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Abstract In this chapter, we are going to introduce several characterization methods
that utilize synchrotron X-rays as the probing source for understanding electronic
structure, crystal structure, and optical properties of lead halide perovskite materials.
We will show how X-ray absorption fine structure (XAFS) can be used to understand
the dissociation mechanism, to identify the presence of defect, and to analyze the
influence of dopant introduction on structural modification. We will demonstrate that
an X-ray excited optical luminescence (XEOL) in combination with XAFS analysis
helps to understand the luminescence mechanism of doped perovskite. We will also
present the use of synchrotron X-ray diffraction (XRD) to study the creation of new
crystal phases induced by high pressure and the phase transformation of perovskite
in situ. The working principle of each technique will be introduced, followed by
examples from recently published research articles.

6.1 Introduction

Lead halide perovskites (LHPs) has attracted great attention since its first successful
application in solid-state dye-sensitized solar cells in 2012 [1]. Potential applications
of LHPs have been extended to many fields, such as solar cells, light-emitting devices,
catalysis, and lasers [2, 3]. LHP has a perovskite-type structure of ABX3, in which
A is a small organic alkylamine cation (typically CH3NH3* or NH,CH = NH,*) or
a heavy alkaline cation (i.e. Cs*), B is Pb>*, and X is a halide (C1~, Br~, or I"). The
band gap of LHPs can be easily tuned throughout the entire visible wavelength by
adjusting the composition of halide ion species and/or the nanocrystal size through
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quantum size-effect [4]. The I-based LHPs (ABI3) absorbs red light, making them
suitable for solar cell applications. The power conversion efficiency of LHP solar
cell has significantly improved since it was first used in dye-sensitized solar cells
in 2009 [5]. As the light absorbing material in solar cell, LHPs have demonstrated
suitable band gap and trap-state density, high absorption coefficient, and long carrier
diffusion lengths [6, 7]. Br- and CI- based LHPs, on the other hand, have slightly
larger band gap, and are more widely used for light-emitting applications. As a
light-emitter, they exhibit single-color emission, high photoluminescence quantum
yield (PLQY) [3]. By introducing additional divalent or trivalent ions as dopants,
the PLQY of intrinsic LHP can be further enhanced [8, 9], and some dopant ions
introduce additional radiative recombination paths, making LHP a dual-color light
emitter [10, 11].

Although LHPs have brought exciting opportunities for the optoelectronics
market, commercial applications are still challenging. Stability and toxicity are two
major concerns LHP-based devices. The organometal LHPs are unstable under light,
heat, and oxygen [12, 13], and almost all LHPs are vulnerable to moisture [14]. For
example, bare methylammonium lead iodide (MAPbI3) thin films are only stable in
an oxygen- and water-free environment. Bare CsPbBr; suffers serious photolumi-
nescence loss under sustained operational conditions [15, 16]. The presence of Pb in
LHP also raises environmental safety concern if LHP-based devices are produced in
large quantity. Although attempt has been made to synthesis Pb-free perovskites for
optoelectronic applications, the device performance is not satisfactory [17, 18]. To
address these issues, a deep understanding on the fundamental properties of LHPs
is essential. In this chapter, we will provide a summary on a series of characteri-
zation techniques for LHP research that utilize X-rays generated from synchrotron
radiation.

Synchrotron radiation is produced by accelerating electrons approaching the speed
of light. When the electrons are directed in a curved orbit under magnetic field,
electromagnetic radiation is produced tangentially to the orbit. The energy of the
electromagnetic radiation covers a wide range, from near-infrared to hard X-ray, and
a monochromator is used for energy selection to meet specific research needs. For
research that involves the use of X-rays, synchrotron X-ray has several advantages
over the traditional X-ray sources: (1) the photon energy is tunable from soft X-ray (a
few tens of eV) to hard X-rays (several tens of keV); (2) the photon flux is more than
10 orders of magnitude than traditional X-rays; (3) it can provide highly collimated
beam with spatial resolution down to several microns or in some cases, several tens
of nanometers; (4) the photons can be either linearly or circularly polarized which
allows polarization-dependent studies; (5) electrons can be produced in bunches
with the use of radio frequency cavities inserted in their travelling orbit. The emitted
light in this case is pulsed with a few nanoseconds between pulses, which allows
time-resolved spectroscopy.

Several synchrotron X-ray spectroscopic and microscopic techniques have been
successfully applied on studying the fundamental properties of LHP materials and
LHP-based optoelectronic devices. For example, X-ray absorption fine structure
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(XAFS) is used to study the degradation mechanism and local structural defect [19—
21]; X-ray excited optical luminescence (XEOL) spectroscopy provides evidence
on the luminescence mechanism of ion-doped LHP [22]; X-ray diffraction (XRD)
acquired under high pressure can track the crystal structure evolution during phase
transformation and allows identification of new crystal phases [23, 24]; X-ray photo-
electron spectroscopy (XPS) studies the surface composition and perovskite-ligand
charge transfer [25, 26]; X-ray scattering helps to understand formation and orienta-
tion of crystalline grains in perovskite films [27, 28]. In the following, we will focus
on three X-ray probing techniques, which are XAFS, XEOL and XRD, and demon-
strate how synchrotron X-ray helps in materials analysis with particular emphasis
on LHP materials. The goal of this chapter is to provide insight on using these
spectroscopic techniques to guide future material synthesis and device design.

6.2 Techniques and Applications

6.2.1 X-ray Absorption Spectroscopy

X-ray absorption spectroscopy (XAS) measures the absorption behavior of mate-
rials as a function of incident photon energy. XAS can only be performed using
a synchrotron source, where tunable X-ray source is provided. There are several
excellent resources that provide detailed theory background as well as data analysis
protocols [29, 30]. The readers are welcome to refer to them for an in-depth learning
on such technique. In the following, we outline the basic working principle of XAS
and the key knowledge required to understand the results discussed in literatures.

6.2.1.1 Working Principle

XAS measures the absorption coefficient of a material upon interacting with incident
X-rays. The general absorption principle follows the Beer’s law as:

I, = Iye ™™ (6.1)

in which Ij is the intensity of incident photons, /, is the intensity of the transmitted
photons, [ is sample thickness and u is the absorption coefficient. The absorption
coefficient u depends on (1) the type of atoms in the materials, (2) how they are
distributed and their bonding environment, and (3) the polarization and energy of
the X-rays. Experimentally it is determined by comparing the intensities of incident
light and the ones passing the material with known thickness.

For a monatomic sample, once the incident energy (E,,) is sufficient to promote
an electron from a core level to a previously occupied energy level, there will be
an abrupt increase in the absorption coefficient. The absorption spectrum (Fig. 6.1a)
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Fig. 6.1 Schematic illustration of the outgoing photoelectron wave produced by a a free atom and
b a diatomic system upon X-ray absorption and the corresponding XAFS spectrum

exhibits a flat line at energy lower than the absorption threshold, followed by a
sharp rise in intensity, then a monotonic decay. The energy (E() where the intensity
rise occurs is referred to as an absorption edge (or simply, an edge). Above Ey,
photoelectrons are created which travel as a wave with wavenumber proportional to
VE.. — Ej. Table 6.1 lists the letter symbols that label the absorption edges and the
corresponding electronic transitions. The edge energy Ej is dependent on the type
of element and the energy level of the electron being excited. The detailed values are
available in the X-ray data booklet [31]. Please note that these tabulated values apply
to monatomic elements. For compounds that contain multiple atoms, some deviation
occurs, which is used to identify the change in oxidation states of the element and
their surrounding chemical environment.

If the excited electrons are from an element in a polyatomic compound, the
outgoing photoelectron wave will be interfered with the neighboring atoms. The
construction and destruction waves between outgoing and backscattered photons
modulate absorption coefficient i ( E') and create oscillations in absorption intensities
above Ey, producing X-ray absorption fine structure (XAFS), shown in Fig. 6.1b.

Table 6.'1 Symbols for Principal quantum | Absorption edge | Electronic transition
absorption edges and the
. . number
corresponding electronic
transition 1 K Is —> np
2 L 2s — np
Lys 2pi,32 —> ms, nd
3 M; 3s — np
M3 3p1/2,32 = ns,nd
Mys 3d3s2,52 — np,nf

Content in bold is the ones that are most frequently measured
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In terms of data interpretation, XAFS is usually divided into two energy regions.
From a few eV below Ej to 50 eV above is the region of X-ray absorption near-
edge structure (XANES). In XANES, the modulation of @ (E) is mainly caused by
multiple scattering from surrounding atoms, because the kinetic energy of outgoing
photoelectrons is low. It is highly sensitive to the local chemical environment, such as
oxidation states, unoccupied electronic states, and local symmetry, so it can be used
as “fingerprints” of the materials. At this region, the outgoing signal is dominated
by single scattering, and the modulation of the absorption coefficient is be.

From 50 eV up to 1000 eV above the edge, the strong oscillations start to disappear.
This is the region of extended X-ray absorption fine structure (EXAFS). EXAFS is
dominated by single scattering (the outgoing electron has a high kinetic energy).
Local structures such as bond length within first 2 or 3 atomic shells can be obtained
by analyzing the EXAFS data [32, 33]. The application of EXAFS is not limited
to solid powders, thin films, liquids, and devices in operando can also be directly
measured at the experimental stations [34].

Data analysis of EXAFS is less intuitive. As seen in Fig. 6.1b, at the EXAFS
region, the intensity oscillation in much weaker compared to the one at the XANES
region, therefore a “fine-structure” function y (E) is introduced to define the change
in absorption amplitude as a function of X-ray energy:

Apo(E)
where (1 (E) is the measured absorption coefficient, 1o (E) represent the absorption
of an isolated atom (i.e. the background), and Auo(E) is the amount of jump in
intensity at the absorption threshold. Since the spectral oscillation diminishes quickly
above the absorption edge, the spectrum is also converted from the X-ray energy
space (E-space) to the wavenumber space (k-space). The conversion is shown in the

equation:
2m(E — Eyp)
k= ,/TO 2.3)

The function, y (k), is referred to as the “EXAFS”. It is a summary of scattering
waves, which is from the interference with different atoms sitting in the near-neighbor
coordination shells. A Fourier transform of the EXAFS spectrum provides photo-
electron scattering profile as a function of the radial distance from the absorbing
atom. EXAFS displayed in this way is referred to as the “R-space” profile.

The full EXAFS equation has the expression:

N,Szf.(k)efzkza}e_zkj/xj(k) _
x (k) :Z J207J e sin[2kR; +8;(k) + 2pc (k)] (2.4)
i J

J
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where N is the number of the neighboring atoms in the jth coordination shell, S3 is
the amplitude reduction factor, f (k) and §(k) are scattering properties of the neigh-
boring atoms, ¢¢ (k) is the phase-shift of the absorbing atom, R is the distance to
the neighboring atom, and o2 is the disorder in the interatomic distance. Quanti-
tative analysis of EXAFS helps to determine the local structure of the absorbing
atoms, including parameters such as coordination numbers, interatomic distances,
and degree of structural disorder. This is performed by first establishing a structure
model, and use this model to generate the scattering parameters in the EXAFS equa-
tion to fit the measured EXAFS spectrum. These calculated parameters will then
be used to predict and modify the guessed structural parameters until a best fit is
obtained.

The choice of XAFS techniques depends on specific scientific questions to be
addressed. In the next two sections, we are going to demonstrate how XANES and
EXAFS are used in advancing the knowledge on perovskite materials.

6.2.1.2 XANES using Soft X-rays: The Dissociation Mechanism

Soft X-rays usually refer to X-rays with energy lower than 2000 eV, which is suit-
able for studying low Z elements (first two rows of the main group elements in
the periodical table and some transition metals). At this range, the energy separation
between adjacent absorption edges are small, so EXAFS is often not feasible. Instead,
XANES is the main focus, and the rich spectral features at this region is useful for
identifying chemical species and the oxidation state of the element of interests. For
characterization of perovskites, XANES has been used to study the alignment of the
cation groups [35, 36] and the band structure of formamidinium lead halide [37].
In the following, we will focus on the research dissociation mechanism study of
methylammonium lead halide (MAPbI3).

The first generation of LHP for optoelectronic application has a hybrid structure,
which contains inorganic framework Pblg>" and organic methylammonium cations
CH;NH3* [38]. This hybrid perovskite has a chemical formula of CH3;NH;Pbl;
(MAPbDI3), and can be easily synthesized by mixing two precursors CH3;NH, and
Pbl, in an organic solvent such as y-butyrolactone [5]. MAPbI; has a black color,
which is ideal for light harvesting. As the light absorbing layer in photovoltaic cells,
MAPDI; (or MAPbI;_Cly) has long carrier diffusion lengths and low charge recom-
bination rates [6, 39]. However, the greatest challenge for commercialization of
MAPbDI;-based solar cell is the insufficient lifetime. MAPDI; is vulnerable to various
environmental factors, such as water, temperature, and UV-exposure [12—14]. There
are several decomposition mechanisms proposed by several groups and there is still
controversy among them [40, 41]. Aside from decomposition, there is also possible
by-product that co-exist with MAPbI;, and might play a negative role in the photo-
voltaic performance. It is therefore crucial to identify the chemical species present
in thin film MAPDI;.

The corner-sharing octahedral Pblg?~ framework is relatively stable. The
CH;3NH;3™ cations sitting between those octahedra are vulnerable to decomposition.
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The presence of multiple carbon species in MAPbX; films have been observed using
X-ray photoelectron spectroscopy by various researchers [42—44]. It is however,
difficult to identify the origin of the carbon species. Some might be related to carbon
impurities in the environment, but for MAPbI; prepared under vacuum, dual carbon
species were also observed [45].

XANES at the C K-edge has been successfully used as a probe for the carbon
species in MAPbI; [19]. Two MAPDbI; films were investigated: one is freshly prepared
MAPDI; film, and the other is a film prepared with identical method but under
prolonged X-ray exposure prior to XANES measurement. Figure 6.2, XANES of
both films contain a sharp peak at ~282 eV, followed by a doublet at higher energy
side. The ratio between the low energy and high energy feature differs between the
two samples. To better interpret the spectra, simulated XANES based on a perfect
cubic MAPbI; was included for comparison. From the simulated result, we can see
only features at high energy were reproduced. The low energy peak does not belong
to a perfect MAPDI; structure. Instead, if the C—N bond length in the CH3NH3* unit
is stretched, a new peak appears at the low energy, and the separation between the
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Fig. 6.2 XANES at the C K-edge of a MAPDbI; thin film. Adapted from Ref. [19]
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new peak and the main peak increases as the C—N bond length increases. Therefore, a
possible dissociation mechanism of MAPbI; was proposed: CH3;NH;3* decomposes
into CH3* which further bonds to iodide of the main Pbls2~ framework, and NH;
migrates out of the perovskite lattice as a neutral molecule. This hypothesis was also
supported by other characterization results such as X-ray photoelectron spectroscopy
and mass spectroscopy [45—48].

It is worth mentioning that another study also used the C K-edge XANES to
identify the organic species in MAPbI; thin films, shown in Fig. 6.3 [20]. In this
study, the XANES spectra were analyzed by peak fitting, which is done by first
defining a step function as the background (single-atom absorption), and fit the main
resonance with several Gaussian peaks. The PEY and TEY in the figure refer to
partial electron yield and total electron yield, respectively. In this analysis, a neutral
CH;NH; species was identified. Comparing with the C K-edge XANES of MAPbI;
in Fig. 6.2, the apparent difference is that the low energy feature is absent in this
study. One possible explanation is that the spectra acquired in the two studies probe
samples at different depths. XANES in Fig. 6.3 were recorded with electron yield,
which has a shallow probing depth (25 nm for TEY and 6 nm for PEY), while
the ones in Fig. 6.2 were recorded in fluorescence yield, which has probing depth
greater than 200 nm. The dissociation occurs in the bulk rather than on the surface.
The calculation also suggests that neutral CH3NH; cannot reside stably inside the
MAPDI; lattice, but rather resides mainly on the surface or at grain boundaries of
thin films [20].

C K-edge
O (c H,-NH,") = 290.3 eV

EY

i W

Electron Yield (arb. unit)

o (CH -NHz) =292.8 eV
G’ (C=C)

280 290 300 310 320
Incident Photon Energy (eV)

Fig. 6.3 The C K-edge XANES of MAPbI; film acquired with PEY and TEY. Curve fitting and
the assignment of the composition were indicated in the figure. Adapted from Ref. [20]
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6.2.1.3 EXAFS using Hard X-rays: The Local Structure Probe

As a structure probe, EXAFS has been used to analyze perovskite thin films and
nanocrystals. The coordination environment of Pb extracted from the Pb Ls-edge
EXAFS can be correlate with the stability of LHP and the performance of LHP-
based optoelectronic devices. There are reports on using the Pb Ls-edge EXAFS
to study the temperature and light-induced degradation product of MAPbI3, and the
non-LHP species such as metallic Pb and Pbl, can be identified by their characteristic
bonding environment [49, 50].

Although an ideal perovskite structure contains PbXs? octahedral units in which
Pb is 6-coordinated with halide ions, in practical case, as-synthesized MAPDbI;
contains various intrinsic defects [51, 52]. The presence of halide vacancies are
beneficial for charge transport, but too much vacancies will act as traps which cause
negative impact on the device performance [53]. It was found that adding a small
amount of Cl in MAPbI; drastically improves the power conversion efficiency of
MAPDI;-based solar cells [54]. However, the ratio of CI and I need to be precisely
tuned to achieve the best performance. The “magic ratio” of the two halide precur-
sors, CH3NH31 and PbCl, is optimized to be 3:1 and confirmed by multiple studies.
An EXAFS study was conducted to examine how the perovskite structure is affected
by the precursor concentrations [21]. Figure 6.4, EXAFS was displayed at R-space
and k-space, respectively, and a multiple-shell fitting model was used including Pb-
Cl, Pb-I, and Pb-C/N scattering paths. The results show that the halide vacancies
vary when different ratios of PbCl, and CH3NH3I were used. The power conversion
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Fig. 6.4 The Pb L3-edge EXAFS of MAPbI3.4Cly prepared with different I: Cl ratios. The spectra
are shown in a k-space and b R-space, respectively, with both experimental and fitted results. ¢ The
power conversion efficiencies and the halide vacancies plotted as a function of precursor ratio.
Adapted from Ref. [21]



166 L. Liu and Z. Dong

efficiencies of solar cells align perfectly with the amount of vacancies. MAPbI; with
highest halide vacancies is achieved at the optimal 3:1 precursor ratio. Higher or
lower ratio produces fewer vacancies and hinders the solar cell performance.

Doping ions into perovskite has demonstrated great potential in modifying the
light-emitting properties of perovskites. For example, Mn>*-doped CsPbCl; exhibits
orange emission [10, 55]. Yb**-doping of CsPbCl; makes it a near-infrared light
emitter [56]. CsPbCl; nanocrystals co-doped with Bi** and Mn?* emit white light
[57]. The intrinsic luminescence of CsPbX3 can be greatly enhanced by introducing
Ni?*, Cu?*, and Y3+ [8, 58, 59]. We will show in Sect. 2.2 how synchrotron X-rays is
used to study the luminescence mechanism of doped perovskite. In this section, we
focus on the use of EXAFS technique in studying the local structure of dopant ions
as well as how the main LHP framework is influenced upon dopant introduction.

EXAFS provides direct evidence that dopant introduction greatly impacts the
pristine structure of the Pb-X framework. It was reported that Ni** doping greatly
enhances the intrinsic luminescence of CsPbXj; regardless of the halide species.
EXAFS at the Pb Ls-edge reveals that the luminescence enhancement is due to an
improved short-range order of the CsPbX3 lattice [58]. Similar phenomenon was also
observed in Cu-doped CsPbBr;. Doping significantly enhances the thermal stability
and photoluminescence quantum yield of CsPbBr3. Figure 6.5 shows the Pb L3-edge
EXAFS in k-space and R-space of Cu-doped CsPbBr; [8]. The detailed structural
parameters derived from the fitting are summarized in Table 6.1. It was found that
upon doping, the Pb—Br bond length decreases slightly due to lattice contraction.
Such contraction increases the interaction between Pb and Br, and improves the
formation energy of the CsPbBrs3 lattice. The coordination number of Pb is greatly
increased, suggesting that doping reduces halide vacancies, and therefore enhance
the luminescence intensity of CsPbBrs3.

EXAFS of the dopant ions can also be measured. In most of the cases, the
R-space spectra at the dopant absorption edge show reduced dopant-halide bond
length. This has been attributed to the smaller ionic radius of the substitute ions
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Fig. 6.5 EXAFS spectra of CuPbBr3 and Cu-doped CsPbBr3 quantum dots. a k3-weighted EXAFS
in k-space, b Fourier transformed R-space EXAFS. Adapted from Ref. [8]
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[8, 58, 60]. However, due to the low doping concentration, quantitative EXAFS anal-
ysis is limited, presumably due to the low signal to noise ratio at energy well-beyond
the absorption edge.

6.2.2 X-ray Excited Optical Luminescence (XEOL)

6.2.2.1 The Working Principle

Upon photon absorption, electrons are promoted to the previously unoccupied elec-
tronic states, and settled at the bottom of the conduction band, while holes drift to
the top of the valence band. Radiative recombination of electron-hole pairs produces
luminescence. Luminescence can be produced with visible and UV light excitation,
such as the light source used in conventional laboratory spectrofluorometer. X-ray on
the other hand, can also be used as an excitation source, and the production of lumi-
nescence is illustrated in Fig. 6.6. During this process, core-electrons are excited,
and the holes leaving behind undergoes a series of thermalization processes to reach
to the top of the valance band of the materials. During thermalization, electrons at
shallower levels fill the core hole, producing Auger electrons and a hole at an outer
shell. The energetic electrons continue to travel in the solid, losing its energy and
producing shallower core holes. This cascade process is repeated until holes are
created at the top of the valence band, and recombine with electrons at the bottom
of the conduction band.

Auger electron

O
CB . ~ . o)
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S D s > R XEOL
................. ). > >
(a) (b) (c)
(@]
VB 0 |
(a) De-excitation
e (b) Thermalization
X-ray fluorescence (c) Recombination
b 4
O T

Fig. 6.6 Schematic illustration of the production of luminescence following a core-electron
excitation with X-ray
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The biggest advantage of using X-ray as the excitation source is that the wave-
length and intensity of the emitted light can be related to the de-excitation process
of electrons at a particular core-level. X-ray excited optical luminescence (XEOL)
is often collected at the same energy range as one chooses to acquire an XAFS
spectrum of an element of interest. The light emission can then be related to the
absorption behavior of the material. By tracking the XEOL profile as a function of
excitation energy, the origin of the luminescence can be identified [61]. A combined
XEOL-XANES analysis has been successfully used in understanding luminescence
mechanism of heterostructures, nanostructured metal oxides, solid solutions and
organic light-emitting materials [61-63].

For bright light-emitting materials, XEOL is collected simultaneously with
XANES, generating a 2D contour plot, shown in Fig. 6.7a. The horizontal axis is the
excitation energy, the vertical axis is the wavelength, and the color-coded z-axis is the
intensity of the emitted light. In this plot, the excitation energy-dependency of lumi-
nescence can be visualized: the horizontal cut of the contour map shows an XEOL
spectrum at a selected excitation energy, and the intensity variation of emission at
certain wavelength can be obtained from a vertical cut from the map. For weak light-
emitting materials, XEOL can be collected at selected excitation energies, where
abrupt change in absorption coefficient occurs, shown in Fig. 6.7b. The intensity and
emission profile change as a function of excitation energy can be interpolated.
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Fig.6.7 aa2D XANES-XEOL contour plot of TiO, nanowires. A horizontal cut (XEOL spectrum)
and a vertical cut (intensity variation at maximum XEOL as a function of energy) are shown on top
and on the right of the contour plot, respectively. Adapted from Ref. [64] b top: integrated XEOL
intensities (cross marks) of TiO, nanograss at selected excitation energies (indicated by arrows)
in comparison with the Ti L3 2-edge XANES. Bottom: XEOL spectra of nanograss under selected
excitation energies. Adapted from Ref. [65]



6 Characterization of Lead Halide Perovskites Using Synchrotron X-ray Techniques 169
6.2.2.2 XEOL-XAFS Analysis: Luminescence Mechanism

Ion doping of CsPbCl; and CsPbBr3; has been demonstrated an effective strategy of
modifying their luminescence properties. In particular, Mn** doping introduces an
additional emission band at the orange—yellow region. Detailed charge transfer mech-
anism was investigated by an XEOL-XANES analysis on Mn?*-doped CsPb(C1/Br);
nanocrystals [22]. The nanocrystals exhibit dual emission bands, similar to most of
the Mn-doped LHPs. The blue emission at ~430 nm is from the near band-gap recom-
bination of perovskite host lattice, and the orange emission at ~600 nm is from the
Mn d—d transition between the *T; and ®A, configurations [10, 66].

Shown in Fig. 6.8, the XANES at the Mn Ls,-edge of Mn-doped CsPb(B1/Cl);
has typical Mn?* features. Several XEOL spectra were recorded at selected exci-
tation energies from below to above the Mn absorption edge. It is interesting to
observe that not only the intensity of the luminescence is dependent on the excitation
energy, a minor wavelength shift of the perovskite near-band-gap emission is also
observed. Careful analysis reveals that this near-band-gap emission in fact contains
two components: one is excitation energy-dependent, while the other is less sensi-
tive to the excitation energy. When the Mn electrons absorb most of the incoming
photons, a decrease in the Mn-related emission was observed. This suggests that
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Fig.6.8 Excitation energy-dependent luminescence of Mn-doped CsPb(Br/Cl);. a Energy selection
from the XANES spectrum. b XEOL at each excitation energy. ¢ The trend of emission peak
wavelength as a function of excitation energy for each emission band. d The trend of emission peak
intensity as a function of excitation energy for each emission band. Adapted from Ref. [22]
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directly promoting the electronic transition in Mn is not the effective radiative recom-
bination channel. Instead, luminescence from Mn-doped CsPb(Br/Cl); is facilitated
by energy transfer from the excitons formed within the perovskite host lattice.

6.2.3 X-ray Diffraction (XRD)

6.2.3.1 XRD with Synchrotron Radiation

X-ray diffraction (XRD) is the most commonly used technique for determination of
crystal structure at atomic resolution. The basic principle for XRD is given by the
Bragg equation:

A= Zdhk[ sin (65)

where A is the wavelength of the incident X-ray, dj; is the spacing of the lattice planes
with the Miller indices 4, k, [, and 6 is the angle of specular reflection with respect to
these planes. The diffraction angle, defined as the angle between the incident primary
beam and the diffracted beam, is therefore equal to 26.

Laboratory XRD and synchrotron XRD share the same diffraction principle,
although X-rays are produced from different sources. Laboratory XRD uses X-rays
generated from electrons hitting a metal anode, such as Co, Cu, and Mo. For a specific
type of metal, the energy of the X-ray is a fixed value. Synchrotron X-rays, on the
other hand, provides a wide selection of energy range. In addition, synchrotron X-
rays are several orders more intense, which makes it possible to obtain high quality
diffraction data with higher resolution, lower background to peak intensity ratios, and
shorter collection time. Therefore, XRD collected with synchrotron are more favor-
able for structure resolving. High energy X-rays has stronger penetrating ability
than lab X-rays, making it suitable to adapt sample of various physical forms. In
particular, in situ XRD can be easily achieved at synchrotron X-ray station. In addi-
tion, collimated X-rays from synchrotron can achieve micron to a few hundred of
nanometer spatial resolution, which allows mapping the crystal structure distribution
on a surface.

Various types of synchrotron-based XRD techniques have been developed, such
as angle dispersive XRD (ADXRD) and energy dispersive XRD (EDXRD), shown
in Fig. 6.9a,b, respectively. In both techniques, data acquisition is conducted in a
transmission mode, which means the incident X-ray and the detector are located at
different side of the sample. This requires either the energy of the X-ray is high enough
or the sample is sufficiently thin for X-ray to penetrate. ADXRD uses a monochro-
matic beam as the source, and the diffraction pattern is collected from all solid angles.
EDXRD, on the other hand, is almost exclusively performed using synchrotron X-
rays. It uses polychromatic photons as the incident source and the detector is place
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Fig. 6.9 Schematic illustration of the experimental layout in a ADXRD, b EDXRD, and ¢ GIXRD

at a fixed angle. Using the high penetrating X-ray from the synchrotron source, the
change of crystal structure of materials can be tracked from deep within the sample.
It allows study of deep strain profiling and material phase changes under extreme
conditions. The fast data acquisition rate using EDXRD mode (because there is no
need to move the detector mechanically during data collection) is ideal for materials
that are unstable under X-ray, and for capturing structural change during chemical
reactions in situ. However, for thick samples or research that focus on the material
surfaces (e.g. thin films), transmission detection mode is no longer applicable. In
this case, a grazing incidence XRD (GIXRD) setup is adapted as shown in Fig. 6.9c,
where the incident beam and detector sitting on the same side of the sample (similar
to laboratory XRD).

Different from laboratory XRD, the synchrotron XRD data is often collected
in 2D as a series of Debye—Scherrer rings (except EDXRD). Such image needs
to be converted into the form as intensity vs diffraction angle. The most widely
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used software for data convertion is FIT2D, which allows the 2D images to be
integrated to 1D profile with user specified 26 or radial direction. It also provides a
variety of different output possibilities, such as several different 26 scans, for different
azimuth ranges; a 1D profile of intensity of a ring as a function of azimuth; or a polar
transform of the data [67]. Once the 2D images were integrated as diffractions peaks,
qualitative information in terms of crystalline phase, microstructures can be obtained
by examining peak positions, peak shapes, intensities and so on.

In order to obtain quantitative structural parameters such as lattice constant, bond
distance, and bond angles, the experimental data is fitted with a theoretical model,
which can be fine-tuned to achieve the best match. One well-known method is called
Rietveld refinement developed by Hugo Rietveld for use in the characterization of
crystalline materials [68]. The Rietveld method uses a least squares approach to
refine a theoretical line profile until it fits the measured profiles. The principle of the
Rietveld method is to minimize a function M, defined in Eq. (6.6), which represents
the difference between a calculated profile y°“ and the observed profile y°%*.

IRk
M=) Wi{y,»”l” - ;yf"“} (6.6)

where W; is the statistical weight and c¢ is an overall scale factor such that
y“le = ¢y°bs The most used software for Rietveld refinement is the General Struc-
ture Analysis System (GSAS) [69]. Many programs are written to process Rietveld
refinement, such as GSAS + EXPGUI [70], Fullprof and PowderCel, which can be
used freely and are available on the internet. Other commercial programs such as

MDI Jade and Bruker TOPAS are also available.

6.2.3.2 In Situ XRD: Probing The Real-Time Structure Change

As mentioned above, the deeper penetration depth of high energy synchrotron X-rays
and the fast data acquisition is easy to achieve due to the high X-ray intensity, in situ
XRD can be conducted to capture the crystal structure change in real time. In situ
XRD has been employed to investigate structure of hybrid and inorganic LHPs. So
far, research has been focusing on one of the two topics: (1) the real-time structure
change of LHP during a chemical reaction, which is often related to the study of
degradation mechanism of LHPs; [24, 71, 72] (2) the pressure-induced structural
change emphasizing on new phase identification, and to modify the physical and
chemical property of LHPs using high pressure [23, 73—-89].

For instance, the degradation process of the CH;NH3Pbl; in moist air was inves-
tigated by Yang and co-works utilizing ss GIXRD [71]. In their study, a hydrated
intermediate phase containing isolated Pbls* octahedral was identified as the first
step of the degradation upon exposure of water vapor. Later, Zhao et al. designed an
in situ cell to examine the stability of CH3;NH;3Pblj; thin film in humid environment,
shown in Fig. 6.10 [72]. They proposed a possible decomposition pathway
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Fig. 6.10 Schematic diagram of the experimental setup for an in situ XRD measurement. Adapted
from Ref. [72]

CH;NH;Pbl; + H,O <> CH;NH;Pbl; - H,O 6.7)

which agrees with Yang’s result. This is a direct evidence that the monohy-
drated species is formed during the decomposition. A similar in situ setup was
recently applied to investigate the humid effect on stability of inorganic lead bromide
perovskite [24]. They observed an on-site phase transformation from CssPbBrg to
CsPbBr; and CsPb,Brs and also revealed that such transformation process is prob-
ably controlled by both the solubility of CsBr and the coordination number of Pb(II)
in water.

The other major application of in situ XRD is to monitor the high-pressure
behavior of LHPs, focusing on pressure-induced phase transformation and pressure-
induced modifications in electronic and optical properties of LHPs. A diamond anvil
cell (DAC) is used to generate high pressure. This is done by applying a static mechan-
ical force perpendicularly to the surface of the sample placed in a vessel. Among the
many types of DACs, the widely employed high-pressure vessel is symmetric DAC
as shown in Fig. 6.11. The sample was placed between a pair of diamonds anvils. The
tips of the diamond anvils are only hundreds of microns in diameter. Therefore, a
moderate force can generate several millions of atmospheres (e.g., 1 N can generate 8
x 10 Pa on a 400 um culet.). The exact pressure values in the cell can be quantified
using a pressure scale (e.g. ruby, Pt, Au). These materials have a known property
that can be easily measured and has a direct correlation with applied pressure. For
example, by exciting ruby with a green or blue laser, its fluorescence lines shift as a
function of pressure [90]. Shown in Fig. 6.11c, during the measurement, a standard
pressure scale (ruby ball) is loaded together with the sample of interest in the same
DAC cell, and the real time structural change induced by pressure is then recorded
by XRD.
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Fig. 6.11 a A photograph of a symmetric DAC, b schematic layout of a DAC (side view), ¢ top
view of the sample hole in the DAC with a ruby ball loaded

6.2.3.3 Pressure-Induced Phase Transformation

A great number of high-pressure study have been carried out on LHPs and it was
found the LHPs exhibit interesting pressure-induced structural change that leads to
modifications in electronic and optical properties.

The pressure induced phase transformation of LHPs were summarized in Table
6.2. Rich polymorph crystal structures produced in LHPs at high pressure were
detected by various groups of researchers. However, the pressure-induced phase
transformation sequences are inconsistent. For example, in Wang’s study, MAPbCl;
was found undergoing a phase transformation sequence from cubic (Pm3m) to
isostructured cubic phase (Pm3m) at 0.8 GPa and then to an orthorhombic phase
(Pnma) at 2.0 GPa [80]. However, another study suggests that MAPbCl; turns into
a cubic (/m3) phase at 0.75 GPa and then amorphorizes directly at 2.0 GPa [81],
while in Wang’s study, amorphization was not observed until the pressure is above
5.6 GPa. The origin of these inconsistencies are not clear yet and more studies are
needed.

Different from MAPbLCls, the phase transformation of MAPbBr; from cubic
(Pm3m) to cubic (Im3) was observed in several studies, although such transfor-
mation occurs at slightly difference pressures, which is likely due to the difference in
hydrostatic conditions used in different experiments [23, 81, 84, 88, 89]. The mech-
anism of such phase transformation is attributed to pressure-induced shrinkage and
titling of the PbX?~ octahedra as well as the rotation of MA* cations. The isostruc-
tural phase transformation observed in MAPbCl; and MAPbI; more rely on rotation
of the MA™* cations [75, 79]. For MAPbI3, a pressure-induced metallization was also
observed when the applied pressure is increased up to 60 GPa, and MAPbI; exhibits
new transport properties [78].

Along with the structural change, perhaps the most interesting property of LHP
is its band gap narrowing when pressure increases. This leads to elongated carrier
lifetime and such narrowed band gap is retained after pressure is released [77]. It
should also be addressed that the first pressure-induced phase transformation in all
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Table 6.2 Summary of pressure induced phase transition in hybrid perovskites
Materials 2nd Phase 3rd Phase 4th Phase | References | *Note
original phase
MAPbCI3 | Cubic Pm3m Cubic Orthorhombic | Amorphous | [80] Isostructural
(Pm3m, (Pnma, 2.0 (5.6 GPa) PT
0.8GPa)* GPa)
Cubic (Im3, |N/A Amorphous | [81]
0.75 GPa) (2.1 GPa)
MAPbBr3 | Cubic Pm3m | Cubic (Im3, | Orthorhombic | Amorphous | [23]
0.4 GPa) (Pnma, 1.8 | (>2.0 GPa)
GPa)
Cubic (Im3, |N/A Amorphous | [89]
1.0 GPa) (2.8 GPa)
Cubic (Im3, |N/A Amorphous | [81]
0.75 GPa) (2.7 GPa)
Cubic (s, 0.8 | N/A Amorphous | [88]
GPa) (4.7 GPa)
Cubic (Im3, |N/A Amorphous | [84]
0.9 GPa) (2.7 GPa)
MAPDI; | Tetragonal Cubic (Im3, | Orthorhombic | Amorphous | [83]
14/mcm 0.3 GPa) (Immm, 2.7 | (4.7 GPa)
GPa)
Cubic (Im3, |N/A Amorphous | [81]
0.35 GPa) (2.5 GPa)
Cubic (Im3, |Cubic (Im3, |N/A [75] Isostructural
0.35 GPa) 2.5 GPa)* PT
Orthorhombic | Cubic (Im3, |N/A Amorphous | [84]
Fmmm 0.3 GPa) (3.4 GPa)
FAPbBr; | Cubic Pm3m | Cubic (Im3, | Orthorhombic | Amorphous | [79]
0.53 GPa) (Pnma, 2.2 (4.0 GPa)
GPa)
FAPbI3 Cubic Pm3m | Orthorhombic | Orthorhombic Amorphous | [74]
(Imm?2,0.34 | (Immm, 2.7 | (4.0 GPa)
GPa) GPa)
CsPbBr3 | Orthogonal Orthogonal N/A Amorphous | [73] Isostructural
Pbnm (Pbnm, 1.2 (2.4 GPa) PT
GPa)*

Note PT stands for phase transformation. Phase transformations between structures with the same space
group are transitions between two isostructural phases

LHP studied so far, occurs at a pressure below 1 GPa, especially for the cubic MAPbI;3
which can be obtained at a mild pressure of 0.35 GPa [75, 81, 83, 84]. This implies
that modulation of LHP properties through applied pressure can be achieved without
using DAC, and the phase transformation does not introduce additional chemical
impurities, making this a practical and promising strategy of tuning the optical and
electronic properties of LHPs.
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6.3 Concluding Remarks

Synchrotron radiation technology has become an increasingly popular tool in
materials characterization. It provides valuable information that cannot be obtained
through laboratory techniques. This chapter summarizes three synchrotron X-ray
techniques that have been used in studying LHP-based materials, which are X-ray
absorption spectroscopy, X-ray excited optical luminescence, and X-ray diffraction.
It should be noted that other synchrotron-based techniques, such as photoemission
spectroscopy and X-ray scattering, are also employed in characterizing LHP-based
devices, where LHPs are incorporated in the form of thin films. [26, 27, 91, 92].
These spectroscopic techniques allow detailed study on factors that influence charge
transport in LHP films such as interface energetics and grain distribution. In addition,
highly collimated X-rays from synchrotron source can also be produced with sub-
micron spatial resolution. All the above-mentioned X-ray detection techniques can
be conducted in the microscopy mode to obtain the local composition and structure
of materials [93]. In summary, the fast advancement in synchrotron technology and
analysis techniques provide an exciting future for characterization of LHPs. A deeper
understanding on the fundamental properties of LHPs, the tunability of their struc-
tural and optical properties, and their stabilities in various environment will guide the
development of LHP-based optoelectronic devices with outstanding performances.
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