to 2.9 + 0.06
after final relaxation. Small, severely Br-deficient regions evidenced by localized dark spots in
Figure 4.3b develop above both electrodes over time. These regions indicating local degradation
of the perovskite phase and possible formation of PbBr,. After biasing the crystal for 4 hours,
the area-averaged Br:Pb ratio in the last XRF map (rightmost) is 2.69. The loss of Br occurs
predominantly during the first negative bias of each electrode, after which the total average
concentration of Br was fairly stable (Figure 4.4). Given what appears to be nanoscopic local

formation of PbBr; in some regions, one could speculate that trace amounts of MABr leaves
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the sample in an electrochemical reaction in regions of negative bias under X-ray irradiation, or
the gradual formation of gas phase methyl bromide (CH3Br) and ammonia (NH3).[192] On the
other hand, little change of the Br:Pb ratio away from 3.0 is observed between the electrode gap
throughout the biasing cycles. Overall, the Br:Pb distribution shifts in the direction opposite the

applied field at all time points.
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Figure 4.4. Average Br:Pb ratio with respect to time over the entire crystal as measured by
n-XRF in Figure 4.3.

4.4 Impact of Br Migration on Optoelectronic Properties

A fresh CH3NH3;PbBr; microcrystal, (optical image shown in Figure 4.5a, I-V scan
in Figure 4.2), from the same sample chip is used to explore how the local optoelectronic
properties vary in response to a similar bias sequence used in the n-XRF experiments.The
photoluminescence (PL) data presented in the rest of the chapter was collected by Dr. Parisa
Khoram, one of the co-authors of this work. The crystal was excited using a 15 uW, 405 nm
continuous-wave violet laser while performing PL. mapping before, during, and after bias. PL
spectra were collected for each point of the crystal by moving the stage in the X and Y directions
by 333 nm steps. PL. maps were constructed from the integration of the total emission intensity
over the wavelength 500-580 nm. Enhancement of PL intensity under bias at the forward
biased electrode and its reduction at the reverse biased electrode is attributed to the change of
the depletion region width at each contact. Similar changes in PL emission intensity with the
variation of DC bias were reported in other semiconductors such as InP, GaAs and chalcopyrite

(CuGaSe;).[193, 194, 195]. To compare crystals at the same bias condition, the PL emission
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spectra averaged over the area of each electrode (area A and B) were collected at zero bias after
applying and removing the electric field as shown in Figure 4.5b-c. An increase in PL intensity
relative to its initial value was observed in the region above the electrode previously held at
higher potential. A decrease was observed over the contact at lower potential. According to the
XRF maps in Figure 4.3, the contact with the higher potential is where the Br concentration is

higher; therefore, the Br™ rich regions exhibit enhanced PL after removal of the electric field.
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Figure 4.5. Photoluminescence variation of CH3NH3PbBrj after cyclic biasing. (a) Optical
image of a hybrid perovskite crystal on Pt electrodes with labeled regions of interest A and B. (b)
and(c) Overlaid photoluminescence spectra in Areas A and B after -2V and after +2V biasing,
respectively. Black curves in each figure represent the initial PL intensity before any biasing in
areas A and B. Plots with empty and filled markers correspond to average PL spectra of areas A
and B, respectively. The corresponding spatially-resolved relative PL intensity maps are shown
in (d) for -2V bias and (e) for 2V bias relative to the initial unbiased PL map. Scale bar is 10
um.[54]

Figures 4.5d-e show the spatial variation of PL intensity across the crystal in response to

biasing as the percentage change of PL intensity (APL%). Each map represents the percentage
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change of PL after removing the electric field and returning the crystal to the initial 0 V condition.
(Details of the calculation are in Chapter 4.7.) The orange and blue arrows on figures 4.5 d
and e, respectively, show the electric field that the crystal experienced before collecting the PL
maps. Comparing the relative changes with the direction of the electric field, one sees that the
PL intensity increases in the region that experienced higher potential (see the red regions at left
side Figure 4.5d and right side Figure 4.5¢), and decreases in the region that was previously at
lower potential (see the blue regions at right side Figure 4.5d and left side Figure 4.5¢). This
anti-correlation between Electrodes A and B after bias mirrors the trend seen in XRF. The bias-
dependence of the local photoluminescence is confirmed in CH3;NH3PbBr3 crystals deposited
onto different electrodes (Au-Au and Au-Ti electrodes) as shown in Figure 4.6, indicating that
the increase of PL in the opposite direction of electric field is independent of the particular
metal/perovskite interface. In all cases, the peak of the PL spectrum does not shift in energy
significantly (less than 2 nm) between the Br-rich and Br-poor regions (see Figure 4.7).

The PL mapping experiment was also done on the crystal that was exposed to the X-ray
beam during XRF mapping, and its the PL spectra were comparable to those of a fresh crystal
(Figure 4.7 k and 1) with the PL peak being blue shifted by 10 nm. A similar trend in PL intensity
shift with electrical biasing is seen for this crystal, although the change in PL intensity is not as
clear as it is for the fresh crystals (Figure 4.8 b and ¢). Synchrotron X-ray irradiation has been
shown to degrade carrier collection in hybrid perovskites within seconds of exposure at a single
spot,[196] and it is thus not surprising that the PL changes are more clear in the fresh crystal.

The changes in PL intensity may be explained by vacancy-mediated halide migration.
Initially, the PL intensity was inhomogeneous across the single crystal suggesting that surface
or bulk defects dominate the PL response. Upon applying bias across the crystal, it is observed
that Br moves opposite to the direction of the electric field and the local PL increases where Br
increases. This enhanced PL in bromide-rich regions may originate from three distinct but related
mechanisms, triggered by the ionic migration seen in the XRF maps (schematic of mechanisms

in Figure 4.9). First, bromide migration will lead to local changes in the bromide vacancy
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Figure 4.6. Series of relative PL maps for CH3NH3;PbBr3; crystal on Au-Ti (a-c) or Au-Au
electrodes (d-f). The trend of an increase in PL intensity in the opposite direction of electric field
is independent of electrode material. a) optical image of the crystal sitting on the gap between
Au-Ti electrodes. b) relative PL intensity map of the crystal after applying -2V bias. c) relative
PL intensity map of the crystal after applying +2V bias. d) optical image of the crystal sitting on
the gap between Au-Ti electrodes. e) relative PL intensity map of the crystal after applying -2V
bias. f) relative PL intensity map of the crystal after applying +2V bias. The arrows on top of
each column show the direction of electric field and expected direction of Br- movement. Scale
baris 10 um.[54]

concentration, which has been proposed to play an important role in the photoluminescence
quantum yield.[197, 198]. Crystal point defects such as vacancies may act as non-radiative
recombination centers; therefore, a higher Br vacancy concentration could lead to lower radiative
recombination efficiency, causing the band-to-band PL intensity to decrease. Second, bromine
stoichiometry may play a role in the density of interface states at the contacts. The migration
of the bromine away from the contact interface at the lower potential electrode may lead to a
higher density of interface states, and at the other contact, the higher Br content may passivate
interface states. Finally, ionic migration will cause some residual change in the potential at
the perovskite/metal contact interface even after the electric field is removed, due to slow ionic
diffusion. At the lower-potential contact the perovskite/metal interface behaves as in reverse
bias: the residual change in potential increases the depletion region, which helps to split the

photogenerated carriers and prevents them from recombining radiatively, suppressing PL intensity.
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Figure 4.7. Normalized PL spectra of CH;NH3PbBr3 crystals with different electrodes shows
that the energy of PL peak does not vary upon applying electric field. The first column shows the
optical image of the tested crystals on different electrode materials. Areas A and B are shown
with dashed line on each figure. Second column presents normalized PL spectra after -2V poling
for selected regions A and B. Third column shows normalized PL spectra after +2V poling for
selected regions A and B. Scale bar is 10 um.[54]

At the higher-potential contact the interface behaves as in forward bias: the depletion region
becomes smaller and PL intensity is enhanced. Further studies are necessary to quantify the
relative importance of each mechanism. Self-trapped carriers in the crystal lattice (strong-coupled
polarons) have been suggested to play a role in charge carrier dynamics of hybrid perovskites
and affect radiative recombination rate.[199] In the case of polaron formation, a red shift in the
energy of the PL peak is expected, but no red shift was resolved within the detection limit of the

PL setup in this study (SI, Figure 4.7). Continued detailed study of ionic migration is critical
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Figure 4.8. Percentage changes of PL intensity of the of CH3;NH3PbBr3 crystal after XRF
measurement. (a) optical image of the crystal. (b) and (c) are relative PL maps after -2V and
+2V poling respectively.[54]

because vacancies, as inherent material defects, may act as mediator or direct participants in

non-radiative recombination centers in CH3;NH3;PbBr3.
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Figure 4.9. Schematic of mechanisms that can explain the observed PL intensity variation.
At the positive (negative) electrode, Br migration may (a) reduce (increase) a vacancy-related,
recombination active point-defect concentration, or (b) passivate (expose) surface states at the
contact interface. Alternatively, (c) the remnant field due to slow ionic back-diffusion after the
electric field is removed may leave a narrower (wider) depletion region.
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4.5 Halide Migration Barrier Estimated by Density Func-
tional Theory (DFT)

By collaborating with Dr. Zhuoying Zhu, the experimentally observed changes in Br
concentration in the CH3NH3PbBr3 single crystal are substantiated by the low energetic barrier
to migration of Br~ found by DFT climbing-image nudged elastic band (CI-NEB) calculations.
To elucidate the ionic migration mechanism under applied bias, CI-NEB calculations were
performed using 2 x 2 x 2 supercells (computational details in Chapter 4.7). CI-NEB is a common
method for finding minimum energy paths for ion migration.[200, 201, 202] A single positively-
charged Br~ vacancy (Vpg,+) was introduced, and overall charge neutrality was achieved via
a compensating background charge. We find that the lowest energy configuration for pristine
CH3NH3PbBr3 is in which the polar methylammonium (MA) cations are aligned, which is the
expected orientation under an applied bias.[177, 180] This alignment of the MA cations breaks
the cubic symmetry, resulting in three distinct migration paths for Br—, which are shown in
Figure 4.10. The hops where the Br~ moves with a component in the direction of the C-N bond
alignment, denoted as BCB and BAB, show the lowest migration energy barriers of 227 meV
and 306 meV, respectively. The other hop, CAC, shows a migration energy of 425 meV. The
alignment of the MA cations under bias appears to create a channel with a lower energy of Br™
vacancy migration along the field direction. In the absence of an electric field, this lowered
barrier will be averaged out as methylammonium molecules are randomly oriented at room
temperature per MAPbBr3 single crystal neutron diffractometry.[203] Halide migration appears
to benefit from MA alignment that results in a lower migration energy barrier under an applied
bias. The migration, in turn, is correlated with the density of recombination active defects as

evidenced by the changes seen in the photoluminescence response under bias.
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Figure 4.10. Estimated Br migration barrier via DFT. Schematic of Br™ diffusion pathways in
CH3NH3PbBr3; by nudged elastic band (NEB). The PbBrg octahedron becomes distorted after
NEB relaxation resulting in primitive cell has lattice constants of 6.017, 6.041, and 6.115 A,
along the a-, b-, and c-axis, respectively. The geometrically distinct Br atoms are labelled as A,
B and C and the corresponding migration energy barriers between Br atoms are shown in the
table. White spheres represent the interpolated Br trajectories along pathway B-A-B and C-A-C,
while yellow spheres indicating the smallest barrier migration for pathway B-C-B.[54]

4.6 Conclusion

In summary, we systematically manipulate the halide concentration laterally within a
thin CH3;NH;3;PbBr3 single crystal by applying a voltage bias. We observe the changes of Br
distribution at the nanoscale by means of n-XRF. The halide migration is directly correlated to
variations in PL response. As Br~ migrates away from the negatively-biased electrode and the
perovskite becomes locally sub-stoichiometric, the PL intensity decreases. NEB calculations
indicate that the alignment of the methylammonium cation under bias forms channels that
facilitate halide migration along the field direction. Combining the quantitative analysis of
ion migration with local optoelectronic characterization provides insight into the fundamental

operation of halide perovskite devices. The link between intrinsic point defect migration and
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photoluminescence intensity makes it clear that controlling the crystal chemistry is paramount.
Possible strategies to mitigate the effects of Br migration and improve optoelectronic performance
in the perovskite include growing perovskites in halide-rich conditions[52] or applying post-
growth treatments to lower the concentration of halide vacancies. Future work is needed to
understand the defect kinetics of ion migration as a function of the absorber chemistry and to
reveal the nature of the optoelectronic defects that arise under bias to achieve the full potential of

the hybrid perovskite materials for optoelectronic devices.

4.7 Supplemental Information

Estimation of Br mobility
Given the applied voltage 2V and the gap space between electrodes 10 um, the calculated
electric field (E) is 2000 V /cm. Our lower bound for the drift velocity v is estimated to be
5.56 x 10~7cm /s using the distance d between electrodes and the 1800s duration ¢ of apply bias,
v =d/t. The lower bound estimate of the Br mobility at room temperature is calculated using
Eq. 4.1,

1=v/E 4.1)

where v is the velocity, t is the mobility and E is the applied electric field.

Spatially resolved photoluminescence
A WITec alpha300 SR confocal imaging microscope was used to collect photoluminescence
spectra of CH3NH3PbBrj crystals while the crystal was being moved using a piezostage. Sample
was excited with a 405 nm diode laser (Thorlabs SIFC405) through a NA 0.9 objective and the
luminescence was collected in reflection using a UHTS 300 spectrometer. The spectral resolution
of the spectrometer is | 0.09 nm. The calibration of the spectral response of the collection optics,
fiber, and spectrometer was done with a standard mercury light source, and the spectrum was

corrected accordingly.
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The spatially-resolved PL maps are obtained by integrating the PL intensity within the
optical fluorescence peak width, from 500-580 nm. The relative changes of PL intensity (APL)

is computed using Eq. 4.2,

PLIX — PLLpyi—ov «

APLX (%) =
PLILitia1—ov

100 4.2)

where PLI is the photoluminescence intensity and X indicates the number of map.
Br vacancy migration barrier from NEB simulations

All density functional theory (DFT) calculations were performed using the Vienna Ab initio
Simulation Package (VASP)[204] within the projector augmented-wave approach.[205] Spin-
polarized calculations using the Perdew-Burke-Ernzerhof (PBE) generalized-gradient approxima-
tion (GGA)[206] functional were used for structure relaxations and all analyses were carried out
using the Python Materials Genomics (pymatgen) library.[207] We performed climbing image
nudged elastic band (CI-NEB) calculations using 2 x 2 x 2 supercells (8 formula units) of the
lowest energy structure obtained for cubic CH3;NH3PbBr3 to minimize the interaction between
periodic images. To study Br~ vacancy migration, a single positively-charge Br~ vacancy (Vg,+)
was introduced and overall charge neutrality was achieved by compensating background charge.
A 2 x 2 x 2 k-point grid and energy cutoff of 520 eV were adopted for NEB calculations. The

forces were converged to 0.05 eV/A.
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Chapter 5

Mixed A-site and A Single Halide Compo-
sition Results in A-site Instability

In Chapter 3 and 4, evident n-XRF data illustrates the challenge in homogenized chem-
ical mixing and the present of highly mobile Br ions even at room temperature. These phase
segregation and chemical instability, leading to poor device stability under various environmental
stressors, are the great hindrance to their development. A-site modulation in ABX3 (methylam-
monium (MA) free in particular) have proven to be effective in improving the operational stability
of perovskite absorbers. Most absorbers, however, still suffer from degradation under operating
conditions, the mechanism of which requires investigation. Here, we systematically monitor the
evolution of photovoltaic performance in high-performing formamidinium-cesium lead iodide
(FA(.9Csq.1Pbl3) perovskite solar cells (PSCs) over 600 hours of aging under stressors intrinsic
to operating conditions: heat, one-sun illumination, and stabilized power output (SPO). We
find that although FA( 9Csg. 1 Pbl3-based PSCs exhibit reasonable thermal stability, their stability
under illumination or SPO is far behind commercial demands. Synchrotron-based nanoprobe
X-ray fluorescence and X-ray beam induced current measurements reveal that current-blocking
Cs-rich phases segregate during stress testing. The decrease in performance correlates with the
resulting number density of the Cs-rich clusters, and this number density increases in conditions
with higher carrier concentration. Our findings provide a microscopic view of FA( ¢9Csg 1Pbls

absorber in response to the intrinsic stressors, and shed light on the cation-dependent phase
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segregation under operational conditions, which can be expanded to other hybrid perovskite
systems and guide in composition design for more stable perovskite optoelectronic devices. Note
that device fabrication and accelerated aging tests were conducted by Nengxu Li, one of the

co-authors of this work.

5.1 Introduction

The performance of organic-inorganic halide perovskite solar cells (PSCs) has improved
dramatically in the past decade, with the highest certified power conversion efficiency (PCE)
of 25.2% using a polycrystalline perovskite absorber,[7] which is approaching the state-of-art
for crystalline silicon solar cells. However, the poor stability of perovskite-based devices in
environments of elevated temperature, high humidity, and/or intense irradiation has delayed the
commercial deployment of PSCs.[208, 209, 210] Although packaging can extend the stability
of PSCs by preventing moisture ingress and reducing evaporation of volatile components in
perovskite absorbers upon heating,[211, 75] the continuous operation under intense irradiation for
PSCs indicates that improving the intrinsic illumination and operational stability of perovskites
and understanding the degradation mechanisms accounts for the poor stability remains crucial to
the effort to harden PSCs for reliable commercial use.

Degradation pathways have been investigated in early developed perovskites, which are
known to easily decompose and present a large amount of Schottky or Frenkel defects.[178, 212]
For instance, MA-based PSCs are found to be thermally unstable at 85 °C under N, environment
due to the decomposition of MA through gradual sublimation of HI and CH3NH,, leaving
inactive Pbl, behind.[67] Degradation can also be accelerated in an environment with oxygen and
moisture,[213, 214] further pointing out the intrinsic instability of MA-based perovskites.[215]
Defect formation is a prevailing issue in almost every type of halide perovskite absorber, and is
mainly attributed to the weak bonding in the crystal (such as Pb-I ionic bonds, hydrogen bonds,

and vander Waals interactions)[216, 217] and the soft crystal lattice.[218] Combined with the low
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energy barrier for ionic migration,[49, 219] halides and organic cations readily migrate through
perovskite films, leading to ionic redistribution or even phase segregation upon prolonged testing
in the presence of an internal electric field, especially under illumination and/or applied electric
load.[220, 221, 173] This raises a key challenge for the operation of perovskite solar cells under
various stressors, including heat, continuous illumination and maximum power point tracking.
A-site compositional modulation is a common approach to tune the intrinsic stability of
hybrid halide perovskites.[40, 168, 74] To overcome the poor thermal stability of MA, composi-
tion engineering using some combination of MA™, FAT, and Cs™ appears to be very effective.
Among these possible combinations, the double-cation, mixed FAT and Cs* compositions
(e.g. FAp.9Csq. 1 Pbls) are commonly seen to stabilize the photoactive black phase of perovskite
in high-performing PSCs,[72, 71, 73] so far as to pass standard 85°C/85% relative humidity
accelerated testing with the aid of encapsulation.[75] In addition, the incorporation of cesium
into FA/MA based perovskites to form triple cation configuration[11] or adding rubidium into
CsFAMA perovskites to form “cation cascade” perovskite absorbers[12] all exhibited enhanced
illumination and operational stability. However, although PSCs have demonstrated high effi-
ciency (over 20%) with enhanced thermal stability by A-site component engineering,[222] they
still exhibit undesirable performance losses under illumination and/or operational condition, of
which the corresponding degradation mechanisms have been rarely investigated microscopically.
Herein, we systematically monitor the performance of high performing MA-free PSCs
(FA(.9Csq.1Pbl3) over 600 hours of various environmental conditions, including dark, heat,
illumination, and stabilized power output (SPO, under illumination and fixed electric load).
Current density-voltage (J-V) results indicate that while FA( 9Csg 1Pblz based PSCs exhibit
respectable thermal stability, they show considerable performance degradation under illumination
and SPO stressors. Further, constant illumination have obvious impacts on absorber composition,
resulting in phase segregation as suggested by X-ray diffraction (XRD) and photoluminescence
(PL). Synchrotron based X-ray fluorescence microscopy with nanoscale spatial resolution (n-

XRF) revealed heterogeneous Cs distribution after stress. In-situ XRF/X-ray-beam induced
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current (XBIC) show the Cs-rich clusters to be photoinactive and current blocking, which is

likely the main cause of performance loss in FAg 9Csg ; Pbl3 PSCs.

5.2 Device Stability under Various Stressors Intrinsic to
Operation

To assess PSCs instability and underlying failure modes under prolonged stressed test-
ing, we monitor device photovoltaic performance over 600 hours of exposure to four distinct
stress conditions: 85°C heating in the dark (labeled Heat), 1 sun illumination at near room
temperature (35 £ 10 °C) in open circuit condition (labeled Light) and a stabilized power output
at initial maximum power point under 1-sun illumination at near room temperature (labeled
SPO). The reference sample (labeled Ref) is stored in the dark at room temperature. Notably,
all samples are maintained in an N, environment. All devices are unencapsulated with a nom-
inal composition of FA( 9Csq.1Pbls, and are fabricated in the conventional n-i-p architecture:
ITO/SnO,/Perovskite/Spiro-OMeTAD/Au. The distribution of PSC device performance and pho-
tovoltaic parameters after fabrication (Figure 5.1) show an average power conversion efficiency
(PCE) of 19.16 +£ 0.55 %, with the champion device achieving a PCE of 20.12% (Figure 5.2).
Further details regarding device architecture and fabrication can be found in the supplemental
information.

The evolution of photovoltaic performance of devices under Ref, Heat, Light and SPO
stressing are shown using J-V measurements in Figure 5.3. J-V data indicates that while the
Ref devices show nearly no loss in PCE (-1.0 %) after 600 hours, the Heat, SPO, and Light
samples all show significant losses in PCE (-18.0, —47.7, and —66.3%, respectively). Except for
the Ref samples, Heat caused the slowest PCE decay and expressed symptom of a slight decrease
in fill factor (FF). On the other hand, SPO and Light stressors affected device performance
considerably, resulting in significant declines in open-circuit voltage (Voc), short-circuit current

(Jsc), and FF Figure 5.3. These phenomena suggest that the FA( 9Csg.1Pbls absorber has good
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Figure 5.1. Distribution of device parameters of FAg 9Csg.Pbl3 based Perovskite Solar Cells. A
total of 109 cells was fabricated and tested.[114]
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Figure 5.2. Current density-voltage (J—V) measurement with reverse (1.2 V to —0.2 V) and
forward (0.2 V to 1.2 V) scan of the best performing FA( 9Csg. Pbl; perovskites device under 1
Sun illumination.[114]
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thermal stability, but is unstable in illuminated conditions.
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Figure 5.3. PSCs performance as a function of aging time. (A-D) are J-V curves of samples
stored in dark at near room temperature (35 = 10°C), in elevated temperature with temperature
of 85°C, in 1 Sun illumination at near room temperature, and in stablized power output at V),
= 0.7 V, respectively.[114]

5.3 Micron-scale Cs-rich particles form in stressed PSCs

n-XRF is used to study in greater detail the spatial distribution of the film constituents.
Fluorescence maps were collected using a focused synchrotron X-ray probe with a 250 nm full-
width half maximum (FWHM). The X-ray energy was set at 7 keV to maximize the measurement
sensitivity for I and Cs L-line excitation. The light elements (C, H, N) in the formamidium (FA™)
cation are not observable in the XRF measurement.

The local Cs:I stoichiometry is homogenous within the Ref device, but Cs-rich clusters
are observed in all stressed devices (Figure 5.4A-D). The number density and size of Cs-rich
clusters vary across these three stressors. A few large Cs-rich clusters are seen in the Heat sample,

while the clusters become increasingly small and numerous in the SPO and Light conditions.
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Figure 5.4. (A-D) X-ray fluorescence (XRF) mapping of perovskite devices that are subjected
to Ref, Heat, SPO, and Light stressing conditions. (E-H) X-ray beam induced current (XBIC)
mapping of the corresponding regions shown in (A-D). Scale bar is 5 um. (I) Pixel-wise
frequency distribution of the XBIC current observed in each sample. (J) Correlation of feature
areas as measured by XRF (Cs-rich regions) and XBIC (current-poor regions) in Heat, SPO and
Light treated samples.

The chemical nature of the Cs aggregates is likely to be Cs-rich phase (such as CsPbls, which is
detected in Light and SPO samples as shown in Figure 5.5) with the highest Cs:I molar ratio
of 0.27, which is almost an order of magnitude higher than the ratio in originally prepared
perovskite, where the nominal Cs:I molar ratio is expected to be 0.033 for the FA( 9Csg.1Pbls
stoichiometry.

To reveal the electronic role of these Cs-clusters, in-situ X-ray-beam-induced current

(XBIC) was conducted for Ref and stressed devices simultaneously with XRF measurements.
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Figure 5.5. X-ray diffraction (XRD) patterns of perovskite samples that are subjected to Ref,
Heat, SPO, and Light stressing conditions.

The close correlation between local Cs enrichment and reduced current collection indicates
that the Cs-rich clusters observed in the Heat, SPO and Light treated devices suppress charge
collection (Figure 5.4E-H). For example, XBIC poor areas in the centre of Figure 5.4F are
found to align well with the large Cs-rich clusters in the centre of Figure 5.4B. Similarly, small
current suppressing areas in Figure 5.4G correspond to Cs-rich regions in Figure 5.4C. This
can be easily illustrated by overlaying and the Cs-XRF and XBIC maps together shown in
Figure 5.6. The overall effect of the appearance of current suppressing areas is illustrated by
histograms of the XBIC signal in each sample shown in Figure 5.41. To avoid misinterpretation,
the XBIC data shown was corrected to the extent possible for variations in X-ray absorption
and subsequent carrier generation due to absorber thickness and morphology variation (Figure
5.7, see Chapter 2 for details). This procedure does not remove the effect of morphology fully
(e.g. variations remain in the relatively homogeneous Ref sample in Figure 5.4E), likely due to
experimental uncertainty of local film thickness and variation of carrier collection probability
with film thickness.

We conclude that the Cs-rich clusters are current-blocking and photoinactive. This is
determined by performing a cluster analysis and comparing the feature size of XBIC-poor and

Cs-rich areas. A correlation plot of the Cs cluster feature sizes as measured by XRF and XBIC is
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Figure 5.6. Overlaying normalized Cs-XRF and XBIC maps to illustrate the current blocking
effects from Cs-rich clusters. These are the same Cs:I XRF and XBIC maps shown in Figure 5.4
previously.

shown in Figure 5.4J, in which data from all stressed devices is distributed along the guideline
with a slope of 1. The cluster analysis makes explicit the positive correlation and reveals that the

XBIC feature size is very close to the size of Cs aggregates in the elemental map.

5.4 Photo Induced Carriers May Provide Additional Driv-
ing Force for Phase Segregation

This microscopic assessment using n-XRF/XBIC of A-site instability in FA( 9Csg.1Pbl3
devices reveals that the metstability of the mixed A-site perovskite phase is overcome by even
mild thermal and optical energy inputs. Interestingly, a high density of Cs-rich clusters nucleate
upon continuous light soaking (Light and SPO conditions), while Cs aggregates are larger in size
and fewer in number after elevated thermal exposure (85°C). This finer distribution after extended

illumination compared to the Heat sample suggests that there is a smaller critical nucleus size
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Figure 5.7. Perovskite film thickness estimation is shown in Row 1 by scaling average of
Pb+I XRF maps to nominal film thickness of 500 nm. Row 2 is the X-ray absorption profiles
approximated using Eq 2.5. Row 3 has the raw XBIC prior to absorption normalization and the
normalized data is shown in Row 4.

for nucleation of the Cs-rich phase under illuminated conditions. The temperature difference is
not enough to substantially enhance ripening kinetics.[49, 223] On the contrary, illumination is
known to enhance ionic conductivity by orders of magnitude.[224] Such enhancements in ion
transport would in principle facilitate the illuminated sample reaching a more ripened distribution
relative to the Heat sample within the same stressing time. That the Cs-rich particles are smaller
and more numerous in the illuminated sample instead suggests that a larger energetic driving
force exists for phase segregation under illumination than at 85 °C, as in classical nucleation
theory the critical radius is inversely related with the thermodynamic driving force.[225]

We interpret the presence of a larger driving force for phase separation in the Light
and SPO samples to indicate that the presence of photoexcited carriers helps drive the phase

segregation. Amongst the samples, the higher the carrier concentration, the higher the density
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and the smaller the Cs clusters (Figure 5.4A-D). In the Light and SPO samples, where a higher
density of smaller Cs clusters correlates with high carrier concentration.

In conclusion, we have evaluated MA free mixed FA-Cs iodide perovskite stability upon
prolonged accelerated testing under various environmental stressors intrinsic to PV operation.
Either 1-sun illumination or heating like that present in the field is enough to induce degradation
over hundreds of hours of operation by microscopic phase separation into an inactive Cs-rich
secondary phase. Although heterogeneous halide distribution in microscopic scale is avoided

with this simpler composition, FA 9Csg 1Pbls is hindered by A-site instability particularly.
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Chapter 6

Incorporation of A-site alkaline ions to
achieve homogeneous halide distribution
in high performing perovskite solar cells

The high degree of in-plane spatial variation and mobile nature of halide ions, perovskite
thin films may potentially face the big challenge in scaling highly-efficient devices to larger
areas. To achieve films with homogenized halide distribution , composition engineering on A-site
mixing appears to be effective with evident data provided in this chapter. Using synchrotron-
based nano—x-ray fluorescence and complementary measurements, we found that the halide
distribution becomes homogenized upon addition of cesium iodide, either alone or with rubidium
iodide, for substoichiometric, stoichiometric, and overstoichiometric preparations, where the
lead halide is varied with respect to organic halide precursors. Halide homogenization coincides
with the improved photovoltaic device performance. We found that rubidium and potassium
phase-segregate in highly concentrated clusters. Alkali metals are beneficial at low concentra-
tions, where they homogenize the halide distribution, but at higher concentrations, they form
recombination-active second-phase clusters. Note that device fabrication was conducted by Dr.

Juan Pablo Correa-Baena, one of the co-authors of this work.
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6.1 Introduction

The highest reported power conversion efficiencies (PCEs) for lead halide perovskite
solar cells (PSCs) have been achieved with mixed methylammonium (MA) and formamidinium
(FA) A-site cations.[68, 226, 69, 171] When utilizing FA and I as the main composition, incor-
poration of methylammonium chloride (MACI) has shown to increase the device performance
from below 20 to 24.02% with 1200 hr operational lifetime at room temperature, by forming
the an intermediate-phase that suppressed the crystallization of the photoinactive FAPbI3.[227]
Additionally, phenethylammonium iodide (PEAI) was applied as a surface passivating agent
on 3D FA|_MA,Pbl; perovskite with stable performance for 500 hr at 85°C.[228] Tuning the
stoichiometry of the organic to the inorganic ions is critical for achieving high photocurrents
and stability.[134] Cs has been used as the A-site cation to explore more complex compositions,
including Cs and MA, Cs and FA, and Cs, MA, and FA.[68, 71, 73, 11, 10, 229] Cs containing
Cso.17FA0.83Pb(Bry.1710.83)3 was demonstrated to have respectful thermal stability by withstand-
ing temperature cycling test with advanced encapsulation.[211] Similarly, adding Rb into a
multi-cation perovskite improved efficiency [12, 230] and enhanced device stability at elevated
temperatures of 85°C.[12] The improved performance may be the result of increased charge
carrier lifetime and mobility.[231]

Despite these impressive results, the mechanisms that form the basis for improved elec-
tronic properties, performance, and stability upon changes in the precursor stoichiometry and
the addition of alkali metals are not yet well understood. Past work hinted at the suppres-
sion of low-dimensional wide—band gap polymorphs, which may act as recombination-active
sites.[11, 12, 231] In addition, previous studies with bulk techniques[71, 73, 11, 12, 232] av-
eraged over large areas (0.2 to 1 cm?) may have overlooked minority-phase formation and
elemental agglomeration at the nanoscale.

We used mapping techniques with nanoscale resolution to elucidate the elemental dis-

tribution of the alkali metals and their relation to electronic properties and device performance.
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Synchrotron-based nanoscale x-ray fluorescence (n-XRF) mapped the elemental distribution in
multi-ion perovskites. Where alkali metals were added, the halide distribution became homoge-
neous for films with excess lead halide precursor. Transient absorption spectroscopy mapping
showed that perovskite films without addition of alkali metal iodides (and with segregated
halides) had greater heterogeneity in the charge carrier dynamics than those with Csl, Rbl,
or both. Also, Rb and K could segregate into large clusters. When the alkali metal additives
exceeded 1%, we observed second-phase alkali metal-rich aggregates that induce charge carrier

recombination at Rb-rich clusters.

6.2 Experimental Design and Device Performance

In addition to the perovskite films with 10% excess Pbl, and PbBr, [overstoichiometric
(OSt)], we prepared samples containing no excess (St) and with deficient lead halide precursor
stoichiometry [substoichiometric (SSt)] with respect to the organic cations MA and FA. These
perovskites have a composition of (MAPbBr3)(.17(FAPbI3)g g3, similar to those previously
studied.[226, 11] We added 5% Csl, 5% Rbl, 5% Csl and 5% Rbl, or 5% KI with respect to the
PbI2 (see Table 6.1 for details on compositions) for the OSt, St, and SSt samples, which we refer
to as Cs-1/Br, Rb-I/Br, RbCs-I/Br, and K-I/Br, respectively. FAI and MAI were also added to
understand the effect of adding additional organic cations to the OSt solutions. Perovskite thin
films were prepared with the combinations X-I/Br, where X is the alkali metal added (or FAMA)
and I/Br refers to the baseline perovskites.

Solar cells were prepared with a typical device structure (Figure 6.1A, see supplementary
materials in Chapter 6.6). A transmission electron microscopy (TEM) cross-sectional image is
shown for a PSC with I/Br (6.1b) perovskite [see Figure 6.2 for scanning electron microscopy
(SEM) cross-sectional images of several compositions]. Representative current density—voltage
(J — V) curves, including the back- ward and forward scans, for OSt I/Br and top performer

RbCs-1/Br are shown in Figure 6.1, C and D, respectively. The champion device for the I/Br
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Table 6.1. Compositions of the perovskite samples studied

Additive Overstoichiometric Stoichiometric Substoichiometric
No alkali [MABr]:[PbBr,]=0.9 [MABr]:[PbBr, =1 [MABr]:[PbBr;]=1.1
additives [FAI]:[Pb;]=0.9 [FAI):[PbL;]=1 [FAI):[PbL,]=1.1
5% RbI [MABr]:[PbBr,]=0.9 [MABt]:[PbBr,]=1 [MABr]:[PbBr;]=1.1
Rbo B, [FAI):[PbI;]=0.9 [FAI):[Pbl;]=1 [FAI]:[PbL;]=1.1
(Rb-I/Br) + [RbI]:[Pbl,]=0.05 + [RbI]:[Pbl,]=0.05 + [RbI]:[Pbl,]=0.05
5% Csl [MABTr]:[PbBr,]=0.9 [MABTr]:[PbBr;]=1 [MABTr]:[PbBr;]=1.1
C °UB [FAI]:[PbI,]=0.9 [FAI):[PbL;]=1 [FAI):[Pbl,]=1.1
(C+1/B) + [CsI]:[PbI;]=0.05 + [CsI]:[Pbl,]= 0.05 + [CsI]:[PbI;]=0.05
59 KI [MABr]:[PbBr,]=0.9 [MABr]:[PbBr;] =1 [MABTr]:[PbBr;]=1.1
(K—i’Br) [FAI]:[Pbl,]=0.9 [FAI]:[Pbl,]=1 [FAT]:[Pbl,]=1.1

5% Csl, 5%

+ [KI]:[PbL,]=0.05
[MABr]:[PbBr;]=0.9

+ [KI]:[PbL,]=0.05
[MABI]:[PbBr, =1

+ [KI]:[PbL,]=0.05
[MABr]:[PbBr,]=1.1

Rbl [FAI]:[PbL;]=0.9 [FAI):[PbI;]=1 [FAI):[PbL,]=1.1
CsRb-1Br) +CsI]:[PbL,]=0.05 +[CsI]:[Pbl,]=0.05 +[CsI]:[Pbl,]=0.05
= g + [RbI]:[PbI,]=0.05 +[RbI]:[Pbl;]=0.05 +[RbI]:[Pbl,]=0.05
8.3% FAI [MABTr]:[PbBr,]=0.9
1.7% MAI [FAI]:[Pbl,]=0.983 No sample prepared No sample prepared
(FAMA-1/Br) [MAL[Pbl,]=0.017

perovskites yielded an open-circuit voltage (Voc) of 1.09 V, short-circuit current density (Jsc) of
22.8 mA/cm?, fill factor (FF) of 51%, and PCE of 12.6% under AM1.5 illumination. In contrast,
the champion device prepared with RbCs-1/Br yielded Voc = 1.10 V, Jgc = 22.7 mA/cm?, FF
= 76%, and PCE = 19%. The parameters were extracted from the backward scan, and no
appreciable difference was observed between backward and forward scans.[12]

The performance of device replicates for each of the studied compositions is shown in
Figure 6.1, E and F. For the OSt samples, Vp¢ (Figure 6.1E) and performance (PCE; Figure 6.1F)
increased with the addition of Rb or Cs (or both) or FAMA, but decreased upon KI addition.
The beneficial effect of cation addition has been ascribed to the reduction in concentration of
the “yellow-phase” impurity of the FA-based perovskites.[73, 11] The time-resolved photolu-
minescence decay of the perovskites slowed considerably with the addition of the alkali metal
iodides to the OSt perovskites (Figure 6.3),[233] in agreement with the increase in Vp¢ and
other studies.[231] The Jg¢ values of these devices remained relatively constant with perovskite
composition, and FF markedly increased with the addition of alkali metal iodides, with an
especially large discrepancy between I/Br and RbCs-1/Br samples (with the exception of KI).

The St and SSt samples showed a very different trend. The former showed an increase in
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Figure 6.1. Perovskite thin film and solar cell characterization. (A) Schematic of the perovskite
solar cells studied, accompanied by (B) the cross-sectional TEM for CsRb-1/Br device; scale bar
is 200 nm. Perovskite solar cell current-voltage characteristics for (C) I/Br and (D) CsRb-1/Br.
(E) Time-resolved photoluminescence decay, (F) X-ray diffractograms for the studied perovskite
compositions with the estimated lattice constants and unit cell volume (G). (H) Full width at half
maximum as obtained from select peaks in the 10 to 40 degree range, for a the perovskite films
in (F).

Voc (Figure 6.1E) upon alkali metal halide addition, with the exception of RbCs-1/Br, and an
unmodified FF. However, performance was lower than that of the OSt samples (Figure 6.11). The
SSt samples showed an increase in Vp¢ and Jgc upon addition of CsI or Rbl, but there was no
benefit to adding KI or both RbI and Csl. All of the SSt samples showed low FF and low PCE

(Figure 6.1F). We ascribed this lower performance to the formation of a thick organic layer at
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Figure 6.2. Cross-sectional SEM images of PSCs with an architecture FTO/compact
TiO2/mesoporous TiO2/perovskite/Spiro-OMeTAD/Gold. The perovskite photoabsorber is
varied as (A) I/Br, (B) Rb-1/Br, (C) Cs-1/Br, and (D) CsRb-1/Br. The scale bars are 200 nm.
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Figure 6.3. Time-resolved photoluminescence of perovskite thin film with different alkali-
iodides and an overstoichiometric (Ost) composition.

the surface of the perovskite crystal, with a passivating effect.[134]. The highest V¢ and PCE
values were measured for OSt samples with addition of both RbI and Csl.

Grazing incidence X-ray diffraction confirmed that the crystalline phases of the perovskite
thin films (Figure 6.1, G to I) were bulk structures with cubic symmetry. We attribute the impurity

peaks at low angles to small amounts of the nonperovskite one-dimensional (1D) phase of J-
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FAPbI; present in the OSt and St films. The peaks between 25° and 28° were assigned to the

non-perovskite 1D RbPbls (Figure 6.4).

Pbl, Pbl,
(001) | (003)

— CsRb-I/Br
— Fit
— Difference

L S s e e |

10 15 20 25 30 35 40
2-theta / degrees

Figure 6.4. Structural analysis for CsRb-1/Br perovskite.Refined scan over the whole range of
angles is shown to highlight secondary phases of 1D RbPbl3 between 25° and 28°.

Our results confirmed that addition of RbI and CsI suppresses the formation of the Pbl,
phase. The relative peak intensity of the Pbl, (001) peak at 12.63° decreased drastically upon
addition of both RbI and CslI, with little to no effect with the addition of Csl, Rbl, KI, and FAI and
MALI in the OSt films (Fig. 1G). Similarly, the addition of both CsI and Rbl markedly suppressed
the Pbl, peak; a more modest effect was seen with the addition of the individual alkali iodides
in the St films (Figure 6.1H). Samples based on the SSt perovskite showed suppression of the
Pbl, (001) peak upon addition of all alkali iodides, with a d-FAPbI3 phase remaining upon KI
addition (Figure 6.11).

6.3 Distribution of Halide in Perovskites with Alkaline Ions

To further understand the role of Csl, Rbl, or KI addition, we performed n-XRF on all
perovskites. The n-XRF resolution was limited by a 250-nm x-ray beam (FWHM at 16.3 keV).

Rbka, ILa, Brxa, and Pbrg XRF emission from the perovskite absorber was detected, but C
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and H in the FA and MA cations are too light to be detected. In the n-XRF maps, all of the OSt
samples exhibited Br-poor clusters (Br:Pb molar ratio less than 0.48, versus the expected molar

ratio of 0.49).
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Figure 6.5. Halide Distribution. (A to M) n-XRF mapping indicates heterogeneous distribution
of Br as a function of alkali metal incorporation and stoichiometric composition of the perovskite
films. Br-poor [(A) to (E)] and Br-rich [(F) to (M)] areas are discernable. (N) Area fraction of
the overstoichiometric Br-poor regions with respect to the whole n-XRF map. (O and P) Area
fraction of the stoichiometric (O) and substoichiometric (P) Br-rich regions. Scale bars, 2 um.
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Figure 6.6. Halide homogenization as alkali ion loading increases. The Br:Pb XRF maps are
used to reveal the halide homogenization in various alkali ion loadings. The alkali ion assisted
homogenization effect occurs with Rb concentrations above 1% Rb is introduced. Scale bars are
10 um.

The OSt I/Br perovskite, containing no alkali ions, showed large clusters of lower Br

content, 6 to 8 um in size; 41% of the scanned region was Br-poor (Figure 6.5, A and N). Upon
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Figure 6.7. Example of Br cluster selection in samples with different stoichiometries and the
addition of 5% molar of KI. (A to C) The Br:Pb XRF ratio maps with different stoichiometries.
(D to F) The corresponding Br:Pb binary maps are produced by thresholding the maps in A
to C, where pixels with Br:Pb value smaller than 0.54, 0.57, or 0.5 for over-stoichiometric,
stoichiometric and substoichiometric respectively, are assigned to have value of 1 and the is
assigned to have value of 0. (G) The area fraction of Br-rich with respect to total area of the over
stoichiometric, stoichiometric, substoichiometric. The length of scale bar is 2 um. The cluster
analysis for distinguishing Br:Pb rich areas was carried out using bwconncomp and regionprops
algorithm in MATLAB.

RbI or CsI addition, or both, we observed homogenization in Br (Figure 6.5, B to D). The Br-poor
area fraction was reduced to 32% and 29% for individual RbI and CsI addition, respectively.
As a control experiment, we added FAMA to the OSt I/Br solution (Figure 6.5E) and observed
modestly improved homogeneity of Br. With both RbI and Csl addition, only 6% of the total
area was Br-poor (Figure 6.5D), hence this combination yields the most halide homogenization.
Slight halide homogenization by Rbl occurred for samples containing >1% in solution (Figure
6.6). Addition of KI did not induce homogenization of the Br but rather formed aggregates that
were Br-rich relative to the I/Br sample (Figure 6.7).

To understand the effects of Br segregation on the short-lived carrier recombination
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dynamics of the perovskite films, we compared transient absorption microscopy (TAM) images
to the n-XRFmaps (Figure 6.8). The OSt I/Br sample showed a large range of TAM dynamics,
ranging from short to long-lived decays(Figure 6.8), whereas samples with added CsI and/or Rbl
showed much narrower distributions, as expected from the maps in Figure 6.8 A-D. Quantification
of the n-XRF and TAM distributions provided corroborating evidence of reduced elemental and

electronic heterogeneity in samples with alkali metal ion incorporation.
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Figure 6.8. Charge carrier dynamics as measured by transient absorption microscopy (TAM).
(A-D), the relative change in TA signal [8T (Ops) — 0T (5ns)]/8T (Ops) is mapped as function
of sample location. The pump wavelength is at 700 nm with a pump fluence of 10 uJ/cm?.
The corresponding time resolved traces below each TAM panel show carrier dynamics taken
at positions as indicated. The perovskites studied are: MAFA (A, E), 5% CsMAFA (B, F), 5%
RbMAFA (C, G) and 5% Cs 5% RbMAFA (D, H). All scale bars are 1 um. Note: The maps
seen here were prepared in the same batch on different substrates, and the n-XRF results show
the same trends in halide homogenization with alkali-metal addition when compared to those
shown in Figure 6.5A-D.

We analyzed St and SSt preparations and detected Br-rich cluster areas (Figure 6.5, F to
M). Although the Br-rich clusters were difficult to recognize visually, the St and SSt samples
without CsI and Rbl addition exhibited Br-rich cluster area ratios of 0.08 and 0.13, respectively

(Figure 6.5, O and P). Similar to the OSt samples, however, the St and SSt analogs benefited
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from the addition of Csl, yielding small Br-rich area ratios of 0.01 and 0.003, respectively.
Br-rich aggregates were formed with the addition of Rbl alone in both St and SSt. A slight
homogenization of Br was observed upon addition of RbI and Csl, yielding a smaller Br-rich area
ratio of 0.07 for the St films. Similar to the St conditions, samples prepared in SSt conditions
yielded identical trends of Br distribution upon alkali metal halide addition. These SSt materials
yielded higher V¢ values and lower photocurrents than the St and OSt samples.[134, 234]. We
attribute the higher V¢ to the homogenization of Br, which reduced recombination-active areas.
The lower photocurrent has been suggested to be the result of hindered charge extraction at the
charge-selective contact and perovskite interface.[134]. These mea- surements confirmed the

importance of addition of CsI and/or RblI for halide homogenization.

6.4 Detection of Alkaline-Rich Clusters

Several recent reports show that adding Rb and Cs yields higher stabilized efficiencies,[11,
231] and solid-state nuclear magnetic resonance experiments have provided some evidence that
Rb and K are not incorporated into the lattice of the perovskite structure.[41] We used n-XRF
to map the Rb and K concentration and distribution within the perovskite absorbers in fully
functional devices (Figure 6.9) with Ost, St, and SSt perovskites. Evaluation of the Cs elemental
distribution is challenging in the I-containing perovskites because of the overlapping Csz and
I; XRF emission lines. We measured the Rb XRF signal (Figure 6.9, A to C) for all Rb-I/Br
samples; all showed large clusters of Rb, with varying sizes and distributions depending on the
stoichiometry of the perovskite solution. Loading as little as 1% Rb into the perovskite precursor
caused segregation of highly concentrated Rb clusters, and with a further increase in the Rb
concentration, large aggregates appeared (Figure 6.10, A to C).

By introducing Cs (forming the composition RbCs-1/Br), the Rb aggregates changed
from large precipitates to rodlike structures of lower density, especially for the St and SSt

samples. Similarly, K-I/Br perovskite samples [deposited as thin films on fluorine-doped tin
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oxide (FTO) glass] containing varying amounts of KI showed aggregates of high concentration
of K at a concentration of 5%, and needle-like structures at a concentration of 10% (Figure 6.10).
Although some of the K and Rb may be incorporated into the film homogeneously and below
the n-XRF bulk detection limits [232, 41] either as constituent atoms or passivants,[235] we

observed an appreciable amount of the K and Rb agglomerates in large clusters.
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Figure 6.9. Elemental distribution of Rb in perovskites of different compositions. (A to C) Rb
XRF maps of the 5% Rb—added samples with different stoichiometries. (D to F) Rb XRF maps
of the 5% Rb and 5% Cs—added samples with different stoichiometries. Scale bar, 5 um.

6.5 Reduced Current Collection at Regions with Alkaline-
Rich clusters

To reveal the electronic role of these large aggregates of alkali metals in the Rb-I/Br
samples, we conducted n-XRF/x-ray beam-induced current (XBIC) measurements for the
devices containing different Rbl concentrations (Figure 6.11). The in situ measurement of

n-XRF/XBIC suggests that these Rb aggregates suppressed charge collection in the 5% Rb-1/Br
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Figure 6.10. Elemental distribution of Rb and K.(A to C) Rb XRF maps of the Rbl-added
samples with 1%Rb, 5%Rb, and 10%RbD to I/Br perovskite. (D to F) K XRF maps of Kl-added
samples with different KI loadings in I/Br perovskites. These samples were deposited on FTO
glass substrates as opposed to mesoporous TiO,, which is the substrate for devices. The length
of scale bar is 5 um. No considerable signal was detected for samples containing 1% KI, which
we attribute to the detection limits of the low-energy K X-ray fluorescence.

device. However, because the XBIC showed relatively poor signal-to-noise ratio, we performed
electron beam—induced current (EBIC) measurements, which provided improved images. The
plan-view EBIC profile of the Rb-1/Br sample (Figure 6.12A) was collected and used to create
fiducial markers by focused ion beam (FIB) for subsequent n-XRF investigation (Figure 6.12B).

Two distinct regions, one of lower EBIC and one of higher EBIC, are marked in Figure
6.12A. In the corresponding Rb XRF map (Figure 6.12B), the dark circles are the FIB markers.
To assess the correlation between Rb distribution and local carrier collection, we divided the
EBIC map and the normalized Rb elemental map into 10 x 10 boxes; Figure 6.12C is a plot of
the average value within each box of the EBIC current versus the corresponding local average Rb
concentration. Figure 6.12C displays a negative correlation (r* = 0.6) between charge collection

and local Rb concentration, suggesting a detrimental effect from the Rb clusters.
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Figure 6.11. Elemental distribution of Rb and its electronic role in charge collection. (A to C)
Rb XRF maps of the alkali-added samples (1%Rb, 5%Rb, and 5%RbCs). (D to F) Normalized
simultaneously collected in-situ X-ray-beam-induced current (XBIC) mapping while collecting
the Rb XRF maps. The length of scale bar is 5 um.

Current suppression in EBIC has several possible origins, including low carrier generation,
current blocking, and carrier recombination- active sites. The correlative study allowed us to
compare the Rb aggregate size and its current collection profile directly to evaluate whether the
aggregates were recombination-active. The low-EBIC features in Figure 6.12A were broader
than the Rb ones in XRF. Broadening can be caused by a larger size of the carrier generation
volume under the electron beam excitation relative to the n-XRF probe, by carrier diffusion away
from this generation volume followed by recombination of free carriers near or at the Rb clusters,
or by both effects. If the Rb aggregates were only charge-blocking and recombination-inactive,
then we would expect the EBIC maps to correspond with the Rb n-XRF maps once we accounted
for the smearing caused by a large carrier generation volume in EBIC. We modeled electron
beam broadening by convoluting the Rb elemental distribution map with a simulated carrier
generation profile under the electron beam [simulated using CASINO [236]; see supplementary
materials in Chapter 6.6 and Figure 6.13, A and C, for details, beam profile, and simulated map].

Alternatively, if the Rb aggregates were recombination-active, then their interfaces would

act as a sink for diffusing excited carriers, and we would need to account for carrier diffusion to
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Figure 6.12. The chemical nature and the electronic properties of Rb aggregates in OSt per-
ovskites.(A and B) Plan-view EBIC profile (A) and the correlated Rb-XRF map (B) of the
5%Rb-1/Br perovskite device. Three regions are marked with focused ion beam (FIB). Area 1
and area 2 are the low- and high-EBIC regions, respectively. Scale bars, 10 um. (C) Scatterplot
between Rb concentration and its effect on EBIC charge collection. The individual data points
are produced by taking the average within 10 x 10 square pixel boxes in (B). (D) The Rb XRF
map convoluted with the beam generation profile and a Gaussian diffusion broadening of 600 nm.
(E) The corresponding EBIC profile of the selected Rb XRF maps. Scale bars, 5 um. (F) An
x-ray diffraction pattern taken at 8 keV with 50 pum spot size in the area within the whole region
shown in (A). (G and H) The scanning x-ray Bragg diffraction microscopy map for areas 1 and 2
taken at the RbPbl3 Bragg condition where 20 = 27.48°. Scale bars, 5 um. (I) Cross-section
EBIC, simultaneously collected SE/BSE, and corresponding EDX. Scale bars, 1 um.

the aggregates. To model broadening caused by free carrier diffusion and recombination, we
further convoluted the beam-broadened Rb map with a Gaussian diffusion profile with a diffusion
length of 600 nm. Upon addition of this simulated charge carrier diffusion (Figure 6.12D), the
broadening of the signal approached that of the EBIC (Figure 6.12E).

As a further illustration of the importance of accounting for carrier diffusion to the Rb
aggregates, a randomly selected line profile is highlighted in Figure 6.14, A and B (blue dotted

line). Modeled beam- and diffusion-broadened line profiles were plotted against the n-XRF and
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Figure 6.13. The effect of electron beam and diffusion broadening on Rb clusters. (A) Simulated
profile of energy deposited in the perovskite layer by a 10 keV beam penetrating the Au and HTL
layers of the device. The length of scale bar is 500 nm. (B) The Rb XRF map of the 5%Rb-1/Br
sample. (C and D) The profiles of the generation volume convoluted Rb XRF maps with the
simulated electron beam profile, in which D is shown in reverse color scale. (E and F) The
profiles of the Rb XRF maps with generation volume and Gaussion diffusion broadening with
diffusion length of 600 nm, in which F is shown in reverse color scale. (G) The corresponding
EBIC profile of the selected Rb XRF maps. The length of scale bar in B to Gis 5 um.

EBIC profiles (Figure 6.14C). Comparison of the profiles indicated that although strong contrast
at the n-XRF Rb features was maintained by convolution with the beam profile, this contrast
was smeared out by convolution with the diffusion profile. This smearing was observed in the
actual EBIC profile, indicating that carrier diffusion was critical to explaining the low-EBIC
areas corresponding to Rb-rich aggregates. (See Figure 6.15 for quantification of the induced
current loss from EBIC-poor regions related to the Rb aggregates.)

To understand the crystal structure of the Rb clusters, we used a synchrotron-based

nano-diffraction technique to enable detection of the secondary phase locally (Figure 6.12F).
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Figure 6.14. (A) Plan view EBIC profile and (B) the correlated Rb-XRF map of 5%Rb-1/Br
perovskite device. Three regions are marked with focused ion beam (FIB). Area 1 and Area 2
is the low and high EBIC region respectively. Length of the scale bar is 10 um. (C) Displays
four different line profiles. The XRF and EBIC profiles are obtained from (A) and (B). The other
two profiles, XRF + Beam and XRF + Beam + Diffusion, are simulated by convoluting the XRF
profile with the E-beam FWHM of 400 nm and a 600 nm diffusion length.
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Figure 6.15. The EBIC current is adversely affected by Rb aggregates as seen in EBIC maps
of the (A) 1%Rb-1/Br, (B) 5%Rb-1/Br, and (C) 5% RbCs-I/Br samples. Corresponding SEM
images in for each sample are shown in (D-F). SEM reveals no pinholes or systematic variations
in morphology.

(See Figure 6.16 for XRD of other possible precursor phases and Rb perovskites.) The small
peak at 27.48° belongs to the RbPbl; phase. Scanning x-ray Bragg diffraction microscopy

(SXDM; beam spot size ~150 nm) was then used to map the low- and high- EBIC regions
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at the RbPbl; Bragg angle (20 = 27.48°) to understand the spatial distribution of this phase
(Figure 6.12, G and H). With this nano-diffraction setup, the (212) RbPbl; crystal planes must be
oriented out of plane to be detectable. Although only part of the Rb clusters met this criterion and
diffracted in area 1, the SXDM maps exhibited the presence of the secondary phase RbPbl3 in the
Rb-rich aggregates, whereas no RbPbl3 diffraction was detected in the high-EBIC area 2. Cross-
sectional EBIC (Figure 6.12I) and the corresponding secondary electron/ backscattered electron
microscopy (SE/BSE) and energy-dispersive x-ray spectroscopy (EDX) images suggested that
Rb aggregates likely nucleated and formed near the TiO; interface, and that the aggregate itself

was EBIC-inactive and current-blocking.
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Figure 6.16. The RbPbI3 and Rb containing perovskite phases are obtained from report published
by Saliba et al..[12] The RbPb,Brs phase is plotted with pattern number: 96-101-0212. Pbl, and
PbBr; has pattern number, 96-101-0063 and 96-101-0620.

Together, these data suggest that Rb aggregates were optoelectronically inactive, current-
blocking, possibly recombination-active, and detrimental to device performance. Thus, all of
the samples showed room for improved performance by addressing alkali-rich precipitates, with
the largest potential current gains available in the samples with 5% Rb-1/Br (8% relative; Flgure

6.15). Note that this detrimental impact occurs in parallel to any advantageous effect on halide
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homogenization caused by RbI and CslI addition. This work helps to elucidate the limitations of

adding these alkali metal halides.

6.6 Supporting Information

Device Fabrication. The patterned-F-doped SnO2 (FTO, Pilkington, TECS) substrates
were cleaned by sonicating sequentially in 2% Hellmanex detergent in water, ethyl alcohol
and acetone. A dense electron selective layer of TiO; (bl-TiO,,~50 nm in thickness) was
deposited onto a cleaned substrate by spray pyrolysis, using a 20 mM titanium diisopropoxide
bis(acetylacetonate) solution (Aldrich) at 450°C. A mesoporous TiO; (meso-TiO,, Dyesol
particle size: about 30 nm, crystalline phase: anatase) film was spin-coated onto the bl-TiO2/FTO
substrate using a diluted TiO, paste (5:3 paste:ethanol), followed by calcining at 500°C for 1 h
in air to remove organic components.

The perovskite films were deposited from a precursor solution containing FAI (1 M,
Dyesol), Pbl;, (1.1 M, TCI Chemicals), MABr (0.2 M, Dyesol) and PbBr; (0.22 M, TCI Chem-
icals) in anhydrous DMF:DMSO 9:1 (v : v, Acros). All the final precursor solutions had the
following concentrations: [PbBr;] = 0.22 M (TCI Chemicals), [Pbl;] = 1.04 M (TCI Chemicals),
[MABTr] = [PbBr;] = 0.22 M. To probe the importance of the stoichiometry, the ratio of the
organics to the lead halides were varied. Over-stoichiometric compositions have an excess of
10 % Pbl,/PbBr; with respect to FAI/MABr, which is prepared with a [FAI]:[Pbl,] of 0.9 and
[MABTr]:[PbBr;] of 0.9. Analogously, the substoichiometric films were prepared with 10%
lead halide deficiency, meaning that [FAI]:[Pbl,] was 1.1 and [MABr]:[PbBr;] of 1.1. The
over-stoichiometric composition thus means a 10% surplus of PbBr; and Pbl, in the solution (or
a deficiency of FA), which results in excess Pbl; in the perovskite films.

The alkali-metal iodides were added as Csl, Rbl, and KI, in molar ratios of the alkali-
metal to lead, ranging from 1% to 10%, as these are widely reported concentrations in the

literature. Table 6.1 below shows the compositions used in this work.
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The perovskite solution was spin-coated in a two-step program; first at 1000 for 10 s and
then at 6000 rpm for 30 s. During the second step, 200 uL of chlorobenzene were poured on
the spinning substrate 15 s prior the end of the program. The substrates were then annealed at
100°C for 1 h in a nitrogen filled glove box. The spiro-OMeTAD (Merck) solution (70 mM in
chlorobenzene) was spun at 4000 rpm for 20 s. The spiro-OMeTAD was doped at a molar ratio
of 0.5, 0.03 and 3.3 with bis(trifluoromethylsulfonyl)imide lithium salt (Li-TFSI, Sigma Aldrich),
tris(2-(1H-pyrazol- 1-yl)-4-tert-butylpyridine)-cobalt(III) tris(bis(trifluoromethylsulfonyl)imide)
(FK209, Dyenamo) and 4-tert-Butylpyridine (TBP, Sigma Aldrich), respectively. Finally, a 100
nm Au top electrode was deposited by thermal evaporation. The active area of this electrode was

fixed at 0.16 cm?.

General Characterization. Grazing incidence X-ray diffraction was performed using a
Rigaku SmartLab Diffractometer. Pawley refinements of all compounds were performed using
Highscore Plus version 4. The cross-sectional images were investigated by a Zeiss Merlin
field-emission scanning electron microscopy (FESEM, Zeiss). Time-resolved photolumines-
cence measurements were obtained by time-correlated single photon counting (TCSPC). The
sample was excited by a pulsed 405 nm wavelength laser (PicoQuant LDH-P-FA-530-B) and the
laser power was adjusted by a neutral density filter wheel to obtain a <5% count rate in each
measurement to avoid pile-up artifacts in the detector. The repetition rate was set to 200 kHz for
Rb, K and 100 kHz for Cs. The emission was collected by parabolic mirrors and focused onto a
silicon single-photon avalanche photodiode (Micro Photon Devices PD-100-COC) and photon
arrival times were recorded using a PicoHarp 300 (PicoQuant) using an integration time of 300 s.
Excess laser scatter was removed by a 532 notch filter (Chroma Technology Corp.) and a 550

nm long-pass filter (ThorLabs).

n-XRF Characterization. To obtain quantitative elemental distributions in the perovskite

films, functional hybrid perovskite solar cells were investigated by means of synchrotron-based
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nanoprobe X-ray fluorescence (n-XRF) with a 250 nm full-width half-maximum (FWHM) fo-
cused beam at 16.3 keV at beamline 2-IDD in a helium environment of the Advanced Photon
Source (APS) at Argonne National Laboratory. The n-XRF measurement was conducted with the
backside Au contact facing the incident X-ray beam, with a full fluorescence spectrum collected
point-by-point during mapping. The MAPS software was used to fit and deconvolute overlapping
peaks and the background from the fluorescence data.[99] The stoichiometry of Br:Pb in the
absorbers was then quantified using a thin film methylammonium lead bromide single crystal as

a reference.

SXDM Characterization. The SXDM (scanning X-ray Bragg diffraction mapping) was
conducted using Hard X-ray Nanoprobe (HXN) of the Center for Nanoscale Materials (CNM) at
sector 26-IDC of the Advanced Photon Source (APS) at Argonne National Laboratory. SXDM
used a focused beam with Bragg diffraction geometry and rastered the X-ray beam across the
sample with the scattering recorded on a single-photon counting pixel-array detector (Medipix) at
every point. Measurements were taken in vacuum environment (< 5 x 10* torr). A Fresnel zone
plate (Xradia Inc., 133-um diameter gold pattern, 24-nm outer zone, 300-nm thickness) focused
the monochromatic incident X-ray beam (photon energy 8 keV, A = 1.55A) onto the sample
and was positioned at slight defocus to match the beam size of the n-XRF characterization. The
perovskite sample was mapped with 200 nm stepsize. To image the scattered intensity from the
RbPbI; phase, the sample was positioned to bring the (212) RbPbls Bragg diffraction on the
detector, which was centered at 20 = 27.48° (A = 1.55A). The scattering intensity is integrated

from 26.98° to 27.98°.

Transient absorption imaging. The transient absorption images and dynamics were
acquired by a home-built, femtosecond transient absorption spectroscopy setup. The output of
a high repetition rate amplifier (PHAROS Light Conversion Ltd., FWHM = 200 fs, 400 kHz

repetition rate, pulse energy of 100 uJ, 1030 nm fundamental) was used to feed two independent
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optical parametric amplifiers (OPA, TOPAS-Twins, Light Conversion Ltd) to generate the pump
beam (700 nm) and probe beam (755 nm). An acousto-optic modulator (Gooch and Housego,
R23080-1) was used to modulate the pump beam at 100 kHz. A mechanical translation stage
(Thorlabs, DDS600-E) was used to delay the probe with respect to the pump. Both the pump and
probe beams were focused onto the sample by an oil immersion objective (CFI Apo TIRF, Nikon
Inc., 60x, NA 1.49). With the pump beam being filtered out, the probe beam was collected by
another objective (Nikon, S Plan Fluor ELWD 20x, NA 0.45) and was detected by an avalanche
photodiode (APD; Hamamatsu, C5331-04). The change in the probe transmission (87") induced
by the pump was detected by a lock-in amplifier. A pair of Galvanometer mirrors (Thorlabs
GVS012) was used to scan the probe beam and pump beam together in space to obtain the
transient signal mapping. To construct Figures 6.8 A-D, we plot the difference between transient
bleach signal at time zero (0 ns time delay, 670) and that after a 5 ns time delay (875) is

compared to the signal arising from the initially generated carriers at time zero.

In-situ n-XRF/XBIC Characterization. The in-situ n-XRF and XBIC (X-ray beam in-
duced current) characterization was conducted using a similar setup as previous studies,[196]
where the X-ray beam penetrates through the backside Au metal contact, allowing collection of
both elemental distribution (XRF) and photocurrent (XBIC) simultaneously, with 250 nm step
size and a dwell time per point of 50 ms. A lock-in current pre-amplifier at the beamline was used
to collect the induced current signal for XBIC. To improve the signal-to-noise of the element
XRF map further, a second “elemental” map was collected using a step size as small as 150 nm
(oversampling) with the same amount of dwell time. The Rb incorporation was quantified using

a Rbl, Micromatter standard with known loading concentration of 6.2 ug/cm?.

EBIC Characterization
The electron beam induced current (EBIC) was collected using an FEI Scios Dual Beam

microscope with a Mighty EBIC 2.0 controller (Ephemeron Labs) and a Femto DLPCA-200
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pre-amplifier.

Planar Configuration: Similar to XBIC measurements, the e-beam was rastered across
the sample through the backside Au metal contact and the generated carriers were collected via
the front/back contacts, Au and FTO. The accelerating voltage and current were 10 kV and 13 pA,
respectively. The 10 kV accelerating voltage was chosen in order to allow electrons to penetrate
the top contact and reach the perovskite layer. A beam current of 13 pA ensured that damage
was minimized and injection was kept low. The pixel size varied between 21 nm and 84 nm
depending on the magnification used, and the dwell time was 26.5 us. EBIC and SEM images of
the same region of interest were collected simultaneously as shown in Figure 6.15. The EBIC
maps are normalized to the maximum current in each individual map, allowing cross-sample
comparison for samples with different Rb loading. The comparison between EBIC and SEM
further indicates that the variation shown in EBIC maps is not due to surface morphology nor
pinholes. We observed an activation effect that depended on total electron dose. The total EBIC
signal increased over several scans, before decreasing due to damage. However, the features
observed in our images were not dose-dependent.

Cross-Section Configuration: For cross-section EBIC measurements, the sample was
scribed by a diamond-wheel type glass cutter on the glass side. The sample was then cleaved by
applying pressure on the device-side above the cleave with a diamond pen. The mechanically
cleaved samples were then immediately loaded into the EBIC system. Imaging was performed
in FEI Optiplan mode using the T2 (in-lens like) detector, at 3 kV and 1.6 pA. The pixel size and
dwell time were 5.6 nm and 26.5 us, respectively. We did not observe the same activation effect
as in planar measurements, possible due to increased energy deposition under these conditions.
We would like to stress that interpretation of cross-section EBIC measurements with mechan-
ically cleaved devices must be done with care. The mechanical break leaves morphological
artifacts that must be ruled out in the analysis. In order to obtain the reported result in Figure
6.121 in the main text, we established that the effect was repeatable and reliable regardless of the

cross-section morphology at the Rb cluster.
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CASINO Electron Beam Profile Modeling. We modeled the profile of energy deposited
by the electron beam by Monte-Carlo simulation using the CASINO software. The energy
deposited is directly proportional to the number of free carriers generated by the electron beam.
We constructed a model consisting of a gold top layer, carbon middle layer to simulate the HTL,
and perovskite bottom layer. A 10 keV beam impinged perpendicular to the layer structure.
A matrix of gold and HTL thicknesses were tested to assess variability in the profile due to
sample variation. As the Au and HTL layers generate negligible EBIC current (as verified from
cross-section measurements), we considered only the energy deposited in the perovskite layer.
As EBIC images are a 2D projection of a 3D process, we projected the 3D beam profile in the
perovskite layer onto the plane parallel to the layer. This produced the beam profile shown in
Figure 6.13a. Within the range of Au thicknesses of 80+10 nm and HTL thicknesses of 200+20
nm, this beam profile has a full-width-half-maximum of ~400 nm, without much variation with

contact thickness.

Transmission Electron Microscopy and Focused lon Beam Sample Preparation.
Transmission electron microscopy (TEM) images were taken with a FEI 200 kV Sphera
Microscope. Samples for TEM were prepared by focused ion beam (FEI Scios DualBeam

FIB/SEM). The FIB-TEM sample preparation follows a previously reported procedure.[237]
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Chapter 7

Conclusion

This thesis consists of both technical and scientific contributions. The technical contri-
bution is mostly present in Chapter 2 on establishing the optimal operating window for X-ray
and E-beam microscopy characterization given the beam sensitive nature of halide perovskites.
With the quantitative specification, it allowed the collection of the first successful elemental and
electronic maps using synchrotron based X-ray microscopy.

Utilizing the powerful synchrotron nanoprobe, heterogeneous elemental distribution
was revealed in mixed halides Br/I perovskite absorbers as shown in Chapter 3. The spatially
segregated halide can be attributed to the difficulty in homogenized mixing due to ionic radii
difference, or the halide instability and highly mobile nature in the methylammonium based
system shown in Chapter 4. To avoid these problems, we originally suspected that perovskite
absorbers without the unstable ions such as Br and MA with chemistry of FA(¢Csg 1Pbls
could result in more stable performance than the MA-based ones. With the A-site modulation,
FA(.9Csg.1Pbls absorbers yielded high device performance but were hindered by A-site instability.
This was evidenced by the Cs-rich clusters observed after 600 hrs of the accelerated testing.
These results suggest a balancing act is needed between A- and X- site composition, which leads
us to explore one of the most complex absorbers that has mixed A-site (MA, FA, Cs, and Rb) and
mixed Br/I systems. In the complex compositions, elemental information from XRF indicates

that Cs and/or Rb addition homogenized the halide distribution in the mixed halide chemistry
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shown in Chapter 6. Although Rb-rich aggregates are found to reduce current collection in
perovskite devices, Cs appears to be incorporated with uniform elemental distribution. The
halide homogenization upon alkaline ions addition is believed to be the key for yielding high
performance and stable perovskite devices.

Hybrid halide perovskites are considered as a new emerging class of material that
associates with lots of interesting physics and unknowns. Additives that enhance average opto-
electronic properties may result in a large degree of spatial heterogeneity, which can potentially
lead to device instability and poor reproducibility in large area fabrication. To understand the
role of the additives or elements, a wide range of perovskite samples with different compositions
were studied using correlative synchrotron based X-ray microscopy techniques. Overall, the
halide perovskite appears to be a very delicate material and strongly dependent on the given
material system. Therefore, careful considerations must be taken prior to modifying any of the
A-site and halide substituents.

With the valuable microscopic characterization, we reveal that the FA|_,Cs,Pbls per-
ovskite is metastable as fabricated but become unstable upon stress testing. Recent progress
in perovskite community demonstrates that Cs containing triple cations (CsFAMA) devices
have shown respectful stability with > 1000 hr operational lifetime. Given 25 years of man-
ufacturing warranty for silicon solar cells, the state-of-art stability of perovskite still seems
short. To improve stability of the CsSFAMA perovskite compositions, further investigation on
the degradation modes of perovskites as a function of input energy (heat or light) may allow
us to realize the limitations of perovskites upon the accelerated aging test. By obtaining both
chemical and electronic information, we can potentially determine phase segregation initiation
energy requirements or conditions, as well as its impact on carrier recombination dynamics.
Elucidating these deeper insights on light induced degradation may help further improve stability

of perovskite solar cells via device or interface engineering.
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