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Abstract

Hybrid-perovskites are an emerging material class, with optoelectronic prop-
erties highly suited for photovoltaics (PV), light emitting diode, and phos-
phor applications. Among PVs they have seen a meteoric rise in photon
conversion efficiency (PCE) over the last decade, exceeding that of thin-film
and multi-crystallite Si PV. Despite the rapid evolution of PCE within these
materials, environmental and thermal stability remain the major impediment
for their commercial viability. The use of A site cation substitution is an ap-
proach to enhance performance and stability in the versatile family of hybrid
perovskites.

In this thesis, the effect of A site cation substitution on the phase tran-
sitions and stability is explored, for both cations which appropriate for the
APbX3 structure, and a larger organo-ammonium cation (A′) associated with
the formation of lower dimensionality hybrid perovskite derivative structures.
Both approaches are reported in literature to provide exceptional stability
and PV PCE improvements.

The hybrid perovskite (FAPbI3)0.85(MAPbBr3)0.15 was characterised
using in-situ variable-temperature X-ray diffraction (VT-XRD) data. Se-
quential Rietveld refinements were employed to explore phase stability, and
structural characteristics of this data (FA = formamidinium, MA = methy-
lammonium). A more gradual α → β phase transition is identified, compared
to the single cation systems in literature. The effect of Caesium (Cs) substi-
tution on (FAPbI3)0.85(MAPbBr3)0.15 has been characterised across a series
of VT-XRD measurements through parametric Rietveld refinement. The in-
troduction of Cs is correlated to divergence between the observed onset tem-
peratures for the cubic to tetragonal and a0a0a0 to a0a0c+ (Glazer notation)
transitions in the systems, which occur for the α/β phase transition.

Beyond the performance improvements, the inclusion of larger A′ cations,
have been associated with structural defect passivation, and electronic prop-
erty tuning due to quantum confinement effects in perovskite derived struc-
tures. Hybrid perovskite based systems containing the A′ cation, propylam-
monium are studied to gain insights on phase stability and phase formation,
and optical properties in these systems. The phase composition, structural
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properties, and optical properties of (PABr)2x(MABr)1−xPbBr2, 0 ≤ x ≤ 1
and PABr/MAPbBr3 systems were studied using ex-situ XRD, optical ab-
sorbance spectroscopy. and photoluminescence measurements (PA = propy-
lammonium). These systems were fabricated by spin coating, with the for-
mer from a single well mixed precursor solution and latter a 2-stage process,
where PABr was added in various concentrations to a fully formed MAPbBr3
film. Mixed phase compositions were formed of (PA)2MAn−1PbBr3n+1 2-
dimensional (2D) and quasi-2D hybrid-perovskite derivative phases, where n
determines the layer thickness and n = ∞ is a MAPbBr3 phase. The dif-
ference in the kinetic and thermodynamic aspects of film formation in these
systems was leveraged to propose a set of controlling factors responsible for
the phase formation behaviour of the varied formation conditions.
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Abbreviations and Definitions

List of abbreviations

� 2D: 2-dimensional
� 3D: 3-dimensional
� A: A small organic cation such as methylammonium, formamidinium,

or an inorganic cation such as Cs.
� A′: An organic cation larger than formamidinium such as propylam-

monium, butylammonium, or 2-phenylethylammonium.
� AbsMax: The excitonic peak observed at the absorption maximum.
� App.: appendix
� COD: Crystallography Open Database, [hyperlink]
� csize: a Rietveld refinement parameter used in this work to refer to

crystallite size.
� DFT: Density functional theory
� DMF: dimethyl formamide
� DMSO: dimethyl sulfoxide
� EXAFS: Extended X-ray absorption fine structure
� GI-XRD: grazing incidence X-ray diffraction
� ICSD: Inorganic Crystal Structure Database, [hyperlink]
� ITO: indium-tin oxide
� FTO: fluorine doped tin oxide
� LED: light emitting diode
� MA: methylammonium
� FA: formamidinium
� PA: propylammonium
� PL: photoluminescence
� PhEA: 2-phenylethylammonium
� PSD: position sensitive detector, a class of 1-dimensional detectors used

in X-ray diffractometers.
� PV: photovoltaic
� PXRD: powder X-ray diffraction
� TOPAS: Brukers’ software primarily intended for diffraction pattern

modelling.
� VT-XRD: variable temperature X-ray diffraction
� WH: Williamson-Hall method for crystallite size and strain determina-

XXX
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tion.
� WPPD: whole powder pattern decomposition
� X: a halide such as bromide or iodide.
� XANES: X-ray absorption near edge structure
� XRD: X-ray diffraction

Definitions

� 3D data-set/ 3-dimensional data-set: When used in the context of
diffraction in this thesis, such a data set refers to 2θ and intensity
as a function of a 3rd external variable, such as time, temperature, or
composition.

� data poor: Where a model or function contains more variables than
there are observables in a data-set.

� dynamic spin-coating: Spin-coating where a solution is applied while
the spin coater is at speed.

� exciton: A bound electron and hole pair.
� fixed: In this document usage frequently refers to refinable parameters

used for data modelling which are held at a constant value when fixed.
� global parameters: Parameters which are accessible throughout a pro-

gram.
� point defect: A localised defect such as a vacancy, interstitial or anti-

site substitution.
� site occupancy factor: Probability or fraction describing the degree to

which a unit cell site is occupied by a given atom.
� tick: in plots or graphs ticks are short lines on an axis marking divisions

across the axis. In a diffraction pattern similar ticks can be used inside
the plot area to elude to the position of diffraction peaks. Multiple sets
of ticks, differentiated by colour and vertical offset can be used in the
presence of multiple phases to relate diffraction peaks their respective
phases.
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1.1 What are hybrid-perovskites?

Hybrid-perovskites (also called hybrid organic-inorganic perovskites) are a
group of materials composed of an organic cation (A) which is typically an
amine or imine, a metal such as Pb, Sn or a combination (M), and one or
more halides (X). This takes the form AMX3 composing of a 3-dimensional
(3D) framework of M−X octahedra, Section 1.2.1. This can be extended to
hybrid perovskite derivatives, such as the layered Ruddlesden-Popper phase,
in which the connectivity is reduced by the introduction of a larger organo-
amine cation (A′) separating the structure into layers of a controllable thick-
ness, Section 1.2.2.

These materials exhibit exceptional optoelectronic properties, and have
gathered wide interest as an emerging PV technology. This interest has
extended beyond academic circles and has propelled the rapid development
of hybrid-perovskite materials, primarily for photovoltaic applications [CNN,
2020, Nasdaq, 2015, NREL, 2023]. This is evident in their application in
photovoltaics (PV) for which hybrid perovskites have seen rapid research cell
efficiency gains from 14.1 % in 2013 to outperforming multi-crystalline and
thin-film silicon PV in 2016 and closing in on single crystal silicon (26.1 %
PCE) having reached 25.7 % PCE in 2023 [NREL, 2023] 1.

Hybrid perovskites have a direct band-gap and related high absorption
coefficient, which allows for far less material use in device fabrication when
compared to the indirect bandgap of silicon PV, discussed in Section 2.2. In
addition all the layers required for hybrid-perovskite solar cells can be pro-
duced at low temperatures below 150 ◦C using potentially low cost solution
processing techniques such as inkjet printing [Miyasaka, 2018]. As an exam-
ple, the electron transport layer can be based on metal oxides including TiO2

or SnO2, and can be prepared as nanoparticle suspensions which can easily
be deposited at low temperatures. The hole transport layer can be formed of
materials such as NiOx, or conductive organic polymers including PEDOT
or Spiro-OMeTAD [Miyasaka, 2018]. This is compared to Si PV where an Si
ingot is prepared at temperatures as high as 1900 ◦C which is almost para-
doxical to their environmentally friendly image [Smets et al., 2015]. This
impacts the energy payback time for Si PV, which further depends on device

1PCE: Photon conversion efficiency, this is defined in Section 2.1.
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efficiency and utilisation, with an estimated ∼1.5 - 4.4 years, compared to
a few months for hybrid perovskites [Schileo and Grancini, 2021, Yue et al.,
2014].

The application of hybrid-perovskites is highly tunable and composition-
ally dependent exhibiting band gap values from the near infra-red (NIR) for
FAPbI3 across the visible spectrum reaching into the violet for MAPbCl3
and low dimensional derivatives such as (PhEA)2PbBr4, Section 2.2.2 [Tao
et al., 2017, Smith et al., 2014]. The effect of composition is discussed further
in Section 1.3 with the utility of low dimensional structures in Section 1.4.
This tunability, in combination with the materials’ high photoluminescence
quantum yields, open their application to low cost, high efficiency phosphors
and light emitting diodes [Blancon et al., 2018, Congreve et al., 2017].

Additionally, hybrid perovskites can be designed in terms of shape, colour,
and transparency, which has allowed their use as a multi-purpose, aesthetic
and functional material in architectural design as demonstrated in windows
of the SwissTech Convention Center at Ecole polytechnique fédérale de Lau-
sanne. [Miyasaka, 2018, Romande Energie and Mediacom, 2013, Batmunkh
et al., 2020]

Current challenges to the commercialisation of hybrid perovskites in-
clude environmental stability, thermal stability, and the toxicity of lead
(Pb). The small organo-ammonium cations in hybrid perovskites are hy-
drophilic, in part due to their polarity, and can volatilise with the halide
which is accelerated at elevated temperatures [Boyd et al., 2018]. Stabil-
ity is strongly dependent on device composition and structure as discussed
in Sections 1.3 and 1.2.4. Decomposition pathways related to defects and
ion mobility can be mitigated through optimising material morphology and
defect passivation, while encapsulation and surface coating are used to pro-
tect hybrid-perovskites from environmental factors [Boyd et al., 2018, Corsini
and Griffini, 2020]. In regards to Pb toxicity, the partial substitution of Sn
has been the most promising Pb reduction strategy. Sn, while also toxic,
is less environmentally harmful per unit of weight. The lower PCEs cur-
rently achieved by A(Pb, Sn)X3 devices offsets the benefit by requiring a
larger quantity for the same power output, while ASnX3 devices are not cur-

4



rently efficient enough to be considered a practical alternative 2 [Schileo and
Grancini, 2021]. Pb is exceptionally toxic and efforts are required to min-
imise its environmental impact wherever possible. The potential benefits of
the technology must be considered with the risks, which can and need to be
mitigated though careful design, encapsulation and recycling [Chen et al.,
2023, Schileo and Grancini, 2021].

We have established some of the attractive properties of hybrid-perovskites
providing a degree of insight into their potential. While much progress has
been made in their development, we are presented with device stability and
lead toxicity as challenges to large scale commercialisation.

This work seeks to further knowledge in the field relating to: (1) Composi-
tional tuning of the 3D hybrid perovskite and related temperature dependent
phase transition in Chapters 6, 7, and 8, and (2) The phase formation and
optical characteristics in hybrid-perovskite systems of a mixed dimensionality
composition in Chapter 9

1.2 Structure and potential of hybrid-perovskites

1.2.1 Basic perovskite structure

The perovskite structure is composed of 3 atomic sites in an ABX3 stoichiom-
etry and at its simplest, a Pm3̄m space group. The structure is commonly
portrayed either with the B site atoms at origin forming a primitive cubic
sub-structure or alternatively with the X site at origin forming a face-centred
cubic sub-structure. These two components are offset from each other by half
a unit cell along an axis 3. This forms a network of corner sharing octahe-
dra. Figure 1.1 shows a perovskite structure with the B site at origin, this
B-X framework leaves a cavity for the A site at (0.5,0.5,0.5). Lower sym-

2Scheleo and Grancini have assessed the potential impact of Pb in PV eluding to the
massive 80 000 metric tons of Pb released into the atmosphere by the coal industry and
natural Pb soil concentrations per kg multiples larger than the quantity of Pb in a 1 m2

panel. [Schileo and Grancini, 2021]
3In this description an offset in any of the 3 axis is equivalent.
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metry structures occur with octahedral tilt as a primary distortion from the
symmetry of the Pm3̄m space group, this is further explored in Section 1.5.1.

(a) (b)

Figure 1.1: The perovskite structure in (a) polyhedra and (b) ball and stick
representations. The structure has an ABX3 composition ratio represented
as follows, A: green, B: grey, X: purple.

In hybrid-perovskites, the A site is an organic cation such as methylam-
monuim (MA), formamidinium (FA), the B site is a metal such as Pb or Sn,
and the X site is a halide such as Br, Cl or I; the effects of such substitutions
is discussed in Section 1.3 4.

1.2.2 Layered hybrid-perovskites derivative structures

The 3D perovskite structure of corner sharing octahedra includes an A site
occupied by an organic cation. Organic cations (A′) exceeding a size suitable
for a stable 3D structure can lead to 2D perovskite derivatives such as the

4While the organics cation can be partially substituted with spherical inorganic cations
including Cs+ or Rb+, the presence of a non-spherical organic cation is a defining feature
across hybrid-perovskites. Entirely inorganic materials such as CsPbI3 which can form
perovskites are not hybrid-perovskites. [Chen et al., 2021]
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Ruddlesden-Popper and Dion-Jacobson layered phases 5 6. These deviate
from a true perovskite structure by separating one or more layers of corner
sharing octahedra with organic cation layers reducing the dimensionality of
the structure.

Figure 1.2: Ruddlesden-Popper layered perovskite structures in the form
(A′)2(A)1−nMnX3n+1, for n ∈ 1, 2, 3, COD 2102938, 4003234, 4003235.

Layered structures of the form (A′)2(A)1−nMnX3n+1 consist of sets of n
octahedra layers separated organic bilayer spacers, where A is the inter-
octahedral cation, A′ is the organic cation separating layers of octahedra, M
is a metal, X is a halide and n is the number of octahedra layers between
organic layers in the layered perovskites, Figure 1.2. The A′ cations form
hydrogen bonds with the halides of the metal halide framework forming an
organic bilayer with cations hydrogen bonded to opposite sides of the bilayer,
bound through van der Waals forces. When there is a relative in-plane offset
of the octahedra layer sets by half a unit-cell in both axes of the plane (0.5,

5The Goldschmidt tolerance and octahedral factors to estimate the stability of a 3D
perovskite based on the size of its constituents, as discussed in Section 1.2.4.

6The “2D” phases here are not true 2D structures as they have thickness, the “2D”
terminology is used for consistency with literature.
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0.5) this constitutes a Ruddlesden-Popper phase [Tremblay et al., 2019, Fu
et al., 2021] 7.

Layered structures of the form (A′)(A)1−nMnX3n+1 bifunctional spacer
cations (A′) where opposite ends of the space form hydrogen bonds with
the halides of the metal-halide framework on either end of the organic layer.
When the in-plane offset between sets of n octahedra is (0,0) or (0.5,0) this
constitutes a Dion-Jacobson phase [Tremblay et al., 2019, Fu et al., 2021].
Examples of (A′)2(A)1−nMnX3n+1 and (A′)(A)1−nMnX3n+1 layered structures
are presented in Figure 1.3.

(a) (b)

Figure 1.3: Layered perovskite structure with n = 1 (a) (A′)2(A)1−nMnX3n+1

Ruddlesden-Popper phase, Section 9.2 (b) (A′)(A)1−nMnX3n+1 Dion-
Jacobson phase with (0,0.5) effective layer offset, COD 7207478. In these
figures (dark grey octahedra) are PbBr4−6 and (light blue spheres) are nitro-
gen atoms.

7In the literature, (A′)2(A)1−nMnX3n+1 structures tend to either have 2 sets of
“n*octahedra + organic” layer pairs or a single set. Where two sets are used to de-
scribe the unit cell, the second set of octahedra tends to have a half unit cell in-plane
displacement described by the symmetry operators of the unit cell. In cells with a single
“n*octahedra + organic” set, an offset between layers is implemented using non-orthogonal
unit cell axes in monoclinic or trigonal unit cells. This was observed for the structures
considered in Table E.3. In most instances, n unique octahedra are used in literature as a
sufficient basis for the structures.
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1.2.3 Shockley-Queisser limits

Single junction devices

The theoretical efficiency limit of single junction photovoltaic (PV) devices
can be estimated, as pioneered by Shockley and Queisser, based on the solar
spectrum which can be estimated using a black-body radiation model, and
the unavoidable energy losses and limitations of a single junction absorber.
These include photons of energy lower than the band gap which cannot be
absorbed, thermalisation losses from photons with energy higher than the
band gap, and radiative recombination which are fundamentally unavoidable
8 [Rühle, 2016, Queisser, 2009, Shockley and Queisser, 1961].

The effect of band-gap on the Shockley-Queisser limit for a single junction
PV and it’s relation to hybrid-perovskites is illustrated in Figure 1.4. We
see a Shockley-Queisser limit for a single junction cell approaching 33 %
PCE. The bandgap of MAPbI3 is 1.55 eV, slightly higher than the band-
gap required for the peak theoretical efficiency [Futscher and Ehrler, 2016].
FAPbI3 has a lower band gap of 1.47 eV. Compositional tuning of these
perovskites is suitable for engineering structures with an intermediate band-
gap, as considered further in Section 1.3 [Zhenyi et al., 2020].

Tandem solar cells

The concept of tandem solar cells involves forming a multi-junction cell with a
layer stack incorporating two absorber materials with different band gaps for
an extended photoabsorption window. This can be in the form of electrically
isolated, or connected cells which are optically coupled to absorb different
parts of the solar spectrum. The larger band gap material will be on top as
photons smaller than the band gap will pass through to the second junction.
This reduces losses from thermalisation of high energy photons, allowing
improved PCEs. Tandem cell provide higher possible PCEs with a SQ based
limit of 45.1 % for a tandem cell of Si and a second absorber with a bandgap

8Little attention was initially given to this work with 8 citations in the first five years,
since then the Shockley-Queisser limit became renowned in the field.
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Figure 1.4: Shockley-Queisser (SQ) limits in % PCE for a single junction
photovoltaic cell as a function of band-gap and band-gaps values of Pb-based
hybrid-perovskite materials with the legend ordered by band-gap value.
SQ limits at 25 ◦ C under AM 1.5G Spectral Irradiance (ASTM G173-03): [Rühle, 2016],

Band-gap values: [Ma et al., 2017, Mannino et al., 2020, Tao et al., 2017, Jesper Jacobsson et al.,

2016, Guillemoles et al., 2019].

of 1.73 eV in a series configuration. Futscher et al. investigated various
configurations with series being the simplest and having the narrowest range
near the maximum efficiency while a 4-terminal design provided a very wide
range of bandgaps that have a limit exceeding 44 % PCE with a maximum
limit calculated to 45.3 % [Futscher and Ehrler, 2016, Pazos-Outon et al.,
2017]. The band-gaps afforded through compositional tuning and reducing
dimensionality of the hybrid perovskites allows controlled energy tuning for
use in multi-junction PV [Eperon et al., 2016, Stoumpos et al., 2017]. Hybrid-
perovskite/Si tandem cells fabricated at Helmholtz-Zentrum Berlin (2022)
have achieved efficiencies of 32.5 % [NREL, 2023].

Further gains in PCE have been achieved by increasing the number of
junctions (multi-junction devices) with the theoretical limits reaching 65.4 %
(1 sun, AM1.5) 9 [Marti and Araújo, 1996]. A prime example of this is a 6-
junction cell reaching 39.2 % produced at NREL [Geisz et al., 2020]. This
device is an engineering feat consisting of 140 layers 10.

9The use of a concentrator to provide greater illumination results of a theoretical effi-
ciency of 85 % for a multi-junction cell (AM1.5).

10Geisz et al. achieved a PCE of 47.1 % using a 6-junction cell under concentrated
illumination
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1.2.4 Goldschmidt tolerance and octahedral factors

The relative size of various components of the perovskite affects how well
each atom or molecule fits into a given structural position. The Goldschmidt
tolerance factor provides a measure of how close the relative atom sizes are to
a geometrically ideal value. This is quantified by the geometric equation of
the Goldschmidt tolerance factor as given in Equation 1.1. Therein, r refers
to atomic radius and the subscripts A, M and X refer to the respective sites
in the AMX3 perovskite as described in 1.2.1 [Gebhardt and Rappe, 2019].
The tolerance factor is very useful in that it contributes to understanding
the stability of mixed composition perovskites. A tolerance factor (t) of 1
represents the ideal set of radii for a perovskite and deviations from this
can result in structural distortion. Stable halide perovskite structures are
expected to form for t values in the range 0.71 to 1.05. Lower tolerance
factors are related to greater structural distortion with an effectively linear
trend between octahedral tilt and cation size 11 [Filip et al., 2014, Gebhardt
and Rappe, 2019, Li et al., 2016, Zhu et al., 2018]. In structures where
the bonding connectivity remains unchanged these distortions can largely
be described by Glazer notation, Section 1.5.1 [Glazer, 1972, Gebhardt and
Rappe, 2019].

t =
rA + rX√
2(rM + rX)

(1.1)

The further the ratio is from the ideal, the more probable a non-perovskite
structure will offer greater stability, which may result in a change in structural
connectivity. The perovskite phase is composed of corner sharing BX6

4−

octahedra with the A+ cation filling the voids created by this structure. Low
values of t may result in the more favourable formation of point or edge
sharing tetragonal or orthorhombic structure, while high values can make a
face sharing hexagonal phase more favourable 12.

11Filip et al. plots bond angle against steric size in Figure 3a of [Filip et al., 2014]
12Organic cations too large (A′) for the 3D framework cause the formation of a struc-

ture with reduced dimensionality such as the hexagonal 2H ABX3 or layered (A′)2MX4

structures as described in Section 1.2.2 [Garćıa-Fernández et al., 2019].
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Another useful measure is the octahedral factor which is the ratio between
the size of metal (Pb or Sn) cation and the halide µ = rM/rX. A small µ
would suggest that there is insufficient space around the metal cation for the
formation of the 6 M-X bonds of the octahedra to be favourable. A lower
limit of µ = 0.442 is suggested in the work of Li et al., with a few exceptions
[Li et al., 2016].

In the case of hybrid perovskites, the non-spherical molecular nature of
organic cations adds complexity to the determination of the ionic radius 13

Similarly bonds between atoms can affect their electron density distribution,
changing the effective ionic radii. For MA the ionic radius is estimated to
be a value between 2.03 and 2.38 Å depending on the theoretical or semi-
empirical approach used [Gebhardt and Rappe, 2019]. This provides a wide
range of uncertainty. The tolerance factor is further limited by its inability
to take account of bond energies in the structure. These are some of the
factors contributing to the presence of outliers from the favourable ranges
of t and µ presented in literature. Such halide perovskite outliers include
TlMnI3 with t = 0.910, µ = 0.377 and CsBeF3 with t = 1.107, µ = 0.541 [Li
et al., 2008, Chen et al., 2015b]. While the tolerance factor has been instru-
mental in the engineering of mixed composition hybrid perovskites, it does
not exclude the possibility of outliers in the observed trend. [Chen et al.,
2015b, Li et al., 2008, Gebhardt and Rappe, 2019]

1.3 Importance of compositional tuning in hy-

brid perovskites

The electronic properties of hybrid-perovskites is highly tunable and com-
positionally dependent. The APbI3 perovskites have band-gap values in the
range ∼1.4 - 1.7 eV (NIR to red) 14 with the lower end of this range most
suitable for single junction PV as illustrated by the Shockley-Queisser limits

13An empirical correction factor to the cation radii been introduced in literature as a
“globularity factor”, which considers the ratio of surface area of a cation to the surface
area of a sphere of equal volume as an expression of anisotropy [Gholipour et al., 2017].

14NIR: near infra-red
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in Section 1.2.3 [Tao et al., 2017]. APbBr3 devices have a larger band-gap
closer to 2.3 eV (green) which is better suited as a layer in tandem PV where
the bandgap can be further increased into the violet using Cl or reducing
the dimensionality of the structure, Section 2.2.2 [Mannino et al., 2020]. In-
termediate band-gaps between these structures are accessible using mixed
compositions and intermediate dimensionalities. This adds to the hybrid-
perovskites versatility in PV and luminescent applications.

The structure is further tunable through its A site cation which has a
substantial, yet smaller and less direct effect on band-gap, and A is essential
for the stability of the structure as formalised by the Goldschmidt tolerance
factor, Section 1.2.4.

Considering MAPbI3 as the base structure with a Goldschmidt tolerance
factor (t) of 0.964 [Gholipour et al., 2017]. The substitution of the larger
FA cation or smaller Br halide into the A and X sites respectively increase
t and has been reported to stabilise the structure, and improve stability to
moisture. Similarly the introduction of Cs, MA and Rb into FAPbI3 reduces
the tolerance factor, improved thermodynamic stability, improves the long
term stability, and reduces moisture sensitivity [Boyd et al., 2018, Chen et al.,
2021].

Compositional tuning in hybrid-perovskites has been instrumental in the
optimisation of single junction PV cells, and tandem or multi-junction de-
vices. It has played a strong role in the pursuit of high performing hybrid
perovskite devices with greater stability. It has been invaluable in the en-
gineering of a wide range of properties including optoelectronic properties
(i.e. band-gap), stability, defect properties, morphology, etc. [Miyasaka,
2018, Jung and Park, 2015, Grätzel, 2017]. Most of the highest perform-
ing single junction hybrid perovskite PVs make use of mixed compositions.
Many of these make use of a selection from (Cs,FA,MA)Pb(I,Br,Cl)3 with
FA and I forming the majority of the composition (commonly > 70 %) for the
cation and anion respectively with device lifetimes reaching many hundreds
of hours 15 [Koo et al., 2020, Liu et al., 2020, Jeong et al., 2020, Cho et al.,
2018, Zheng et al., 2017].

15These lifetime includes devices under illumination, high humidity, and/or elevated
temperatures.
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The composition can further be tuned with organo-amine cations larger
than what is suitable for the perovskite structure. These are known to be
capable of passivating surface and grain boundary defects, improving PCE
in PVs, and can form derivative structures with tunable optoelectronic prop-
erties, as discussed in Section 1.4.

1.4 Applications of layered hybrid-perovskite

derivatives and related organic cations.

The inclusion of larger organic cations (A′) into and on hybrid-perovskite
based structures have been targeted for photovoltaic, light emitting diode,
and phosphor applications. [Dohner et al., 2014, Wang et al., 2017b] These
A′ molecules have been used in the literature as an additive, a component in
the hybrid-perovskite precursor solution, an additional layer in optoelectronic
devices, or a coating in the case of nanoparticle phosphors.

As major components in a structure, A′ molecules have been used in
the formation of 2D or quasi-2D layered hybrid perovskites 16 such as the
Ruddlesden-Popper and Dion-Jacobson phases described in Section 1.2.2
These structures act as self-organised quantum wells in which there is re-
duced band dispersion compared to the 3D perovskite structure, increasing
the band-gap. The width of the well can be readily tuned as a multiple of
the size of the constituent PbX6

4− with large layers forming quasi-2D struc-
tures allowing a wide range of band-energies to be formed between that of
the 2D and 3D band-gap. The dimensionality and band dispersion can be
further reduced, increasing the band-gap, with the example of the 1 dimen-
sional 2H hexagonal polytype. The electronic structure and band-gap of
hybrid-perovskite and related derivatives is discussed further in Section 2.2.

The inclusion of A′ can improve stability by passivating defects at surfaces
and grain boundaries, which greatly improves device performance for both
photovoltaic and luminescent applications [Wu et al., 2022]. The passivation
grain boundary defects further acts to reduce ion migration and prevent

16These are technically perovskite derived structures rather than perovskites.
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irreversible film degradation from the loss of MA+ and I− ions. 17 [Chen
et al., 2020, Kang and Park, 2019, Xia et al., 2023]. These larger organics
are hydrophobic, protecting the moisture sensitive hybrid-perovskite bulk
from H2O dependent degradation pathways [Grancini and Nazeeruddin, 2019,
Zheng et al., 2017, Xia et al., 2023]. The low dimensionality structures
have gained attention for use as low cost, high performance optoelectronic
semiconductors. [Blancon et al., 2018, Congreve et al., 2017]. The 2D and
quasi-2D structures formed with the inclusion of A′ cations, present a larger
band-gap which can be optimised for tandem or multi-junction photovoltaics,
light emitting diodes, or phosphors [Congreve et al., 2017, Stoumpos et al.,
2017]. The effect of A′ molecules in hybrid-perovskite and for the formation
of derivative structures were shown to be a practical means of engineering
the properties, and improving the performance of optoelectronic device.

1.5 Structure transitions in perovskites

1.5.1 Glazer notation

The perovskite structure can be described as a network of corner sharing
octahedra, and Glazer notation is a formalisation describing tilts in such a
system. It makes use of 3 letters, where the 3 positions they fill refer to
the a, b and c axes in order. Where a letter is used for more than one
position, it refers to the tilt angle being the same magnitude for both axes.
A distinction between symmetric, asymmetric, or no rotation is made by
use of a superscript “+”, “−” or “0” above each letter. Symmetric rotation
refers to when successive layers of octahedra in the axis direction rotate in
the same magnitude and direction. In the asymmetric case the rotation
direction alternates for successive layers [Glazer, 1972, Howard and Stokes,
1998, Howard and Stokes, 2002, Stokes et al., 2002].

When a perovskite is undistorted without tilt, it can be described by
the notation a0a0a0 which corresponds to a Pm3̄m space group (SG). This
describes the α phase of hybrid-perovskites, Figure 1.5. Symmetric or asym-
metric rotation about the c-axis can be described by a0a0c+ (SG: P4/mbm)

17Surface passivation further addressed in Section 2.3.4.
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Figure 1.5: Hybrid perovskite structure with and without symmetric Glazer
rotation about the c-axis (a0b0c+). (a) Pm3̄m and (b) P4/mbm phases at
ambient and sub-ambient temperatures respectively. Created in Vesta using
structures from Chapter 6.

and a0a0c− (SG: I4/mcm) respectively. These correspond to the β phase of
FAPbI3 and MAPbI3 respectively. At lower temperatures, perovskites show
lower symmetry structures and this is reflected in the octahedral tilts be-
tween the α, β, and γ phases of the perovskite structures presented in Table
1.1.

Glazer notation is useful in describing and understanding perovskite struc-
tures in terms of octahedral tilts, it does not consider bond length and bond
angle distortions within the octahedra eluding to its limitations [Howard and
Stokes, 1998, Fabini et al., 2017]. The notation has been extended to ac-
count for displacement of the metal cation using an additional subscript as
put forward in the work of Stokes et al. 2002 [Stokes et al., 2002].

1.5.2 Temperature induced phase changes

The hybrid-perovskite structure consists of a framework of corner sharing
octahedra with organic cations occupying the space between these octahedra.
The phase changes in hybrid-perovskites occur alongside tilting of these metal
halide octahedra, and the evolution of constraints on rotation of the organic
cation [Binek et al., 2015, Fabini et al., 2017, Glazer, 1972, Yin et al., 2015].
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Hybrid-perovskites contain non-spherical organic cations which are un-
able to perfectly fit the A lattice site between the octahedra. This is expressed
in the organic cations rotational freedom across the various perovskite phases
and corresponding temperature ranges. In the high temperature α phase of
MAPbI3 and FAPbI3, the thermal energy available is sufficient to readily
overcome the hydrogen and electrostatic bonding which MA+ and FA+ can
participate in allowing it to rotate relatively freely. With the example of
MAPbI3, the cations of the α phase are disordered, slightly favouring orien-
tations along the unit cell axes [Fabini et al., 2017, Weller et al., 2015b]. The
octahedra Pb − I − Pb bonds are effectively at 180◦ in line with a a0a0a0

Glazer notation and Pm3̄m for this phase. 18 The relationship between
octahedra tilts and space-groups are expressed in Howard and Stokes 2002
publication [Howard and Stokes, 2002].

In the β phase, the organic cations’ degree of freedom is reduced with
the framework of PbX6

4− octahedra rotated about the c-axis, breaking the
Pm3̄m symmetry, and resulting in an anisotropic site for the cation. In
the case of MAPbI3, this is described by the Glazer notation a0b0c− for the
framework and the associated I4/mcm space group, Table 1.1. The cation is
restricted to a more limited set of rotations such as those described by Fabini
et al. for FA+ 19. The extent of the limitation increases with decreasing
temperature. In the example of MAPbI3, this rotation changes the shape of
the cavity in which the organic cation is disordered, favouring orientations
of the organics’ C-N bond parallel or anti-parallel to the a or b axes. This is
accompanied by a displacement of the organic cation from its “ideal” position
with the NH3 group closer to the I atoms forming hydrogen bonds and some
distortion of the octahedra [Weller et al., 2015b, Fabini et al., 2017].

The low temperature orthorhombic γ phase forms with additional break-
ing of symmetry through octahedral tilts and structural distortions, Table
1.1. The unit cell of the resulting structure can be subsequently described
in a Pna21 or Pnma space group. At the cryogenic temperatures employed
to form the MAPbI3 γ phase, MA+ is confined by the hydrogen bonding be-

18In [Weller et al., 2015b] the position of the heavy atoms were refined from X-ray
diffraction data while neutron diffraction was required to refine the position of the organic
cations.

19Fabini et al. calculated the energy of the rotation paths for FA+ in α, β, and γ
perovskite phases [Fabini et al., 2017].

17



Table 1.1: Space group and Glazer notation for hybrid-perovskite materials.

Composition γ β α Reference
MAPbI3 Pnma I4/mcm Pm3̄m [Weller et al., 2015b]

(a+b−b−) (a0a0c−) (a0a0a0)
FAPbI3 P4/mbm P4/mbm Pm3̄m [Fabini et al., 2017]

(disordered tilts) (a0a0c+) (a0a0a0)
CsPbI3 Pnma (62) Pm3̄m [Trots and Myagkota, 2008]

(a+b−b−) (a0a0a0)
Pbnm (62) P4/mbm Pm3̄m [Näsström et al., 2020]
(a+b−b−) a0a0c+ (a0a0a0) [Howard and Stokes, 2002]

Table 1.2: Select non-perovskite phases in a ABX3 stoichiometry.

Composition Space group Temperature (K) Reference
FAPbI3 P63/mmc 220 [Chen et al., 2016]
FAPbI3 P63/m 15 [Chen et al., 2016]

tween its −NH3 group and the halide. The shape of MA+ with the NH3 group
on the end of its long axis is a better fit for its site between the tilted octahe-
dra at low temperature, and forms stronger hydrogen bond with the halide,
allowing a less “frustrated freezing” compared to FA+. The FAPbI3 γ phase
has been modelled as various structures in literature including P4/mbm, a
P4bm supercell, and in the work of Weber et al., a disordered phase. With
FA+, the NH+ group is at the centre of the long axis, this contributes to
frustrated freezing and greater disorder of the octahedra tilts in the γ phase
as described by Fabini et al.. This is more consistent with a structure as-
signment of a supercell or disordered phase[Binek et al., 2015, Boinapally,
2015, Chen et al., 2021, Fabini et al., 2017, Weller et al., 2015b, Weber et al.,
2018].

This can be extended to similar hybrid-perovskite systems, which will
vary in the relative stability between these perovskite phases and additional
derivative non-perovskite phases, such as the hexagonal δ phase of FAPbI3
and orthorhombic δ phase of CsPbI3. This is reflected in the transition
temperatures and non-perovskite phases as presented in Tables 1.3 and 1.2
respectively.

The stability of phases, and the temperature where phase transitions
occur in a perovskite or hybrid-perovskite system, is influenced by chemical

18



Table 1.3: Phase transitions between α, β, γ, and δ perovskite derived phases.

Composition β → γ (K) α → β (K) γ → α Reference
MAPbI3 165 327 [Weller et al., 2015b]
MAPb(Br0.1I0.9)3 ∼152 ∼330 [Lehmann et al., 2019]
MAPb(Br0.2I0.8)3 ∼125 ∼300 [Lehmann et al., 2019]

FAPbI3 140 275 [Fabini et al., 2017]
FAPbI3 140 285 [Fabini et al., 2016]
FAPbI3 130.2 - 141.2 280 [Kawachi et al., 2019]
FAPbI3 438 [Li et al., 2016]
FAPbI3 ∼282 [Weber et al., 2016]
(Cs0.1FA0.9PbI3 149 300 [Kawachi et al., 2019]
(Cs0.15FA0.85)PbI3 398 [Li et al., 2016]
(Cs0.3FA0.7)PbI3 373 [Li et al., 2016]
(FA0.9MA0.1)PbI3 283 [Weber et al., 2016]
(FA0.2MA0.8)PbI3 257 [Weber et al., 2016]

CsPbI3 457 506 556 [Näsström et al., 2020]
CsPbI3 563 - 602 [Trots and Myagkota, 2008]
CsPb(Br0.11I0.89)3 399 473 526 [Näsström et al., 2020]
CsPb(Br0.23I0.77)3 370 439 499 [Näsström et al., 2020]

composition and chemical environment, among other considerations, Table
1.3. Compositional factors include dopants, component substitution, and
component ratios, while chemical environment factors include atmosphere
and precursor solvents [Chen et al., 2021]. This dependence is observed in
literature, where substitutional dopants affect phase transition temperatures,
and in the work of Ramirez et al. where additives including H2O and DMSO
can effect the β → α phase transition by 10’s of ◦C (K). A sample’s purity
and crystal quality may additionally impact phase transitions, as shown by
Kawachi et al. where the temperature induced phase change of a FAPbI3
single crystal was affected purification through recrystallisation 20 [Kawachi
et al., 2019, Li et al., 2016, Ramirez et al., 2018].

20The difference between peak shapes in heat capacity vs temperature measurements
between a crude and recrystallised hybrid-perovskite sample is available in the supplemen-
tary Figure S4 of [Kawachi et al., 2019]
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1.5.3 Phase stability at operational temperatures

In practical operation of a photovoltaic device, temperatures can exceed
330 K (57 ◦C). This is near the α ↔ β transition temperature of MAPbX3 at
327 K 21, repeated structural and lattice parameter changes are unfavourable
for long lasting devices, and promote device degradation, additionally this
may lead to the delamination of layers in a device [Binek et al., 2015, Dhouib
and Filali, 1990, Weller et al., 2015b]. The use of alternative or mixed compo-
sitions can lower this transition temperature such as FAPbI3, with an α ↔ β
transition temperature closer to 280 K (7 ◦C) [Kawachi et al., 2019], Table
1.3.

The FAPbI3 α phase (Pm3̄m) is metastable at room temperature, and
gradually converts into the non-perovskite hexagonal δ phase. The δ phase
has a larger band-gap of 2.43 eV compared to the α phase near 1.43 eV re-
ducing the portion of the solar spectrum it can effectively absorb [Ma et al.,
2017]. This translates into Shockley-Queisser limits of 32.5 and 13.8 % PCE
for α and δ phases respectively, making the δ phase unsuitable for producing
a performant single junction photovoltaic device [Rühle, 2016]. The temper-
ature below which the α phase is metastable varies in literature, reported as
60 ◦C by Weber et al. and 120 ◦C by Fu et al. [Fu et al., 2017, Weber et al.,
2018].

In FAPbI3 the substitution of the smaller MA+ cation into the A site, has
been used to stabilise the cubic or tetragonal perovskite phase [Binek et al.,
2015, Weber et al., 2016]. In FAxMA1−xPbI3, with x ≥ 0.2 cubic phases are
reported, while phases where 0 ≤ x ≤ 0.1 a tetragonal phase is expected.
[Weber et al., 2016] The phase stability of hybrid-perovskites is strongly
dependent in composition. This allows the tuning of phase transition tem-
peratures to values outside expected photovoltaic operating temperatures,
improving device stability.

21The mounting type of a photovoltaic panel has a large impact on heat dissipation
and can make a difference in the 10’s of degrees to a panels operating temperature, direct
mounted panels should be able to reach temperatures exceeding 333 K (60 ◦C). [Faiman,
2008] [Skoplaki and Palyvos, 2009]
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Chapter 2

Electronic properties and
defects
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2.1 Performance metrics of photovoltaics

The performance of photovoltaics (PV) is characterised by a number of met-
rics which depend on every component of a PV device, including the elec-
tronic and optical properties of the absorber material. The most ubiqui-
tous metric being the photon conversion efficiency (PCE), which is a figure
of merit used across journal publications and textbooks to news articles 1

[Smets et al., 2015, Yoshikawa et al., 2017]. PCE represents overall device
efficiency as the ratio of maximum power density, to incident power density,
under illumination of 1 sun at 1.5 air-mass (AM) 2, Equation 2.1.

PCE(%) =
Pmax

Pin

(2.1)

(a) (b)

Figure 2.1: (a) Current-density vs. voltage characteristics and (b) power-
density vs. voltage characteristic, of a hybrid-perovskite photovoltaic.
These illustrate VOC, ISC, Pmax and the effect of scanning direction form a
hysteresis.
∗ This device was fabricated with the architecture FTO/ZnO/SnO2/-

Cs0.05((FAPbI3)0.83(MAPbBr3)0.17)0.95/Spiro-OMeTAD/Au during a lab visit to the University

of Sheffield, UK. The related data-set is not explored in this dissertation.

PCE is a concise and limited representation of the overall cell optimi-
sation, which depends on the current-density/voltage (J-V) characteristics

1PCE is at times designated as η in the literature.
2AM: This is an air mass consideration for atmospheric absorption.
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of photovoltaics, Figure 2.1. Open circuit voltage VOC, is the voltage of a
cell when no current is extracted due to open-circuit or infinite resistance
conditions. VOC will be smaller than the band-gap energy (Eg) due to fac-
tors including thermal losses, band mismatch across layers, the quality of
the interfaces between layers, resistive losses, etc. [Miyasaka, 2018]. The
short-circuit current-density JSC, occurs when the cell is under short-circuit
conditions (0 V), where charge carrier transport between the top and bottom
electrodes in not impeded by an external load. JSC measures the maximum
number of photo-generated charge carriers extracted to an external circuit
per unit of area, which is dependent on photon absorption which controls
the exciton generation rate, and recombination processes during charge ex-
traction. Naturally a charge carrier extracted at 0 V is not useful for power
generation, nor the potential at the VOC where no charge carriers are ex-
tracted. The maximum power density which can be extracted Pmax, occurs
at a voltage Vmpp, between 0 V and VOC producing a current between 0
mA/cm2 and JSC. The fill factor (FF) is then related to Pmax by Equation
2.2, which indicates how effectively power can be extracted for a given VOC

and JSC.

FF =
Pmax

VOCJSC
(2.2)

In an ideal photovoltaic, Pmax depends on the effective series and shunt re-
sistances of the cell. These can be estimated from the gradients of the J-V
measurement at VOC and ISC points respectively, where the resistance is re-
lated to the gradient by ∼ 1/R, where R is the resistance. Even for a solar cell
following ideal diode behaviour, the FF will always be below 1, with some of
the highest performing Si based PV achieving 0.83 ± 0.01 [Yoshikawa et al.,
2017, Smets et al., 2015]. The FF has a strong dependence on charge carrier
recombination and is sensitive to the location and efficiency of recombination
channels in a device [Sherkar et al., 2017]. These parameters are discussed
further in [Smets et al., 2015] 3, where the ideal thermal dependence of these
parameters is presented alongside equivalent circuits which provide a use-
ful framework to understanding the effect of some efficiency losses on the
current-voltage characteristics of a solar cell.

In the case of hybrid perovskite PV these metrics are often accompanied
by a hysteresis, which is dependent on the scanning rate, scanning direction,

3Chapter 9 of [Smets et al., 2015]
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amongst other parameters. This is evident between the forward and reverse
scanning direction for the hybrid-perovskite PV in Figure 2.1a. Both ca-
pacitive effects, and ion migration resulting in the accumulation of charge
at interfaces has been attributed to these effects, with origins intrinsically
linked to defect properties [Chen et al., 2015a, Kang and Park, 2019]. The
hysteresis is exacerbated by a faster scanning rate which can lead to under or
overestimated device performance. Good practice for the determination of
performance metrics in hybrid-perovskite using J-V measurements, include
a slow scan rate which provides values closer that of a steady state measure-
ment and steady-state measurements for the max power point, VOC and ISC
[Christians et al., 2015]. The hysteresis is further discussed alongside ion
mobility in Section 2.3.3.

2.2 Band structure, defects, and related pro-

cesses

2.2.1 Electronic band structure of hybrid-perovskites

Lead halide perovskites and layered derivatives present a band structure
formed from X p, Pb 6s, and Pb 6p orbitals, where X ∈ {Cl,Br, I} as
described in [Green et al., 2015, Hong et al., 1992, Miyasaka, 2018]. For Cl,
Br and I based perovskites these are the 3p, 4p, and 5p orbitals respectively.
States related to the organic cation do not occur near the band edge or band
gap. The role of the organic cation is therefore indirect with the potential
to affect Pb-X-Pb bond angles, Pb-X bond lengths, and structure stability
[Filip et al., 2014, Green et al., 2015]. The valence and conduction bands
are both formed through anti-bonding orbitals compared to other ionic semi-
conductors, where the valence band is typically formed by bonding orbitals 4

[Miyasaka, 2018, Xie et al., 2020]. The band structure of hybrid-perovskites
forms a direct band gap which allows efficient absorption of photons with
a high absorption co-efficient of the order of 105 cm−1 for photons in the

4This is well illustrated in Figure 7 of [Umebayashi et al., 2003]
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visible and near infra-red (NIR) regions 5 [Green et al., 2014]. This is in con-
trast to the indirect band gap of Si photovoltaics where the photon absorp-
tion requires a momentum transfer to an excited electron provided through
electron-phonon coupling [Noffsinger et al., 2012]. This greatly reduces the
probability of absorption resulting in an absorption coefficient of 7 x103 cm−1

6 [Green, 2008]. With a high absorption co-efficient the optimal thickness for
perovskite PV is approximately 0.3 - 0.4 µm, while high efficiency Si PV is
orders of magnitude thicker at around 150 µm [Yoshikawa et al., 2017, Bat-
munkh et al., 2020].

Defects in semiconductors can introduce localised states at different re-
gions in the band-gap. They can be inconsequential when they form ex-
ponential decaying states within the vicinity of the band edges, or lead to
defects within the band-gap, that affect not only the optical excitation or
absorption losses, but also the electronic states due to trapping of the charge
carriers. In this respect, therefore a semiconductor can have a suite of defect
levels which can be classified either as shallow or deep levels each with a
different binding energy, Shallow traps occur within a few multiples of kBT
7 [De Boer et al., 2004]. Shallow trap states within kBT of the band edges
allow charge carriers to pass through these states without becoming trapped,
due to the available ambient kinetic energy. Deep trap states occur at levels
much larger than kBT from the band edges [Park et al., 2018].

Structural defects occurring in many semiconductor materials (Si, CdTe,
Kesterites, etc.) can result in deep trap states, which may provide undesired
recombination pathways, that reduce the PV performance by changing their
optoelectronic properties [Kuciauskas et al., 2021, Park et al., 2018]. Shallow
defects are more favourable in hybrid-perovskites, which contributes to their
unusually high defect tolerance. This stems from the defects with low for-
mation energies primarily resulting in defect levels near the band-edges, with
higher formation energies for deep trap states, discussed in Section 2.3.1. For
the shallow defects which form, it has been modelled in literature that levels
within kBT (thermal energy) of the band edge may extend carrier lifetimes
though multiple trapping and hopping processes where the carriers rapidly

5The absorption coefficient is largest for the visible region decreasing slightly below 105

in the NIR region.
67 x103 cm−1 across the range 400 - 1100 nm at 300 K.
7kB , Boltzmann’s constant, T temperature.
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pass in and out of the trapped states as is the case at ambient temperatures
8 [deQuilettes et al., 2019, Miyasaka, 2018].

Apart from shallow and deep trap states, a band tail or trailing edge
introduces a continuum of additional states trailing past the band edge into
the band gap. These differ from shallow traps with present discrete energy
levels separated from the nearest band edge. These can result from structural
disorder, and have been attributed to polaron related effects in literature
[deQuilettes et al., 2019].

Band structure and defect related properties

This defect tolerance contributes to the long diffusion lengths around 1 µm
in polycrystalline thin-films and over 100 µm in single crystals [Miyasaka,
2018]. The photogenerated excitons 9 in MAPbI3 and FAPbI3 have binding
energies of 11 ± 3 meV (140 to 200 K), while the bromine equivalents have
binding energies of 23 ± 7 meV 10. The exciton binding energy for the iodide
variants are well below the thermal energy available at room temperature.
This allows the photo-generated exciton to readily dissociate into free charge
carriers [Galkowski et al., 2016].

The long charge carrier lifetimes in hybrid-perovskites have been at-
tributed to a number of factors namely: low exciton binding energy that
allows easy separation of charge carriers, coulombic screening of charge car-
riers due to the high ion density, defect tolerance through the formation of
shallow defects in the band-gap, and the formation of large polarons (Section
2.2.3) [Miyasaka, 2018, deQuilettes et al., 2019, Franchini et al., 2021].

The charge carrier lifetimes are further extended due to photon recycling.
Photon recycling occurs when a portion of photons generated through ra-
diative recombination are reabsorbed reducing the apparent rate of radiative
recombination. This effect is observed in materials with high absorption co-

8This effect is an illustration of charge carrier interactions with shallow trap states.
The reported extent of this effect varies in literature.

9Exciton: A bound electron and hole pair.
10Binding energies (±20 % error): FAPbBr3 24 meV at 160-170 K, FAPbBr3 22 meV

at 4 K, MAPbBr3 25 meV at 4 K
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efficients such as GaAs and hybrid-perovskite absorber materials. Photon
recycling can be described as the dampening of the radiative recombination
rate (kint

2 ) by an escape probability, Pesc resulting in a reduced effective re-
combination, kext

2 = Pesck
int
2 ; 0 < Pesc < 1. In a thin-film, Pesc is strongly

dependent on film thickness and the refractive index of the surrounding lay-
ers , to the extent that this can increase carrier lifetimes by as much as an
order of magnitude [deQuilettes et al., 2019, Crothers et al., 2017]. This fur-
ther contributes towards the long carrier lifetimes (100’s of nanoseconds) in
these materials [deQuilettes et al., 2019]. Photon recycling has been shown
to be highly efficient in the work of Motti et al. for systems containing a
combination of conventional 3D hybrid-perovskites and quasi-2D structures,
these will be discussed in detail in the following section [Motti et al., 2019].

2.2.2 Band-gap in low dimensional hybrid-perovskites
derivatives.

Low dimensional hybrid perovskite derivatives include 2-dimensional (2D)
and quasi-2D 11 layered hybrid perovskites. The layering in these structures
is based on sets of alternating planes of n corner sharing octahedra, separated
by layers of organic cations as described in Section 1.2.2. Stepped derivatives
of the n = 2 structure have been explored by Hoffman et al., where the
n = 2 sheets are broken into ribbons with a cross-section of 2×m octahedra,
m ∈ N,m ≥ 2 [Hoffman et al., 2019]. Additional low dimensional structures
include the hexagonal polytype of the ABX3 composition, such as the 2H
polytype, which consists of chains of face sharing octahedra.

In layered perovskites, the reduced dimensionality and band dispersion
lowers the valence band maximum and raises the conduction band minimum
resulting in a wider band-gap. [Grancini and Nazeeruddin, 2019, Stoumpos
et al., 2016] This provides a tunability range for A′An−1PbnI3n+1 in the
range of 1.6 to 2.4 eV (red to green) and 2.3 to 3.2 eV (green to violet)
for A′An−1PbnBr3n+1 where the band-gap decreases with n [Smith et al.,
2014, Smith et al., 2017]. A similar trend is present in hexagonal polytypes
where the largest band-gap is observed for the APbBr3 2H polytype of 3.6 ±
0.1 eV [Garćıa-Fernández et al., 2019]. The other experimentally observed

11Quasi-2D hybrid perovskites have higher values of n increasing their dimensionality.
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and theoretically calculated polytypes present mixed octahedra connectivity
between the 2H polytype and 3D structure. The band-gap of these poly-
types fall between the 2H and 3D structures with the band-gap decreasing
with greater number of corner sharing octahedra and the distribution of these
bonding motifs [Garćıa-Fernández et al., 2019, Marchenko et al., 2022].

Effects of quantum confinement

The variants for a given layered A′An−1PbnX3n+1 structure offer a variety
of application-related optimisation, dependent on the thickness of the layer
stack n. These alternating sets of sheets containing corner sharing octahe-
dra and organic cation spacer layers forms natural “multiple quantum wells”
where octahedra form the potential wells and the organic layers compose the
barriers. The extent of quantum confinement in these layered structures is
used to control the size of the band-gap, where dimensional reduction re-
sults in an increased band-gap. The electronic confinement effect, reduced
dielectric screening and increased Coulombic screening contributes to an in-
creased exciton binding energy. The change in dielectric screening originates
from modulation of the dielectric constant within the material between in-
organic octahedra and organic spacer layers. The charge screening is due to
the alternating layers of anionic octahedra layers and cationic organic lay-
ers. [Stoumpos et al., 2016]. This can be extended to hexagonal polytypes
of APbX3, where the 1-dimensional chains of the 2H polytype results in an
band-gaps larger than those of the layered structures. In this context the 4H,
6H, and 8H structures contain an intermediate degrees of inter-octahedral
connectivity between the 3D and 2H polytypes leading to the modulation of
intermediate band-gaps [Marchenko et al., 2022].

The layered perovskite derivatives have high exciton binding energy and
larger band-gaps for n = 1 structure. This energy decreases with n reaching
the band-gap of the 3D perovskite at infinite number of layers (n = ∞).
For organo-lead-iodide structures binding energies of a few hundred meV are
reported, with lower values such as 125 meV for (PhEA)2(MA)1−xPbI3n+1,
with n = 5 12 [Blancon et al., 2018]. In the context of photovoltaics, this

12Binding energies, (HexA)2PbI4 of 435 meV, where HexA is hexylammonium [Blancon
et al., 2018] . (PhEA)2PbI4 of 200 meV [Grancini and Nazeeruddin, 2019] .
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will result in significant drops in open-circuit voltage (VOC) [Grancini and
Nazeeruddin, 2019]. In combination with the narrow optical absorption range
of low n structures, this results in limited photovoltaic performance [Grancini
and Nazeeruddin, 2019]. In contrast to this, the higher exciton binding
energy supports a high room temperature photoluminescence yield, which is
essential for applications associated with luminescence efficiency, such as in
phosphors and LEDs [Smith et al., 2017, Grancini and Nazeeruddin, 2019,
Yang et al., 2018b].

With a larger layer stack thickness such as n ≥ 3, the dielectric con-
trast and dimensional restriction on charge carriers is diminished resulting in
smaller band-gaps and lower exciton binding energies, closer to that of the
3D hybrid perovskites. This is accompanied by a wider range of light absorp-
tion in the visible-NIR region [Grancini and Nazeeruddin, 2019, Stoumpos
et al., 2016]. These effects enhance the suitability of these materials for ap-
plications in multi-junction photovoltaics in combination with smaller band
gap materials such as the 3D hybrid perovskites 13.

We have discussed the dependency of band-gap and exciton energy on
n. Where an application requires isolated targeting of these properties, the
band-gap can be tuned through halide substitution adding the versatility of
this class of materials [Smith et al., 2019].

Effects of octahedral tilts and Pb-X-Pb bond angle

The octahedra in 3D perovskites form an interconnected network, where tilts
are constrained by the interconnectivity of the Pb−X octahedral framework.
This is evident in Glazer notation where tilts are specified about cardinal
axes, with each tilt described as either symmetric or asymmetric referring to
the relation between successive layers 14 [Howard and Stokes, 1998]. In n = 1
layered structures, layers of octahedra are supported by the organic cations
forming a barrier layer. This difference has been leveraged in literature to
tune the n = 1 structure, relating a greater deviation of the Pb-X-Pb bond
angle to larger band gaps and larger exciton binding energies in A′

2PbX4

13The efficiency limits of single junction and tandem photovoltaic cells are discussed in
Section 1.2.3.

14Glazer notation is described in Section 1.5.1
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materials, X ∈ {Cl,Br, I} [Cortecchia et al., 2017, Du et al., 2017, Grancini
and Nazeeruddin, 2019, Smith et al., 2017]. The effect on band-gap similarly
observed in 3D perovskites. With the participation of p orbitals in forming
the valence and conduction bands, increasing octahedral tilt reduces orbital
overlap and band dispersion, consequently increasing the band-gap and ex-
citon binding energy 15 [Amat et al., 2014, Filip et al., 2014, Smith et al.,
2017].

In addition to affecting band-gap width, octahedral tilts can be utilised
for the formation of trap-states in the band-gap of layered perovskites. In
the work of Smith et al., the average Pb-Br-Pb bond angles were related to
band-gap width in n = 1 perovskites [Smith et al., 2017]. Only the out-
of-plane component of this angle was associated with the formation of deep
trap-states from which a distinct exciton recombination pathway could be ob-
served. These defects formed the basis for broadband optical emissions from
self-trapped excitons (STEs), showing potential for applications as phosphors
[Dohner et al., 2014, Smith et al., 2017]. This can be differentiated from de-
fect induced broadband emission observed in layered perovskites by the po-
sition of the emission band. When defect-induced, the emission band occurs
directly below the band-edge exciton emission, while STE based emission oc-
cur from states deeper in the band-gap resulting in a lower energy emission
closer to the NIR region 16 [Paritmongkol et al., 2020].

2.2.3 Polarons

Conventional polarons occur with the interaction between a charge carrier
(electron or hole) and optical phonons [Byrnes, 2008]. These result in lattice
distortions dependent on effects of charge carrier on the charge distribution in
its surroundings. This can include the reorientation of molecules containing
a dipole, displacement of cations and displacement of anions. [deQuilettes
et al., 2019] The charge carrier and its affected or distorted surrounding
compose the polaron. Polarons are divided by their spacial localization into

15This is well expressed in Figures 2 and S2e of Filip et al. There is a second order effect
from bond length on band-gap [Filip et al., 2014]

16Broadband emission is not expected to result from mixed phase (n = 1, n = 2, ...)
systems due to charge transfer between the phases [Motti et al., 2019].
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small and large polarons. Small polarons occur over a single, or a few bond
lengths and have a radius smaller than the unit cell. Large polarons feature
a radius larger than the unit cell. [Byrnes, 2008].

Hybrid-perovskites can support either small or large polarons. 17 Small
polarons have typical mobilities ≪1 cm2/(Vs), and are suggested to have a
detrimental effect on charge extraction in the context of hybrid-perovskite
PV. They have also been associated with supporting photodegradation and
material degradation [Franchini et al., 2021]. Large polarons have typical
mobilities ≫1 cm2/(Vs), long carrier lifetimes and long diffusion lengths.
Conversely, charged large polarons are predicted to experience short range
repulsive effects, protecting against recombination [Franchini et al., 2021,
deQuilettes et al., 2019].

The degree to which either small or larger polarons are favoured is compo-
sitionally dependent. Composition is interlinked with polaron stability and
structural distortion as demonstrated in theoretical study by Mahata et al.
[Mahata et al., 2019]. Small polarons in hybrid-perovskites result from cou-
pling between excess charges, as well as the orientation of an organic cations’
dipole and associated structural distortion. Large polarons result from cou-
pling between charges and a longitudinal optical phonon in the inorganic
framework. The resulting deformation modes are independent of the A site
cation. The extent of the structural distortion, and small polaron stability
is dependent on the A site cation and halide selection. The inorganic Cs+

results in less distortion in the Pb-X framework compared to dipole contain-
ing cations, such as MA+ or FA+. Regarding the halide, Br results in more
lattice distortion in a polaron compared to I, due to its larger electronega-
tivity which increases Pb−X bond polarity. Similarly, considering Sn as an
alternative to Pb the metals have a strong effect on polaron stability showing
a non-monotonic trend [Mahata et al., 2019, Shin et al., 2021].

The structural distortions resulting from polarons can be observed by
structure sensitive tools, such as X-ray and neutron scattering techniques.
In a scattering pattern, individual polarons may result in diffuse scattering
in the tails of Bragg reflections while correlated polarons may result in well-
resolved peaks [Nelson et al., 2001, Franchini et al., 2021]. An overview of

17Apart from conventional polarons, evidence of ferrroelectric large polarons in MAPbI3
has been presented in [Miyata and Zhu, 2018]
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complementary techniques characterising phonons can be found in [Franchini
et al., 2021]. 18 19

2.3 Defects

The performance and properties of semiconductor materials are intimately
coupled with defects. Conventional semiconductors, such as silicon, are
highly sensitive to impurities and crystalline quality, demanding single crys-
tal ingots as a basis of most technological applications. These are then doped
to include precise defect concentrations for control of charge carrier types and
concentrations. There have been great strides in point defect management
and surface passivation 20 for the development and stability of polycrystalline
silicon photovoltaics [Park et al., 2018].

Contrasting conventional semiconductors, hybrid-perovskites have an ex-
ceptional defect tolerance. This is expressed through well performing opto-
electronic devices including photovoltaics, in spite of relatively high defect
concentrations, as is explored in this section. This allows for the fabrication
of high performing devices through the use of defect prone, low temperature,
solution based methods. In hybrid-perovskites, bulk defects are reported to
have a negligible impact on performance, while surface, interface and grain
boundary defects have established adverse effects on device performance and
stability [Xia et al., 2023]. These defects are discussed in Sections 2.3.1 and
2.3.2 with mitigation approaches for the latter discussed in Section 2.2

18Depending on the material, for reliable analysis of diffuse scattering a sufficient signal
to noise ratio is required, with a well collected background, as is carried out for synchrotron
based total scattering measurements.

19A general introduction to polarons is provided in [Byrnes, 2008] with more in-depth
discussions in [Franchini et al., 2021] which includes a section on hybrid perovskites, and
a hybrid-perovskite specific review is available in [deQuilettes et al., 2019].

20such as the termination dangling bond with H.
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2.3.1 Point defects

Point defects form throughout the material in the bulk, grain boundaries,
surfaces, and interfaces. The point defects present in hybrid perovskites can
be organised into, vacancies, interstitials, and anti-site defects. The prop-
erties of these defects in hybrid-perovskites has been studied in literature
through electro-chemical measurement, optical measurements, and ab-inito
modelling based approaches such as density functional theory (DFT). As
with most modelling based approaches, these are very sensitive to the spec-
ification of the model and its characteristics or constraints. In addition the
hybrid-perovskite range in chemical composition and stoichiometry which
has a marked effect on DFT modelled, defect formation energies. This is
exemplified by the difference in defect formation energies for MA-poor and
MA-rich in the work of [Buin et al., 2014] 21. As a result, the literature on
defects and their formation energies, while valuable and informative, can be
inconsistent, and at times contradictory [Lei et al., 2021, Ball and Petrozza,
2016, Buin et al., 2014, Game et al., 2017]. Similar occurrences are evident
in experimental works where the density and nature of defect related trap
states differ between studies. In part, this originates from the sensitivity of
the properties of a hybrid-perovskite film to the synthesis conditions, films
quality and composition [deQuilettes et al., 2019].

The common thread in such studies is that the point defects with low
formation energies in hybrid perovskites are typically shallow trap states,
while defects resulting in deep trap states are energetically unfavourable
with higher formation energies. This is exemplified with dominant vacan-
cies predicted for lead iodide hybrid perovskites not forming sub-bandgap
energy levels. This is in stark contrast to other semiconductor photovoltaics
including Si, Kesterites, and CdTe, where mitigating deep-trap states have
required careful attention [Ball and Petrozza, 2016, Buin et al., 2014, Lei
et al., 2021, Park et al., 2018, Zhenyi et al., 2020]. Site vacancies of MA,
Pb and I are predicted as the most common defects in lead iodide hybrid
perovskites [Park et al., 2018].

21A number of DFT modelling formalisations are briefly discussed in [Yin et al., 2015].
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2.3.2 Grain boundaries, interfaces, and surfaces

The 2-dimensional defects formed at the edges of crystal domains are critical
to hybrid perovskite performance and stability. These include grain bound-
aries, interfaces and surfaces. [Hui et al., 2021, Kang and Park, 2019, Sherkar
et al., 2017, Zheng et al., 2017]

Grain boundaries form where adjacent crystallites with different orienta-
tions converge. The orientational differences between grains result in various
structural defects. This includes point defects such as dislocations, stacking
faults, dangling bonds, interstitial atoms and vacancies, alongside deviations
in bond lengths and angles [Sherkar et al., 2017, Hui et al., 2021]. Interfaces
occur between contacting dissimilar materials or layers. Surfaces and inter-
faces are expected to contain higher concentrations of point defects, dangling
bonds, and varying co-ordination of atoms compared to the bulk. These are
often subject to chemical impurities from adjacent layers or contamination
by other means, which may form exotic defect states which are not inherent
to the bulk material [Ming et al., 2018]. There is a lower energy barrier to
structural distortion at surfaces and interfaces allowing larger atoms to oc-
cupy sites which may be prohibitively small in the bulk material [Hui et al.,
2021]. There is often a crystal structure size and orientation mismatch at
an interface resulting in strain and disrupting the translational symmetry
of the unit cell. This is accompanied by defect formation. The contact or
proximity of two electronically dissimilar materials at the interface may lead
to the formation of exotic defect states in the band structure, these states
may be localized or pinned at the symmetry points or Dirac points and can
possess some topological characteristics.

The mechanistic details regarding the role of grain boundaries on the
performance of hybrid perovskite devices, and their stability, remains a con-
tinuing subject of active debate [Hui et al., 2021, Sherkar et al., 2017]. They
are known to affect the mechanisms of electrical transport and defect mobility
within the lattice or grain boundary. The defects variation in materials has
been shown in literature as dependent on the fabrication and post-processing
methods, which determine the nature and control of the defect densities
within the material. [Sherkar et al., 2017]. This is exemplified by Barboni
and De Seuza, who reconciles multiple sets of experimental hybrid-perovskite
ionic conductivity data, showing the variation defect mediated conductivity
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to be a function of defect density and temperature [Barboni and De Souza,
2018]. While the finer stoichiometry in the hybrid-perovskite, and mobile
species in adjacent layers (when applicable) impact the formation energies of
the possible defect species [Yin et al., 2014]. Some works have used density
of states and first-principle calculations to suggest that deep defect states are
not expected in grain boundaries and only shallow defect states are expected
to form [Hui et al., 2021]. Contrasting works suggest the structural differ-
ences at grain boundaries, interfaces and surfaces can result in deep trap
states through lowering their formation energies 22 [Lei et al., 2021, Taufique
et al., 2018, Zheng et al., 2017, Zhenyi et al., 2020].

Aside from the open question of deep trap states, various beneficial and
detrimental properties have been attributed to hybrid perovskite grain bound-
aries in literature including, improved or reduced conductivity 23, electron-
phonon coupling and potential space charged regions subject to the charge
of the majority of defect trap states. [Hui et al., 2021]

According to a number of studies, grain boundaries in ionic hybrid per-
ovskites are expected to contain charged iodide vacancies (V •

I
24) with shallow

defect states in the bandgap 25 [Sherkar et al., 2017, Walsh et al., 2015, Bar-
boni and De Souza, 2018, Lei et al., 2021]. On photo-excitation, these states
largely saturate with electrons. This can result in a neutral grain bound-
ary, in contrast to the positive charge prior to saturation. The trapping
of electrons in the grain boundaries can bias the perovskite to a weakly p-
type character (hole-rich) subject to compositional effects and defect density
[Sherkar et al., 2017]

The density of charged trap states, such as at grain boundaries can affect
charge carrier mobility and lifetime due to coulombic and/or many body
interactions. In the case of trap states which are charged when empty, once
occupied by charge carriers these defects become neutral. Charge trap states
associated with anion or cation vacancies can upon occupation by electrons

22Once such example is the formation of IPb has a formation energy calculated at 0.03 eV
[Taufique et al., 2018] on a crystal surface under I-rich conditions

23The conductivity can be affected in either direction depending on composition [Hui
et al., 2021].

24Kröger-Vink defect notation
25These V •

I defects are reported to have the potential of facilitating Pb dimer formation
which result in deep trap states [Lei et al., 2021, Wang et al., 2020].
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or holes lead to charge neutrality. This effect has been reported by Sherkar
et al. in which it was mediated by photo-illumination or soaking, and served
to diminish space charge effects 26 [Sherkar et al., 2017].

The effect of grain boundaries on charge carriers is dependent on film
quality. For high quality films with “fused” grain boundaries and relatively
low trap state densities, the effect on charge transport, recombination, and
PV device performance is expected to be tangible yet minimal regardless
of whether occupied trap states present a charge. This tolerance is in part
due to the long carrier lifetimes [Sherkar et al., 2017]. Conversely, for lower
quality films of non-compact morphologies with “open” grain boundaries, and
higher defect densities, the effect is more detrimental. The greater density
trapped states plays a larger role in non-radiative recombination reducing
the maximum current that can be extracted from the active layer [Sherkar
et al., 2017].

In a conventional hybrid-perovskite photovoltaic cell, the dominant chan-
nel for trap-assisted recombination is at interfaces, and to a lesser degree, at
grain boundaries. The recombination is typically far weaker in the material
bulk corresponding to the data modelling by Sherkar et al. [Sherkar et al.,
2017, Hui et al., 2021].

Hybrid perovskites grain boundaries remain an active area of investiga-
tion, they can contribute to recombination or be effectively benign. Defects
at both grain boundaries and surfaces have higher chemical activity and dif-
fusivity than found in the bulk. These are vulnerable to attack by water
and oxygen as part of a decomposition pathway, with the interactions with
water being more rapid in grain boundaries. This is sensitive to the nature of
the defects present. The reduction of defect density and formation of single
crystals has been used to exemplify this in the work of Wang et al. [Hui
et al., 2021, Wang et al., 2017a, Zheng et al., 2017].

Trap-assisted recombination, defect properties and defect concentrations
in the bulk, at grain boundaries and at surfaces can be minimised through

26For a device produced by [Sherkar et al., 2017] (PCE 20 %), trap based recombina-
tion was dominant below 0.1 suns, while bimolecular recombination was dominant from
0.2 suns. This implies the trap states (including in bulk, at grain boundaries and at in-
terfaces) for the specific fabricated cell become fully occupied at relatively low irradiation
as bimolecular recombination becomes dominant.
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compositional and morphology control including grain boundary orientation
which can be optimised for charge transport. The effect of composition on
grain boundary defect formation is more significant for non-compact mor-
phologies where higher defect densities are present [Xi et al., 2019]. Inter-
face quality can be optimised and defects through similar morphology and
compositional control. With this high performance PV devices are readily
achievable through easily scalable technologies, specifically defect prone so-
lution processing exhibiting the advantages of the defect tolerance inherent
to hybrid perovskites. As a currently active field there is continuous im-
provement in the understanding and management of defect related efficiency
losses. With the interface as the dominant channel or trap mediated recom-
bination, over the last few years a great deal of interest has turned to the
use of passivation layers on hybrid-perovskite films and their effects on defect
passivation. [Bisquert, 2017, Miyasaka, 2018]

2.3.3 Defect and ion mobility, and current-voltage curve
hysteresis

Ion mobility has been related to both device degradation and performance
losses in hybrid perovskites [Barboni and De Souza, 2018]. While still de-
bated in the literature, in terms of ion mobility of hybrid-perovskite de-
fect species much of the attention has drawn a spotlight on MA vacancies,
halide vacancies and halide interstitials [Ball and Petrozza, 2016, Barboni
and De Souza, 2018, Hui et al., 2021]. The work of Game et al. critically
evaluated the mobility of MA and I vacancies (V •

I , V ′
MA) showing a smaller

barrier to transport for V •
I compared to V ′

MA with activation energies of 0.1
and 0.41 eV respectively [Game et al., 2017]. Similar findings have been re-
ported in Sherkar et al. comparing complexes of I against ionic MA, Pb, etc.
[Sherkar et al., 2017]. Barboni and De Souza have since used a combination
of experimental and modelling approaches to support V •

I as the most mobile
ionic species in MAPbI3 [Barboni and De Souza, 2018].

Ion migration is expected to be concentrated near grain boundaries and
surfaces, due to the reduced coordination of atom. The defect density is
much higher at grain boundaries with much lower ion migration activation
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energies 27, in part due to their relatively more open structure compared to
the bulk material [Hui et al., 2021].

There is a direct correlation between density of trap states, density of
mobile ionic defects, and hysteresis in the current-voltage (J-V) measurement
of hybrid-perovskites [Sherkar et al., 2017]. The most probable mechanisms
for the J-V hysteresis discussed in literature involve capacitive current from
ion migration and charge accumulation, and defect mediated recombination
28[Kang and Park, 2019].

Various passivation layers and additives have been effective in mitigating
hysteresis as reported in literature. These approaches have been implemented
in literature for the passivation of bulk, grain boundary and/or surface de-
fects. They have further been used for selective contact engineering optimis-
ing charge extraction at interfaces. Surface and grain boundary passivation
as a means of mitigating these effects is discussed in Section 2.3.4 [Kang and
Park, 2019, Singh and Parashar, 2020].

2.3.4 Surface and grain boundary passivation

The 2-dimensional defects discussed in Section 2.3.2 can act as non-radiative
recombination centres, eroding performance of a semiconductor in opto-
electronic applications including photovoltaics and light emitting diodes.
They are a primary contributing factor to the hysteresis observed in current-
voltage characteristics and related performance degradation [Kang and Park,
2019, Singh and Parashar, 2020]. Additionally, grain boundary defects can
facilitate moisture induced degradation pathways [Hui et al., 2021, Wang
et al., 2017a].

Surface passivation is considered one of the most practical means of mit-
igating surface defects. Various approaches have been explored in the liter-

27Hui et al. reports the activation energy at grain boundaries as “roughly half” that of
the bulk [Hui et al., 2021].

28Ferroelectricity has been considered as a possible mechanism of the J-V hysteresis in
literature. This has been subject to conflicting reports in contrast to the more established
alternatives. [Kang and Park, 2019]
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ature. These include the use of non-amine Lewis acids and bases 29 , low-
dimensional perovskites, organo-amines, inorganic molecules, and polymers
[Xia et al., 2023].

A Lewis base and Lewis acid which act as an electron pair donor or ac-
ceptor respectively, are able to form coordinate-bonds with the defects which
falls into the complementary category. Lewis acids are able to passivate PbI

anti-site defects and under-coordinated halide ions. Lewis bases can pas-
sivate under-coordinated Pb2+ cations [Zheng et al., 2017]. Organo-amines
readily form Lewis acids as organo-ammonium cations, these are best treated
separately due to their potential role in the substituting into the perovskite
structure or in the case of larger molecules, forming low-dimensional hybrid
perovskite derived structures. The organo-amine passivation layers are of
greatest interest in relation to Chapter 9, where mixed composition systems
of layered 2D hybrid-perovskite derivatives and 3D hybrid-perovskites are
investigated.

The organo-amines used in low-dimensional perovskites are hydrophobic
allowing them to be used as a barrier layer improving stability against mois-
ture [Zheng et al., 2017, Xia et al., 2023]. As Lewis acids they are able to
passivate negatively charged defects and act as a barrier to ion migration
which has been shown to reduce the hysteresis in their current-voltage char-
acteristics (photocurrent hysteresis) [Kang and Park, 2019, Xia et al., 2023].
The use of organo-ammonium halide salts has been suggested to have the ad-
ditional advantage of filling halide vacancies [Jiang et al., 2019]. The effect of
defect passivation on recombination is evident in the work of Luo et al. where
passivated hybrid-perovskite nano-crystals had photo-luminescent quantum
yields of 2.84 % compared to the control of 0.17 % [Luo et al., 2018]. Similar
observations are prevalent for photovoltaic devices with fill factor increases
from 65 to 79 % (PCE 13.6 to 18.0 %) and from 83.0 to 83.9 % (PCE 22.4 to
24.6) [Wu et al., 2022]. As discussed in Section 2.2.2, the band-gap of such
passivation layers can be tuned to optimise a device’s energy level structure
and reduce band mismatch between the absorber and charge transport layers.
Large VOC improvements of 100 mV have been observed for guanidinium bro-

29Notable mentions include the Lewis base caffeine which has proven effective in im-
proving photovoltaic performance and stability. The publication does not comment on
caffeine’s effect towards researcher performance [Wang et al., 2019].
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mide 30 [Luo et al., 2018, Xia et al., 2023]. These effects cumulatively improve
the device performance as evident through improved performance character-
istics (ISC, VOC, FF, PCE values 31 32 ) and device lifetimes [Xia et al., 2023].
This is exemplified the BA2PbI4/(FAPbI3)0.95(MAPbBr3)0.05 device 33 where
the 2D BA2PbI4 layer grown on top of the 3D perovskite layer producing
a photovoltaic with an impressive certified PCE of 24.35 % which remained
stable for more than 1000 hours under damp heat 34 testing and separately
full-sun illumination [Jang et al., 2021].

2.4 Optical transitions: Luminescence and ab-

sorption

Hybrid-perovskites have a composition dependent band-gap extending from
∼1.5 eV to energies across the visible region of the solar spectrum, as dis-
cussed in detail in sections 1.2.3 and 2.2. Its tunability allow for versatile
applications including as a single or multi-junction photovoltaic device, as a
phosphor or a light emitting diode [Smith et al., 2017, Yang et al., 2018b].
The band-gap can be further tuned to higher energies by reducing dimen-
sionality of the structure, such as in the case of layered hybrid perovskites,
with which the photophysical properties can be tuned with strong effects
on both band-gap and exciton binding energies, Section 2.2.2. The band-
gap and other optical properties of materials can be probed using techniques
such as absorption spectroscopy, photoluminescence and electroluminescence
as practiced in literature [Green et al., 2015, Hong et al., 1992, Ishihara,
1994, Maku la et al., 2018].

30Luo et al. used guanidinium bromide for defect passivation on
(FA0.95PbI2.95)0.85(MAPbBr3)0.15 resulting in 100 mV VOC 2.1 % PCE improvements
[Luo et al., 2018].

31These performance metrics are in introduced in Section 2.1.
32Xia et al. tabulates [Xia et al., 2023] photovoltaic performance metrics for many

device passivation approaches reported in literature.
33BA: butylammonium, the structure of 2D perovskite derivatives is discussed in Section

1.2.2.
34Damp heat testing by Jang et al. was performed at: 85 ◦C and 85 % relative humidity.
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The absorption of a photon suitable for an electron transition from the
valence to conduction band is highly dependent on the band structure and
population distribution in the electronic states of varying momenta. For a
transition to occur, the photon energy and momenta must correspond to an
energy difference between an occupied and available state. The probabil-
ity of such a transition is dependent on the wave function overlap between
these states, as dictated by the Frank-Condon principle and distribution of
electrons across these states which follows a Fermi Dirac distribution. As a
consequence, these inter-band transitions are unlikely to result in a transition
directly to the lowest conduction band energy level. The conduction band re-
laxation pathways include thermalisation between neighbouring states within
the same band, and recombination during an inter-band transition. Of these
two process, thermalisation is far more rapid in comparison to interband tran-
sitions. The absorption can be probed using optical absorption spectroscopy
and radiative recombination by photoluminescence measurements.

2.4.1 Optical absorption

The absorption onset or edge in a semiconductor is closely related to the
features in the band-gap. The Tauc formalism has been used to probe the
characteristics of the absorption edge and subsequently determine the band-
gap energy, with the consideration that the onset value can be modified by
effects such as the exciton binding energy inherent to hybrid perovskites.
The exciton binding energies in 3D hybrid-perovskites is ∼25 meV while
this can extend from ∼100 to a few hundred meV for 2D layered hybrid-
perovskites with intermediate values for quasi-2D structures [Blancon et al.,
2018, Galkowski et al., 2016, Grancini and Nazeeruddin, 2019]. 35

The Tauc method assumes the energy-dependant absorption coefficient
follows Equation 2.3, where ETauc is the Tauc band-gap, α is the absorption
coefficient, h is Plank’s constant, ν is wavenumber, and B is a constant. γ is
dependent on the nature of the electronic transition, for direct transitions γ =
1/2 which is applicable to hybrid perovskites and 2 for indirect transition such
as in silicon semiconductors [Park et al., 2018, Stoumpos et al., 2016, Maku la

35Where only reflectance data is available, an absorption spectrum can be generated
using the Kubelka-Munk function. [Maku la et al., 2018]
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et al., 2018]. In the presence of excitonic effects the ETauc = Eg −Ex, where
Eg is the optical band-gap and Ex is the exciton binding energy [Green et al.,
2015].

(α · hν)1/γ = B(hν − ETauc) (2.3)

The ETauc is determined from the plot of (α·hν)1/γ against hν and extrap-
olating the absorption feature to intercept the baseline. In the case of a single
absorption event in sample where scattering does not effect the transmitted
intensity this will occur at the x-intercept. According to the Beer-Lambert
law an absorbance spectrum can be represented as a linear combination of
its constituents. In absorbance spectra where contributions can be clearly
attributed and unambiguously modelled, the individual contributions can
be isolated and treated separately using the Tauc method. This approach
can offer limited suitability for overlapping contributions in materials such
as hybrid-perovskites where the optical properties are sensitive to compo-
sitional changes and preparation conditions [Steirer et al., 2016, Stoumpos
et al., 2016]. Additionally hybrid-perovskites absorbance characteristics show
some variability in literature in the region above the absorption edge [Green
et al., 2015].

An empirical approach based on the (α · hν)1/γ vs hν plot has been ex-
amined for the use in systems with multiple contributions by Maku la et al.
36. They identify the consideration of a baseline signal as necessary for a rea-
sonable estimate of band-gap values. This method allows partial, although
incomplete consideration of the convolution of absorption features [Maku la
et al., 2018]. This is exemplified in SI Section E.2, where a Tauc plot from
literature was reprocessed resulting in Tauc band-gap values in closer agree-
ment to the authors photoluminescence data as shown in Table 9.1 [Ma et al.,
2022].

36The application of this approach is exemplified in Figure 2f of [Xiao et al., 2016].
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2.4.2 Photoluminescence

Photoluminescence (PL) measurements provide a means to probe the elec-
tronic transitions and optical band-gap of materials with a sufficient pho-
toluminescence quantum yield. The measurement provides the signature of
the dominant radiative recombination pathways in a material. In hybrid-
perovskites, free exciton recombination is a dominant relaxation pathway
which can be directly observed in PL measurements 37. The peak maxima of
this process is used to determine the optical band-gap [Green et al., 2015].
This has similarly been shown for electroluminescence in 2-phenylethylammonum
lead iodide layered perovskite single crystals [Hong et al., 1992]. The PL sig-
nals can be well modelled using the pseudo-Voigt peak shape explained in
Section 3.3 and implemented in Python using the Lmfit, scipy.optimise pack-
ages as discussed in Section 4.6.2.

37Other recombination pathways have been shown for select hybrid perovskites, specifi-
cally recombination of self trapped excitons resulting in broad spectrum white light emis-
sions in the work of [Smith et al., 2017].
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3.1 Sample effects in diffraction patterns

3.1.1 Sample related peak broadening:
Crystallite size and micro-strain

The width of the diffracted peaks are subject to a number of sample depen-
dent factors. These include crystallite size (and shape), micro-strain (includes
point defects), compositional fluctuations, line defects (such as dislocations),
and planar defects (such as stacking faults and twinning). A more exten-
sive list is present by [Scardi, 2008]. Below we discuss crystallite size and
micro-strain broadening as these are prevalent effects observable in diffrac-
tion patterns [Scardi, 2008].

Broadening can be described using a full-width at half-maximum (FWHM)
or integral breadth (IB) approach. FWHM quite simply measure distance
between points on the left, and right slope of a peak, at half of the max-
imum intensity. IB provides a slightly more robust measure defined as
βIB = peak area

peak maximum
[Scardi, 2008]. FWHM can provide an empirical esti-

mate of crystallite size, while IB provides a mathematically direct relation 1

[Young, 1993, Leoni, 2019]. For both FWHM and IB approaches, the esti-
mated crystallite size is subject to uncertainties around the contributions of
other broadening effects, and the assumption in calculating crystallite size
which includes crystallite shape and size distribution. This emphasises the
need for careful reporting on the meaning of values derived through this
method. Other broadening effects can largely be accounted for using cali-
brated instrument profiles 2 and isolating size from micro-strain effects as
will be discussed with the Williamson-Hall method 3.

The shape of the peaks in the diffraction pattern is dependent on both
instrument and sample contributions. We discuss how the instrument con-
tributions are considered in Section 3.3.

1Chapter 8 of [Young, 1993]
2Instrument profiles for TOPAS-Academic are provided in Section 4.8.
3Peak broadening contribution can be summed as follows, Gaussian: β2 = β2

1 +β2
2 + ....

Lorentzian: β = β1 + β2 + .... For functions which combine these as components, the
contributions can be de-convoluted and these equations can be applied [Delhez et al.,
1982].
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3.1.2 Crystallite size broadening

The crystallite size (D) can be related to an integral breadth contribution (β)
by Equation 3.1 where Kβ is the Scherrer constant, s is reciprocal space and
1/β(s) is the volume weighted average size. This relation shows the direct
basis of this broadening effect [Young, 1993, Scardi, 2008]. It is typically
more convenient to express β as a function of 2θ shown in Equation 3.2. The
value of Kβ depends on the shape of the crystallite and the specific hkl of
the reflection. For spherical particles with a cubic unit cell a Kβ of 0.89 is
used in calculating βIB [Speakman, 2014]. Scherrer constants are discussed
in detail by [Langford and Wilson, 1978].

The crystallite sizes applicable for detection by XRD on conventional lab
based equipment have a lower bound of ≈ 2 nm, below which the coherent
scattering length becomes insufficient for diffraction. The upper bound varies
depending on an instruments resolution and is tentatively given as ≈ 200 nm
in [Scardi, 2008] which can be extended to a few microns with high resolution
measurement such as those available at a synchrotron [Scardi, 2008].

β(s) =
Kβ

D
(3.1)

β(2θ) =
λKβ

D cos θ
(3.2)

Methods for the determination of crystallite size include the use of XRD
data and complimentary techniques such as electron microscopy and dynamic
light scattering (DLS) to provide crystallite size or particle size. Diffraction
and DLS data provide an average value or distribution over a volume of
µL to mL. XRD and DLS collect data from relatively large sample sizes
allowing for small statistical errors σ. The particle or crystallite size for a
sample evaluated using electron microscopy techniques is typically subject
to large uncertainties due to a relatively low number of observed particles
or crystallites 4. The discernibility of crystallite within particles or grains
depends on the resolution of an electron microscope. Particles contain one
or multiple crystallites, as such particle size can be considered a upper bound
for the estimate of crystallite size.

4In addition shape information may be limited to a 2-dimensional representation which
has the potential to bias results in the case of a preferred sample orientation.
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3.1.3 Micro-strain broadening

Macro-strain in a lattice is a directional effect which results in a macroscopi-
cally homogenous change in d-spacings in one or multiple directions across a
sample [Scardi, 2008]. This can be the result of applied tensile or compressive
stress or a residual strain from the processing or formation of a material. For
strain to persist an energy barrier preventing relaxation of strain in a mate-
rial is required and this barrier can typically be overcome through thermal
annealing. The effect of macro-strain on peak position in 2θ is provided in
Equation 3.3.

∆2θ = −2
∆d

d
tan θ (3.3)

Micro-strain occurs when defects cause local deviations in d-spacing, with
the simplest case being an isotropic effect. While macro-strain results in
peak shifts, micro-strain will result in peak broadening as per Equation 3.4
[Speakman, 2014, Mittemeijer and Welzel, 2008].

β(2θ) = 4ϵ tan θ (3.4)

3.1.4 Determination of crystallite size and micro-strain

A first approximation of crystallite size on materials where the size broaden-
ing is expected to be dominant can be determined by application of the Scher-
rer equation. To simply observe trends in a set of samples it may be passable
to directly apply the equation; this is typically applied to the strongest peak.
The results from such an approach will certainly be inaccurate and subject to
a large uncertainty due to alternative causes of broadening, including instru-
mental and where applicable micro-strain broadening. Such an approach can
be improved though the consideration of instrument broadening and multiple
peaks [De Keijser et al., 1982, Mittemeijer and Welzel, 2008].

A more robust method involves considering both size and micro-strain
broadening in the Williamson-Hall (WH) method. In this the differing de-
pendence on 2θ of these two factors allows the separation of size and strain
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components. Equation 3.5 5 is derived by converting the sum of crystallite
size and micro-strain into the form y = mx + c. This is the basis of the WH
plot where y = βtotal cos θ, x = sin θ. This allows the use of a linear regres-
sion across data from multiple peaks to determine the gradient and intercept
from which strain and crystallite size can be determined respectively.

βtotal cos θ = 4ϵ sin θ +
λKβ

D
(3.5)

The WH method allows the subtraction of instrumental broadening. This
is trivial for Lorentzian or Gaussian function, yet deconvolution is required
for profiles such as a Voigt as described in Section 3.3.2 6. Many software
implementations for whole powder pattern decomposition (WPPD) such as
Brukers TOPAS facilitates the incorporation of more complicated instrument
profiles without complicating the extraction of sample related information.

WPPD as discussed in Section 3.8 provides a powerful method for peak
shape modelling. This can be used to provide peak widths or integral
breadths for methods such as the WH or convolutions for crystallite size,

5Equation 3.5 is specific to Lorentzian broadening contributions and is derived by
multiplying the following of size and micro-stain broadening by cos θ, βmathrmtotal =
βsize + βmicrostrain = 4ϵ tan θ +

λKβ

D cos θ .
6Lorentzian: βtotal = βobserved − βinstrument; Gaussian: β2

total = β2
observed − β2

instrument;

Figure 3.1: Angular dependence of simulated crystallite size and strain broad-
ening.
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and strain can be directly used in software based refinements such as in
TOPAS [Coelho, 2018].

Like the WH method, WPPD can directly leverage the difference in an-
gular dependence of crystallite size and micro-strain broadening, to separate
their contributions to broadening. Additionally it allows the consideration of
the relationship between peaks thorough Pawley, Le Bail or structure based
refinements. This provides defined relations between peak positions which
can improve the refinement stability when working with noisy data 7.

3.2 Effects of sample preparation, packing and

mounting

The reliability of data is subject to the quality of instrument and sample
alignment and proper sample mounting.

3.2.1 Intensity errors: Crystallite size

The precision and error in the observed intensities of a diffraction pattern
depend on the number of diffracting crystallites and the randomness of their
orientation. The effect of their orientation is discussed as preferred orien-
tation in Section 3.2.2. The number of diffracting crystallites is related to
statistical error by σ = 1√

Ndiff
where Ndiff is the number of diffracting crys-

tallites. From this standard error is 2.3σ as presented in Figure 3.2 [Elton
and Salt, 1996, Smith, 2001] where a minimum 52 900 diffracting crystallites
are required to reach a standard error of 1% 8.

The number of diffracting crystallites can be estimated using: crystallite
size, beam footprint, effective penetration depth, and the angular window
in which a crystallite will diffract for a specific instrument as discussed in
[Smith, 2001]. This is shown in Table 3.1 to illustrate the relation between

7This is applied in diffraction pattern refinements of Chapter 9.
8The standard error is defined as 2.3σ in [Smith, 2001].
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Figure 3.2: Standard error vs number of crystallites

crystallite diameter and standard error. These values serve as an estimate
and will depend on the specific instrument and the randomness of the crys-
tallite orientations.

The number of crystallites contributing to the collected data can be in-
creased by reducing the crystallite size, sample spinning and/or repacking
and remeasuring a powder sample multiple times.

Table 3.1: Number of diffracting crystallites in 20 mm3 for a specific instru-
ment configuration is presented in [Smith, 2001]

Crystallite diameter 40 µm 10 µm 1 µm
Volume ( 4

3πr
3) 3.35 x10−5 5.24 x10−7 5.24 x10−10

Crystallites per 20 mm3 5.97 x105 3.82 x107 3.82 x1010
Diffracting crystallites 12 760 38 000
Standard error 2.3σ 66.4% 8.3% 1.2%

3.2.2 Preferred orientation

When the crystallites of a sample are highly orientated, we deviate from
the ideal of a large number of randomly oriented crystallites. This causes
the diffraction pattern to depart from the ideal intensity distribution. This
can be seen as a reduction or emphasis in the intensity of specific peaks, or
apparent absence of some Bragg reflections, this presents the largest effect
when collecting diffraction pattern using point or 1-dimensional detectors,
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as are routinely used in lab based instruments, as exemplified in Figure 4.3.
Unlike the intensity error in Section 3.2.1, preferred orientation has a non-
random nature which can be explained through various mathematical mod-
els. These include the March-Dollase and spherical-harmonics approaches
[Dollase, 1986, Järvinen, 1993, Pecharsky and Zavalij, 2005].

Preferred orientation is commonly observed in thin-films deposited on
various substrates under various conditions. This arises from the packing
fraction and the variation in the surface and strain energies of the grains. In
powder samples, crystallites with a low aspect ratio shape such as needles or
platelets tend to align along one or more preferred orientations [Dinnebier
et al., 2018].

(a)

(b)

Figure 3.3: Diffraction patterns collected on hybrid-perovskites thin-films
showing (a) complete Debye-Scherrer diffraction rings and (b) segments,
where the partial diffraction rings are due to preferred orientation in the
sample.
* Synchrotron GIWAXS data collected at i07, Diamond Light Source, Didcot, UK.

** (a) superimposes a 2D pattern and its inverse to display a 180◦ arc of the diffraction ring in compar-

ison to (b) which corresponds directly to the detector size.
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The distribution of sample orientations are reflected in the diffraction pat-
tern. Diffractometers with 2D detectors will show complete Debye-Scherrer
diffraction rings for an ideal powder sample, Figure 3.3 a. 9 As the degree of
preferred orientation increases the rings become segments occupying a lower
fraction of the full ring, Figure 3.3 b. In the case of single crystals well de-
fined spots will be observed. It is the accumulation of these spots from a large
number of randomly orientated crystallites which forms the Debye-Scherrer
rings.

Lab based diffractometers often incorporate point detectors or PSDs (po-
sition sensitive detectors) which are only able to access out-of-plane reflec-
tions. In the case of a Bragg Brentano configuration, this is limited to Miller
planes with a scattering vector perpendicular to the sample surface. Such
instruments can only access a limited segment of reciprocal space and only
the portion of the diffraction rings contained within 10. This could poten-
tially make the analysis of an unknown phase inaccessible, if none of the
crystallites meet the diffraction condition for the instrument.

3.2.3 Sample alignment effects

Sample height displacement error

A diffraction pattern as collected, of a well-prepared, well mounted sample is
often sufficient for basic pattern analysis such as fingerprinting (Section 3.6).
Additional considerations are required when accurate lattice parameters are
sought or when optimising a simulated pattern against the diffraction pat-
tern. In a flat-plate Bragg-Brentano geometry a sub-millimetre displacement
is expected in the height of a sample deviating from the centre the X-ray
source and detector arcs. This causes a shift in the observed peak position.

9The pattern in Figure 3.3a does not represent an ideal powder. While the diffraction
rings are near complete, they display brighter and dimmer pixels in a seemingly random
occurrence. The sample is a thin-film < 1 µm in thickness. The deviation is suggested to
be due to an insufficient sample volume as discussed in Section 3.2.1.

10Instruments with 2D detectors are able to sample a larger segment of reciprocal space.
The accessible range depends on the size of the 2D detector and the available range of
motion of the instruments goniometer.
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Figure 3.4: Height Error vs diffraction angle for a Bragg-Brentano diffraction
geometry for selected displacement values. R = 70 mm, corresponding to a
Bruker D2 Phaser desktop diffractometer.

11 The extent of the shift can be described by the Equations 3.6 and 3.7 for
symmetric and asymmetric flat plate measurement conditions respectively.
In these equations, s is sample displacement, R is the distance between the
sample and detector, and α is the incidence angle for the asymmetric geom-
etry. The extent of the 2θ shift calculated for sample displacements of -0.03,
-0.1 and -0.2 mm is illustrated in Figure 3.4.

Bragg-Brentano geometry:

∆2θ = −2s

(
180◦

π

)
cos θ

R
[Dinnebier et al., 2018] (3.6)

Asymmetric diffraction/grazing incidence geometry:

∆2θα = −2

(
180◦

π

)
s

R sin(α)
sin(2θ) [Masson et al., 1996] (3.7)

11Diffractometers capable of attenuated direct beam sample alignment can align a sam-
ple far more accurately then diffractometers with a fixed sample holder position.
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Capillary sample displacement

When a capillary sample in a Debye-Scherrer geometry is displaced from the
centre of a diffractometer’s goniometer, there is an associated peak shift.
This can be described by Equation 3.8 where, RDS is the detector to sample
distance, dL and dV correspond to displacements in the direction of and
perpendicular to the incident beam respectively [Dinnebier et al., 2018].

∆2θ = arcsin

(
dL
RDS

sin(2θ)

)
− arcsin

(
dV
RDS

cos(2θ)

)
(3.8)

The effect of sample absorption will additionally result in sample peak
shifts with semi-empirical correction functions dependent on the sample ab-
sorption coefficient and capillary diameter presented by Sabine et al. 1998
12 [Sabine et al., 1998]. A more accurate numerical approach has since been
developed by A. Coelho and M. Rowles which addresses peak position, in-
tensity, and additionally shape correction, which they validated against a ray
tracing simulation as detailed in [Coelho and Rowles, 2017] 13.

3.3 Peak shape and profile

The detail and reliability of information extracted from diffraction data de-
pends on our ability to accurately model the peak shapes or profile. This
impacts the determination of peak broadening described in Section 3.1, the
atomic position refinement of Section 3.9.1 and many other aspects including
thermal displacement and site occupancy.

12The peak shape and intensity correction in TOPAS-Academic, which makes use of
Sabine’s correction can be called by the TOPAS macros Cylindrical I Correction and
Cylindrical 2Th Correction.

13The disk “disc convolution” correction by [Coelho and Rowles, 2017] is called by the
capillary diameter mm macro, the usage is described in [Coelho, 2020]

55



The diffracted peak profile can be well described as a convolution of both
sample and instrumental factors. The prominent sample contributions in-
clude crystallite size, distortion effects (e.g. defects and compositional fluc-
tuations) and absorption 14. Sample contributions are independent of the in-
strument used 15. This allows the use of standard reference materials (SRMs)
with known properties to be used for the determination of an instruments
contribution to the overall diffraction pattern [Cline et al., 2012]. The in-
strument profile can be described using either analytical functions or by a
fundamental parameter model. The analytical functions attempt to describe
the overall peak shape (or instrument contribution) while the fundamental
parameters model is considers the individual effect of specific instrument op-
tics. The application scope of an instrument profile is limited by the choice
of SRM and any other uncertainties which may be present.

3.3.1 Standard reference materials

The purpose of a measurement is important in determining a suitable SRM.
Different SRMs are best suited for determining different aspects of an in-
struments characteristics, these include standards for line shape, line posi-
tion, instrument response, and quantitative analysis [Cline et al., 2012]. One
such widely used SRM is NIST’s 640 series silicon powder, which (excluding
batches prior to 640c) is both a line position and line shape standard for pow-
der diffraction. [Cline et al., 2012, Cline et al., , Black et al., 2020] As a line
position standard it is suitable for optimising instrument profiles for accurate
determination of lattice parameters. While as a line shape standard it has a
crystallite size large enough to result in negligible crystallite size broadening
on laboratory X-ray diffractometers 16 17 [Black et al., 2020]. The SRM is
specially annealed by NIST such that no micro-strain broadening is observed

14Chapter 5 of [Le Bail et al., 2008, Scardi, 2008]
15With the exception of absorption and sample size/footprint effects which can be cal-

culated for specific instruments and configurations. Absorption coefficients are wavelength
specific [Cromer and Liberman, 1970].

16The particle size of NIST Si 640f is reported in the µm range from laser scattering
measurements. When synchrotron data was refined a “volume-weighted mean crystallite
size” of 525 nm was determined [Black et al., 2020].

17In 2008, Scardi et al. estimated ≈ 200 nm to be near the limit of the broadening
that can be observed on a lab based instrument, presumably with the exception of exotic
instrument configurations [Scardi, 2008].
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for accurate determination of peak shape [Black et al., 2020]. With these
properties considered, silicon SRMs are used in this thesis.

3.3.2 Analytical peak profiles

The instrument function can be defined using analytical functions. These
offer a simpler implementation with a quicker set-up compared to a funda-
mental parameter (FP) approach 18. Prominent such profiles include Pearson
VII, Voigt and pseudo-Voigt functions. These are closely related to, or based
on a combination of Gaussian and Lorentzian functions (Equations 3.9 to
3.13, where w = FWHM). To remove the dependence of peak area on w,
these functions requires normalisation, as is expressed in Young et al., which
is essential for quantitative analysis [Young, 1993].

Equation 3.11 presents the Pearson VII function, which allows the mod-
elled peak shape to vary from a Lorentzian when m = 1, to a Gaussian
shape as m → ∞. The Voigt function, Equation 3.12 is a convolution of a
Lorentzian and Gaussian. The Voigt function is relatively computationally
expensive, as such a pseudo-Voigt (pV) function is widely used which serves
as an approximation, Equation 3.13. The pV function is a linear combina-
tion of Lorentzian and Gaussian scaled by a factor η, with 0 ≤ η ≤ 1 and
usually defined such that FWHM Lorentzian = FWHMGaussian [Barnes et al.,
2006, Gupta, 1998, Young, 1993]19.

Gaussian (G): I(2θ) = Imaxe
−4 ln 2

(2θ−2θ0)
2

w2 (3.9)

Lorentzian (L): I(2θ) = Imax
w2

w2 + 4(2θ − 2θ0)2
(3.10)

Pearson VII: I(2θ) = Imax
w2m

[w2 + 4(21/m − 1)(2θ − 2θ0)2]m
(3.11)

Voigt: I(2θ) = (G ◦ L)(2θ) (3.12)

pseudo-Voigt: I(2θ) = Imax(1 − η)G(2θ) + ηL(2θ) (3.13)

18Analytical peak profiles were initially used in Rietveld refinement as they require fewer
computational resources compared to a fundamental parameter approach.

19Section 7.3 of [Young, 1993]

57



These function can be split to account for asymmetric peaks by using
separate FWHM values for the left and right of the peak maximum as pre-
sented in the Python code of Appendix F.3. 20 Both the Pearson VII and
pseudo-Voigt functions can reasonably describe X-ray diffraction data while
Lorentzian and Gaussian functions limited in their ability to provide a good
fit of the peak tails. There are some more subtle features where these ana-
lytical functions fall short. As an example tube tails are not well-described
by a split pseudo-Voigt while a FP approach can be effective [Cline et al.,
2012, Young, 1993]19.

3.3.3 Fundamental parameter peak profiles

In contrast to analytical functions, a fundamental parameter approach for
defining the instrument contribution requires more detailed inspection and
characterisation of the instrument [Cheary and Coelho, 1992]. Such is re-
quired to define the component dependent convolutions of which the instru-
ment profile is composed. This can be separated into the source emission
profile and the geometric instrument profile. The emission profile can be
represented as a series of Lorentzian peaks specific to the X-ray tubes anode
material, as characterised in [Hölzer et al., 1997]. Where a monochromator
is present, its effect will be considered in the modelled emission profile. The
geometric profile is composed of convolutions describing individual effects
of components in the instrument’s optics [Cline et al., 2012]. These have a
variety of forms and angular dependencies resulting in an intricate profile
description with a meaningful physical basis. Coupled with the use of an
appropriate standard reference material (SRM), a good instrument profile
can reduce measurement uncertainty and allowing better access to sample
information such as defects and microstructure [Cline et al., 2012, Le Bail
et al., 2008] 21.

20Equations 3.9 and 3.10 are written such that w is the full-width at half-maximum.
21Chapter 6 of [Le Bail et al., 2008].
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3.4 Agreement factors

Statistical agreement (R) factors serve as a means to judge the quality of a
Rietveld refinement within a reasonable scientific basis. Further, they are a
key part of the optimisation process in Rietveld refinement algorithms. The
factors discussed here include Rwp, Rexp, RBragg and goodness of fit (χ or
gof). These are the most relevant R-factors to this dissertation.

Rwp utilises a weighted sum of squares across the data set:

Rwp =

√∑N
i=1Wi(Yobs,i − Ycalc,i)2∑N

i=1WiYobs,i
2

(3.14)

Where Yobs,i is the intensity of the collected data, Ycalc,i of the simulat-
ed/calculated data and Wi is the weighting factor for the ith data point. The
default weighting for powder diffraction data in TOPAS is Wi = 1

σ(Yobs,i)2
,

where σ is the standard uncertainty typically taken as σ =
√
Yobs,i, corre-

sponding to Poisson type counting statistics. The inclusion of a weighting
factor in Rwp solves problems encountered with Rp, an unweighed equiva-
lent. Rp is prone to overemphasise strong reflections, and doesn’t consider
experimental uncertainty [Dinnebier et al., 2018].

The Rwp value required for a good fit is dependent on the specific instru-
ment, its configuration and the conditions of data collection of a given data
set 22. This makes it more difficult to assess fit quality or compare across
datasets without additional information [Toby, 2006].

The lowest achievable R value for a refinement will be limited by the sta-
tistical conditions of the specific data set. This is estimated by the expected
R-factor (Rexp) that is evaluated with the following equation: [Dinnebier
et al., 2018, Toby, 2006]

Rexp =

√
N − P∑N

i=1 WiYobs,i
2
≈

√
N∑N

i=1 WiYobs,i
2

(3.15)

22A simple example of this is increasing counting time reduces statistical noise which
would reduce Rwp.
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Here, N is the number of data points and P the number of fit parameters.
As the typical case is N ≫ P we can neglect P , ignoring the unlikely ex-
ception of an overzealous scientist, with an unsuitable sparsely sampled data
set. With Rexp we can calculate the goodness of fit (χ = Rwp/Rexp) which
offers a quality of fit factor that is less dependent on the specific instrument,
its configuration and the conditions of data collection of a data set.

χ2 is the factor typically optimised in Rietveld refinement programs in-
cluding TOPAS [Coelho, 2018]. χ2 should ideally be close to 1. if χ2 < 1 it
is possible the standard uncertainties of the data are likely overestimated. A
χ2 of close to 1 does not imply a correct model, there can be many models
that will provide an equivalent fit for a given data set. At this point the
experimental data is at its limit and cannot differentiate either a more com-
plex nor more correct model. A χ2 ≫ 1 can suggest an incomplete model,
incorrect model, an underestimated standard uncertainty or even a structure
that can not be well described by conventional models. In cases where Rexp

is incorrect, a well informed Pawley or Le Bail fit can provide a reasonable
measure of the best fit that can be achieved using a related structure model
[Toby, 2006].

The last R factor to be discussed here is useful, even if it does not have
a statistical basis. RBragg provides an R value focused on the intensities
of reflections for a specific phase compared to a calculated pattern 23. The
equation is given below where k refers to the kth reflection and this is summed
across K reflections [Dinnebier et al., 2018, Toby, 2006].

RBragg =

∑K
k=1 |Iobs,k − Icalc,k|∑K

k=1 Iobs,k
(3.16)

R factors provide a useful means of assessing the quality of fit in a refinement
which is especially relied upon by refinement algorithms. They serve as a
means to compare the effect of changes in finer details within a phase model
which may not have a discernible effect by eye [Toby, 2006]. As valuable as
R factors can be, a visual comparison between the measured and calculated
pattern is indispensable in assessing the quality of a Rietveld refinement.
From a visual comparison, an experienced crystallographer can effectively
assess the plausibility of model simulated.

23RBragg is calculated separately for each phase present in a refinement.
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3.5 Limitations of powder X-ray diffraction

3.5.1 Light atoms in a heavier matrix

The ability of a material to scatter X-rays for diffraction depends on the
electron density of the constituent atoms. This is related in the structure
factor (F ), equation 3.17, in which ρ(r) is electron density, V is the unit cell
volume [Von Dreele and Rodriguez-Carvajal, 2008]. The structure factor, F
is related to intensity I by I ∝ |F |2. Knowing this, heavier atoms will result
in more intense scattering contributions, while lighter atoms will produce
weaker signals.

F (h) =

∫
V

ρ(r)e2πi(h·r)dr (3.17)

When considering light atoms in a matrix of heavier atoms, the small
electron density of the lighter atoms can be over-shadowed by that of the
heavier atoms in the structure. Inflating this difference, the lighter atoms
are expected to have larger thermal motion reducing the intensity of the
diffracted signals. [Weller et al., 2015b] This is explored below in the example
of MA in a PbI3 framework.

The contribution of the organic cation to the X-ray diffraction pattern
of hybrid perovskites is notably small. Considering the formula APbX3 of
hybrid perovskites where A is an organic cation and X is a halide anion; the
Pb-X framework in which the organic cation sits will account for most of the
e− density. In the case of MAPbI3 the Pb-I framework accounts for >98%
of the diffracted intensity based on Equation 3.17.

The diffracted intensity of the organic cation will be further reduced due
to its disorder and freedom of movement at ambient temperatures [Weber
et al., 2018, Yang et al., 2018a]. This is evident in equation 3.18 where fi is
the scattering factor for a given atom and ⟨u2

i ⟩ is the mean square of atomic
displacement 24 [Von Dreele and Rodriguez-Carvajal, 2008].

24Scattering factors are based on the assumption that scattering power is localised at
the centre of an atom [Von Dreele and Rodriguez-Carvajal, 2008].
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F (h) =
N∑
i=1

fi(s)e
2πi(h·xi)e−8π2s2⟨u2

i ⟩ (3.18)

In-situ lab-based diffraction data collected using conventional sealed tube
X-ray sources are usually limited in the time available for each diffraction
pattern. In most cases this limits the angular collection range and/or in-
tegration time for each diffraction pattern. With these limitations in place,
many finer details such as those relevant to the organic are potentially unreli-
able or inaccessible. The most reliable structural information accessible for a
MAPbI3-based data set is expected to be that of the Pb-X framework, while
the organic was not expected to have a very significant contribution in the
diffraction data. This marginalisation of the organic cation is less significant
for larger cations and for structures where the organic component presents
a greater fraction of the composition. Approaches to modelling the organic
cations are discussed in Section 4.9.2.

3.5.2 Resolving atom identity

For a given structure or unit cell, X-ray diffraction (XRD) is sensitive to
the contrast in scattering intensities between the constituent atoms, which
depends on their electron scattering cross section. This is a function of the
identity of an atom which is not unique to the chemical identity, especially
not where charge, thermal displacement, and the potential of atomic site
substitution play a role.

In powder XRD (PXRD) it can be it difficult or even untenable to differ-
entiate atoms which are nearly isoelectronic such as carbon (6e−) and nitro-
gen (7e−) [Weller et al., 2015b]. This is related to the nature of the contrast
in scattering intensities, and the information-poor 25 approach inherent to
PXRD, where the reciprocal space information represented by a diffraction
pattern is compressed into a single dimension.

25The number of parameters exceeds the number of observations on which to model
them.
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3.5.3 Real Structure?

Diffraction patterns provides information on the average structure of a ma-
terial. This is modelled as the “smallest” repeating unit or unit cell which,
through translation, can reproduce the material. In such an approach, vari-
ations between unit cells are averaged out. In addition, regions without
long range order such as surfaces, grain boundaries, and amorphous content
can easily be neglected. During a diffraction measurement, other scatter-
ing effects may be observed, such as broad humps, which can be related to
amorphous content. 26

The area sampled by a given analysis technique is seldom the entire sam-
ple, not every aspect or region of a sample is guaranteed to interact uniformly
with a given probe. The smaller the sample volume, the less likely the probed
area will be statistically representative of the sample 27. The sampled volume
is related to the probe size and the interactions between the probe and sam-
ple. X-ray and neutron techniques provide deep sample penetration resulting
from the relatively small scattering cross-sections of X-rays and neutrons in
materials. In contrast, electrons have much larger scattering cross sections
due to coulombic interactions, making them more surface-sensitive. With
the penetration depth of X-rays, the collected information under a stan-
dard diffraction experiment is representative of the bulk structure 28[Vonk
and Graafsma, 2014]. This is especially the case for diffraction where the sur-
faces and grain boundaries of a material presenting shorter-ranged structural
order do not present a repeating structure necessary for diffraction. 29 Un-

26Humps related to amorphous content can be used in quantitative analysis with dif-
ferent amorphous contributions having different positions in the diffraction pattern. Due
to the broadness of amorphous signals in a diffraction patterns, if multiple amorphous
components are present and close in position the individual contributions may not be able
to be resolved.

27related to Section 3.2.1
28The proportion of signal interaction of the probe with the surface is marginal compared

to the large volume of the bulk.
29With a combination of high X-ray flux, specialised optics, and specialised detectors,

such as can be available at select synchrotron light source facilitates, a scattering volume
of 1 µm3 can be probed with an estimated lower limit of 1000 nm3 ([Vonk and Graafsma,
2014]). Towards this lower limit the sampled area may deviate from the average bulk
structure. Lab-based micro-sources such as Incoatec’s Iµ sources can produce beams with
dimensions in the 10’s of µm’s [Graf, 2014]
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der certain conditions X-rays can be used to selectively probe a surface, this
is used for X-ray reflectometry and grazing-incidence XRD using a shallow
incident beam angle of not more than a few degrees to reduce penetration
depth of the beam.

Total X-ray scattering analysis by means of a pair-distribution function
(PDF) can be used to model the local structure of a material. In some mate-
rials, the local structure may correspond to the average structure. The pres-
ence of defect, partial occupancies, flexible bonds 30, or other features that
have the potential to affect or differentiate the local structure, can cause
differentiation between the local structure derived from PDF and average
structure from XRD. Both methods provide hints on the real structure al-
though even the combination is unable to provide a full picture.

Contrasting large sample volume techniques, high resolution electron mi-
croscopy is able to probe surfaces and grain boundaries. Such can provide
valuable insights on a material, which are not accessible through diffraction
or PDF. However this technique is limited by the sampling size making it
time consuming to collect statistically relevant data and impracticable to as-
sess the average structure of a material. The statistics of the data collection
can be critical for a robust comparison of similar materials, while a single
observation of a feature can be sufficient for proof of concept.

Optical data can be used to infer the electronic structure and bonding
within a material. Across diffraction, total scattering, electron microscopy,
and optical based techniques, the structural and electronic information de-
termined by any of these techniques can provide valuable insights into the
properties and development of materials. The insight from such techniques
provide a better picture of the conceptual real structure. The real structure
can be approximated as the total of structural information that can be known
of a material including the averaged and dynamic aspects.

30Such as octahedral tilts in perovskites, vibrational/rotational modes such as in many
organics [Becka and Cruickshank, 1961]
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3.6 Diffraction pattern fingerprinting

Fingerprinting of XRD powder patterns is performed by comparing a diffrac-
tion pattern against the literature. This can be executed using search/match
software by searching for candidates from a structure database 31. The soft-
ware makes comparisons using peak positions and relative peak intensities 32.
The lists of candidates can be filtered using chemical composition, environ-
mental conditions such as temperature and pressure alongside many other
properties 33.

3.6.1 Assignment considerations

Whether a literature pattern serves as a reasonable assignment can be as-
sessed by considering factors including: additional/absent peaks, peak posi-
tion, relative peak intensity, and peak profile clustering.

The peak position for a given measurement may deviate from the lit-
erature pattern, this can be considered by scaling the size of the unit cell
and evaluating the scaling factor. Should there be a substantial difference in
the unit cell size, differences in the composition and experimental conditions
(such as temperature or pressure) between the experimental and literature
data can be assessed to properly scrutinise the differences. Once scaled, the
peak positions should coincide, any clear deviations are an indication of an
incorrect assignment candidate.

Another key consideration is the relative peak intensities between liter-
ature and experimental patterns. The peak intensities hold information on
the relative electron densities between atomic sites, and by extension, clues

31Examples of search/match software includes Bruker’s Eva and Crystal Impact’s
Match!.

32Peak positions measured in 2θ are wavelength specific as per Bragg’s law. When
comparing diffraction data if the units/X-ray wavelengths are different conversion will be
required. This process is partially automated in Diffrac.EVA which may not be represen-
tative of other search/match software.

33Databases where structures from literature can be found include the Crystallogra-
phy Open Database, (COD) [Gražulis et al., 2009] and the Inorganic Crystal Structure
Database (ICSD) [Hellenbrandt, 2004].
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to the elemental composition of a material. Large mismatches in the relative
intensity between peaks can be sufficient cause to rule out an assignment
candidate. 34 In some samples texturing/preferred orientation affects peak
intensities or could even cause the apparent absence of peaks in the exper-
imental data 35. Small variations are less decisive as they could be due to
a variety of causes, such as instrument configuration, incorrect thermal pa-
rameters, site occupancies, statistical intensity variations from a small sample
sizes or counting statistics, preferred orientation, structure distortion etc..

The absence of peaks or presence of additional peaks in a candidate pat-
tern is indicative of an incorrect assignment candidate. This can be compli-
cated in cases where a strong preferred orientation is present.

For a given structural phase in a diffraction pattern, the peak profile
is determined by a combination of sample and instrument contributions,
(Section 3.3.3). When a diffraction pattern contains multiple distinct peak
profiles, these can be used as a rudimentary means to separate phases in the
pattern. This can be subject to ambiguity, as broader peaks observed may
originate from overlapping peaks, separate phases, asymmetric broadening
factors, etc. 36. Many of the factors that shape the peak profiles have an
angular dependency which may be observed as a gradual shift in the peak
profile with 2θ, such as the sample broadening contributions discussed in
Section 3.1.1. Some samples experience anisotropic peak broadening effects
which is dependent on the Miller indices of a material complicating visual
peak grouping and phase separation 37. The distinct peak profiles can be
used as means of grouping contributions in a diffraction pattern. This is
invaluable in fingerprinting mixed phase systems, noting a difference in peak

34Fingerprinting candidates where the peak positions are a good match with incorrect
relative intensities may contain some structure parameters which represent the sample,
such as some unit cell parameters and/or the space group.

35Preferred orientation is common in solid samples, pressed powders, and thin-films. It
is generally expected to have a strong effect for crystallites which form in easily stacked
shape such as rods or platelets, discussed in Section 3.2.2.

36Asymmetric crystallite shape and micro-strain along specific crystallographic direc-
tions can result variations in peak broadening within a phase. One strategy is to consider
peak broadening in related reflections for a candidate phase, eg. (100) and (200) would
be subject to common sample broadening effects and similarly for (110) and (220).

37From limited personal experience, anisotropic effects are not expected unless there is
a material property or sample processing likely to induce an anisotropic effect.
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profile does not exclude peaks from being related.

Fingerprinting is a useful tool for systems where good assignment can-
didates are accessible, which is the case for well known structures. It is an
ideal approach for initial phase identification or when further structural de-
tail is not required. The considerations outlined above can be more critically
assessed within a Rietveld refinement, which provides a more rigorous evalu-
ation of a structure assignment against a given diffraction pattern. Rietveld
refinement further provides a means to access finer structural details beyond
initial phase assignment. Where a suitable literature structure is not avail-
able alternate methods will be needed to gain structural information such as
pattern indexing.

3.7 Indexing

Powder pattern indexing tries to establish 3-dimensional structural informa-
tion including the unit cell dimensions and space group from peak positions
and intensities of a 1-dimensional powder pattern. The nature of reconstruct-
ing a structure of higher dimensionality than the diffraction data (PXRD)
implies this will always be a data-poor process. 38 With good data, indexing
can work well and provides one or multiple plausible solutions. With low-
quality data, indexing cannot be expected to work at all [Shirley, 1980]. For
comparison, indexing of 3-dimensional single crystal data is information rich
and can reliably provide a highest symmetry unit cell and space group for
reasonable quality samples.

Indexing is considered the first step in ab initio structure determination.
The lower angle peaks are more important to indexing. There are typically
fewer reflections and better peak separation at lower angles. While higher
angle peaks are more prone to overlap which may not always be discernable
[Bergmann et al., 2004, Altomare et al., 2018]. Ideally, indexing should be

38More variables are required for structure determination than there are observables in
PXRD data. Features including the peaks and their profiles contribute to the quantity
of observed information. The number of data points in the diffraction pattern affects the
ability to resolve these observables, once features are well resolved additional data points
provide no additional benefit.
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performed on a single phase material or in a material where the other phases
are known and can be accounted. 39

Bergmann et al. (2004) suggested that the most effective means for suc-
cessful indexing is the collection of high-quality data, by someone with the
experience to obtain it. This includes both accuracy and resolution in 2θ.
They found data quality is far more important than the choice of indexing
software, and that the use of various software packages increase the likeli-
hood of a good solution. This speaks to the importance of quality data for
effective indexing. [Bergmann et al., 2004]

3.8 Whole powder pattern decomposition

The term whole powder pattern decomposition (WPPD) is typically used to
describe fitting a pattern in absence of a defined structure, which is a subset
of WPPD, a broader term that includes typical structure based Rietveld
refinement. The use of structure agnostic refinements allows the evaluation
of a diffraction pattern with minimal information.

3.8.1 Individual peak fitting

Individually fitted analytical peaks can be used to provide precise peak posi-
tions 40. This can provide peak positions and intensities for powder pattern
indexing and it is useful for bare-bones comparisons between diffraction pat-
terns. These fit objects can be used alongside other refinement methods such
as to fit peaks of unknown origin 41 or broad amorphous peaks.

39Where this is not possible, the chance of solving the structure is often very low, peak
profile clustering can be invaluable alongside the well established principle of garbage-in
garbage-out. If an algorithm is given an a subset of peaks from multiple phases it can not
be expected to provide a sensible result.

40Peak profiles are discussed in Section 3.3
41Such as impurity related peaks.
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3.8.2 Pawley and Le Bail refinements

The use of structure-agnostic refinements allows the evaluation of a diffrac-
tion pattern without the use of atomic coordinates. These have been exten-
sively used in this thesis in the form of Pawley and Le Bail fits, which require
a set of approximate lattice parameters along with a space group. These fits
can then provide refined lattice parameters, peak intensities and agreement
factors. Such information is useful as a means to confirm the plausibility of
results extracted from pattern indexing, and to support the assignment of
space groups to unknown phases. [Le Bail, 2005]

Structure agnostic refinements can be preferred over Rietveld refinements
in cases where the structure is unknown or has properties which are not read-
ily described 42. Pawley and Le Bail refinements are most suitable for struc-
tures containing less peak overlap such as smaller, higher symmetry unit cell.
In large low symmetry unit cells the presence of overlapping peaks in refine-
ments may introduce ambiguity in the refinements leading to inconsistent
results. [Peterson, 2005].

Both methods face the challenge of overlapping reflections. For both it
is possible to have results with an unrealistic negative intensity coupled to a
compensating positive intensity for overlapping peaks 43. This is an impor-
tant issue especially if they are the basis for attempts at structure solution
from a powder pattern. Comparisons including a round-robin between the
Pawley and Le Bail methods as a basis for structure solution from powder
patterns have shown that both methods have similar capabilities with neither
significantly better than the other. This includes round-robin comparisons.
[Le Bail, 2005]

42Such properties could include disorder and defects.
43With sufficient separation, partially overlapping peaks can be deconvoluted.
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3.9 Structure based (Rietveld) refinement

3.9.1 Atomic position refinement

Free atoms

The traditional approach to finding atom coordinates involves first determin-
ing the space group and unit cell parameters though indexing (Section 3.7).
Atomic coordinates are then refined using fractional coordinates. [David
et al., 2006] For each free atom three fractional coordinates may be refined.
This is best performed when a reasonable fit is already obtained perhaps
with some discrepancies between the calculated and observed data. [Etter
et al., 2014]

In this approach the space group is used to populate equivalent sites in
the unit cell by symmetry operations. Additionally constraints and bound-
aries can be applied to refinements of the atomic positions. For atoms in
Wyckoff position with the exception of symmetry points, the atom may be
refined along planes or lines on which an atoms Wyckoff position is conserved.
Additional constrains can be added relating the position of atoms which is
the basis for the definition of rigid-body and symmetry mode distortion based
refinements.

Rigid-bodies

Rigid-bodies define connected atoms with constraints of bond length and an-
gle between them. The inclusion of connectivity information into the struc-
tural refinement reduces the degrees of freedom and allowing the structure
to be easily constrained to physically feasible conditions. This approach is
the most advantages for organic components where the connectivity and ap-
proximate bond lengths are well known.
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Symmetry mode distortion

Symmetry mode distortion includes the description of vibrational and rota-
tional modes in a structure. This can be implemented in TOPAS by defining
parameters to augment the coordinates of atoms or rigid-bodies in the unit
cell in accordance with specific distortion modes. 44

Comparisons between this and the other approaches mentioned here in
Section 3.9.1 and the refinement types in Section 3.10 have been investigated
in the work of Etter et al. 2014. In their work they found all of these
approaches provided good refinements for their inorganic perovskite based
data set in terms of fit quality with the use of symmetry modes proving the
most stable refinements. [Etter et al., 2014]

3.9.2 Atomic displacement parameter

Within a material there can be deviations in atomic positions due to static
and dynamic displacements from the mean. These can be inherent to a
structure, induced by defects 45, or from dynamic thermal motion. The
overall effect can be described in an isotropic parameter such as B = 8π2⟨u2

i ⟩,
where ⟨u2

i ⟩ is the mean square of atomic displacement 46 [Dinnebier et al.,
2018, Von Dreele and Rodriguez-Carvajal, 2008]. Following the discussion
in Section 3.5.1, this is used in expressing Equation 3.18 as Equation 3.19.
This shows an increase in the displacement parameter is accompanied by a
decrease in scattered intensity.

I ∝ |
N∑
i=1

fi(s)e
2πi(h·xi)e−Bs2 |2 (3.19)

44The web based tool ISODISTORT is useful to assist with identifying the distortion
symmetry and modes, as well as estimating limits for the distortion and providing a
structure with atomic parameters defined in terms of fractional coordinate. [Stokes et al.,
2017] [Stokes et al., 2006]

45Discussed in Section 2.3.
46B is used in TOPAS-Academic.
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Similar intensity effects are observed from changes in site occupancy. In
structures with partial site occupancies or non-stoichiometric structures, site
occupancy and atonic displacement parameters are strongly correlated. As
such, only one of these parameters should be refined while the other deter-
mined by another means. For single-crystal XRD anisotropic displacement
parameters can be refined. This is often beyond the limitations of PXRD
data. For strong scatterers in exceptionally high quality powder diffraction
data the refinement of anisotropic displacement parameters is possible [Din-
nebier et al., 2018].

The ability of B to model a range of effects including atomic displacement,
disorder, and unfortunately site occupancy has earned it the title of “physical
trash collector” [Dinnebier et al., 2018]. The atomic displacement parameter
is essential in Rietveld refinement and can provide an indication of disorder
in a structure or the direction of displacements in the case of the anisotropic
factor. Awareness of its limitations is necessary to avoid over-interpretation.

3.10 Sequential and parametric refinement

Sequential and parametric refinements are capable of efficiently processing
large data sets collected as a function of an external variable (3-dimensional
data-set) 47 48. Such data sets can provide deeper insights of dynamical
changes in structural properties of a solid than can be gained from a single
diffraction pattern. Additionally these may allow better the separation of
dynamic parameters such as thermal parameters from site occupancy in the
case of variable temperature diffraction data sets. These data-sets can be very
large to the point that individual refinement becomes infeasible [Stinton and
Evans, 2007].

Sequential refinement offers a relatively simple software implementation.
Should a Rietveld program not offer sequential refinement or the desired con-
trol, a scientist can manually (for a small data-set) or through external code
perform sequential refinements. Conversely, parametric refinements require a

47The external variable is often, but not limited to temperature, time or pressure
48Chapters 8, 7, and 8 present temperature dependent 3D data-sets
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more computationally involved approach where parameters are refined across
the entire 3D data set. Thankfully, the parametric refinement approach is
implemented in TOPAS-ACADEMIC which is used in this dissertation 49.

3.10.1 Sequential refinement

Following an initial manual refinement, sequential refinements take advantage
of the typical similarity of subsequent scans in a 3-dimensional (3D) data
sets. Sequential refinements use the output of the nth scan as the starting
parameter for the (n+1)th refinement [Rowles, 2021]. By having the starting
parameters for a refinement closer to the expected refined parameters, the
refinement time per scan is reduced and the refinements are less likely to be
confined to local minima.

Sequential refinements are well suited to tracking gradual changes in
diffraction patterns as a function of some parameter. Some of the advan-
tage of sequential refinements are lost at sudden changes in the data, such
as phase changes, where parameters on either side of the transition will be
quite different. [Dinnebier et al., 2018] 50

The effect of a sudden change in subsequent diffraction patterns can be
partially mitigated through a bi-directional approach. In a bi-directional
approach, sequential refinements are run from both ends of the data-set and
a ”statistical agreement factor” is used to select the best refinement for each
diffraction pattern. Where there is a sudden change in the data between the
(n−1)th and nth data pattern, both (n−1) and (n+1) refinement results are
compared as starting parameters for the nth refinement. This is implemented
and explored further in Section 6.7.

49TOPAS-Academic V6/V7 and GSAS-II are capable of both sequential and parametric
refinements [Coelho, 2018, Toby and Von Dreele, 2013].

50Discussed in Chapter 12.2 of [Dinnebier et al., 2018]
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3.10.2 Parametric refinement

Parametric refinements were introduced by Stinton and Evans in 2007 [Müller
et al., 2009, Stinton and Evans, 2007]. These consider the entire 3D data
set simultaneously. Their advantage comes from the ability to define global
parameters for use in individual patterns which can be used directly or as a
function defined by physical and/or empirical equations. 51 By acting across
the full data set, this can greatly reduce the number of parameters in the
refinement, which in turn can stabilise the refinements and their results, as
evident in Chapter 8, as well as greatly reduce refinement time 52. The ap-
proach can result in a reduced correlation between parameters in comparison
to sequential refinements.

The cases where a parametric approach is most powerful, include where
there is significant correlation between refined parameters, where multiple
structure models are compared that explain the data equally well, and for
the refinement of non-crystallographic parameters such as parameters which
relate to trends across the data sets which is not possible in individual data
sets. [Dinnebier et al., 2018]

The accuracy of data analysis can benefit from the larger source of infor-
mation. Parameters such as the zero-point error should be common across a
3D data set, and its accuracy affects that of the lattice parameters. Parametris-
ing the zero-point correction across a 3D data set allows a single common
value to be refined, improving both the reliability and providing a common
value making comparisons of refined dimensions more stable.

Physically meaningful functions can be used to describe parameters. This
can include lattice or thermal parameters to which may follow the form
a(T ) = a0 + c1θ1

e(θ1/T )−1
[Dinnebier et al., 2018]. In data sets tracking chemical

reactions or phase transition, rate equations can be used to define scale fac-
tors (proportional to quantity of a phase) as demonstrated in [Müller et al.,
2009]. Additionally trends in the parameters can be used as a basis for fit-
ting analytical functions such as polynomials across the data set [Stinton

51Global in terms of a global variable refers to the variable being accessible throughout
a program, here it refers to an equation globally defined across the full data set.

52This can be critically important for very large data sets such as those generated by
X-ray diffraction tomography.
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and Evans, 2007]. Refinement parameters such as fractional coordinates and
sample height displacement can be expected to follow polynomial trends.
Fractional coordinates and other structural parameters may express discon-
tinuities or for part of the data set be unsuitable for a given function. These
can be accommodated by excluding such areas from a parametrised range
[Etter et al., 2014].

Parametric refinements allow for the consideration of structurally relevant
data obtained from other analysis techniques. Such can be used to constrain
parameters to physically meaningful values or limits. These can include
phase transition temperatures or lattice expansion relations 53 [Etter et al.,
2014, Müller et al., 2009, Stinton and Evans, 2007].

The use of parametrisation can constrain the refinement to within a func-
tion or model. If the model is correct this will provide good results, with an
incorrect model the results may look good and provide inaccurate informa-
tion. It is due diligence to perform a set of reference refinements prior to
parametrisation.

A reference set can consist of a small number of manually refined pat-
terns or the full set of refinements with only general parametrization such as
sample alignment based parameters. A reference set may allows the fitting of
data in external programs for the following (1) by fitting functions or models
to reference data, appropriate starting values for refinements and parametri-
sation can be obtained, (2) this provides an opportunity to consider features
in the data which may be lost in poor or aggressive parametrisations and
(3) to assess the validity of the chosen functions or models. The use of good
starting parameters reduces the risk of refining to a local minimum and is
better suited to the least-squares optimisation using in Rietveld refinement
software such as TOPAS. [Dinnebier et al., 2018]

53In Chapter 12 of [Dinnebier et al., 2018], Table 12.1 provides various equations targeted
for parametrising Rietveld refinements.
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4.1 Overview

In this chapter a range of methods are covered which are used in the subse-
quent chapters. Variation and deviations from these methods are expounded
in the subsequent chapters. In many cases the comparisons between methods
are critical to the interpretation of the chapters results.

4.2 List of chemicals and materials

Starting materials

� Lead(II) bromide 98 %, SAARCHEM UNILAB 390150
� n,n-Dimethylformamide (DMF) 99.5 %, ACE CAS No. 68-12-2
� Dimethyl sulfoxide (DMSO) 99.5 %, Sigma-Aldrich D5879-500ML
� Ethyl acetate, ACE CAS No. 141-78-6
� Diethyl ether, ACE CAS No. 60-29-7

Components for organo-ammonium halide synthesis

� Methylamine (MA) solution, 40 wt % in H2O, Sigma-Aldrich 426466-1L
� Propylamine (PA) 98 %, Aldrich Cat: 10,981-9
� Ethanolamine (HOEA) 99 %, Sigma-Aldrich 398136-500ML
� Hydrobromic acid 48 wt % in H2O

4.3 Organo-amine salt synthesis

Organo-ammonium halide salts were prepared from their amines, with the
exception of the organo-amines, which started as halide salts. 6-14 ml of the
organo-amine was placed in a 100 ml round bottom flask with a magnetic
stirrer bar. This was allowed to cool in an ice bath under a fume hood. A
volume of 48 wt % hydrobromic acid was measured out in a volume corre-
sponding to 1:1 molar ratio with the organo-amine. The acid was initially
added drop-wise to the round bottom flask while stirring, with the addition
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(a) (b) (c) (d)

Figure 4.1: Various stages of organo-amine salt synthesis, (a) Vacuum-
assisted rotary evaporation of H2O, (b) Organo-amine salt prior to washing
(c) after diethyl-ether wash and (d) single-crystal XRD derived structure
motif of HOEABr.

speed increasing as the reaction became less vigorous. The sides of the round
bottom flask were washed down with DI H2O. The solution was left in the
ice bath for 2 hours before using a vacuum-assisted rotary evaporator set at
65 − 80 ◦C for the evaporation of water present in the solution, Figure 4.1a.
The relatively large round bottom flask provides a greater surface area for
solvent evaporation.

The precipitate was dried at 90 ◦C for an hour, presenting an off-white
colour, Figure 4.1b. This was then washed three times using a Buchner funnel
using 20 ml of diethyl-ether per wash to remove impurities, some observable
through their effect on the colour of the powder, Figure 4.1c. The washed
powder was dried overnight at 80 ◦C. These organo-ammonium halides were
stored in poly-top sample vials in a desiccator and rewashed for experiments
when more than two weeks had passed since their preparation.

The synthesis of MABr salts were confirmed through the PXRD struc-
tures and the band-gap determined for MAPbBr3 in Chapter 9. The forma-
tion of HO(CH2)2NH2 ·HBr, (HOEABr) was confirmed through the crystalli-
sation of the salt followed by single-crystal XRD and analysis as discussed in
SI Section E.3.2.

80



4.4 Thin film fabrication

Glass substrates with or without a thin conducting oxide coating (TCO) of
either ITO or FTO were used. 1 Substrates were cut to size using a table
top glass cutter. The samples which were prepared at the University of the
Witwatersrand (Wits) primarily used 12.5 x 12.5 mm substrates. This corre-
sponded to the size of the available masks for metallisation of contacts. At the
University of Sheffield the spin coater, metallisation mask, and electrochem-
ical characterisation mount accommodated samples 15 x 20 mm. Samples
which were prepared at Wits to be scraped off as a powder, were prepared on
25 x 25 mm microscope glass for a larger surface area to achieve a larger sam-
ple volume per substrate. The substrates were then marked with sequential
names using a tungsten carbide scribe. The text was confined to one edge
on the underside of the substrate. For TCO samples this was the same edge
that was subsequently etched.

4.4.1 Substrate cleaning

Glass based substrates were rinsed with DI H2O to remove any loose debris
from the cutting and scribing steps. These were then mechanically cleaned
with a gloved hand using a soap water solution. Samples were then sonicated
in DI H2O, acetone and isopropanol for 20 minutes in each solvent. The
substrates were rinsed with the corresponding solvent prior to each sonication
step. Samples were dried with a N2 stream and sorted for subsequent film
deposition.

4.4.2 Substrate etching

For TCO-coated substrates, 3 quarters of the TCO film was covered with
acid resistant Kapton (polyimide) tape leaving 1 quarter exposed. To etch
the exposed TCO, an aqueous zinc paste (the consistency of toothpaste) was
prepared and applied to the exposed section. The substrate was then sub-

1ITO: Indium-tin oxide, FTO: Fluorine doped tin oxide
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merged in 2 M HCl solution. The substrate was then cleaned with deionized
(DI) H2O and the conductivity of the etched surface was tested and if needed
the etching process was repeated until the conductivity of the etched surface
was in the MΩ range indicating that the exposed ITO coating was effectively
removed.

4.4.3 Precursor solution for spin coating

Organo-amine and lead halide powders of varying mass were weighed into
a polytop sample vial using an Ohaus E11140, high precision mass balance,
with a ±0.2 mg precision. A magnetic stirrer bar was added followed by the
solvents. A 100 - 1000 µL pipette was used for the addition of solvents. The
pipette tips were wet with the solvent prior to use. The solvents used for
hybrid-perovskite films included a 4:1 DMF:DMSO solution for Chapters 6, 7
and 8, and 7:3 DMF:DMSO solution for Chapter 9. The polytop sample vial
containing the precursor solution was sealed with a small strip of Parafilm
and stirred using a magnetic stirrer bar for no less than 2 hours at 40 ◦C
prior to spin coating.

4.4.4 Precursor solutions and dilutions for spin coating
(A′X)2x(AX)1−xPbX2 systems

Precursors for layered hybrid-perovskites films were produced from two pri-
mary solutions of 2 ml each as described in Section 4.4.3. These were (1) a
APbX3 solution of 0.6 M AX and 0.6 M PbX2 and (2) an (A′)2PbX4 solu-
tion of 1.2 M A′X and 0.6 M PbX2 in 7:3 DMF:DMSO. Films following the
composition (A′X)2x(AX)1−xPbX2, where A is methylammonium (MA) the
inter-octahedral cation, A’ is the organic cation separating layers of octahe-
dra, such as propylammonium (PA), and X is the halide, Br. These solutions
were then used to produce additional precursor solutions using the dilution
scheme in Table 4.1 where APbX3 and (A′)2PbX4 precursor solutions corre-
spond to x = 0 and x = 1 respectively.
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Each solution of composition x in Table 4.1 is composed of additions from
two other solutions. As an example, x = 0.5 is prepared by mixing 600 µl of
the x = 0 solution, and 600 µl of the x = 1 solution. For the x = 0.3 solution,
the combination, 200 µl of x = 0 and 300 µl of x = 0.5 are utilised. This
requires that the x = 0.5 solution needs to be prepared prior to the = 0.3
solution. The initial and final volumes refer the amount of each solution
initially prepared and the volume remaining after the full set of dilutions are
prepared.

The full set of dilutions produces a 13 sample set, in cases where a 9-step
sample set was produced this used the set x ∈ {0, 0.05, 0.1, 0.2, 0.5, 0.8, 0.9, 0.95, 1}
2.

Table 4.1: Dilution scheme for (A′X)2x(AX)1−xPbX2 systems.

x 0.025 0.05 0.075 0.1 0.2 0.3 0.4 0.5 0.8 0.9 0.95
Solution 1 (x) 0 0 0.05 0 0 0 0.3 0 0.5 0.8 0.9
Volume (µL) 100 200 100 300 300 200 100 600 200 300 200
Solution 2 (x) 0.05 0.1 0.1 0.2 0.5 0.5 0.5 1 1 1 1
Volume (µL) 100 200 100 300 200 300 100 600 300 300 200
Initial vol. (µL) 200 400 200 600 500 500 200 1200 500 600 400
Final vol. (µL) 200 200 200 300 200 400 200 300 200 400 400

4.4.5 Spin coating

The precursor solution was applied to a stationary substrate. The substrates
were spun at speed between 2000 and 6000 rpm for a specified time. Hybrid-
perovskite films were deposited using a dynamically applied anti-solvent tech-
nique. After coating, the samples were annealed in a N2 atmosphere.

Films produced for Chapters 6, 7, and 8 were spin coated by first applying
ramping to 2000 rpm over 10 s before holding for 10 s, before the final stage
of 6000 rpm for 20 s. 100 µl of chlorobenzene anti-solvent was applied using
a micro-pipette 10 s prior to the end of the spin program. Samples were
annealed on a hotplate at 100 ◦C for 30 min. Both spin coating and annealing
was carried out in a single N2 filled glovebox.

2The 9-step sample sets were fabricated chronologically prior to 13-step sample sets.
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A subset of films produced for Chapter 9 used a 2-stage spin coating
method of 1000 rpm for 5 s, 2000 rpm for 60 s, with a total 5 seconds ramp
time. 100 µl of ethylacetate was applied as the anti-solvent. Samples were
annealed in an annealing box under N2 flow for 30 minutes in the case of single
step deposition, and 20 minutes where a subsequent organic coating was
applied as a top layer. Once annealed, samples were stored and transported
in an opaque plastic desiccator at standard pressure. The annealing box is
described in Section 4.4.6.

Organic coating for A′/MAPbX3 samples

Organic amine salts were used to prepare 0.6 M solutions of organic amine
salt solution in isopropanol, or alternate concentrations as specified. The
spin coater was set at 4000 rpm for 60 s. Once at speed a micro-pipette was
used to deposit 60 µL onto a prepared MAPbX3 perovskite film.

4.4.6 Sample annealing

The majority of researchers working on hybrid-perovskites deposit and anneal
their films under an inert atmosphere. In the absence of a glove box, a
stainless steel annealing box was designed and produced for the purpose of
annealing of hybrid-perovskite films under an inert atmosphere, Figure 4.2.
3 A room-temperature-vulcanizing silicon was used to form a seal for the lid
of the annealing box. This was allowed to cure before cutting the seal off the
lid as visible in Figure 4.2b. The box was subsequently bolted closed (hand
tight) when in use as seen in Figure 4.2a. The temperature in the annealing
box differed from the set-point value of the KW-4AH hotplate. Temperature
measurement for calibration was performed with an open box and a K-type
thermocouple after leaving the box closed until the system had equilibrated
at the set-point.

3This annealing box was produced during this dissertation with the assistance of the
Physics Workshop at the University of the Witwatersrand.
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(a) (b)

Figure 4.2: Sample annealing box designed and produced during this disserta-
tion. (a) closed lid, (b) open lid containing four 12.5 x 12.5 mm photovoltaic
samples.

Prior to use the chamber was brought to temperature and flushed with
N2 gas for 60 s. Annealing was performed using the annealing box on a
Chemat KW-4AH hotplate under a slight positive pressure due to N2 flow.
This provided a low oxygen and low humidity annealing environment.

In the case of multiple samples being produced via spin coating, the an-
nealing box was only loosely sealed during the fabrication. Each sample was
added immediately as the spin coating process completed, similarly samples
were removed sequentially as each reached their target annealing time. The
positive N2 pressure and continuous flow under these conditions serves to
reduce oxygen and humidity exposure during annealing, while some degree
of exposure is unavoidable.

4.5 Powder samples from thin-films

In the case of highly textured thin-films or for sample packing in a capillary
type diffractometer mount, it was in some cases necessary to process thin-
films into powders. This was performed by scraping the thin-film from its
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substrate using a razor blade. This powder was then used for either capillary
XRD sample holders or placed on a flat plate zero-background holder for
measuring diffraction patterns [Rao et al., 1996].

The process of scraping films is expected to reduce the crystallite size by
breaking apart the films though mechanical forces to form a powder which re-
duces grain size and broadens the diffracted peaks. Additionally this process
is expected to result in some amorphization of the material. This method is
expected to provide crystallites with effectively random orientations. These
aspects are evident in the comparison of Figure 4.3 in which the top pat-
tern is a highly orientated film and the bottom prepared as just discussed.
Between these measurements, the reduction in crystallite size on processing
is clear from the peak broadening, and the effect on preferred orientation is
clear from the additional observed peaks and their explanation by the corre-
sponding model in Section 9.1. The potential to amorphize the sample is less
clear, although it is noted that the data collection time is 7 times longer for
the powder sample which was prepared from multiple thin-film samples and
the background appears to increase in the range 5 to 8◦ 2θ which is consistent
with, yet does not confirm, the presence of an amorphous peak below 5◦ 2θ.

Figure 4.3: Comparison of XRD patterns between (top) thin-film and (bot-
tom) thin-film derived powder samples. Measurement times are presented
and (00l) peaks identified with a turquoise vertical line.
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4.6 Optical spectroscopy

4.6.1 Optical absorption

Ultraviolet-visible-near IR (UV-Vis-NIR) spectroscopy measurements were
made using a Varian Cary 500 UV-Vis-NIR spectro-photometer primarily in
the range 300 to 800 nm. In some cases longer wavelengths were used, such
as the 300 to 1000 nm range used for the (PAI)2x(MAI)1−xPbI2 where the
absorption signal from MAPbI3 occurs near 780 nm. The spectrometer was
allowed no less than 1 hour for its emission sources to warm and stabilise
prior to data collection. For each session, a baseline spectrum for absorp-
tion data was measured using an uncoated glass substrate, of the same type
used for the sample preparation. The Cary WinUV software corrects each
sample absorption spectrum by using the baseline spectrum at the start of
the session. The sample spectrum thus does not have any absorption fea-
tures specific to the glass substrate. Sample holders with a 5 mm diameter
hole through which the measurement was taken were used. Where multiple
measurements were taken on a single sample, the sample was repositioned to
measure a different area on the sample for each measurement.

Tauc method

The Tauc method and its considerations for hybrid-perovskites is described in
Section 2.4.1. Optical absorption data was plotted on the axes (α ·hν)2 vs hν
where the exponent 2 assumes a direct band-gap (γ = 1/2) for Equation 2.3.
This was performed using the matplotlib.pyplot module in a Python with
the graphs saved as vector graphics files “.svg”).[Van Rossum and Drake,
2009, Hunter, 2007] The tangent and background lines were drawn manually
using Inkscape [Inkscape Project, 2021]. Co-ordinates of the y-axis plots were
used to determine the scale of images. Intercepts on plots were determined
using pixel values from the plots. The energy values determined from a Tauc
plot are closely related to the optical band-gap yet they may deviate due
certain electronic properties including exciton binding energy [Green et al.,
2015]. For this reason, we refer to this determined energy values as the Tauc
band-gap.

87



For Tauc plots containing multiple overlapping optical features, there
is an inherent error which is partially yet incompletely considered with the
inclusion of a baseline as discussed in Section 2.4.1. This is an approximation
which becomes increasingly less valid the larger the baseline [Maku la et al.,
2018].

4.6.2 Photoluminescence measurements

Photoluminescence (PL) measurements were carried out on a Horiba LabRAM
HR spectrometer, with a 150 lines/mm grating, and an excitation in the ul-
traviolet of 244 nm generated from a frequency doubled Lexel argon ion laser.
Multiple PL measurement were taken for each sample. To minimise the risk
of beam damage, each measurement was taken from a “fresh” area. The
incident beam was focused onto the sample via a 20x ThorLabs UVB mi-
croscope objective, and the beam was rastered over an area of 10 um x 10
um using the DuoScan attachment. The power density of the beam at the
sample is thus much less, so that very little or no beam damage of the sample
is expected during the measurement.

The luminescence data collected on the (MABr)1−x(PABr)2xPbBr2 could
be divided into single and multi-peak spectra. For low x and high x, a single
peak was observed, dominated by a pristine or modified MAPbBr3 phase or
by a pristine or modified PA2PbBr4 phase. For x ∈ {0.4, 0.5} the spectra
could be clearly decomposed into multiple contributions.

The single peak spectra were modelled using a split pseudo-Voigt peak
shape while the multi-peak spectra were modelled using multiple symmetric
pseudo-Voigt contributions. The background was included as a single pa-
rameter refined baseline 4. The models were implemented using the Lmfit
Python module, which extends functionally for the scipy.optimise module.
[Gommers et al., 2023, Newville et al., 2014, Van Rossum and Drake, 2009]
The script written for this purpose required the position limits and initial po-
sition to be defined. The optimisation would then cycle through Levenberg-
Marquardt least squares and Nelder-Mead based optimisation methods until
the R2 between successive optimisation differed by less than 1 × 10−5. The

4This provides a flat baseline.
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fitting models and R2 calculation are provided in the Appendix Section SI
F.3.

4.6.3 Stokes shift

The Stokes shift is usually defined as the energy difference between the optical
absorption and emission processes. This definition is used in Chapter 9,
and by Kitazawa et al. where layered hybrid perovskites are considered
[Kitazawa, 1997].

An alternate definition is as the difference between the Tauc band-gap
(ETauc) and optical band-gap [Katan et al., 2019]. The definition of optical
band-gap is extracted from various origins for this application such as the
PL peak maxima [Greenland et al., 2019, Kitazawa, 1997, Stoumpos et al.,
2016].

This is used across many works discussing 3D hybrid-perovskites and in
the cited papers is explicitly defined [Green et al., 2015, Greenland et al.,
2019]. The optical bandgap can be related to ETauc by Eoptical − Ex where
Ex is the exciton binding energy [Green et al., 2015, Katan et al., 2019].
The exciton binding energy is best determined at cryogenic temperatures or
using temperature dependent optical measurements [Stoumpos et al., 2016,
Ishihara et al., 1989].

4.7 X-ray diffraction: sample mounting and

measurement

Hybrid-perovskite thin-films were prepared by spin coating on glass or glass
coated with a thin conducting oxide layer as described in Section 4.4. Sample
preparation and mounting has a large impact on the resulting X-ray diffrac-
tion data. For most, if not all analyses it is necessary to be aware of the
sample properties, sample preparation, and the mounting conditions. These
can have an impact on factors including peak width, peak position, peak
intensity, crystallite size, preferred orientation etc. (Sections 3.1, 3.2).
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4.7.1 Sample preparation and instrument effects of packed
capillary XRD samples

Following the preparation of thin-film samples, the films were scraped with a
razor blade and the resulting powder was loaded into a 0.7 mm borosilicate
capillary as discussed in Section 4.5.

Powder diffraction data were obtained on a Bruker D8 Advance powder
diffractometer using CuKα radiation and equipped with focusing Göbel mir-
rors, and a high resolution energy-dispersive Lynxeye XE detector. Data
were collected in a Debye-Scherrer geometry with rotating capillary stage.
Sample temperature for in-situ heating studies was controlled by a co-axial
stream of dry nitrogen gas from an Oxford Cryosystems Cryostream 700
Plus.

To account for the instruments contribution to the diffraction pattern, the
diffraction pattern of a silicon reference material was measured in a capillary,
prior to the measurement of the hybrid-perovskite samples. The refined
instrument profile is described in the TOPAS language in Section 4.8.1.

4.7.2 X-ray diffraction measurements of thin-films

For Bragg-Brentano measurements on a Bruker D2 Phaser, 12.5 x 12.5 mm,
or 15 x 20 mm samples were mounted in the cavity of a ϕ 40 mm Bruker sam-
ple holder. All sample mounting equipment was cleaned with isopropanol.
Modelling clay was used to provide height adjustment, and to support the
sample in the holder. A pair of 4 mm thick glass pieces were used to press
the sample flat, such that it was collinear to the top of the sample holder 5.
This was performed by pressing the glass on 2 opposite edges of the sample
to minimise the contact area and the risk of any unintended effects on the
sample such as the effects of pressure, abrasion, or contamination. As there
is a limit to the precision observable by eye, any deviation in sample height
was accounted for during modelling using a refined sample displacement cor-
rection factor (discussed in Section 3.2.3).

5Sample displacement related peak position shift is covered in Section 3.2.3
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For the measurement of a powder pattern from a thin-film sample, the
samples were scraped from their substrates onto a silicon zero-background
holder using a razor blade as discussed in Section 4.5 6. Multiple samples
on 15x20 mm or 25x25 mm substrates were scraped onto a zero-background
holder. The use of multiple equivalent samples was necessary to increased
the sample volume for better counting statistics in the measurements.

Samples were then measured on a Bruker D2 phaser with a cobalt source
and an Fe filter on the primary beam to attenuate CoKβ emission lines. A
fundamental parameter instrument profile was used as described in Section
4.8.2.

4.8 Instrument profiles for XRD data mod-

elling

Instrument profiles were created for the diffractometers used, by measuring
a silicon standard reference materials (SRM) which has known properties.
For the Bruker D2 Phaser a NIST Si 640 SRM was used [Black et al., 2020].
A Rietveld refinement was carried out for each instrument where the sample
properties were fixed and a set of physically relevant instrument character-
istics were refined. These values were then fixed for use as a fundamental
parameter instrument profile, discussed in Section 3.3.3.

Its important to note that while the starting parameters for the instru-
ment profile were based on physical attributes of the experimental set up, the
purpose of this instrument profile is to provide a reasonable description of
the instrumental contribution to the diffraction pattern. As such, during the
refinement against the SRM, parameters were allowed to refine away from
the physically accurate values to provide a better description.

6A zero-background holder has a surface made from a single-crystal which is cut at to
a specific orientation such that it does not diffract in the measurement range. [Rao et al.,
1996]
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4.8.1 Capillary samples on a Bruker D8 Advance (CuKα)

The following is an instrument profile created and used for refinements of
X-ray diffraction data measured from capillary samples on a Bruker D8 Ad-
vance at the University of Sheffield, UK. This diffractometer makes use of
a Cu source with a graphite monochromator to exclusively select the CuKα
wavelengths as described in Section 4.7.1. A silicon standard was measured
at room temperature from 10 to 100 ◦ 2θ against which the convolution based
fundamental parameter instrument profile was refined. This included con-
volutions specific to capillary type samples and a detailed description of the
incident beam profile 7. The beam profile for CuKα was described using the
Lorentzian convolutions identified by Berger and later adjusted by Cheary
and Coelho [Cheary and Coelho, 1992, Berger, 1986] 8.

lam

ymin_on_ymax 0.0001

la 0.0159 lo 1.534753 lh 3.6854

la 0.5691 lo 1.540596 lh 0.437

la 0.0762 lo 1.541058 lh 0.6

la 0.2517 lo 1.54441 lh 0.52

la 0.0871 lo 1.544721 lh 0.62

’ For a graphite monochromator the LP factor should be set to 26.6 degrees [Dinnebier et al., 2018].

LP_Factor(!th2_monochromator, 0)

Zero_Error(, -0.02645‘_0.00654)

Rp 217.5 // Bruker D8

Rs 217.5

Simple_Axial_Model(, 0.01097‘_805.61880_LIMIT_MIN_0.0001)

’ The following 2Th and I corrections for cylindrical sample are described by [Sabine et al., 1998].

Cylindrical_2Th_Correction(, 0.19605‘_0.03052)

Cylindrical_I_Correction(@, 2.69002‘_0.16294)

’ The following correction considers peak shape effects in addition to intensity, making

’ the previous cylindrical sample corrections redundant [Coelho and Rowles, 2017].

capillary_diameter_mm 0.06042‘_0.00234 max =1.2;

capillary_u_cm_inv 433.27649‘_131.81041

capillary_divergent_beam

’ The following convolutions were added to improve the

’ instrument profile for use in the CsxFAMA data sets

prm !c1 0.07263‘_0.00060 min 0.00001

prm !c2 0.02378‘_0.00050 min 0.00001

gauss_fwhm = c1 / Cos(Th);

lor_fwhm = c2 / Cos(Th);

7In the absence of the [Sabine et al., 1998] specific correction used in this instrument
profile, the refined values for the [Coelho and Rowles, 2017]-based correction can provide
an insight into instrument alignment.

8Cheary and Coelho scaled the wavelengths of the Lorentzian convolutions identified
by Berger to match a CuKα peak of 1.5405981 Å.
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4.8.2 Flat plate sample on a Bruker D2 Phaser (CoKα)

The following is an the instrument profile created and used for refinements
of X-ray diffraction data measured on flat plate samples, including thin-films
and packed powders on a D2 Phaser at the University of the Witwatersrand,
RSA. Parameters preceded by an @ symbol are refined, such as sample ab-
sorption. The diffractometer makes use of a Co source with a Fe filter.
The use of a Fe filter attenuates the CoKβ peak signal. For high intensity
CoKα peaks, the intensity of the corresponding CoKβ is likely to be ob-
served through the Fe filter as additional lower angle peaks in the diffraction
pattern.

Both the CoKα and attenuated CoKβ peaks were modelled using the
Lorentzian convolutions describing the source radiation identified by Hölzer
et al. (composed of 7 and 6 Lorentzian peaks respectively) [Hölzer et al.,
1997]. The CoKβ peaks uniformly scaled to match the attenuated experi-
mentally observed α/β ratio.

LP_Factor( 0)

Rp 70.7

Rs 70.7

lpsd_th2_angular_range_degrees 1.000030518 min =1; max =5.85;

lpsd_equitorial_divergence_degrees 1.224021576 max =1.8;

lpsd_equitorial_sample_length_mm 20 min 3 max 20

lpsd_beam_spill_correct_intensity 1

axial_conv

filament_length 7.320925474 min =0.1; max =12;

sample_length 15

receiving_slit_length 4.594388284 min 3 max 8

secondary_soller_angle 0.0078125 min =0; max =2.5;

axial_n_beta 30

Absorption(@, 19.8121562‘_2.02430036 min 10 max 100)

lam

ymin_on_ymax 0.0001

’CoKa

la 0.378 lo 1.7889847 lh 0.4633522

la 0.144 lo 1.7892524 lh 0.6958819

la 0.127 lo 1.7896946 lh 1.176738

la 0.088 lo 1.7888515 lh 0.208542

la 0.197 lo 1.7927905 lh 0.6237179

la 0.095 lo 1.7930637 lh 0.7190761

la 0.05 lo 1.7934738 lh 1.1578452

’CoKb

la 0.002240125082 lo 1.6207938 lh 0.6462327

la 0.00216384066 lo 1.6211689 lh 0.75888

la 0.001623049949 lo 1.622858 lh 2.0774644

la 0.003734559008 lo 1.6216651 lh 1.0372054
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la 0.001204623645 lo 1.6236359 lh 2.8895524

la 0.002017396889 lo 1.6198346 lh 0.8020733

4.9 Structure modelling of X-ray diffraction

data

The structure modelling decisions employed in this work are primarily dis-
cussed alongside the results due to their importance in understanding the
outcome and its corresponding limitations. Strategies, methods, and mod-
els used in the modelling of diffraction data have been discussed in Chapter
3. This section highlights some of the strategies in the context of hybrid-
perovskites and related structures along with details regarding the basis of
some models used in later chapters.

The use of models describing 3D frameworks as the basis of 3D hybrid
perovskites is primary used in Chapters 6, 7, and 8. Discussions around
layered structures are pertinent to Chapter 9.

4.9.1 X-ray diffraction refinement method

Diffraction data was refined and modelled using Bruker’s TOPAS V6 in
launch mode for Chapter 6 and Chapter 7. TOPAS-Academic V7 was used
thereafter [Coelho, 2018]. These refinements used the instrument profiles
described in Section 4.8 unless otherwise specified.

The background of the diffraction patterns were modelled using a Cheby-
chev polynomial, for the capillary samples of Chapter 6 to 8, this was im-
plemented along with a 1/x function for low angle air scattering. Broad
features in the patterns which could not be easily fitted using the Chebychev
polynomial were fitted with a peak constrained to be broad. In the case of
Chapter 6 to 8, the observed feature was consistent with the amorphous glass
capillary used for measurements. This was present with varying prominence
across the data.
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Sequential refinements were controlled using a custom Python script to
call TOPAS and, to write the input files. The core functions of the script are
provided in Appendix Section F.1.

Parametric refinements were processed in TOPAS-Academic, where a
template input file was prepared using a combination of sections and markers
as provided in Appendix Section F.2. A Python script was written to process
this into a large single input file for a parametric Rietveld refinement.

4.9.2 Modelling an organic cation in a 3D framework

In a 3D hybrid-perovskite, the organic cation’s orientation is highly disor-
dered in the α phase and disordered across a handful of favoured orientations
in the β phases. It is only expected at cryogenic temperature for the orien-
tation of the organic cation to be effectively frozen. [Weller et al., 2015b]
Below methods to approach this are discussed.

Representative atom

It is often the case for hybrid-perovskites that powder X-ray diffraction data
is not conducive to determining detail beyond an approximation of the or-
ganic cation position (see Section 3.5.1). The most direct method to represent
this in a structure is by substituting the molecule with a single atom contain-
ing the same number of electrons. To account for the differences in size the
thermal parameter for this representative atom is allowed to refine to very
large values spreading its electron density [Schueller et al., 2018] 9.

Fixed atomic positions

For known hybrid perovskite structures, a literature reference including the
position of the organic cation is often available and can used in as the basis

9To consider the dipoles in FA+ and MA+ cations, position of a representative can be
refined to account for an offset in the average position of the electron density.
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of a Rietveld refinement. Where the fit quality is not sufficient the organic
cation from the literature structure can serve as a placeholder while the
structure of the inorganic framework is refined. The organic cation’s atoms
and their fractional coordinates can be taken and used directly used, or scaled
to maintain the original bond lengths. This approach does not determine
information on the organic cation, and as such interpretations should be
made with care, detailing the assumptions and implementation.

Rigid body model(s)

A rigid body approach can be used, defining the position of atoms of the
organic molecule relative to each other by bond lengths and angles. The
position and orientation of the molecule can be refined using relatively few
parameters. One such implementation is using a TOPAS rigid body model
such as by using the “z matrix” implementation. The starting point for
these rigid bodies is ideally a literature structure or structural information
which can be implemented as constraints, such as DFT calculations or other
measurements that can provide bond length, bond angle, and/or connectivity
information.

This can be extended to account for multiple transient orientations as
follows. A molecule may have restricted movement in a structure such that it
can only occupy one of a small number of orientations in a proposed structure
(such can potentially be determined by DFT modelling) [Weller et al., 2015b].
This can be modelled by using multiple equivalent rigid bodies differing by
their position and orientation as required. The occupancy factors for these
are scaled according to the number of instances. Bond lengths and angles can
be implemented as shared parameters. The instances can be further related
to each other through equations or be fixed in place.

4.9.3 Two and four octahedra unit cells

Here we describe building a 3D framework using two and four octahedra
unit cells based around rigid body modelling of Pb−X octahedra. These are
subsequently utilised in Sections 6.6 and 6.7.
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Two octahedra unit cell

(a) (b)

Figure 4.4: A two octahedra unit cell of a Pb-X framework and a representa-
tive atom in place of the organic cation (a) with, and (b) without octahedral
rotation about the c-axis (Glazer notation: a0a0c+).
Octahedra are represented in black with X atoms at their corners. Isolated atoms between

the octahedra correspond to representative atoms for the A site organic cation.

In defining the unit cell, two rigid bodies of 3 Pb-X orthogonal bonds each
of a length “r” were described, with the remaining bonds in each octahedra
generated by the translational symmetry of the unit cell. An example of
TOPAS code for this rigid body as well as the variations are discussed in
Appendix C.3. The following is an example of a Pb−X octahedra rigid-
body:

prm r 3.155 2.9 min 2.9 max 3.5

rigid

point_for_site Pb1

point_for_site I1 ux = r;

point_for_site I2 uy = r;

point_for_site I3 uz = r;

For the modelling of symmetric octahedra, the unit cell parameters were de-
fined in relation to the Pb−X bond lengths through the use of projections.
The TOPAS code implementing this is shown below, Oh1, Oh2 and Oh3
are rotation about the a, b and c-axis of the octahedra respectively. This
sequence is repeated for Oh4, Oh5 and Oh6 which refer to the second octa-
hedra defined in the unit cell. The octahedral bond lengths perpendicular to
the c-axis are defined by “r”, while “r1b” is used for bonds along the c-axis.
When these are equal the octahedra will be symmetric, although they can
be refined independently to accommodate a different length for the c-axis.
Limits were used on the rotation with consideration of symmetry to reduce
the solution space being searched.

97



a = 2*r*(Cos(Oh2*Pi/180)*Cos(Oh3*Pi/180)+Cos(Oh5*Pi/180)*Cos(Oh6*Pi/180));

b = 2*r*(Cos(Oh1*Pi/180)*Cos(Oh3*Pi/180)+Cos(Oh4*Pi/180)*Cos(Oh6*Pi/180));

c = 2*r1b*(Cos(Oh1*Pi/180)*Cos(Oh2*Pi/180));

In cases where projections were not employed to define the unit cell pa-
rameters, distortion is introduced into the octahedra by having the unit cell
parameters to refine independently. The distortion increases as the unit cell
parameter deviates from the values that can be derived from the Pb-X bond
length by means of a projection.

Four octahedra unit cell

Figure 4.5: A four octahedra unit cell of a Pb-X framework and a rigid body
model organic cation.

The two octahedra unit cell can be extended along the c-axis to allow both
symmetric and asymmetric rotation of the subsequent layers of octahedra.
In the two octahedra unit cell, the octahedra can either rotate clockwise or
anti-clockwise about the c-axis with all subsequent layers in the c-direction
expressing the same degree and direction of rotation. 10 The use of a larger
unit cell consisting of 2 octahedra in the c-direction of the unit cell and
4 in total, allows each of the 2 layers to experience different degrees and
directions of rotation. This allows the expression of the full set of Glazer
notations including (a0a0c+), (a0a0c−) and related tilt systems as introduced
in Section 1.5.1.

10The unit cell is translated in the c-direction to produce subsequent layers.
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4.9.4 Modelling of layered 2D perovskite thin-films

Layered 2D perovskites are explored in Chapter 9 where a combination of
structure agnostic Pawley refinements, refinement of literature structures
using March-Dollase preferred orientation, and structure solution using rigid
body models. These approaches have been introduced in Chapter 3 and their
application is discussed alongside the related refinements in Section 9.2.
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Chapter 5

Robust Arduino controlled spin
coater using a novel and simple
gravity chuck design
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Preface

This chapter contains a manuscript, titled Robust Arduino controlled spin
coater using a novel and simple gravity chuck design which has been sub-
mitted to the Elsevier journal HardwareX, which describes development and
testing of the spin coater used for thin-film fabrication at the University of
the Witwatersrand (Wits). This served as an essential step for the fabrica-
tion, and subsequent study of hybrid-perovskite thin-films, Section 4.4 and
Chapter 9. This work included Prof. Caren Billing, Prof. Daniel Wamwangi,
and Prof. David Billing as the supervisors of this thesis, and Dr. Francis
Otieno of Maseno University, Kenya.

Dr. Otieno contributed the atomic force microscopy (AFM) data and pro-
duced the associated samples. Gerry Germishuizen machined the aluminium
chuck for the spin coater. All authors contributed to the final editing prior
to submission. The balance of work was carried out by the dissertation au-
thor, Adam Shnier including the concept, design, fabrication, programming,
testing, and X-ray reflectometry measurement and modelling.

The formatted manuscript is included on the following pages. The sup-
plementary information for the manuscript is provided in App. A.
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Abstract
Spin coaters offer an invaluable method of thin film fabrication. Various implementations, both

proprietary and open-source exist, offering vacuum and gravity samples chucks. These implementations
vary in their reliability, ease-of-use, cost, and versatility. Here we present a novel easy-to-use
open-source gravity-chuck type spin coater with minimal points of failure at a material cost of around
100 USD (1500 ZAR). The unique chuck design makes use of interchangeable brass plate sample masks,
each specific to a sample size, these can be made with basic skills and common hand tools. In
comparison, replacement chucks for commercial alternatives can cost as much as the entire spin coater
we present. Open-source hardware such as this provides an example for individuals in the field on the
design and development of hardware where reliability, cost, and flexibility are most important, as is the
case for many institutions in developing countries.
Keywords
Spin coater, Arduino, gravity chuck, thin film, low cost

Specifications table

Hardware name Gravity chuck spin coater

Subject area • Engineering and material science
• Educational tools and open source alternatives to existing

infrastructure

Hardware type • Mechanical engineering and materials science

Closest commercial
analog

Ossila Spin Coater [1]

Open source license Software: MIT
Hardware: SHL-2.1

Cost of hardware $ 80 - $ 120
Source file
repository

Mendeley Data, http://doi.org/10.17632/y84tbnfsj4
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1. Hardware in context

Spin coating is a widely used process for the deposition of uniform thin films on flat substrates from a
precursor solution. The technique is common for fabricating thin films of photovoltaic materials, small
organics molecules, polymers, nanoparticles, metal oxides, etc. [2, 3, 4]. A substrate is mounted on the
spin coater then a liquid precursor is applied to cover the substrate. The spinning process drains precursor
solution from the substrate using centrifugal force, while viscosity and surface tension restrict this process
[5]. The film thickness and quality is affected by rotational speed, atmosphere, solvent evaporation, the
rheology of the precursor, and surface wetting of the substrate [2, 5].

Commercial spin coaters are most commonly available with either gravity or vacuum chucks to mount
the sample. A vacuum chuck exposes a sample to a low vacuum through an opening in the sample chuck.
The size and shape of the chuck varies, with the simplest being a small hole in the centre of the chuck.
One advantage of vacuum chucks is the ability to accommodate any sample shape and a wide range of
sizes, provided the sample’s base can make a good seal against the chuck. Vacuum chucks require a
vacuum pump and a rotary union suitable for high speeds, adding both cost and complexity. Another
consideration is that the suction of a vacuum chuck may warp very thin substrates (such as 300 µm Si)
[1].

Gravity chucks typically take the form of an inset shape matching a specific sample size. These may
require either a different chuck entirely for each sample size, or a compound inset where an inset for a
smaller sample is set in an inset for a larger sample. Gravity chucks are mechanically simpler, and are
not subject to clogging or failures related to vacuum systems, which are notorious for breaking down or
requiring repair. The absence of a vacuum system and rotary union allows for a more cost effective and
simpler implementation.

Some more “affordable” vacuum chuck based spin coaters, costing a few thousand dollars (USD) have,
at least within our research institution, been unreliable and subject to repeated failure and/or down-time
usually related to the vacuum chuck, vacuum system and the path between. This observation is localised
and may not be a fair representation of the manufacturers of these devices.

When designing shorter term research projects such as in MSc and undergraduate studies the wait time
for new equipment, or for parts to repair existing equipment can elapse a significant fraction of a student’s
available time. This effect is strongly affected by geo-bureaucratic circumstance. Factors affecting this
include, the time required to organise and process funding for equipment, shipping time, customs delays,
and costs. Also when working with imported commercial equipment, repair cost and logistics can result
in significant down-time while waiting for a technician, shipping the instrument, or arranging finances.

While commercial builds cost a few thousand dollars, with additional sample chucks costing from $90
to a few hundred (examples in SI Section 13), DIY spin coater builds can cost a few hundred dollars or
even less making them a far more attractive option when cost, cost of repair and ease of repair are of
primary importance.

In this paper, we present a simple, low cost 2-stage spin coater with a novel gravity chuck design.
This makes use of a chuck and mask system with the full build planned around repairability, robustness
and simplicity. These benefits are in part a result of bypassing the common points of failure in vacuum
dependent designs.

2. Hardware description

This spin coater consists of a gravity chuck, motor, power supply, electronics, software, and the enclosure.
It is a low cost device with simple circuitry built around an Arduino Nano compatible microcontroller to
drive a DC motor, and provide information on a Nokia 5110 display. The novelty of the chuck design lies
in the plate like sample holder mask, and the round pins extending from the chuck on which the mask
rests as the holding mechanism. In order to accommodate samples of different sizes, only the sample
mask needs to be exchanged, in a quick tool free process. Two prototype implementations are presented
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in Figure 1.
This hardware can be useful in any facility where thin films are being studied, which includes research in
the following fields:

• Thin-films device fabrication, including thin film solar cells.
• The study of optical and optoelectronic properties in thin films.
• Education to show an application of centrifugal force, and the relationship between spin speed and

film thickness. This spin coater can be simplified as in hardware Version 1 (hV1) (See reference [6])
for applications such as teaching motor control or optical properties of materials [7].

(a) (b)

Figure 1: The assembled spin coaters, (a) Hardware version 2 (hV2) lined with foil, with an inset showing
the pre-run display of the set run parameters, (b) Hardware version 3 (hV3) with the sample mask taped
down for transport to Maseno University, Kenya.

2.1 Mechanics and Hardware

Motor
The spin coater is driven by a permanent magnet DC motor which is mounted to the enclosure, with
a rubber gasket between as a vibration dampener. In Hardware version 2 (hV2), the motor axle had
an M8 thread while hV3 had a 6.35 mm smooth shaft. Some commercial spin coaters have shafts of 3
mm. Under normal operation, it is inconceivable that any issue would arise from this, yet considering
the surprising feats students are capable of, the motors were chosen to have thicker shafts which cannot
easily be bent. The rotation speed is motor dependent, in the case of hV2 the motor operates comfortably
between 600 and 7000 rpm. At lower speeds the force exerted by the motor magnets is significant and
when the PWM (pulse-width modulation) duty cycle is below 5 % (PWM 13/255, ± 500 rpm), the motor
magnet and other mechanical resistive forces are very close to or exceed the force generated by the motor
coils potentially stalling the motor.
Tachometer
The motor speed was read using an infra-red proximity sensor. In hV2 the underside of the sample chuck
was patterned into evenly spaced alternating sections of black 1000 grit sandpaper and bare reflective
aluminium, as shown in Figure 2b. The sandpaper provides a very good light absorbing surface, with the
roughness diffusing any light that could be reflected by a smooth black surface. This approach required
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mounting of the sensor directly under the chuck, as shown in Figure 2a. In hV3 (Figure 2c) this system
was replaced by mounting a reflector on the small portion of shaft protruding from the bottom of the
motor. This reflector was made from a brass strip bent into a ”U” shape. This was painted black with
the outer sides covered with a reflective aluminium tape. The infra-red sensor gain/sensitivity needs
to be set, such that it is not close to either providing false positive, nor false negative readings. Both
implementations make use of a strong reflector/absorber type contrast. This allows strong discrimination
between reflective and “dark” conditions. Additionally, the sides of the infra-red receiver on the sensor
was covered with black heat shrink (glued in place), to reduce the light received directly from the adjacent
transmitter. This allows a higher sensitivity/gain to be set on the sensor, while preventing false positive
readings from this effect. Comparing the sensor placement in hV2 and hV3, the sensor in hV2 was in
the coating chamber, directly under the sample chuck. This resulted in a more complicated mounting
implementation, requiring a protective enclosure. In hV3 the sensor mounting was entirely in the main
enclosure. The tachometer assembly is included in SI documents “Assembly of Spin-Coater hV2.pdf” and
“Assembly of Spin-Coater hV3.pdf”.

(a) (b) (c)

Figure 2: Tachometer assembly, showing (a) the infra-red proximity sensor for hV2, (b) the reflec-
tor/absorber pattern on the underside of the chuck in hV2, (c) and the reflector/sensor assembly used in
hV3

Sample chuck and mask
The chuck design (Figure 3) makes use of a flat top with two 3 mm pins positioned 45 mm apart. On
these, an easily machined sample mask sits, allowing quick and simple interchange between sample sizes
without removing the chuck, and the easy crafting of new masks for different sample sizes. The chuck
was machined by a workshop technician from a cylindrical aluminium block with a CNC router to form
the top with pins, and a lathe to shape the profile. hV2 makes use of a chuck with a thread tapped in
the centre, to fit on a motor with a threaded shaft, while hV3 has a blind hole in the chuck, with 2 grub
screws to fix it on a smooth motor shaft. An alternative chuck version for a motor can be made without
these machining tools, as described in SI Section 3.1.

The sample mask is a 0.7 mm brass plate that has two 3 mm holes, corresponding to the chuck’s 3 mm
pins, along with a cut-out in the centre, corresponding to the sample/substrate size used. The sample
mask should be thinner than the samples to allow easy drainage of the precursor solution while coating.
The 0.7 mm mask was paired with 1.1 mm thick samples, this being the thickness of the microscope slides
and ITO coated glass used within our research group. The sample mask is easily exchanged, which is
especially valuable in a lab where multiple users work with substrates of different sizes.

The sample chuck and mask system is ideal for substrates slightly thicker than the sample mask. Very
thin samples such as a 300 µm silicon wafer risk slipping under the mask. To avoid this, they can be
mounted with double sided tape on a glass slide or equivalent for spin coating. As mentioned, vacuum
chuck spin coaters risk creating a curvature in ultra thin samples, and this may similarly be remedied
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(a) (b)

(c)
(d) (e)

Figure 3: Sample chuck and mask. (a,b) hV2 chuck and sample mask, (c,d) hV3 sample chuck for mounting
on the motor shaft using M3 grub screws on the side, with 3 mm pins on top. (e) Sample mask 14x13mm
for hand cut “12.5x12.5mm” samples. Design Files are included as “Chuck smooth-shaft.FCStd” and
“Masks.FCStd” drawn in FreeCAD V0.18

by mounting to a glass slide. Another good alternative for very thin samples are inset type chucks [8].
With these thin samples cannot slip between the sample chuck and mask. Inset type sample holders can
be made to fit the presented chuck design using holes corresponding pins of the hV2/hV3 chuck for easy
mounting. These can be produced by either 3D printing, using a CNC router, or by gluing a sample mask
to a backing plate (these have not been produced for this work).

Commercial alternatives using vacuum or gravity chucks typically require the entire chuck to be
exchanged to change the sample mount [1, 9, 10, 11]. Mounting systems in open-source designs include the
use of double-sided tape, vacuum chucks when using hard drive motors, gravity chucks where adjustment
for sample size requires tools and measurement, and chucks using removable screws to secure samples
[12, 13, 7, 2, 14]. In comparison, the chuck design presented here provides a simple, rapid, easy, and
tool-free method to exchange the sample mounting configuration which takes close to 5 seconds to swap
the sample mask.

Commercially, chucks are available at purchase prices ranging from $ 90 to $ 300. In cases where
chucks can be 3D printed [8], the associated knowledge and access to a 3D printer with a fine enough print
resolution is required. In the design presented, the majority of technical expertise rests in the manufacture
of the chuck, while the brass masks which accommodate samples are less sensitive to machining accuracy,
and are easily crafted with readily available tools and inexpensive materials, i.e. a drill, saw or tin snips,
small metal files and brass sheet. This offers the advantage of lower cost, reliable access without the risk
of parts being discontinued, and avoids shipping, logistics and other potential delays in favour of locally
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available components. [15, 16]
The need to accommodate a new shape and size of sample can occur long after the spin coater was

commissioned. There is no guarantee the same individuals, technical knowledge and resources that were
involved when equipment was commissioned will still be accessible. The simplicity and ease of machining
a sample mask from brass plate serves as an advantage over other commercial and open source alternatives
[15].

All the components are supported by, and housed in the enclosure as shown in Figure 1. It serves to
support the motor and protect the electronics in a lab environment, while the stainless steel bowl acts to
contain the waste fluid from the spinning process. An enclosure can be bought or built using whatever
non-flammable materials are most accessible. In our case, this was offcuts of steel barge flashing (a roofing
material). Information regarding the materials for and assembly of the enclosure is provided in the SI
documents “Assembly of Spin-Coater hV2.pdf” and “Assembly of Spin-Coater hV3.pdf”

2.2 Electronics

Inputs
An Arduino Nano compatible microcontroller (Nano) formed the core of the electronics as seen in Figure
4. The Nano functioned to control the DC motor with a pulse-width modulated (PWM) signal through
an IRF540 n-channel MOSFET. In hardware version 2 (hV2), 50 kΩ potentiometers (pots) were used to
set the spin parameters, with each sending a voltage between 0 and 5 V to the analog pins of the Nano for
each parameter. Momentary contact buttons for start and reset functions were included in hV2. The pots
used in hV2 provided unstable 10-bit values (0 to 1023). The source of the instability could be related
to the 5V 3A USB power supply used for the Nano, which may additionally be affected by the power
draw of components directly connected to the Arduino in our build. The instability was managed using
a software based approach discussed in the software section.

To simplify the design and side-step the instability of the values read from the pots, hardware version
3 (hV3) replaced the pots and buttons with an incremental type rotary encoder, containing an inbuilt
momentary contact button. This functioned using the button to cycle through parameters, while rotation
of the encoder adjusted parameter values, as shown in Figure 5. The use of a single rotary encoder
replacing the 5 pots and 2 buttons, simplified the enclosure assembly, and provides digital parameter
control which bypasses the need to read analogue signals from pots.
Tachometer
The logic level voltages of an Arduino Nano are inherited from its ATMega328 microcontroller. The
digital input voltages are > 3.0 V for a digital high and < 1.5 V as a low [17]. An IR-proximity sensor
working on 3.3 V was connected to the Nano through a logic level converting NOT gate, with a threshold
of 1.7 V and output of 5 V made using a NE555 timer. During testing of hV2, a direct connection between
the sensor and Nano did not reliably trigger a digital high input. The logic level converting NOT gate
was included to address this for the specific IR sensor board used.
Power delivery
The motor was powered by a 24V PSU in hV2, and 12V in hV3. In hV2, power was delivered to the
microcontroller by a step-down converter, which delivered 5.2V to the USB port of the Nano; a small
voltage drop is expected in the USB cable. In hV3, a L7809 linear regulator reduced the voltage to 9V,
which was then fed into the Power in (Vin) pin of the Nano. The Vin pin on the Nano is specified to
accept 7-12 V input [18], which is regulated to 5V by a LM1117 regulator. By dropping the voltage to
9 V prior to the Vin pin, the heat which the small onboard regulator will need to dissipate is reduced,
PHeat = (VIn − VOut) · ILoad + VInIGround [19]. Linear regulators reduce voltage by resistively dissipating
energy as heat, while step-down/buck converters use PWM (pulse width modulation) typically followed
by low pass filters to provide a reduced DC voltage at a high conversion efficiency.

Testing a 24V PSU with the 9V LM7809 (TO-220 package) for the hV2 configuration resulted in slow
heating in a L7809 regulator, leading to thermal overload. While the heat dissipation can be accelerated
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with a heatsink, a step-down converter is preferable due to the higher conversion efficiency and reduced
heat generation. The lower heat generation is desired as it allows the enclosure to be sealed without
a need for vents or a fan. The absence of vents reduces the gradual accumulation of dust. This is
of great importance in environments such as fume-hoods, where the strong air flow accelerates dust
accumulation. The chemicals a researcher uses can require a spin coater to be used in a fume-hood due
to OHS considerations.

Figure 4: Circuit diagram for hardware version 3

2.3 Software and system

The software is included in SI files “SpinCoater v2.3.1(for hV3).ino” and “SpinCoater v1.4(for hV2).ino”.
These operate as per the flow diagram in Figure 5 for hV3, and Figure SI-3a for hV2.
Setting parameters
The spin parameters consist of the speed and time for each of the two stages (speed 1, speed 2, time 1,
time 2 ), along with the ramp time (ramp), which is how long will be allocated in total for ramping up the
speed from stationary to the first speed and between the first and second speeds. Parameters are either
set using pots in hV2, or an incremental type rotary encoder in hV3. In hV2, 10-bit (0 to 1023) DAC
readings are taken from 50 kΩ pots in the range 0 to 5 V. These readings were collected by averaging
5 readings, each 5 milliseconds apart. Parameter values were updated if the new average values differed
from the stored values by more than 5 units, equivalent to 24 mV. These values were converted into the
spin parameters, of which the parameters with the finest increments are speed. Speed 1 was defined
by “s1 = byte(float(a[0])*242/1023)+13;”, where s1 is speed 1, and a[0] is the averaged value read from
the first pot. This converts the 10-bit value averaged from the DAC reading to 8-bit (byte) value with
extrema of 13 and 242, defining limits on the minimum and maximum PWM duty cycles chosen for the
specific motor. This provided good parameter control, with the caveat that parameter values occasionally
shifted by one unit. The parameter values are fixed when a run is started, as such these values should be
checked on the display, prior to each operation run.

This minor instability was addressed in hV3 by utilising a rotary encoder in place of relying on DAC
read signals from the pots. Each time a parameter is updated on rotation of the rotary encoder in hV3, a
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Figure 5: Flow diagram of software version 2.2 operation (used in hV3)

delay of 10 milliseconds is observed to allow for effects such as contact bounce before reading the state of
its ”SW” and ”DT” pins (see Figure 4). This provided a stable, reliable means of adjusting parameters.
Motor control
The motor speed is controlled using a MOSFET driven by a PWM signal. This can be generated by
software, switching the signal through loops, or hardware driven, using the Nano’s analogWrite() com-
mand. A software based PWM loop did not provide consistent speed control, which was attributed to
the computational processes demanded of the Nano single processing core. The most intensive being the
processing and updating of the graphics display, and the hardware interrupt signals from the tachometer,
which trigger priority execution of the associated software function. In contrast, consistent operation of a
hardware controlled PWM signal was obtained, irrespective of the other demands on the processor. The
drawback of the hardware PWM is the fixed PWM frequency and discrete steps in the PWM duty cycle,
limiting the accessible speeds to discrete intervals. On a Nano, hardware based PWM is limited to a byte
value between 0 and 255, corresponding to a target duty cycle of 0 and 100 % respectively.
Calibration
Prior to the first use, the spin coater should be calibrated (speed in RPM vs duty cycle). Calibration
can be accessed though the menu as per Figure 5, which calls a function void Calibrate(). Once initiated,
the motor speed is measured at values across the AnalogWrite() PWM range. The motor is allowed time
to get to speed, followed by sampling the tachometer reading and averaging 5 values (hV2), followed by
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time idle between each speed. The result for each PWM duty cycle is written to the Nano’s EEPROM
non-volatile memory.
Bypassing RPM calibration
Operation can rely either entirely on the PWM duty cycle, or on RPM values as determined by the menu
parameter bRPM4ramp. When bRPM4ramp is set to True, the speed will ramp linearly with time using
the RPM calibration values. When set to False, the duty cycle will ramp linearly with time. In hV2,
“bRPM4set” toggles whether the speeds are set using RPM or PWM values, while hV3 allows the speed
to be set by either at the pre-run display, where parameter are displayed and set.
Tachometer
During operation the tachometer code relies on system interrupts to measure the time between successive
transitions of the infra-red sensor’s signal from low to high. The motor used in hV2 will not exceed 8000
rpm (7.5 mS per revolution), with 3 interrupts per revolution this leaves 2.5 mS between transitions.
The interval between interrupts is stored when successive interrupts occur slower than 2 mS apart. This
minimum interval prevents multiple readings for a single transition. When the display refreshes it calls
the function showRPM(), which averages the last 18 intervals to provide the rotational speed.
Boost function
The DC motors used require more torque to overcome the resistance to rotation when the motor is
stationary, compared to when it has some inertia. To allow the motor to run at lower duty cycles, a
“boost function” was implemented in hV3. The “boost function” increases the PWM duty cycle for 50 ms
to generate additional torque in the motor. The activation criteria for the boost function requires that
the tachometer reads 0, and that it is between 50 and 500 ms from the start of the spin program.

Should the tachometer ever fail and be unable to provide the microcontroller with readings, the spin
coater can continue to operate provided the boost function is toggled off. This serves to reduce the risk
of a user facing unusable equipment while plans are made for hardware inspection and repair.
Modularity
The circuity, motor and tachometer are not specifically paired, allowing easy substitution of these compo-
nents for repairs and modification. A replacement motor can be easily set-up by running the calibration
function accessible in the menu.

There are both DIY and commercial spin coaters available offering more advanced software. Some
of these include features such as active speed correction using PID control. Many available spin coaters
operate with 2 stages, while some commercial and DIY devices allow for a larger number stages in the
coating process. The code written for this project provides 2 stages and an easy-to-use interface.
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Design files

3. Design files summary

Design filename File type Open source license Location of the file

Shnier2022-SpinCoater-SI.pdf PDF SHL-2.1 Available with the article

SpinCoater parts-list.xlsx Excel SHL-2.1 http://doi.org/10.17632/y84tbnfsj4

Chuck smooth-shaft.FCStd FreeCAD SHL-2.1 http://doi.org/10.17632/y84tbnfsj4

Chuck threaded-shaft.FCStd FreeCAD SHL-2.1 http://doi.org/10.17632/y84tbnfsj4

Electronics Spin hV2 20211129.zip LTSpice SHL-2.1 http://doi.org/10.17632/y84tbnfsj4

Electronics Spin hV3 20220916.zip LTSpice SHL-2.1 http://doi.org/10.17632/y84tbnfsj4

Video of operation (hV2) Video MIT http://doi.org/10.17632/y84tbnfsj4

Assembly of Spin-Coater hV2.pdf PDF SHL-2.1 http://doi.org/10.17632/y84tbnfsj4

Assembly of Spin-Coater hV3.pdf PDF SHL-2.1 http://doi.org/10.17632/y84tbnfsj4

SpinCoater v2.3.1(for hV3).ino Arduino
Sketch

MIT http://doi.org/10.17632/y84tbnfsj4

SpinCoater v1.4(for hV2).ino Arduino
Sketch

MIT http://doi.org/10.17632/y84tbnfsj4

SpinCoater not-gate.zip LTSpice/
various

SHL-2.1 http://doi.org/10.17632/y84tbnfsj4

Design files descriptions
• Shnier2022-SpinCoater-SI 20220914.pdf provides additional aspects of and concepts around the spin coater.

This includes a list of commercial and DIY or open-source spin coaters.
• SpinCoater parts-list.xlsx is an Excel spreadsheet containing a more detailed list of parts used for spin coaters

hV2 and hV3 with the enclosure parts included.
• Chuck smooth-shaft.FCStd and Chuck threaded-shaft.FCStd contain the sample chuck dimensions the 6.35

mm shaft variants of hV3 and the M8 threaded shaft of hV2 respectively. The threads for the shaft is
represented with an 8 mm hole in hV2 and the M3 tapped thread for grub screws of hV3 are represented by
two 3 mm holes in the CAD drawings.

• Electronics Spin hV2 20211129.zip and Electronics Spin hV3 20210916.zip are LT spice schematics showing
the connectivity of the electronics including the motor, IR sensor, LCD display and rotary encoder.

• Video of operation (hV2) Shows a typical use case for spin coater hV2.
• Assembly of Spin-Coater hV2.pdf and Assembly of Spin-Coater hV2.pdf detail the build processes and tech-

niques for the corresponding spin coaters.
• SpinCoater v2.3.1(for hV3).ino and SpinCoater v1.4(for hV3).ino containing the Arduino code designed for

the corresponding spin coaters.
• SpinCoater not-gate.zip contains the LTSpice schematic for the NOT gate along with images of the simulations

run on the circuit.
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Bill of materials

4. Bill of materials summary

Designator Component Qty Unit
USD

Total
USD

Source of
materials

Material type

Common Electronics - Total $20.79
COM Nokia 5110 LCD Module (15M8247) 1 $10.99 $10.99 mantech.co.za semiconductor
COM Infrared Obstacle Avoidance Sensor 1 $0.84 $0.84 pishop.co.za semiconductor
COM NE555 timer 1 $0.23 $0.23 mantech.co.za semiconductor
COM Resistor 10k Ohm 3 $0.04 $0.12 mantech.co.za other
COM Resistor 100 Ohm 1 $0.04 $0.04 mantech.co.za other
COM Resistor 1k Ohm 1 $0.04 $0.04 mantech.co.za other
Motor
control

MOSFET IRF540 1 $3.00 $3.00 mantech.co.za semiconductor

Motor
control

Rectifier diode DO41 1A 400V 1 $0.01 $0.01 mantech.co.za semiconductor

COM PROTOTYPING PCB 2.54 PITCH
(14M1306)

1 $1.54 $1.54 mantech.co.za composite

COM Female headers (14M6379) 3 $1.02 $3.06 mantech.co.za composite
COM JUMPER LEAD PLUG-SOCKET 200mm 1 $1.68 $1.68 mantech.co.za composite
COM WIRE SOLID 0.34 1.6MM 250mm

(red/black/yellow)
3 $0.14 $0.42 mantech.co.za composite

COM Hex Brass M3x10mm Stand off 4 $0.12 $0.47 mantech.co.za metal
COM M3 nut 4 $0.02 $0.07 mantech.co.za metal

hV2 Specific Electronics - Total $74.66
PWR-hV2 Dual USB Output 6-24V To 5.2V 3A Step

Down Converter
1 $2.68 $2.68 pishop.co.za semiconductor

/other
PWR-hV2 Mean Well Power supply 24V 100W ∗1 1 $26.18 $26.18 mantech.co.za other
hV2 DC motor 24V 6000rpm XD-3420 1 $35.73 $35.73 amazon.com other
UI-hV2 Buttons (momentary contact)

72M4324/72M2826
2 $1.67 $3.33 mantech.co.za other

UI-hV2 Potentiometer Linear 17MM 50Kω PCB 6 $1.12 $6.74 mantech.co.za other

hV3 Specific Electronics - Total $54.68
hV3 Motor JAK Motor 6-18VDC 79W

RS-997SH-7013F
1 $16.64 $16.64 mantech.co.za other

PWR-hV3 Mean Well Power supply 15V 100W ∗2 1 $33.06 $33.06 mantech.co.za other
PWR-hV3 REG FIX POS TO220 9V 1A - L7809CV 1 $0.26 $0.26 mantech.co.za semiconductor
PWR-hV3 Capacitor Ceramic Disc 330nF 1 $0.26 $0.26 mantech.co.za other
PWR-hV3 Capacitor Ceramic Disc 100nF 1 $0.24 $0.24 mantech.co.za other
UI-hV3 Rotary Encoder Keyes - KE0053 1 $3.22 $3.22 mantech.co.za other
-hv3 Brass sheet 0.9mm, 40x10mm 1 <$1 <$1 metalcentre.co.zametal

Chuck and Mask - Total $5.12
C&M Aluminium rod, ϕ = 65mm, L = 55mm 0.5 $4.07 $2.04 metalcentre.co.zametal
C&M Brass plate 65x65x0.7mm 3 $1.01 $3.03 metalcentre.co.zametal
C&M-hV3 Grub screw M3 2 $0.03 $0.05 mantech.co.za metal

* The enclosure components are detailed in the SI document SpinCoater parts-list.xlsx.
∗1 The motor has a rated locked-rotor current of 3.37 A at 24 V (81 W).
∗2 This motor is currently running off a 12V 2A PSU and comfortably reaches 5200 rpm.

COM: Electronic components common to hV2 and hV3.
UI: User interface.
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PWR: hV2 and hV3 specific power delivery related components
C&M: Chuck and mask related materials
-hV2 , -hV3 : Components specific to hV2 or hV3, mostly used in combination with other categories

5. Build instructions

The spin coater build consists of an enclosure, motor, and the electronics which include the power supply.
Safety should be the first priority when building and operating equipment. A selection of considerations
are listed below, with some additional precautions and best practices in the SI Section 10, this is intended
as informative and is not comprehensive:

• When working with electricity all connections and wiring should be done while the power is off and
the device is disconnected from mains.

• Capacitors, such as those present in power supplies (PSUs) store charge even after the PSU is
disconnected from mains power. These can discharge explosively if shorted.

• Soldering involves high heat, care should be take to avoid burns while good ventilation is required
for the fumes produced from solder, fluxes, and potentially but hopefully not, your components.

• When working with a motor keep the area clear of anything that could get caught by the motor
such as loose clothing, jewellery, or hair.

• The spin coater’s chuck and sample mask should not be touched when rotating. At speed the sample
mask could potentially mimic a rotary cutting tool.

The components needed for the power supply depend on the chosen motor.
• A 12 V motor should be paired with a 12 V PSU with a sufficient power rating to supply the

motor. The voltage of the PSU also affects how power can be supplied for the microcontroller. The
microcontroller steps down the input power from the Vin pin using a linear voltage regulator, which
dissipates heat proportional to the voltage difference between the input and output voltages. To
reduce the heat dissipation on the board itself the 12 V was lowered to 9 V using a LM7809 linear
voltage regulator to supply the microcontroller’s Vin pin.

• For the 24 V motor and PSU in hV2 there is a much larger voltage difference making a linear voltage
regulator less suitable due to heating concerns. For this a buck converter with a 5.2 V USB output
was used to power the Nano through its USB port.

The connections for the electronics are as per the circuit diagram in Figure 4. The following considerations
were made in assembly:

• Use of female headers on the PCB to allow detachable connections for the Arduino Nano compatible
microcontroller, rotary encoder, display and tachometer sensor. These connections were made with
ribbons of jumper leads.

• For the power in and motor power connections PCB mounted screw terminals were soldered to the
PCB.

• A DIP8 socket was soldered to the PCB to house the NE555 timer chip.
• The remaining connections were soldered in place.
• The use of removable components allows for easier trouble-shooting as components can be discon-

nected or exchanged for testing.
• The choice of infra-red proximity sensor will affect whether the logic converting circuit is needed for

signals to be reliably read by the Nano. For proximity sensors which provide 5V logic signals the
NOT gate sub-circuit will not be needed. Ideally 3.3V logic signals should work reliably directly
connected to the Nano, yet with the sensor tested in our application this was not the case. It is
suggested that 3.3V proximity sensors should be tested in a bread board to assess the need for logic
level converting circuit, such as the NOT gate sub-circuit.

The enclosure can be built in innumerable ways such that the motor is supported, the electronics are
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protected, and a chamber is present for collecting the waste liquid thrown off the sample during coating.
Enclosure build instructions are available as follows:

• See the SI document, “Assembly of Spin-Coater hV2.pdf”
• See the SI document, “Assembly of Spin-Coater hV3.pdf”
• Instructions for hV1, which makes use of a simpler design is available at [6]

6. Operation instructions

The spin coater operation consists of loading a sample, setting parameters, and initiating the run. Ap-
propriate safety precautions should be observed when working with spin coaters. A few prominent safety
concerns are mentioned here, with the caveat that the list is by no means exhaustive. Precursor solutions
used in spin coating are expected to be aerosolised and/or evaporated to some extent. It is necessary to
take appropriate precautions such as working in a well ventilated area, in a fume-hood, or in a glovebox
as determined by the chemicals in use. The spin coater includes a rotating motor, spinning chuck, and
sample, appropriate precautions include not wearing loose clothing, and keeping anything that could po-
tentially get caught by the moving parts clear of the space. Protective eyewear is essential, as the device
does not include a cover for the enclosure-bowl. The spin coater chuck and mask should not be touched
while in motion. Some additional information on best practices and safety precautions are offered in the
SI Sections 10 and 11.

1. Ensure that the inner part of the enclosure-bowl is lined with aluminium foil
2. Make a protective paper ring from strips of A4 paper cut lengthways by joining the paper with folds,

masking tape or staples. Place the paper ring inside the enclosure-bowl along the outer edge (see
Figure 3b). This collects most of the excess precursor from the spin coating process. This can then
be changed after each set of samples to reduce the risk of sample cross-contamination, and prevent
gunk build-up in the coater.

3. Ensure the desired sample mask is in place, or change the mask for the substrate being coated.
4. Turn on the spin coater at the power switch.
5. (Calibration, first use) If the spin coater has not been previously calibrated, load a test or old

substrate/sample and run the built in calibration program. Calibration is best run with a sample
and sample mask in place to provide conditions similar to standard operation.
Access the menu (described below) and cycle through the options as explained on the screen. Select
calibrate and allow the calibration to run. It will cycle through the PWM parameter values up to
255, saving an average RPM for each value as it progresses. (this takes about 2 hours on hV3).

hV2. To access the menu on hV2, long press the red start button.
hV3. To access the menu on hV3, long press the rotary encoder with any item other than ”Start”

selected.
6. Adjust the spin coating parameters as appropriate for the hardware variant:

hV2. Adjust the 5 pots, each of which correspond to a single parameter. There will be a ” > ” in
front of the parameter while it is being adjusted.

hV3. Use short presses on the rotary encoder to scroll through parameters, the selected item is
indicated with a ” > ” on the LCD display. Rotate the rotary encoder to adjust the parameters.

7. (Optional) Warm up the motor by running the spin coater for 2 minutes. This affects the motor
grease viscosity and coil windings resistance, which can affect motor speed for a specific PWM duty
cycle. A comparison of the tachometer reading and spin parameters is valuable to assess whether
the motor needs to be warmed up, and as an assessment of the calibration values.

hV2. Press the red button to start a run.
hV3. Long press on the rotary encoder with ”Start” selected to start a run.

8. Place a substrate in the cut-out of the sample mask.
9. Place precursor solution on the substrate using a dropper or micro-pipette.

10. Start the program as described in Step 7
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11. (Optional) To stop the spin coater early press the red button (hV2), rotary encoder (hV3).
12. Remove the coated sample.
13. The spin coater returns to the parameter editing mode after a run and can be started again as done

in Step 7, using the red button.
14. Remove and dispose of the contaminated paper ring from Step 2 once finished.
15. Clean and store.

7. Validation and characterization

Figure 6: The relationship between motor speed and duty cycle for the 24V DC motor controlled through
a n-channel MOSFET with an Arduino Nano equivalent microcontroller as used in hV2.

Direct and indirect indications of spin coater performance were assessed. This includes the stability
of the calibration speed vs duty cycle calibration data, the effect of repeated operation, and the analysis
of thin films fabricated with hV2 by means of highly sensitive measurements.

The calibration function was run on the spin coater. Once completed, the speed vs. PWM parameter
data was read from the spin coater’s EEPROM, then converted into speed vs duty cycle for Figure 6.
This was fitted with a 6th order polynomial, R2 = 0.9997, Residual std. error = 31.3, Figure SI-14. The
magnitude residual std. error is dependent on the choice of motor and power supply stability. At higher
speeds the PWM control allows finer increments as the calibration curve’s gradient decreases. This is
represented by the mean step in the RPM values of 81 below 3000 RPM, and 37 between 4000 and 6000
RPM. This imposes a granular selection of spin speed and informs on the step size limitations of the
Nano’s hardware based PWM control.

In testing the effect of extended operation of the spin coater, a cycling experiment was conducted.
For each cycle, the spin coater was operated at a set duty cycle for 30 s followed by 30 s idle. The spin
coater was started on the beginning of each minute over an hour. Multiple readings of the motor speed (
> 5) were taken and averaged for each data point during the 30 second active period (Figure 7a). This
was carried out with the enclosure fully assembled, as per standard operation.

In a separate instance, K-type thermocouples were placed on the back of the MOSFET used for
PWM control, and on the top of the motor housing. The thermocouples were monitored using digital
multimeters with a resolution of 1 °C, as shown in Figure 7b. In cases where the multimeter reading
was unstable between 2 consecutive integers, the average was taken leading to some values with a half.
The cycle number was denoted by n; From time ((n − 1) · 60 s) to (((n − 1) · 60 s)+30 s) the motor is
running, after which the motor is idle until the nth minute. The MOSFET-Hi temperatures were taken
at ((n − 1) · 60 s) + 30 s while the MOSFET-low temperatures (Figure SI-15) were taken at the end
of the cycle on the minute mark (n · 60 s). The motor casing/housing temperature was recorded as the
maximum stable value over the 1 minute period of the cycle, Figure 7c.
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(a)

(b)

(c)

Figure 7: The effect of extended operation observed through cycling of 30 s on, 30 s off for hV2. (a)
Motor speed as a function of cycle number with the at PWM duty cycles of 12 and 31 % (nominally
2200 and 5000 rpm respectively). (b) The hV2 spin coater with thermocouples attached for collection of
temperature data. (c) Motor housing and MOSFET temperature as a function of cycle number at a 31
% duty cycle.

In Figure 7a, the spin coater (hV2) motor speed remains reasonably steady with cycling at around
2200 rpm while operating at a duty cycle of 12%. When this is increased to a duty cycle of 31%, the
motor speed gradually increases from 5050 to 5300 rpm, this constitutes a 5% increase in speed, after an
hour of cycling. This was suspected as an effect of heating in either the motor or the MOSFET controlling
the motor. The temperatures of both components were tracked using the same 30 s on 30 s off cycling
approach (Figure 7c). The MOSFET was quick to stabilise between 26-27 ◦ C during cycling at a 31%
duty cycle, while the temperature of the motor housing rose in a similar trend to the speed in Figure 7a,
(see Figure 7c).

To support assignment of motor temperature as the cause of the speed increase, we consider the motors
no-load speed n0 as a suitable indicator for the trend in operational speed. This neglects the effect of the
weight of the sample chuck which is minimal. The relation is given in Equation 1 where KE is the voltage
constant of the motors permanent magnets, and αm is the permanent magnets temperature coefficient
[20, 21]. For small changes in αm∆T (αm ≈ −0.002◦C−1, < 40◦C, n0 can be approximated to increase
linearly with increasing ∆T .

n0 ∝ VT

KE
where KE = K0

E [1 + αm∆T ] =⇒ n0 ∝ 1/(1 + αm∆T ), αm < 0 (1)

With Equation 1 in consideration, the increase in motor speed was attributed to an increase in motor
temperature during cycling at a the higher PWM duty cycle of 31 %. The motor used in hV2 had a sealed
housing which does not allow air to pass through for cooling of the motor. It is recommended that either
a motor be used that generates less heat or one which has a better heat dissipation. To accommodate
this dynamic behaviour in hV2, the PWM duty cycle set point can be monitored and modified in cases
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of extended operation to minimise the error in spin speeds. Alternatively a software based correction can
be implemented.

7.1 Application example

With the purpose of a spin coater being the fabrication of thin films, such films were fabricated on hV2.
These were then assessed using characterisation techniques sensitive to film quality.

Polymer blend thin films were prepared using the hV2 spin coater, followed by surface measurements
using atomic force microscopy (AFM). A precursor solution was used containing 20 mg/ml of PBDB-
T:PC71BM (1:1 ratio) in chlorobenzene. The solution was stirred overnight at 40 °C. A dropper was used
to cover a clean glass substrate with the solution followed by spin coating at between 1000 and 5000 rpm
for 60 seconds.

Figure 8: Tapping mode AFM of PBDB-T:PC71BM (1:1) thin films, spin coated for 60 s at various
speed. (a) 1000 rpm, (b) 2000 rpm, (c) 3000 rpm, (d) 4000 rpm, (e) 5000 rpm (f) Root-mean-square
(RMS) roughness for the various spin speeds determined across lengths scales between 2 to 5 µm.

The AFM measurements and roughness of the thin films are presented for various spin speeds in
Figure 8. The roughness appeared quite modest and consistent across the measurements. The roughness
was lower at 1000 and 2000 rpm, highest at 3000 rpm and decreased thereafter. In a line-trace of the 3000
rpm sample (Figure SI-16) a maximum peak to valley height of 11 nm was observed which is comparable
to the 8 nm over a 5 µm length for PCBM in literature [3]. Differences in the viscosity and concentration
of the polymer blend solution, and the boiling point of the solvent used will have a strong influence on
the film topography and roughness, yet these measured values are sufficient as a positive reflection on the
hV2 spin coater.

X-ray reflectometry (XRR) measurements provide an indication of film quality. XRR demands high
quality films with a roughness of no more than a few nanometres for the observation of Kiessig fringes.
With this in mind PMMA thin films were coated on a glass substrate at 4000 rpm using hV2 with a 0.5
or 1 wt% solution of PMMA (PMMA Sigma-Aldrich 445746). The samples were dried for 20 min at 60
◦C then annealed for 60 min at 95 ◦C in an Ar filled annealing chamber. XRR measurements were then
taken on a Bruker D8 Discover with Goebel mirror and 2 bounce Ge (022) monochromator. The data
was fitted using LEPTOS (Bruker AXS, V7).

The measurements provided exceptionally good XRR patterns for samples prepared using spin coating,
as seen in Figure 9. Due to the low electron density and small volume of the PMMA films its density
information was obscured by that of the substrate. The density of the PMMA films was thus fixed to a
literature based value of 1.18 g/cm3 [4, 22]. While this assumption reduces the absolute accuracy of the
modelled thicknesses, it increases the stability of the determined thicknesses, thus improving the relative
accuracy between measurements, which is valuable for the following comparison. The thicknesses for the
samples made from the 1 wt% precursor were 27.0 ± 0.3 and 26.2 ± 0.3. For the 0.5 wt% precursor
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Figure 9: X-Ray reflectometry measurements on PMMA spin coated films produced using hV2 and
collected on a Bruker D8 Discover.

thickness were modelled to 7.3 ± 0.2 and 7.9 ± 0.2. Comparable values were observed for the resulting
films within each precursor weight percent solution, the slight variations observed may have contributions
from minor variance in the application of the precursor to the substrate, and the wait time between this
application and the start of the spin coating program.

7.2 Capabilities and limitations:

• Quick to change samples and sample masks
• 600 - 7000 rpm
• 2-stage spin program
• Max ϕ 45 mm sample size limited by the distance between pins on the chuck
• Sample masks unsuitable for ultra-thin samples
• In-built speed calibration program
• Absence of a speed correction algorithm
• Intuitive controls and display

7.3 Discussion and future work

The spin coater design presented provides good functionally and ease of use. hV2 as presented has survived
use in a multi-user research lab in South Africa since 2019, while hV3 has been in a Kenyan research lab
since 2021, without a need for repair or maintenance, exceeding the performance of at least some more
costly commercial alternatives. Accommodating additional sample sizes by cutting a new mask from brass
sheet is manageable by any individual competent with hand tools. This spin coater is cost effective, and
allows the fabrication of high quality thin films. This makes it ideal for research groups where a reliable,
repairable product is needed on a minimal budget. The cost and maintenance aspects of open-source
hardware can offer utility to low budget institutes and groups where the commercial equivalent may be
prohibitively expensive or otherwise inaccessible. Commercial alternatives using motors with less internal
resistance provide smoother operation at low speeds compared to the motors used in hV2 and hV3. Since
this is entirely dependent on the motor, this can be upgraded in future versions to close this gap.

Many of the design considerations implemented, or features avoided were inspired by the authors
experience (direct and indirect) with failure points and repairs of commercial spin coaters and their
related vacuum systems. This includes precursor solution clogging vacuum chucks, various problems with
vacuum pumps for which vacuum pumps are notorious [1], motor problems, tachometer issues causing
glitches in speed regulation, and precession due to a slightly bent motor shaft among other issues.

The motor in hV2 showed gradual heating at higher PWM duty cycles. This is attributed to a closed
motor housing design which leads to heat retention. In response to this, hV3 instead uses a motor with
an air cooled housing.
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Speed correction could be implemented to address the effects of changes in conditions, such as motor
temperature on the spin speed, a simple means of speed correction would be to adjust the motor speed
towards a target based on the tachometer reading. With the PWM duty cycle set by a byte value, a
threshold is required to avoid constantly cycling between two adjacent speeds. The threshold can be
defined relative to the step size between consecutive speed calibration values closest to the target speed,
this accommodates larger steps at lower speeds and smaller steps at higher speeds consistent with Figure
6. For more advanced speed correction Arduino libraries are available for implementation methods such
as PID control [23].

To reduce the size increments of accessible speeds at lower duty cycles, effectively continuous PWM
steps can be implemented. This can be achieved by using software controlled PWM. Initial tinkering
showed inconsistent speed control when using software based PWM where the same microcontroller was
also handling the display and tachometer. This could be easily remedied with a dedicated microcontroller
to drive the software based PWM at the expense of additional cost and complexity. The finer speed
increments could also benefit any speed correction implementations.
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6.1 Overview

The hybrid perovskites MAPbX3 and FAPbX3 both have phase stability
challenges as discussed in Section 1.5.3. MAPbX3 is subject to its α → β
phase change near 327 K (54 ◦C, 1 atm). Temperatures exceeding 330 K
(57 ◦C) are reachable during the standard operation of photovoltaic modules
adding to thermal instability. The perovskite phase of FAPbX3 is metastable
at room temperature slowly converting to a non-perovskite hexagonal δ phase
which is not suitable for photovoltaic applications [Jeon et al., 2015, Fu et al.,
2017]. This is evident in Figure 1.4 of Chapter 1 where the Shockley-Queisser
efficiency limit is shown as 13.8 % for δ-FAPbX3 compared to >30 % for
MAPbI3 and FAPbX3.

The phase stability, environmental stability, and thermally induced tran-
sitions of hybrid-perovskites can be optimised through compositional tuning
as discussed in Section 1.3 with thermally induced transitions discussed in
Section 1.5.2.

The mixed cation hybrid-perovskite (FAPbI3)0.85(MAPbBr3)0.15 has been
identified as a stable mixed cation perovskite at ambient conditions with
a reported band-gap of 1.63 eV corresponding to an SQ limit near 30 %
PCE [Jesper Jacobsson et al., 2016, Rühle, 2016]. The study undertaken
investigates the phase behaviour of the mixed cation and halide perovskite
as a function of temperature though modelling X-ray diffraction data. The
primary constituent FAPbI3 undergoes phase changes near 285 and 140 K for
the α−β and β−γ phase changes respectively [Weber et al., 2018]. A range
of 80 to 315 K was investigated, providing a broader temperature range than
would be needed to reach the γ phase of the primary constituent FAPbX3

(85 %) for the purpose to better understand the α → β structural transition
for the mixed cation mixed halide (FAPbI3)0.85(MAPbBr3)0.15 composition.

This chapter discusses in detail the model development applied to X-ray
diffraction data resulting in a publication by C. Greenland, A. Shnier et
al. (2019) [Greenland et al., 2019]. Various refinement strategies have been
employed on the data-set in question providing insights into the data char-
acteristics and associated implications. This served as a basis of comparison
for various sets of structural refinements.

125



The degree of freedom of the refinement parameters and structural impli-
cations of the models were carefully assessed across the full dataset. These
were then chosen to best represent the data. Structure constraints were ex-
plored to stabilise the refined parameters. Caution was exercised to avoid
considerations and constraints which may over-constrain or threaten the in-
tegrity of the refinement models and results. This lead to the methodology
and structure model that was used for the publication, where a set of Monte-
Carlo assisted refinements has been put forward.

6.2 Data collection methodology

The sample preparation and the refinement of the instrument profile is dis-
cussed in Section 4.7.1. For ABX3 hybrid perovskites, the structure expected
to be either in the cubic α phase or a derivative by octahedral rotation of
the PbX6

4− as described by Glazer et al. [Glazer, 1972] and introduced in
Section 1.5.1. Considering the absence of a structure prone to preferred ori-
entation, such as a layered or needle like structure, it is less likely to observe
preferred orientation in the sample. The sample was removed from its sub-
strate, during which it formed a powder in which the particle orientation is
unconstrained by the substrate, and a rotating capillary stage was used for
the measurements which allows the sampling of each crystallite in a range
of orientations, it follows that preferred orientation would not be expected
in the measurements. Measurements started with a cooling sequence from
315 to 80 K followed by a heating sequence returning to 315 K 1. Samples
were allowed 30 minutes to equilibrate at each temperature prior to each
diffraction measurement. The scan names are given in the form Sequence-
Temperature such as 22-150K where this pattern is collected at 150 K, and it
is the 22nd diffractogram collected in the data-set. A list of scans is provided
in SI Tables C.1 and C.2.

The VT-XRD data set was primarily collected across a range of 5 − 50◦

2θ. Selected scans at 80, 150, 280, and 315 K were collected over a larger

1Some additional measurements were taken on heating up to 350 K these are omitted
for (1) to allow the cooling traces such as in Figure 6.2 to have identical aspect ratios
which allows for a neater comparison. (2) Significant structural change was not observed
in this region.
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2θ range of 5 − 80◦ 2θ to provide a larger number of observed peaks. The
additional higher angle information is advantageous in the refinement and
evaluation of structural models 2.

6.3 Data visualisation and individual peak fit-

ting

Structural reorganisation is routinely accompanied by changes in the X-ray
diffraction pattern, in terms of peak position, peak intensity, peak splitting
and the appearance of additional peaks. In this section we identify signatures
of structural change as a function of temperature for (FAPbI3)0.85(MAPbBr3)0.15.
Figure 6.1 shows an overview though the use of a colourmap plot and selected
individual plots illustrating the structural evolution of this mixed cation,
mixed halide perovskite from 315 to 80 K.

6.3.1 Method

The data was visually inspected to identify characteristics of phase changes,
such as the emergence of new peaks, Figure 6.1b.

A selection of peaks were modelled individually using a Pearson VII ana-
lytical peak shape with TOPAS V5 across the VT-PXRD data set by means
of sequential refinement, Figure 6.2. The formulation of the peak profiles
is described and discussed in Section 3.3.2, individual peak fitting in Sec-
tion 3.8.1, and sequential refinement in Section 3.10.1. This approach served
to assess changes in the diffraction pattern with a method unbiased by the
constraints of Pawley fits, Le Bail fits, or structural models.

From the refinements, peak width and position parameters, across the
temperature range were normalised to allow for comparison between peaks.
The normalised peaks position informs on peak shifts and changes in the

2The angular collection range could only be extended for a small number of scans due
to limitations in available instrument time.
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inter-planer spacing within the crystal lattice, while the normalised full width
at half maximum (FWHM) informs on peak broadening and potentially peak
splitting.

(a) (b)

Figure 6.1: PXRD measurements of (FAPbI3)0.85(MAPbBr3)0.15 on cooling.
Heating data is presented in App. Figure C.1. (a) Diffraction patterns
at 315, 150 and 80 K, *’s and x’s mark additional peaks observed in the
regions represented by the 150 and 80 K patterns respectively. (b) Diffraction
intensity changes on cooling from 315 to 80 K.
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Figure 6.2: (FAPbI3)0.85(MAPbBr3)0.15 on cooling, parameters from individ-
ual PVII peak fits, using peak indexing of a Pm3̄m perovskite across the
temperature range for convenience. Dotted lines are included as a visual
guide.
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Results and Discussion

Peak evolution was observed as a function of temperature, Figures 6.2. Ad-
ditional peaks were observed on cooling below 260 K, and further additional
peaks in the 80 K pattern, as emphasised in Figure 6.1a with *’s and x’s for
representative patterns at 315, 150 and 80 K. The diffraction measurements
on cooling encompassed all peaks identified across both heating and cooling
sections of the VT-XRD measurements. The plot showing intensity changes
on heating is available in App. Figure C.1b.

Figure 6.2 shows the trend in the normalised peak positions in d-space, or
equivalently the normalised inter-planer spacing as a function of temperature.
We see there is a significant decrease in the d-spacing at 80 K. Comparing
the 90 - 260 K range with normalised peak positions above 270 K, there is a
noticeable change in the gradient.

The evolution of lattice parameters as a function of temperature, and
by extension, that of peak position, is expected to follow a similar trend to
the simple Einstein-like model, a(T ) = a0 + c1θ1

eθ1/T−1
[Dinnebier et al., 2018],

where a is the lattice parameter, T is temperature and refinable parameters c1
and θ1. Deviations from this gradual monotonic function can be considered
indications of structural change or rearrangement, as is observed for the
change between 80 and 90 K as well as the difference on either side of the
260/270 K step in the normalised peak positions.

A phase change is suspected between 80 and 90 K where there is a sudden
jump of 0.17 % 3 in the inter-planar spacing (d-spacing) compared to only
0.016 % between 90 and 100 K 4 as visible in Figures 6.2. This translates to
higher angle peaks and smaller unit cell at 80 K. [Cordero et al., 2021]

Between 210 and 270 K, during heating and cooling, the FWHM of many
peaks broaden with decreasing temperature. On cooling, the (111) and (211)
peaks experience no sudden change in their peak width. On heating, the (111)
peak narrows at 315 K and above, similar was not evaluated on cooling as

3An average change of 0.17 % was observed from 90 to 80 K on cooling and from 80 to
90 K on heating.

4A 0.016 % change in d-spacing was observed from 100 to 90 K on cooling, and 0.017
% on heating from 90 to 100 K.
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cooling started from 315 K 5. Much of the broadening of peaks is attributed
crystallographic planes becoming inequivalent as the symmetry of the unit
cell changes leading the splitting of peaks such as where 100, 010, and 001
become inequivalent on cooling as would be expected for the α → β, cubic
to tetragonal transition. [Weber et al., 2018]

Both the observation of peak evolution in Figure 6.1, and the results
of individual peak fitting in Figure 6.2, suggest that the VT-XRD data set
can be separated into 3 main divisions, separated by indications of where
structural reorganisation is occurring. Each temperature division presented
additional peaks on the lower temperature side of the transitions, as marked
in Figure 6.1a. The high temperature phase roughly above 260 K followed
by a gradual structural reorganisation between about 230 and 260 K, indi-
cated by the gradual peak broadening of the (00l) and (012) peaks in the
normalised FWHM plots, Figure 6.2. The 80 K pattern differs from the
higher temperature patterns, with a significant change in peak d-spacing,
and the observation of additional weak peaks, as evident in Figures 6.2 and
6.1a respectively.

The divisions were assigned as phases by the naming scheme used in
literature for similar perovskite systems. These are the α phase at ambient
temperature, β phase at sub-ambient temperature, including the gradual
transition below ∼270 K and a less clear γ phase appearing at 80 K [Cordero
et al., 2021]. These assignments are supported by what has been reported
for similar systems in literature [Weber et al., 2018, Schueller et al., 2018,
Cordero et al., 2021], and this will be reconsidered with the application of
structure models in the following sections. This is necessary to verify the
validity of these assignments as the structural reorganisations observed are
not intrinsically phase changes.

5For convenience, in this section the peaks are referred to in terms of the archetypical
Pm3̄m perovskite reflections.
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6.4 Literature structure refinements

A comparison is made between the collected data and structures of materials
with a similar composition. This is carried out through Rietveld refinement,
which is subject to the considerations of pattern fingerprinting for qualitative
assessment of fit quality as discussed in Section 3.6.1.

6.4.1 Methodology

Candidate structures from the COD and ICSD database were selected and
compared to the collected data using a combination pattern fingerprinting
and Rietveld refinement 6. These structures are listed in Table 6.1, while
the data collection and labelling scheme is detailed in Section 6.2. Literature
reported transition temperatures for hybrid-perovskite materials are provided
in Table 1.3 of Chapter 1.

Table 6.1: Literature structures of similar systems

Composition Phase Crystal system Space Group Database Code
(FAPbI3)0.85(MAPbBr3)0.15 α cubic Pm3̄m COD 4125879

FAPbI3 β trigonal P3m1 COD 4335631
FAPbI3 β trigonal P3 COD 4335635
FAPbI3 β tetragonal P4/mbm ICSD 230492
MAPbI3 β tetragonal I4/mcm ICSD 428899
MAPbI3 γ orthorhombic Pnma ICSD 428898

Of the data collected, the 315 and 150 K patterns provided good rep-
resentation of the peaks and features observed above 90K in the VT-XRD
data-set. The 80 K pattern possesses additional weak peaks, along with the
peaks corresponding to those observed at higher temperatures. As such most
Figures in this section are limited to the 315 and 150 K patterns with the
full temperature range being examined in subsequent sections.

6COD: Crystallography Open Database, ICSD: Inorganic Crystal Structure Database.
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Rietveld refinements were performed using a pseudo-Voigt analytical peak
shape function in all cases in this section unless otherwise stated 7. This
accounted for the full peak profile allowing for the determination of peak po-
sition and relative peak intensities. The refinement of the lattice parameters
allows structure models to accommodate variations in unit cell size which is
dependent on composition and sample measurement temperature. The halide
composition was accounted for using a shared Br/I site, where occupancies
were set to 0.15 and 0.85 respectively. Thermal parameters (beq) were re-
fined, representing contributions to disorder and thermal motion, reflecting
the electron density distributions of the average structure.

The purpose of these fits were to compare the presence and approximate
intensity of peaks between the collected data and simulated patterns. Struc-
ture refinements in TOPAS allowed a more reliable comparison than offered
by “fingerprinting” the data against literature peak intensity and position
values (discussed in Section 3.6.1). The use of an analytical peak profile in
contrast to fundamental parameter refinements, allows the refinement of peak
shape without the consideration of the specific contributions to peak shape.
This is sufficient to evaluate the suitability of a given structure model. The
peak profiles as implemented in this section do not consider the instrument
profile. This makes them unsuitable for the determination of peak profile
dependent parameters such as crystallite size.

6.4.2 Results and discussion

Selected scans from the data-set were compared against the structures in
Table 6.1. The phase assignments proposed in Section 6.3 are used for ease
of reference in the discussion the different temperature ranges.

The literature Pm3̄m α phase, and the collected data are both of the
nominal composition (FAPbI3)0.85(MAPbBr3)0.15. This cubic structure rea-
sonably describes the reflections of the high temperature phase, Figure 6.3.

7Both Pearson VII and pseudo-Voigt functions are suitable for this section, with the
caveat that where refined parameters are compared, a common profile should be used
across refinements. Additional discussion on peak profiles is provided in Section 3.3.2
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Figure 6.3: Structure fit, 1-315K Pm3̄m-(FAPbI3)0.85(MAPbBr3)0.15 (α-
phase) This explains the observed peaks completely with minor intensity
mismatch. A FP instrument profile is used for this pattern.

After the α → β phase transition, the additional peaks of the β phase are
accounted for by literature Pm3̄m α structure, Figure 6.4. The additional
peaks are considered as the effect of symmetry breaking from the Pm3̄m
space group [Glazer, 1972, Weller et al., 2015b, Weber et al., 2018].

Literature structures from Table 6.1, with lower symmetry space groups
were assessed to explain the additional peaks in the β phase. FAPbI3 is
the closest single cation, single halide composition for the measured sample,
making its well studied structures a valuable comparison. The trigonal P3m1
FAPbI3 structure is considered in Figure 6.4b, where it provides an unwanted
peak near 11.8◦ 2θ and leaving a series of 3 peaks unindexed peaks in the 22
to 28◦ 2θ range. The P3 FAPbI3 structure is considered in Figure 6.4c, where
it accounts for all the peaks in the measured patterns with underestimated
peak intensities near 14.2 and 24.7◦ 2θ. This simulated structure provides
additional peaks near 10.0 and 17.4◦ 2θ making it unsuitable for refinement
of the (FAPbI3)0.85(MAPbBr3)0.15 data. The P4/mbm FAPbI3, β phase was
compared against the 150 K data in Figure 6.5. Many of the simulated
reflections do not overlap with peaks in the collected data. It is noted that
the (001) reflection is near an observed peak at approx. 14◦ 2θ. In contrast
the (110) peak is far from an observed peak, and would require a and b lattice
parameters of nearly 8 % larger to meet the (001) peak at the observed peak.

The β phase of MA based hybrid-perovskites have been reported in liter-
ature as in the I4/mcm symmetry for both Br and I halide variants. With
the Br/I site occupancy ratio of (FAPbI3)0.85(MAPbBr3)0.15 accounted for,
the structure provided a poor match, App. B.1. The literature structures of
both β (I4/mcm) and γ (Pmna) phases of MAPbI3 provides a unsatisfactory
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relative peak intensities with additional peaks near 23 and 26◦ 2θ respectively
as discussed in App. B.1 [Weller et al., 2015b, Weber et al., 2018] 8.

(a) 22-150K, Pm3̄m (FAPbI3)0.85(MAPbBr3)0.15 (α-phase) This does not explain
the full pattern. The intensities are explained reasonably with room for improve-
ment

(b) 22-150K, Trigonal, P3m1 FAPbI3 (β-phase) This does not explain the full
pattern. The intensities are not well explained

(c) 22-150K, Trigonal, P3 FAPbI3 (β-phase) This pattern covers all the present
peaks, but also includes peaks not present in the data. The intensities are explained
reasonably with room for improvement.

Figure 6.4: Investigative structure fits on the pattern 14-150K.

8The β phase of MAPbBr3 also occurs in the I4/mcm space group [Chen et al., 2018].
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Figure 6.5: Pattern fingerprinting comparison, 22-150K is overlaid with the
peak positions and intensities of P4/mbm FAPbI3 (β phase) with a halide
occupancy of I0.85Br0.15 modelled [Weber et al., 2018].

6.5 Investigative Le Bail refinements

Since the structures tested for the sub-ambient scans did not provide sat-
isfactory fits, pattern indexing and structure agnostic Le Bail refinements
were pursued. A collection of space group and lattice parameter sets were
generated through indexing, Section 3.7. These were tested against the data
using Le Bail fits to provide insights into the most likely structures, space
groups and/or structure parameters.

Le Bail refinements are not subject to the constraints on relative peak
intensities which are present in structure based refinements. This makes
them invaluable for structures which are not accurately known. The Pawley
and Le Bail methods are discussed in Section 3.8.2

6.5.1 Methodology

The individual peaks of the patterns collected at 315, 150, and 100 K were
fitted with using a peaks phase in TOPAS and where the individual peak
positions and intensities were refined. These resulting peak positions and
intensities were used as an input for diffraction pattern indexing in TOPAS,
to generate a list of space-group, lattice parameter combinations. Selected
entries were then refined against the data using the Le Bail method, as a
means to better evaluate each combinations ability to account for peaks in the
measured data. While indexing allows for an offset in peak positions between
the simulated and experimental, Le Bail refinements provide a strictly defined
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relationship between peak positions of a given simulated phase. If any peak
is not well positioned or explained in a Le Bail refinement for a given set of
unit cell parameters then either the peak is not part of the phase in question
or the candidate combination is incorrect.

6.5.2 Results and discussion

(a) Le Bail refinement on 150 K data, Orthorhombic, Pba2
a=8.843/b=8.817/c=6.219, RBragg = 0.231. The intensities are well explained

(b) Le Bail refinement on 100 K data, Orthorhombic, Pba2
a=8.789/b=8.806/c=6.199, RBragg = 0.267. The intensities are well explained, 4
weak peaks were not accounted for by the Le Bail fit.

Figure 6.6: Refinements using Le Bail structure agnostic fits on Data set
2018-09

As established in the previous section, Pm3̄m is able to account for the
315 K pattern (α-phase). The lower temperature patterns collected at 150
and 100 K were best described by the Pba2 and P4/mbm based phases,
Figure 6.6. The results of additional Le Bail refinements provided in Table
6.2.
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Table 6.2: Le Bail refinements on (FAPbI3)0.85(MAPbBr3)0.15 (Data set 2018-
09)

The unit cell parameters from the Pba2 and P4/mbm refinements are of
suitable size for a hybrid-perovskite unit cell containing 2 octahedra across

Figure 6.7: Le Bail refinement on 22-150K data, Tetragonal, P4/mbm a =
b =8.821/c =6.199, RBragg = 0.421. The intensities are well explained. (Data
set 2018-10)
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Figure 6.8: Lattice parameters from Le Bail fits using a P4/mbm space
group. (Data set 2018-10)

Figure 6.9: Le Bail refinements using a cubic Pm3̄m phase with a tetrago-
nal P4/mbm phase for comparison. A grey dashed vertical line is used to
mark 260 K. (a) Unit cell parameter where P4/mbm (average) is defined by
a√
2
+ b√

2
+c

3
, (b) Rwp agreement factor (Data set 2018-10).
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the [110] direction. P4/mbm is a higher symmetry than Pba2, and includes
all the symmetry operations of Pba2. The use of P4/mbm is a favoured over
Pba2, since it has a higher symmetry and provides a virtually equivalent fit
of the data 9.

The P4/mbm based structure agnostic refinement was applied to the full
data set with the resulting lattice parameters plotted in Figure 6.8. Below
260 K the refinements provide a steady trend with a sudden drop for the
80 K scan. For T ≥ 260 K a/

√
2 and c are more similar, and are strongly

correlated, sharing a common yet inverted pattern across the 2 parameter
sets. This is evident in the correlation tables of App. C.17, where a strong
inverse correlation is observed between the a and c lattice parameters at
315 K, while minimal correlation is observed at 80 K. This is suggestive of
potentially equal lattice parameters, as would be found in a cubic phase.
This relationship between the a and c lattice parameters is consistent with
the indications of peak splitting on the low temperature side of the α →
β transition observed in Section 6.3, and Pm3̄m structural refinement in
Section 6.4, Figure 6.3. The drop in the lattice parameters from 90 to 80 K is
similarly observed with the discussion around the normalised peak positions
in Figure 6.2.

Le Bail refinements of a cubic Pm3̄m α phase and were performed across
the data set, Figure 6.9. Theses were examined and compared to the P4/mbm
set alongside the associated pseudocubic averages of the P4/mbm based re-
finement lattice parameters for T ≥ 260 K, pseudocubic average lattice pa-
rameters for each P4/mbm refinement were determined as per Equation 6.1,
Figure 6.9. 10 At T ≥ 260K, the Pm3̄m lattice parameter and the P4/mbm
derived pseudocubic values are almost overlapping with the P4/mbm phase.We
see these values fall neatly between the data points of the P4/mbm c-axis
in Figure 6.9a. For the Pm3̄m cubic phase, the Rwp values show the best
fits where we expect the α phase, at T ≥ 260 K (grey dashed line). From
260 K these Rwp values are slightly worse than the tetragonal P4/mbm Le
Bail refinements. The difference is significant enough that there is a defi-

9Both space groups are mentioned since earlier work was done around the Pba2 space
group.

10Cubic and ”pseudo-cubic” lattice parameters are not shown for lower temperatures in
Figure 6.9a. This is due to the poor fit quality of the Pm3̄m phase as evident from the
high Rwp values in Figure 6.9b.
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nite benefit to fit quality using a tetragonal unit cell. Figures 6.8 and 6.9
show how the lattice parameter for the cubic phase follows a stable trend
through the approx. centre between the a and c lattice parameters of the
tetragonal phase. In the absence of suitable constraints capable of mitigating
the correlation between the a and c unit cell parameters, the use of a cubic
phase offers benefits over the tetragonal for its lattice parameter stability.
The tetragonal phase provides a significant improvement in the fit quality
(Figure 6.9b) where the α phase is expected.

Pseudocubic average unit cell =

(
a√
2

+
b√
2

+ c

)
/3 (6.1)

These Le Bail refinements serve as reference for parameters refined in
the later section of structure based sequential refinements, Section 6.7. The
Pm3̄m Le Bail refinements provide fits that are suitable as a guideline on the
expected parameters for T ≥ 260 K while the P4/mbm refinements provide
suitable reference parameters for T < 260 K. The better fit figure of merit
for the tetragonal phase demonstrates the value of a tetragonal model for
this data set.
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6.6 Structure modelling

In this section, a selection of octahedra-based structures were considered and
refined, primarily against the 315 and 80 K diffraction patterns, these show
the least and most observed peaks in the material respectively. Refinements
against 280 and 150 K diffraction patterns provide minimal additional insight
and are thus confined to the Appendix, Section C.4.

6.6.1 Methodology

These structure-based refinements make use of a Fundamental Parameter
method described in Section 4.7.1. A split halide site, and appropriate occu-
pancies account for the presence of 85 % I and 15 % Br in the sample. The
organic cation was either defined by a rigid body of FA or by a representative
atom with a similar electron count to the FA/MA composition as specified
in the results. To optimise fit quality, fits were executed in TOPAS using
a combination approach of least-square refinement and guided Monte-Carlo
randomisation. [Coelho, 2018]

Octahedra based hybrid-perovskite structures with variation on their con-
straints were designed, refined against the data and compared. The structure
tested with the most freedoms (Set A) made use of 4 rigid body octahedra
defined in a P1 space group, allowing rotations to form any of the perovskite
tilt systems identified in literature and discussed in Section 1.5.1 on Glazer
notation. [Glazer, 1972].

A more restrictive, smaller unit cell was evaluated which consisted of a 2
octahedra tetragonal unit cell categorised as a0b0c+ (Glazer notation) which
means symmetric rotation of the octahedra about the c-axis. The octahe-
dra Set C’s unit cell were kept symmetric, with elongation allowed along the
c-axis, while in Set D, a degree of distortion was permitted. The rigid bod-
ies models for this section, and the projections for unit cell parameters are
described in Section 4.9.3 11.

11The sets of this section are presented in a non-alphabetic order due to a preference of
the order in which the models were to be explained, rather than any desire to spell out
the acronym for computer aided design.
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Set C: P4 space group

A 2 Oh unit cell was defined to include the 4 fold rotational symmetry of
the P4 space group. The approximate dimensions used were a = b ∼ 8.9
Å and c ∼ 6.3 Å. The organic cation was represented by a single atom
with an equivalent electron count to the average of the FA/MA composition
in the sample, this was realised by use of site occupancy. The occupancy
and thermal parameter for this representative Mn atom were refined. The
positioning and refinement of atomic positions was as follows:

� The Pb atom and organic cation positions were fixed at (0, 0, 0) and
(0, 0.5, 0.5) respectively.

� Halide atoms (X) on the a-b plane were defined by (x, y, 0). The
position for a structure without rotation is (0.25, 0.25, 0). Rotation
with the halide equidistant to both Pb atoms is described by (0.25+δ,
0.25-δ, 0). Both x and y were constrained to between the fractional
coordinates 0.15 and 0.35. The limits restrict the rotation to within
reasonable values 12. The additional atoms to form the octahedra were
generated by the P4 symmetry of the unit cell.

� The X atom between Pb atoms along the c-axis was defined by (0, 0,
z) where z was refined.

Set A: 4 Octahedra with free rotation; lattice parameters deter-
mined by projections of Pb-X bonds.

The use of a 4 octahedra (Oh) unit cell allows for all symmetric and asym-
metric rotation of Oh about each of the 3 rotational degrees of freedom. 13.
The unit cell axes were defined by projections of the Pb−X bonds. The or-
ganic cation was defined as a rigid body and fixed to the centre between the

12In the case where the halide is in the position (0.25,0.25,0) of the P4 symmetry unit
cell, each of the halides generated by the rotational symmetry will be directly centred
between the Pb atoms. If this halide is shifted to a position (0.25+δ,0.25-δ,0), the halide
atoms generated by symmetry will shift, rotating the octahedra. If this position deviates
an alternative to (x,y,0), there will be alternating expansion and contraction of adjacent
octahedra, such a distortion will only occur if favourable in the refinements.

13see Section 1.5.1, [Glazer, 1972] and [Howard and Stokes, 1998] for more information
of Oh rotation in the perovskite structure type
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Pb atoms, its occupancy was refined. This modelling approach is discussed
further in Section 4.9.3.

Set D: 2 Octahedra with free rotation; lattice parameters a = b c
free.

The use of a unit cell composed of 2 PbX6
4− octahedra (Oh) centred at

(0,0,0) and (0.5,0.5,0) allows for symmetric rotation about the c-axis of Oh
(a0b0c+), Figure 6.12a and 6.12b. The rigid body model used for Oh in this
set is described in the “Methods” Chapter, Section 4.9.3. Unlike in Set A
all rotation or tilt is refined about the a and b axes of the octahedra which
manifests as distortion of the structure. The organic cation was defined at
as a rigid body and constrained to allow rotation and minimal translation
within its lattice site. The organic cation’s occupancy was refined.

6.6.2 Results and discussion

The investigative Le Bail refinements of Section 6.5 provided insights regard-
ing a probable unit cell size, and symmetry which may be present at the
various temperatures across the data set. The unit cell parameters of Set C
and Set D were similar to that extracted from the Le Bail refinements, while
Set A was appropriately twice the size in the c-direction. Considering the
P4/mbm space groups from the Le Bail refinements, with the exception of
the organic cation, Set C shares the same symmetry elements. A special case
occurs for the halide position of (0.25,0.25,0) where the octahedra framework
has the symmetry elements of the Pm3̄m space group. Set A and Set D break
symmetry from the constraints of Set C potentially allowing a greater ability
to account for the relative peak intensities of the structure.

Visual observation are employed alongside the consideration of the figure
of merit, Rwp to compare the different structure descriptions used. These
focus on the 315 and 80 K patterns, representing the patterns in the data-set
with the fewest and the most peaks respectively.
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(a) Cs0-setC-315K (b) Cs0-setC-80K

(c) Cs0-setC-315K

(d) Cs0-setC-80K

Figure 6.10: Set C (Cs0-setC): Rietveld refinements using a P4 space group
to impart it’s symmetry to the Pb-X octahedra. The vertical lines correspond
to an amorphous contribution modelled in the refinements.
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(a) Cs0-setA-315K (b) Cs0-setA-80K

(c) Cs0-setA-315K

(d) Cs0-setA-80K

Figure 6.11: Set A (Cs0-setA): Rietveld refinements using a structure model
with 4 octahedra with free rotation and lattice parameters determined by
projections of Pb−X bonds. The vertical lines correspond to an amorphous
contribution modelled in the refinements.
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(a) Cs0-setD-315K (b) Cs0-setD-80K

(c) Cs0-setD-315K

(d) Cs0-setD-80K

Figure 6.12: Set D (Cs0-setD): Rietveld refinements using a structure model
with 2 octahedra with free rotation and lattice parameters constraints a=b, c
is free. The vertical lines correspond to an amorphous contribution modelled
in the refinements.
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Table 6.3: Summary of fit parameters

Set Rwp(80 K) Rwp(315 K) Location Model basis

Set C 13.01 10.96 Figure 6.10 P4 symmetry
Set A 10.90 9.94 Figure 6.11 4 Octahedra
Set D 8.74 10.23 Figure 6.12 2 Octahedra

Note: Rexp is 6.87 and 7.33 for 80 and 315 K respectively.

Considering Rwp across the sets (Table 6.3, Set D as providing the best
fit at 80K with an Rwp 20 % lower than the next best fit, Set A. In the case
of the 315 K pattern Set A offer a slightly better Rwp with Set D having a
value 3 % larger. For both patterns Set C offered the highest Rwp values.

Between the sets, the most constricted structure was considered in Set
C, where Oh were defined using a P4 unit cell (Figure 6.10), this allowed
a symmetric rotation of the Oh about the c-axis (a0b0c+). The absence of
freedom for the structure to distort evidently provided a reduced fit quality,
seen by insufficient intensity modelled for the peak near 32.4◦ 2θ (CuKα).
This is reflected in with Set C having the highest Rwp values of the variation
in this section.

Set D, used rigid body model based fits with a 2 octahedra (Oh) unit cell
provided reasonable fits at both low and high temperatures (Figure 6.12).
Any rotation of the Oh about the a or b-axis translates into distortion of the
octahedra in a 2 Oh unit cell. Set A allowed this rotation without causing
distortion of the octahedra by using a 4 Oh unit cell which is capable of
the full range of the rotations in perovskite structures identified by Glazer
[Glazer, 1972]. The 4 Oh rigid body model used in Set A provided a no clear
benefit to the 2 Oh model of Set D, and resulted a lower fit quality for the 80
K pattern which is most prominent in the in the 22 to 28◦ 2θ range, this is
reflected in Table 6.3 with a much smaller Rwp value for Set D, 80 K, Figure
6.11. This is attributed to the absence of distortion in the octahedra of Set
A, and a greater chance of reaching a local minima in Set D considering the
higher dimensionality of the solution space of Set A. This suggests a 2 Oh
unit cell of Set D is sufficient to describe the structure, leaving a a0b0c+ or
distorted a0b0c+ structures as the most probable.
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An undistorted a0b0c+ corresponds to a P4/mbm space group [Howard
and Stokes, 1998]. Hybrid perovskites within this tilt system include the β
phase of FAPbI3 and CsPbI3 as well as the γ phase of FAPbI3 which is closely
related to the data set under investigation, (FAPbI3)0.85(MAPbBr3)0.15.

14.

Structure modelling of individual scans in the this section served to iden-
tify flexible structure models, suitable for application across the full tempera-
ture range. This includes the α → β phase transition as the most prominent
transition identified in Section 6.3. These refinements provide a starting
point for the application of sequential refinements executed in Section 6.7.
The models are then further investigated in Section 6.7, where more detailed
comparisons and finer tuned considerations have been made, afforded by
considering the full data set through the use of sequential refinements.

14These literature structures with their space groups and Glazer notation is provided in
Table 1.1)
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6.7 Sequential refinements

The use of Rietveld refinements across a full dataset can provide far more
information compared to the individual refinements. The use of sequential
refinement is one such method used to model larger datasets as discussed in
Section 3.10.1 with the implementation outlined in Section 4.9.1.

In the current section, each set of sequential refinements uses a single
model to describe the full temperature range. Variations on the model were
refined against the data and compared. This facilitated evaluating the in-
fluence that different parameters have on the refinement and structure fits
across the temperature range. Analysis using the full data-set provided a
larger information base to draw comparisons from. Additionally, this re-
duces the impact of statistical noise from the sub optimal counting statistics
typical in lab based in-situ data collection.

6.7.1 Methodology

Bi-directional refinement approach, Refinement sets 1, 8 and 8b made
use of a bi-directional sequential refinement approach. This consisted of two
sets of sequential refinements which were performed from opposite ends of the
data-set collected in the VT-XRD run 15. For each pattern, the refinement
with a lower RBragg was selected using logic statements in Microsoft Excel.
This serves to reduce directional effects in the data processing, especially the
effects of any sudden changes in the data such as around phase transitions.
16 17

Set 1 and 8 were run from the same initial input file with slightly different
boundary conditions. While in Set 8b, an additional constraint on rotation
of octahedra about the c-axis was imposed. One octahedra is limited to
clockwise rotation and the second, anti-clockwise. The additional constraint
brings the system closer to symmetric a0b0c+ rotation.

15The dataset consists of patterns collected during heating followed by patterns during
cooling as described in Section 6.2.

16RBragg and other statistical agreement factors are discussed in Section 3.4
17The bi-direction approach is briefly discussed in Section 3.10.1
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Monte-Carlo assisted refinement approach, Refinement sets 9 to
26 make use of a combination approach of least-square refinement with a
guided Monte-Carlo randomisation (Monte-Carlo assisted) 18. This approach
was utilised to better allow the refinement to overcome local minima which
would otherwise contribute to inaccuracy in the refinements. Such local
minima may impede the refinement from effectively tracking changes between
sequential diffraction scans. The refinements were first run sequentially using
the randomize on errors function in TOPAS. The resulting TOPAS output
files were edited using a Python script to be reprocessed in TOPAS using
a least-squares method (without randomisation). This resulted in improved
fits as indicated by lower Rwp values. Additional details for the individual
sets are presented in Appendix C.

Halide rigid body model, Refinement sets 9 to 15 make use of a rigid
body model describing the halide positions as introduced in Section 4.9.3.
The rigid body model is centred either at a Pb atom or at a place holder atom.
Using a place holder allows the refinement of the Pb position independently
of the rigid body’s centre.

Halide P4 symmetry based model, Refinement Sets 17 to 26 use a
P4 symmetry based model to define the position of the halide atoms on the
ab plane. The symmetry centres are at the centres of the octahedra 19 with
the rotation axis in the c-direction. The halides that falls between Pb atoms
along the c-direction are refined independently for Sets 17 to 19 while these
halide atoms fixed at (0,0,0.5) and (0.5,0.5,0.5), centred between the “ideal”
positions for the Pb atoms in Sets 20 to 26.

18The Monte-Carlo method randomises based on calculated errors in the refined param-
eter as designed Alan Coelho in TOPAS [Coelho, 2018]

19The octahedra centres are at (0,0,0) and (0.5,0.5,0), this is considered the “ideal”
position for the Pb atoms.
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Table 6.4: A summary of conditions used across refinement sets 9 to 26.

6.7.2 Discussion

Modelling approaches

The bi-directional approach used in Sets 1 and 8 was intended to reduce
the impact of sudden changes in the data, which can be poorly tracked by
sequential refinements. Comparisons of the c-axis lattice parameter between
Sets 1 and 8 show significant differences in the hysteresis between the heating
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Figure 6.13: Rwp of Monte-Carlo assisted sequential refinements. The hori-
zontal lines represent the boundaries of the 4 quartiles of Rwp values. The
median value is represented by a red horizontal line. Open circles represent
outliers.

and cooling traces. (Figure 6.14) 20 Set 1 and 8 were expected to have
near identical results with the refinements of Set 8b subject to only a slight
difference in the rotational constraints of the octahedra. This show a lack of
refinement stability with the bi-directional approach as applied to the current
dataset 21.

The effect of using the Monte-Carlo assisted approach produced a greater
overlap and similarity between the heating and cooling traces of the c lattice
parameter, as seen in Set 23, Figure 6.14d. The comparison between the c
lattice parameter for Set 23 and the P4/mbm Le Bail refinement in Figure
6.15 shows that the traces follow a similar trend with a near linear slope at T
≥ 260 K and a sudden drop in the lattice parameter between 250 and 260 K.
Neither of these sets show the same degree of hysteresis apparent in Set 1
and 8. 22

20Set details are given in Appendix Section C.5.
21For additional plots see the Appendix Figures C.6, C.7, C.8 and C.15 for Sets 1, 8, 8b

and 23 respectively. Set 8b is similar to Sets 1 and 8 with the exception of slightly more
restrictive limits. Set 8b illustrates that the choice of limits and constraints can greatly
reduce the hysteresis effect, still this refinement set does not compare well with the Le
Bail refinements in Figure 6.14b.

22Additional details for the individual sets are presented in Appendix C.
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(a) Set 8, rigid-body sequential refine-
ment (repetition of Set 1

(b) Le Bail P4/mbm, high temp values as
per Figure 6.9

(c) Set 1, simple rigid-body sequential re-
finement

(d) Set 23, Monte-Carlo assisted rigid-
body sequential Rietveld refinement

Figure 6.14: Reproducibility of bi-directional sequential refinements in com-
parison to a Monte-Carlo assisted variation.

The Monte-Carlo assisted approach provided more reproducible refine-
ments compared to the bi-directional refinement approach. The randomisa-
tion for the Monte-Carlo resulted in processing time close to 2 hours for the
data-set compared to a few minutes required for the bi-directional approach.
This is viable for to handle a small number of refinements, such as the single
data set focused on in this Chapter for a more scalable refinement method
see Section 8 where parametric refinements are discussed.
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Lattice parameters

Considering a ̸= b in Set 18 compared to Set 19 where a = b, with Rwp

values of 8.97 and 8.99 respectively which is marginal showing not significant
benefit gained by allowing the unit cell to assume an orthorhombic shape.

In terms of the a = b lattice parameter, Set 23 shows a reduced a-axis
length at T = 260 K, at the α → β transition. This is consistent with the
P4/mbm refinements in Figure 6.15 and observed to a more subtle extent in
Set 20 while the same feature is absent from Set 19 (Figure 6.16) 23.

For both the a and c lattice parameters, the trend of Set 23 follows most
closely to the Le bail P4/mbm refinement set. The Le Bail refinement values
are slightly lower than those of the structure based model. This is likely
a consequence of using an analytical function for the P4/mbm refinements
while using a refined instrument profile in Sets 19, 20 and 23. The structure-
agnostic Le Bail refinements do not possess the same constraints present in
structure based refinements, as such the similarity between Set 23 and the
P4/mbm Le Bail refinements in indicative of fit quality.

Figure 6.15: A comparison of lattice parameters between the Le Bail
P4/mbm refinements and Sets 19, 20 and 23. “P4/mbm ave” refers to an av-
erage from the tetragonal unit cell parameters to reach a pseudocubic lattice
parameter value.

23Figure 6.8 and the related section show and explain the P4/mbm refinements. Figure
6.15 provides an overlay of Sets 19, 20, 23 and the P4/mbm refinements.

155



Figure 6.16: A comparison of parameters in Sets 19, 20 and 23.
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Pb-X bond length

In the absence of structural change, the true Pb-X bond length in a structure
is expected to increase in temperature 24. The refined Pb-X bond length is
inter-dependent on the unit cell size, octahedra rotation, and any distortions
of the octahedral shape. The diffraction intensity, from which the refined
Pb-X bond length is indirectly extracted, represents an average structure,
and in powder diffraction the structure information is condensed into a sin-
gle dimension. With this in consideration anisotropic vibrations within the
structure have the potential to present as an inaccurate reduced bond length
as one example of how the real and refined values may differ [Becka and
Cruickshank, 1961].

The refined Pb-X bond lengths for Sets 10 and 23 are presented in Fig-
ure 6.17. These represent the use of a rigid body model, and P4 symmetry
respectively for modelling the halide positions. The bond lengths for Set 10
show no clear trend as a function of temperature and vary by as much as ±
0.4 Å (Figure 6.17). In the absence of structural changes, the bond length
is expected to follow a function similar to rbond(T ) = r0 + c1θ0

e(θ1/T )−1
([Din-

nebier et al., 2018]) with a smaller change over the temperature range by
roughly an order of magnitude. Correlation is evident between Pb-X bond
length parameter and a series of parameters including Pb-X octahedra tilt
and translation parameters as displayed in the correlation tables of App. Fig-
ure C.18. With this correlation considered, the refined parameter cannot be
taken as an accurate representation of bond length. Subsequent sets attempt
to mitigate the effect of an seemingly unstable bond length parameter with
two approaches investigated below.

Sets 12 uses a rigid body model with the Pb-X bond length of the rigid
bodies fixed to the average bond length determined across Set 10. The model
still allows a degree of compensation as the lattice parameters and orientation
of the rigid body models are not constrained based on the Pb-X bond length.
The reasonable fit quality in terms of Rwp, Figure 6.13 indicate that thermally
driven Pb-X bond length expansion in the ab plane may be well compensated
for by correlated parameters, or possibly overshadowed by other temperature
dependent structural changes.

24Structural change can be co-incident with changes in bonding angles and orbital over-
lap impacting bond strength and length, Section 2.2.
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Sets 20 and 23 employ a P4 symmetry based model (as opposed to a rigid
body model) in which the Pb-X bond length was a function of the unit cell
parameters and a single position parameter corresponding to the octahedra
rotation. This can be calculated by length = a1

√
(0.25 + p1)2 + (0.25 − p1)2,

where a1 is the a = b lattice parameter, and p1 describes the change in
fractional co-ordinates such that the position of halide I1 is (0.25+p1, 0.25-
p1, 0). This model reduces the number of refined parameters associated with
the Pb-X octahedra and its rotation and resulted in a model with far less
parameter correlation, Appendix Figure C.17.

The bond length parameter of Set 23, Figure 6.17 falls within the range
3.145 to 3.167 Å. This metric refers to ab plane of the structure and falls
within the range Pb-I bond lengths for the equivalent bonds found in liter-
ature, including values between 3.13 and 3.20 Å 25. Lower values for such
as 2.98 Å, (COD 1545319 ) have been observed for Pb-Br bonds. With 15 %
Br it is reasonable for (FAPbI3)0.85(MAPbBr3)0.15 to be at the lower end of
the Pb-I range. In measurements by Weller et al. a bond length change in
the ab plane of 0.015 Å was observed from 3.1870 Å at 100 K to 3.1720 at
180 K [Weller et al., 2015b] 26. This shows a longer bond length for the lower
temperature measurement with a comparable to the increase in bond length
across the phase transition near 260 K.

The bond length parameter in Set 23 (Figure 6.17) follows a trend of
gradually increasing with temperature prior to the β → α phase change.
The bond length parameter shows a slight decrease between 230 and 250 K
with a sudden drop between 250 and 260 K before continuing to increase.
This is consistent with the gradual structural change between 230 and 260 K
identified in previous sections. Considering bond length in Figure 6.17(right)
and octahedra rotation represented by the Pb-X-Pb bond angle in Figure
6.16, thermal energy acts to increase the Pb-X bond length with the exception
of the range 230 to 260 K. In this range octahedra rotation is dominant during
the structural reorganisation concluding with the β → α between 250 and
260 K. Here we observe shortening of the apparent bond length as the Pb-
X-Pb angle increase approaches its minimum.

25Bond lengths from selected literature structure files are provided in App. Table C.5.
26Structure files ICSD 428899 and ICSD 428898. For these structures the Pb-I bond

lengths along the c-axis were 3.1970 and 3.1872 Å for 100 and 180 K respectively
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What is observed could be the result of changes in bonding as a result
of changes in orbital overlap and/or an effect of how an “average structure”
accessible with XRD represents a real material. XRD diffraction patterns
contain information on average structure of a material. The average posi-
tion of any bond rotations will be observed which can result in an atom
appearing in the centre of the axis-of-rotation resulting in a shorter apparent
bond length. The average structure can alternatively be a simplified approx-
imation of the real structure should there be a number of short range order
configurations which the observed structure will represent the average [Becka
and Cruickshank, 1961].

Figure 6.17: Pb-X bond lengths in Set 10 where a rigid body model is used
and Set 23 using a P4 based symmetry constraint.

Halide position refinement

Across the sets, the halide positions were defined either by a rigid body model
or as sites constrained to a P4 symmetry. The use of a rigid body model
facilitated the inclusion of octahedra (Oh) rotation about the a and b axes in
addition to the dominant rotation expected about the c-axis. Using a rigid
body model, the refined rotation parameters about the a and/or b axis for
Set 12 provided an average magnitude of 3.6 (σ = 0.9) with no clear trend
in the parameter as seen in Figure 6.18.

Comparing Sets 12, 19, and 20, where Set 12 makes use of a Rigid body
octahedra model. Set 19 defines its halides in the ab plane coplanar with the
Pb atom using a P4 symmetry, with the position of halide in the c-direction
refined, Set 19 is similar to Set 23 with the exception that halides in the
c-direction is fixed to the centre between two Pb atoms.
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Figure 6.18: (left) Set 12: Effective octahedral rotation about the c-axis.
This was evaluated by taking the absolute value of the difference in rotation
about the c-axis of the 2 Oh in the unit cell. (right) average rotation about
a and b axes.

These sets provide a well defined trend in rotation about the c-axis as
seen in Figures 6.18 and 6.16. The trend becomes clearer with less apparent
noise and fewer outliers as we increase the set number towards more con-
strained models. This is in part due to parameter correlation such as the
correlation between octahedral rotation parameters and parameters displac-
ing the octahedra centre seen in Appendix Figure C.18. The correlation is
greatly reduced in the later more constrained sets with the example of Set23
in App. Figure C.17. Sets 12 and 19 result in near identical Rwp values of
of 9.00 and 8.99 respectively, while Set 20 has a slightly worse Rwp of 9.11.
Similar is observed in their Rwp box and whisker plots as seen in Figure 6.13.
It is suggested that the one refined halide in Set 19 comparable effect in the
simulated pattern to rotation of the Oh about the a and b axes, especially
since both approaches result in the movement of the halide in question.

In Set 19, the position of the halide present between Pb atoms in the
c-direction refined closer to a centred position at high temperatures, com-
pared to low temperatures, Figure 6.19. This coincides with the drop in
the c-axis lattice parameter and the α → β transition, Figure 6.14d. The
mean magnitude of displacement in the ab plane was 0.039 Å (σ = 0.011)
showing no clear sign of temperature dependence. The angle between the
displacement of halide between the 2 Oh remains low with a mean value of
16.5◦ (σ = 12.1), this is similar to how polarisation is expected to appear in
a structure. Polarisation if present, would be expected at lower temperatures
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while absent at higher temperatures. Since there is no additional information
supporting polarisation in [Greenland et al., 2019], this is considered a likely
false positive. Set 20 constrains this halide at the expense of a slightly higher
Rwp. The possibility of polarisation is discussed further under the title “Pb
position refinement” below.

Figure 6.19: Set 19, Position data of the halides between Pb atoms along the
c-direction (labelled I3 and I6 in refinements) (left) Average magnitude of
displacement in the c-direction between I3 and I6. (middle) rotation about
the c-axis. This was evaluated by taking the absolute value of the difference
in rotation about the c-axis of the 2 Oh in the unit cell. (right) average
rotation about a and b axes.

Pb position refinement

The use of solely refining halide positions, through rigid body Oh or symme-
try constraints was insufficient to well describe the data. In Section 6.6 we
observed a reduced fit quality where the lattice parameters were defined in re-
lation to bond projections which were refinements using undistorted Oh, and
a fixed Pb position. In the previous section on “Halide Position Refinement”,
distortion is an inherent capability of the structure models discussed, not-
ing that Set 23 was restricted to very limited means of distortion, primarily
elongation of the octahedra.

All the Sets included in Table 6.3 make use of either a form of relative
displacement between the Pb atoms and halide framework or a spreading of
the Pb atoms electron density across nearby sites in a P4 symmetry. The
variations includes:
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1. The centre of the halides octahedra rigid body was refined (2x2 or 2x3
parameters).

2. The centre of the halide octahedra rigid body is fixed and the position of
the Pb atoms are refined (2 sets of 2 or 3 parameters each).

3. The Pb atom was allowed to displace in the x and y directions and repli-
cated by a P4 symmetry resulting in 4 Pb sites with occupancies of 0.25 to
represent uncertainty in the Pb position (2 parameters).

The gains in fit quality from permitting distortion and/or refinement of
the Pb atomic position in the structure, lead to the consideration of dipoles
in the structure which can be expected at low temperatures in response to
the inherent dipole present in MA and FA cations [Lee et al., 2021].

To test whether the collected data contains accessible information on the
directionality of Pb displacement, Set 20 which refined the position of its Pb
atoms independently was compared to Set 23 which implemented displace-
ment of Pb in the ab plane using four Pb atoms with 0.25 site occupancy in
a P4 symmetry, this removes the ability of the model to represent a dipole in
the structure and since the magnitude of displacement is small this approxi-
mates isotropic displacement in the ab plane. (Figure 6.4) Both sets provide
similar Rwp values of 9.11 and 9.12 respectively. Implying that there were
no significant gains in fit quality from allowing the Pb atoms to form dipoles
over the P4 symmetry based approach making the model of more restrictive
Set 23 favoured over Set 20. This informs us that at least on the scale of
average structure we are not expecting a dipole.

The consideration of the Pb atom being distributed around a point in P4
symmetry can be reframed. We assume the modelled scattering interactions
between the adjacent Pb atoms in the model negligible. If we take each of
the four Pb atoms as the origin of a distinct unit cell and overlap them. The
resulting unit cell presents the effect is the spreading of the halide electron
density as observed in literature structures where the electron density of the
halides are distributed due to thermal motion in the “soft” Pb-X framework
27 [Kieslich et al., 2018, Weller et al., 2015b].

27The effect on the organic cation on the diffraction pattern neglected in this comparison
for the reasons discussed in Section 3.5.1.
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6.7.3 Conclusion

The structure models evaluated considered the impact of various structural
constraints and freedoms progression from initially over parametrised models
towards more restrictive models reducing parameter correlation 28. Care was
taken to slowly develop the structure model, with the intent to avoid both
inaccuracies and information loss due to the choice of model constraints.
This included the progression from a relatively free rigid body model for
the octahedra, to halide positions strictly defined by a P4 symmetry. The
freedoms given to the Pb position were reduced from two Pb atoms with three
freedoms each to set of sites in P4 symmetry with shared parameter refined
defining their x and y coordinates. This indicated that the average structure
of (FAPbI3)0.85(MAPbBr3)0.15 does not show polarisation. An attempt was
made to reduce the organic cation to a single representative atom resulting
in a substantially reduced fit quality (Rwp) as seen in Figure 6.13.

Set 23 was found suitable to stabilise the sequential refinement results
with focus on the Pb-X-Pb bond angle, where a cleaner plot of Pb-X-Pb bond
angle in the ab plane is observed, Figure 6.16. The Rwp indicating quality of
fit was slightly higher than for Set 19, which was attributed to the presence
of fewer refined parameters. Set 23 does not offer meaningful information
on position or orientation of the organic cation. Nor can it differentiate the
possibility of a disordered dipole in the structure, from the electron density
of the halide position being distributed due to vibrational modes. With
awareness of these limitations, Set 23 was sufficient to investigate the phase
changes present and the rotation of the octahedra. For this reason it was
chosen for use in the research paper [Greenland et al., 2019] resulting from
this work.

6.7.4 Future work

Compared to the current structural work, similar experimental and theo-
retical transitions observed in literature show the changes in symmetry are

28A comparison between the parameter correlation can be seen in App. C.6.17 where
Set23 expresses far less parameter correlation compared to Set10 as previously discussed
in Section 6.7.2.
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accompanied by changes in the orientational disorder of the organic cation.
For the high temperature α phase, there is sufficient thermal energy such
that the organic is in effect completely disordered. The transition to the
tetragonal β phase in the literature included a reduced orientational disor-
der accompanied by the rotation of octahedra. For the γ → β transition
literature supports a sharp structural change in the case of MAPbI3 and
FAPbI3 where the hydrogen bonds between the organic cation and I are bro-
ken with the increase in thermal energy [Cordero et al., 2021, Mattoni et al.,
2015, Weller et al., 2015b].

The orientation and motion of the organic cations in single cation sys-
tems as a function of temperature has been well studied in literature. [Weller
et al., 2015b] [Mattoni et al., 2015] [Cordero et al., 2021] This is less well
covered in multi-cation systems such (FAPbI3)0.85(MAPbBr3)0.15. Consid-
ering the sharp transition in single cation systems between the β and γ
phases which are a related to the breaking of hydrogen bonds between the
organic cation and the framework. We note that data of a higher tempera-
ture resolution would be required to establish the sharpness of the transition
for (FAPbI3)0.85(MAPbBr3)0.15 while data with better definition of the weak
peaks would be required to extract greater structural detail.

Recent literature has shown the transition rate of similar mixed-cation
mixed-halide hybrid-perovskite systems to be dependent on nano-structural
heterogeneity, which is determined by synthesis conditions and crystal quality
[Barrier et al., 2021, Mundt et al., 2021]. The synthesis and diffraction
measurement of a (FAPbI3)0.85(MAPbBr3)0.15 single crystal, alongside thin-
films, may provide insights on how the structural transition behaviour, and
inferred nano-scale heterogeneity compares to the (Cs,FA)Pb(Br, I)3 based
compositions in the works of Barrier et al. 2021 and Mundt et al. 2021
[Barrier et al., 2021, Mundt et al., 2021].

The presence of multiple cations and multiple halides would be expected
to result in hydrogen bonding with a distribution of bond energies, as such
we theorise that the γ → β transition could follow a number of schema such
as gradual, stepped, or sharp depending on the pattern in which the hydro-
gen bonds break and whether the same or a different scheme is followed on
the heating and cooling direction of the phase change. A sharp transition
may indicate that the a single hydrogen bond dominates the transition which
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would have implication in the distribution of the halides and/or the orienta-
tion of the organic cations. A more gradual transition may indicate a greater
independence across the structure with some extent of localised structural
environments. A further question to be asked regarding the effect of entropy
gained from a more diverse composition, and whether this has an identifiable
effect on the transition temperature between the β and γ phases and on the
gradual reorientation of the octahedra after the α → β transition [Kieslich
et al., 2018]. We suggest that understanding of such effects could provide
additional insight to the stability gained by double and triple cation systems.

This work can be extended to study the system using variable temper-
ature neutron diffraction coupled with DFT for the comparison of energy
differences between similar structural configurations 29. Neutron diffraction
is far more sensitive to hydrogen atoms and provides a far better diffraction
contrast between the light elements in the organic cation. For a better signal-
to-noise ratio in neutron diffraction, deuterated samples are often required,
which affects the strength of hydrogen bonding and in consequence the crys-
tal structure 30 [Whitfield et al., 2016]. Insights from DFT can be used to
understand impact of thermal energy on specific structural transitions and
orientational freedoms. [Mattoni et al., 2015]

XANES could be used to inform whether the halides atoms are in the
same chemical environments or if each halide exists in multiple environments
31 [Henderson et al., 2014]. To further explore the bond length trend with a
focus on the α → β transition, EXAFS and/or X-ray total scattering for a
pair-distribution function can be used to determine local bond lengths includ-
ing Pb-X bonds 32. EXAFS provides element specific measurements which
could be used to compare Br and I halide bond lengths in sample. [Hennig
et al., 2001]. Such measurements and analysis could then be contrasted to
the average structure modelled using PXRD data.

29DFT: Density functional theory.
30A temperature dependent, neutron and X-ray diffraction study between protium, deu-

terium, and partially deuterated hybrid-perovskites materials has been explored in the
work of Whitfield et al.. They considered the effect on noise in neutron diffraction data,
bond-lengths, and phase transition temperatures in detail [Whitfield et al., 2016].

31XANES: X-ray absorption near edge structure
32EXAFS: Extended X-ray absorption fine structure
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Chapter 7

Correlating phase behavior
with photophysical properties
in mixed-cation mixed-halide
perovskite thin-films
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Preface

This chapter introduces a published work, which correlates structural and
photophysical changes that occur in a (FAPbI3)0.85(MAPbBr3)0.15 hybrid
perovskite material as a function of temperature.

My role in this investigation was centred around the model development
and analysis of a variable temperature X-ray diffraction data-set, with efforts
to determine as much structural information as could be reasonably attained
with the methods, resources, and data quality available. The development
of the model used is discussed in Chapter 6.

The results of the work in Chapter 6 were presented in the article “Corre-
lating Phase Behavior with Photophysical Properties in Mixed-Cation Mixed-
Halide Perovskite Thin Films”, published by C. Greenland, A. Shnier et al.
(2019) [Greenland et al., 2019].

The abstract and authors list is presented on the following page with the
published manuscript available via its DOI at [link], and via Researchgate.net
at [link].
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Abstract: 

Mixed cation perovskites currently achieve very promising efficiency and operational 

stability when used as the active semiconductor in thin-film photovoltaic devices. However, 

an in-depth understanding of the structural and photophysical properties that drive this 

enhanced performance is still lacking. Here the prototypical mixed-cation mixed-halide 

perovskite (FAPbI3)0.85(MAPbBr3)0.15 is explored, and temperature-dependent X-ray 

diffraction measurements that are correlated with steady state and time-resolved 

photoluminescence data are presented. The measurements indicate that this material 

adopts a pseudocubic perovskite α phase at room temperature, with a transition to a 

pseudotetragonal β phase occurring at ≈260 K. It is found that the temperature dependence 

of the radiative recombination rates correlates with temperature-dependent changes in the 

structural configuration, and observed phase transitions also mark changes in the gradient 

of the optical bandgap. The work illustrates that temperature-dependent changes in the 

perovskite crystal structure alter the charge carrier recombination processes and 

photoluminescence properties within such hybrid organic-inorganic materials. The findings 

have significant implications for photovoltaic performance at different operating 

temperatures, as well as providing new insight on the effect of alloying cations and halides 

on the phase behavior of hybrid perovskite materials. 
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Parametric Rietveld refinement
for structural analysis of triple
cation hybrid-perovskites
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8.1 Introduction

The crystal structure of the hybrid-perovskites has been discussed in Section
1.2.1. In Section 1.3 we discussed benefits of compositional turning, includ-
ing the substitution of Cs into hybrid-perovskite materials as a means of
improving device stability and PV performance.

In FAPbI3 hybrid perovskites, thermally activated phase transitions in-
volve a higher temperature cubic or pseudo-cubic α phase, and an ambient
or sub-ambient phase transition to a tetragonal β phase. The thermally in-
duced phase transition temperatures of FAPbI3 and related structures have
been previously discussed in detail in Section 1.5.2. The phase changes in
hybrid-perovskites involve the rotation of these octahedra configurations as
prescribed by the Glazer notation in Section 1.5.1. The α to β phase tran-
sition of FAPbI3 has been described by the transition from the a0a0a0 to
a0a0c+ tilt system corresponding the Pm3̄m to P4/mbm space groups [We-
ber et al., 2018]. In the case of the β → γ low temperature phase transition,
this leads to a less clearly agreed upon γ phase, with structures proposed
amongst tetragonal, orthorhombic and disordered pseudo-cubic crystal sys-
tems [Fabini et al., 2017, Weber et al., 2018]. The addition of a percentage
of MA and Br has been found to be effective in improving the phase stability
against thermal decomposition and the performances of FA based perovskites
[Koo et al., 2020, Zheng et al., 2017].

Our recent study on (FAPbI3)0.85(MAPbBr3)0.15 has explored the ther-
mally activated structural transitions in this class materials. Since the optical
properties are sensitive to structure, we have also correlated the correspond-
ing photophysical changes [Chapter 7]. The addition of Cs has shown even
more promise, having a strong effect on the morphology, stability, and per-
formance of these photovoltaic materials [Cho et al., 2018, Liu et al., 2020].

In this chapter we explore the effect of substituting Cs into the A site of
(FAPbI3)0.85(MAPbBr3)0.15 on temperature induced structural transitions in
the form Csx(FA0.85MA0.15)1−xPbBr0.45I2.55. In a previous work, a distinct
phase transition for the pseudo-cubic α to tetragonal β at 260 K, with the
onset of octahedral rotation at 275 K was established [Greenland et al., 2019].
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8.2 Powder X-ray diffraction measurements

Thin film samples were prepared using the protocol described in Section
4.4. Powder diffraction data were obtained using a Bruker D8 Advance,
with a copper source and graphite monochromator, as detailed in Section
4.7.1. The Rietveld refinements used the fundamental parameter approach,
with an instrument profile refined against a poly-crystalline silicon reference
material as described in Section 4.8.1 [Rietveld, 1969]. The data collection,
methodology, and sample naming conventions are described in Section 6.2.

8.3 Visual and Pawley refinement based com-

parisons

In this section, we identify and relate features of the X-ray diffraction patterns
for the collected data, and compare the data quality between sets using visual
analysis and peak intensities derived from Pawley refinements.

The collected data on Csx(FA0.85MA0.15)1−xPbBr0.45I2.55 for Cs0 (x = 0)
as analysed for Chapter 6, provided sufficiently resolved peaks to meaning-
fully explore phase transitions and a number of structural parameters, as dis-
cussed in Chapter 6. When we compare this to the Cs10 (x = 0.10) data-set
in Figure 8.1, weaker peak intensities are observed. Such an effect on inten-
sity can be considered either an experimental effect, such as smaller sample
volume available for diffraction, or a material effect where the addition of
Cs is directly or indirectly reduces the diffracted intensity. In addition, peak
broadening observed between the 315/310 K and 90 K patterns of Figure 8.1,
this is ascribed to peak splitting due to a pseudo-cubic to tetragonal phase
transition as explored in Chapter 6, and supported by the low residuals in
the tetragonal P4/mbm Pawley refinements of Figure 8.1.

In Figure 8.2, we consider modelled peak intensities of the 310 K pat-
terns, where the α phase is expected across the data-sets, Table 1.5.2. These
data-sets were collected using a common data integration times, with sam-
ples prepared in 0.7 mm borosilicate capillaries, as explained in Sections 4.5
and 4.7.1. The intensities were modelled using P4/mbm based Pawley re-
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Figure 8.1: (top) Cs0 data set, blue 1-315K, green 28-90K (bottom) Cs10
data set, blue&red 1-310K, green&red 25-90K.

finements 1. The Cs0 peaks presented the strongest peak intensity, with the
weakest observed for Cs10, noting the exception of the 20◦ 2θ peak, cor-
responding to the (111) reflection. This is of interest, as this peak is not
expected to loose significant intensity with the octahedral rotation across
the α → β phase change 2, as evident in Figure 8.1(top). With the excep-
tion of the (111) reflection, the Cs5 and Cs8 peak intensities are stronger
than those of Cs10. The intensities for Cs8 are greater than those of Cs5,
which indicate the inclusion of Cs does not result in a monotonic trend of
intensity loss. All Cs containing data-sets presented lower intensity, and
similar intensity values for observed for the Cs5 and Cs10 data-sets. The
inclusion of Cs is correlated with the reduction in the diffraction intensity.
This observation corroborates a similar effect, albeit smaller, observed for the
Csx(MA0.17FA0.83)(1−x)Pb(I0.83Br0.17)3 in the work of Saliba et al., between
their sample with and without 10 % of Cs substitution 3 [Saliba et al., 2016].
Changes in electron density at the A site due to inclusion of Cs was con-
sidered. This was modelled in App D.1, Figure D.2 and was not significant
enough to explain the observed intensity differences. A proposed mechanism
is an effect of the altered composition on fabricated samples’ morphology,
and/or increases disorder in the structure which could act on intensity in a
comparable form to that of thermal displacement, Equation 3.18 [Braunger
et al., 2018].

1For Cs0 the 315 K pattern was refined.
2Octahedral rotation is discussed in Chapter 6
3SI Figure 2 of [Saliba et al., 2016].
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Figure 8.2: Modelled peak intensity across 2θ of diffraction patterns at 310
K, ascribed to the perovskite α phase, presented using logarithmic intensity
scale.

To assess if temperature and structural changes are accessible across the
Cs based data-sets, the phase with the weakest peak intensities, Cs10 is taken
into consideration. A comparison was made between the peak intensity of the
room temperature and 90 K patterns using modelled peak intensities from
Cs0 as a reference. 4 5. This is presented in Figure 8.3, where there is little
difference in the relationships across the peak intensities between the Cs0
and Cs10. The peak positions for the lower temperatures of both sets show a
shift towards higher angles which is more pronounced at higher angles where
greater peak separation is expected 6. We note a larger intensity difference
for the peaks Cs10 peaks at 14◦ 2θ, with the high temperature phase lower
in intensity. The 310 K before and after heating is presented in App. Figure
D.1, where the intensity of the (110)/(001) 14◦ 2θ peak is stronger after
temperature cycling to 80 K, while the balance of the pattern is virtually
identical in peak shape and intensity, including higher order (220)/(002)
and (330)/(003) peaks. This is suggested as due to a degree of disorder on
the length scale corresponding to the low angle (larger inter-planar spacing)
(110)/(001) peak. In addition for both the Cs0 and Cs10 data-sets we see
peaks modelled at 22.6, 26.9, 37.0, 42.5, and 45.0◦ 2θ corresponding to (210),
(211), (212)/(320), (410) and (411) reflections of a the perovskite β phase
identified in Chapter 6.

4Peak intensities for Figure 8.3 were modelled using P4/mbm based Pawley refinements.
5The 90 K pattern was chosen as a reference over the 80 K pattern due to the β → γ

transition observed between these temperatures in Chapter 6.
6This corresponds to thermal contraction of the unit cell with decreasing temperature.
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(a) (b)

Figure 8.3: Modelled peak intensity comparison between room temperature
and 90 K patterns in (a) Cs0, and (b) Cs10 data-sets, across 2θ (Cu Kα).

The observations of this section establish that in spite of the poor diffrac-
tion pattern intensity evident in the weakest data-set Cs10, the peak posi-
tion informing on the unit cell parameters, relative peak intensity related to
octahedral rotation, and the appearance of additional β phase peaks, are ac-
cessible in the data. In the following sections, we parametrise refinements of
the full data sets to mitigate noise in modelled parameters, which originates
from the poor signal-to-noise ratio of the measured data.

8.4 Parametric refinements

The parametric refinement based modelling in this chapter follows the input
file preprocessing method, and includes refinement contributions discussed
in Section 4.9.1.

The following sections compare two refinement sets per data-set. For
Cs5, 8, and 10, these are group (A) Set 7, a minimally parametrised set in
which crystallite size broadening was refined as a global parameter across the
data-set, and group (B) Set 22, where simple empirical equations are applied
based on trends observed in the minimally constrained refinement sets. For
Cs0, group (A) sequentially refined data of Chapter 6 is compared to group
(B) of the parametrised Set 23. As no Set 7 or 22 exist for the Cs0, when
referring to Set 7 or Set 22 across the compositions the Chapter 6 and Set
23 models are used.
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Group (A) is considered reference refinements, and (B) parametrised re-
finements, while group (A) is technically parametrised, this use is limited to
crystallite broadening.

8.4.1 Reference refinements of VT-XRD data

The refinement model of the FAMA based sample (Cs0) is explained in Chap-
ter 6 and 7. A simpler P4/mbm based model, with a fixed Pb atom position
within the unit cell, and representative atom in place of the organic cation,
was suitable for the sets containing Cs, Figure 8.4 7. The unit cell was con-
strained to be tetragonal (a = b). Rotation of the octahedra about the c-axis
was refined, consistent with the Glazer notation a0a0c+.

Figure 8.4: Cs5 diffraction patterns for refinement Set7, for 90 and 310 K.
(red) modelled, (green) raw data, (grey) residual.

The parameters, shown in Figure 8.7 for Refinement Set 7, show more
noise than desirable for the intended analysis, especially for the a/(c

√
2) ratio

above ∼260 K and the bond length parameters, with the most erratic values
observed for the Cs10 diffraction data. The Cs10 data-set had the lowest
diffracted intensity of the sets investigated as shown in Figure 8.1. This could
be a result of overall sample volume or crystallinity. The weak reflections
are associated with larger uncertainty and reduced stability of refinement
parameters. [Stinton and Evans, 2007] To extract more reliable parameters,
the use of careful modelling using more advanced analysis techniques was
employed, specifically parametric refinements.

7Organic cation modelling approached are discussed in Section 4.9.2, including the use
of a representative atom.
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8.4.2 Parametric refinement of VT-XRD data

Refinements of Set 22 are discussed for Cs5, Cs8, and Cs10. For Cs0, Set23
is utilised. The primary difference between Sets 22 and Set 23 rest in the
Pb atom. In Set 22, this is a fixed representative atom. For Set 23, this
is replaced by 4 coplanar Pb atoms each with 0.25 site occupancy in a P4
symmetry about the ideal position, as was introduced and implemented in
Chapter 6. The effect on Rwp is shown in a between Set 21 and 23 for Cs0 in
App. Figure D.3, where there is a significantly worse in fit quality at higher
temperatures for Set 21, with Rwp values as high as 14.5 far exceeding that
of Set 23 and the Cs containing sets.

These refinements included all the features of the above reference refine-
ments, with additional parametrisation across each data-set. The additional
constraints were applied to within specific temperature ranges. One such
range was the region where the high temperature α phase is clearly identi-
fied. In this range, the lattice parameter ratio, ( a

c
√
2
) and octahedra rotation

were each defined by single global variable, as a straight line 8. To further
reduce noise, and improve reliability of the refined parameters, Set 22 re-
fined a 4th order polynomial for selected temperature ranges, (Figure 8.5),
to describe the parameter associated with a0a0c+ octahedra rotation (Pb-X-
Pb bond angle) in a region between the α → β and β → γ transitions. In
the case of Set 23 for Cs0, a polynomial constraint was not applied as this
parameter, as reasonable parameters were achieved without the additional
constraint. These constraints are illustrated, as applied to each data-set in
Figure 8.5, where the parametrised values are plotted as solid green lines
with free parameters in the same refinement represented as green •’s.

The initial parameters for the polynomial constraints were determined
by fitting against locally free parameters, such as in Set 7. To prevent over
constraining the data, this region was chosen for each sample composition to
exclude sudden shifts in the parameters. The two parametrised regions was
decided separately for each composition and were chosen conservatively. This
is exemplified in the Pb-X-Pb angle plots for the region ∼250 to ∼280 K,
where a number of data points were exempted from the polynomial con-
straint, in part due to their proximity to the phase transition. This addi-

8A tetragonal unit cell is modelled such that a = b.
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Figure 8.5: An overlay of reference (Set7) and parametrised (Set22) refine-
ments for each sample set. (left) Pb-X-Pb bond angle showing octahedral
tilt about the c-axis. (right) Lattice parameter ratio a

c
√
2
, (a = b). (green

lines) parametrised values, (green •) freely refined values, (Brown X) freely
refined values.
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tionally prevents a miss-representation of data points near the transition,
where the noise in the refined parameter values could allow some values to
be related to either side of the transition.

For the Cs5 and Cs8 sets, the parametrised lines shown in Figure 8.5 is
closely aligned with the reference refinements. Cs0 provides a close fit for
the low temperature region with a greater difference above 275 K. This is
attributed to differences between the models, where Cs0 Seq includes a rigid
body model organic cation with a refined position while Cs0 Set23 has a fixed
position representative atom.

In the case of Cs10, we have identified evidence of octahedral tilt, by
means of the (210) and (211) reflections, attributable to a P4/mbm unit
cell and a0a0c+ tilt system in Section 8.3, the presence of these reflections on
become weakly discernable at 260 K with increasing intensity with decreasing
temperature 9. This is presented in Figure 8.6, where the expected positions
of the β phase peaks are marked. There is a slight, poorly defined raise in
the observed signal of the 7-260K pattern at both marked positions above
the background of the higher temperature 1-310K pattern 10. These signals
continue to increase in intensity with decreasing temperature as expected
across an α → β phase transition. The formation of these peaks is related
to the a0a0a0 to a0a0c+ transition, with the refined Pb-X-Pb angle showing
this in the set of reference refinements (Set 7), Figure 8.5. A possible trend
is evident in the Pb-X-Pb angle from 80 to 290 K. Qualitative analysis on
the balance of refined parameters for Cs10 provided no additional insights
beyond a general decrease in unit cell size.

With the observations we have discussed, T ≥ 290 K was a reasonable
point to consider as the onset for the formation of the α phase in Cs10,
and the corresponding parametrisation was applied as presented in Figure
8.5. Similarly the polynomial parametrisation was applied in the range 90 ≤
T ≤ 260 K for Cs10. It is noted that qualitatively, the parametrization can
be extended to 280 K, however concerns on the nature of the appropriate
constraints demerit the modelling range, noting that the 280 K data point

9Peaks at these positions do not occur for a Pm3̄m perovskite phase.
10It is noted that the collection of each VT-XRD data-set elapsed slightly over 40 hours.

With approx. total of 1 hour per temperature, including ramp and dwell time prior to
measurement. As such, longer collection times for these samples proved infeasible.
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Figure 8.6: Cs10 diffraction patterns. Positions where perovskite β phase
peaks would be expected are marked with a “∗”.

is ambiguous in that is could be related to either the linear or polynomial
constraints.

The effect of the parametrisation is evident in for the Pb-X-Pb bond angle
and lattice parameter ratio in Figure 8.5, where the constraints are applied,
and indirectly for the c-axis length and apparent Pb-X bond length in Figure
8.7. Additional plots of the lattice parameters and lattice parameter ratio
for the parametrised sets is provided in App. Figure D.4.

Figure 8.7: Overlayed c-axis length, axis ratio, and Pb-X bond length for
Cs0, Cs5, Cs8 and Cs10 refinement sets (a-c) reference refinements.(d-f)
parametrised refinements.
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8.5 Discussion

Significant points relating to the α → β transition are presented in Table
8.1 describing features evident in the data presented in Figures 8.5 and 8.7,
with the individual plots for the lattice parameters and axis ratio provided
in App. Figure D.4. These include the bond angle drop off which is the
last temperature at which the bond angle follows the high temperature cubic
phase trend, before decreasing for the α → β phase transition. Similarly the
a/(c

√
2) ratio shift refers to the last data point where the a and c axis ratio

follows the high temperature trend.

The bond angle drop off corresponds to the symmetry breaking from a
a0a0a0 to a0a0c+, which is responsible for the formation of β phase peaks 11 12,
while the a/(c

√
2) ratio shift is informed by peak broadening associated with

a shift from a cubic or pseudo-cubic unit cell to a tetragonal unit cell. The
effective bond length is a function of the thermal expansion and octahedral
tilt (Pb-X-Pb bond angle). These act to increase and decrease the apparent
bond length with temperature respectively, providing minimum where there
is a change in the trend of octahedral tilt. This provides an additional means
to assess the a0a0a0 to a0a0c+ symmetry breaking 13.

The refined α phase a/(c
√

2) parameter slightly increased with Cs con-

11Glazer notation is discussed in Section 1.5.1.
12The modelled bond angle stabilises near, yet does not reach 180◦, as such the use of

a0a0a0 is an approximation.
13These tilt systems correspond to the Pm3̄m and P4/mbm space groups, which describe

unit cell symmetry [Howard and Stokes, 1998].

Table 8.1: XRD derived significant points for the Cs based data-sets

Bond angle α phase a/(c
√

2) Bond length

Set drop off a/(c
√

2) ratio ratio shift linear start
Cs0 23 2 275 0.9997 270 275
Cs5 22 4 280 1.0000 265 280
Cs8 22 3 290 0.9999 260 290
Cs10 22 4 290 1.0012 ∼260-290 290
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tent. The Cs5 and Cs8 samples were effectively of the same value with the
most significant change for between the Cs8 and Cs10 samples by 0.0013
reaching 1.0012 ± 0.0002 for Cs10 14. This is similar to the observations of
Weber et al., in which the larger a fraction of MA in FA1−xMAx, (RMA+ <
RFA+), resulted in a larger a/(c

√
2) ratio 15. Their results have further illus-

trated that this ratio approximates to 1, 1.0002 and 1.0030 for MA composi-
tions of x = 0.7, 0.8 and 0.9 respectively. These effects were evident in peak
broadening ascribed to the departure from a cubic symmetry [Weber et al.,
2016].

With increasing Cs content, we observe the a0a0a0 to a0a0c+ transition
shifting to higher temperatures 16. This is the opposite trend in the pseudo-
cubic to tetragonal shift. Cs10 is an exception to this for two reasons,

� The refined α phase a/(c
√

2) parameter was 1.0012 ± 0.0002 which is
significantly larger than observed for samples with less Cs,

� The transition point was unclear in part due to the raised a/(c
√

2)
values.

In the single cation system FAPbI3 of Fabini et al., both the a0a0a0 to
a0a0c+, and pseudo-cubic to tetragonal transitions occurs at a common tem-
perature [Fabini et al., 2016]. These points do not coincide for the Cs0, which
has the composition (FAPbI3)0.85(MAPbBr3)0.15, Table 8.1, and further di-
verge with the inclusion of Cs on forming a triple cation perovskite in Cs5,
with a larger difference in the Cs8 sample.

The heat capacity measurements of Kawachi et al., which show a simi-
lar trend to the a0a0a0 to a0a0c+ transition temperatures on the inclusion
of Cs, where a shift from an α → β transition of 280 K for FAPbI3, to
300 K for Cs0.1FA0.9PbI3 was reported, Table 1.3 [Kawachi et al., 2019].
In the recent work of Barrier et al, phase transition temperatures were sim-
ilarly reported to increase with Cs content, and decrease with Br content
in CsyFA1−yPb(BrxI1−x)3 systems with 0.05 ≤ x ≤ 0.30; 0.17 ≤ y ≤ 0.40.
Additionally they showed that the d-spacing of the tetragonal peaks imme-

14The TOPAS refined error for Cs10 is considered to be appreciably low for the data-set,
and may be an underestimation.

15RMA+ and RFA+ refer to the radii for MA+ and FA+ respectively.
16The a0a0a0 to a0a0c+ transition is illustrated in Figure 1.5.
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diately after the a0a0a0 to a0a0c+ transition, were related to a composition
with low Br and high Cs content corresponding to a unit cell with a smaller
Goldschmidt tolerance factor, which would favour a tetragonal unit cell. The
regions with a higher tolerance factor related composition, would transition
at lower temperatures broadening the observed structural transition [Barrier
et al., 2021]. The presence of structural heterogeneity suggested is as a likely
cause of the divergence between the a0a0a0 to a0a0c+ and a/(c

√
2) transition

points.

The high temperature Pb-X-Pb octahedral tilt angles stabilise at values
below 180◦, with an average of the Cs0, Cs5 and Cs8 values at 175◦, this is
contrasted to Sun et al. with a value of 180◦ for FAPbI3. [Sun et al., 2017].
An increase of the octahedral tilt of 2◦ is observed in the α phase region
of Figure 8.5 from the Cs0, Cs5, and Cs8 sets which have similar values to
the Cs10 data-set. This is consistent with the greater relative (111) peak
intensity in the Cs10 310 K pattern, compared to other samples as evident
in Figure 8.3, and discussed in Section 8.3. In both this work and that of
Weber et al., the addition of the smaller cation reduces the Goldschmidt
tolerance factors, which is correlated with an increase in structural disorder,
and the introduction of octahedral tilt, and greater stability of a tetragonal
perovskite phase [Ahn et al., 2016, Filip et al., 2014, Gebhardt and Rappe,
2019].

In assessing the effect of Cs on the α → β phase transition, we consider
the c-axis of Cs0, Figures 8.8 and App Figure D.4. Two well-defined regions
with a shallow gradient are observed on either side of the steeper sloped area,
the latter between 220 to 260 K near the centre of the plot is related to the
α → β phase transition occurs. With the inclusion of Cs, the impact of the
transition α → β is weakened, with suppression of the phase change features
in the c-axis. We find on the inclusion of Cs the a-axis lattice parameter drops
significantly across the temperature range, with a less significant additional
drop between ∼150 and 260 K from the Cs5, to Cs8 and Cs10 sets, as shown
in Figure 8.8 17. This brings the unit cell to be closer to cubic in the β phase
range as is seen in the a/(c

√
2) ratio.

The data presents an additional shift beyond the symmetry breaking asso-

17A observation in the set of a- and c-axis parameters is observed for FAPbI3 in [Weber
et al., 2018].
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(a) (b)

Figure 8.8: Tetragonal unit cell parameters of parametric refinement sets (a)
a-axis, (b) c-axis.

ciated with the α → β transition between 80 and 90 K. This is accompanied
by a levelling off of the a-axis length at the temperatures above this point
for Cs0 and Cs8, with an insignificant effect on the trend for Cs5 and Cs8,
Figure 8.8. In addition there is a discontinuity in the a/(c

√
2) and octahedral

tilt parameters of Figure 8.5. For a/(c
√

2) the discontinuity grows from Cs0
to Cs8. For octahedral tilt, the difference for Cs0 and Cs5 is smaller than
that of Cs8. For Cs10 the discontinuity is insignificant both parameters, the
octahedral tilt parameter offers stable values, while the noise in the a/(c

√
2)

prevents a meaningful comparison. This is attributed to the peak intensi-
ties being the more reliable observation in the noisy Cs10 data, compared
to the peak shape (broadening), as discussed in Section 8.3. In the case of
the apparent bond length, Figure 8.7, the Cs containing sample appears to
converge to similar values at 80 K with the Cs5 slightly larger than the Cs8
value, in contrast the significantly larger Cs0 value.

Sudden shifts in lattice parameter at a temperature lower than the α → β
transition is most commonly attributed to a γ phase in hybrid perovskites
[Fabini et al., 2016]. In Chapter 7, the presence of weak additional peaks
were established below 90 K, which could not be attributed to a the presence
of an orthorhombic phase 18. In the Cs containing sets, the lower peak
intensities prevent the identification of such peaks. The lattice parameter
shift is compared to the work of Weller et al., where a discontinuity in peak

18The FAPbI3 phase has been reported in literature as a tetragonal symmetry [Weber
et al., 2018].
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positions was observed for the β → γ transition of MAPbI3 at 165 K [Weller
et al., 2015b]. In Lehmann et al., the substitution of Br into this composition
resulted in a β → γ transition at ∼125K for MAPb(Br0.2I0.8)3 [Lehmann
et al., 2019]. An addition, the literature values for FAPbI3 are lower than
MAPbI3 at 132−141 K, Table 1.3 [Kawachi et al., 2019]. It is considered that
the inclusion of Br for the present data could suppress the β → γ transition
to lower temperatures than observed Lehmann et al.’s MAPb(Br0.2I0.8)3.

An additional consideration is the glassy freezing of the organic cation
which has been reported for FAPbI3 below 100 K by Fabini et al. and below
140 by Weber et al. with the latter corresponding to the β → γ phase change
19. [Fabini et al., 2017, Weber et al., 2018]. This is intrinsically linked with
phase transitions in the perovskite structure, and may have been responsible
for the weak additional peaks at 80 K in the Cs0 data-set [Fabini et al.,
2017, Kawamura et al., 2002, Weber et al., 2018].

8.6 Conclusion

We have assessed the effect of Cs addition on structurally related features
using the parametrisation of simultaneously refined data-sets. For Cs con-
taining triple cation hybrid-perovskites, which have been shown in literature
to suppress the δ phase in FAPbI3 and (FA,MA)PbI3 hybrid-perovskites
[Saliba et al., 2016, Syzgantseva et al., 2017] The addition of Cs into mixed
and triple cation hybrid-perovskites is well established for improving the PCE
and stability to light and moisture PVs. [Kawachi et al., 2019, Saliba et al.,
2016] The data quality, imposed refinement constraints have been discussed
with the application of parametrisation shown in Figure 8.5, and the resulting
effect on unconstrained parameters in Figure 8.7.

This included the bond angle drop off, Table 8.1, which corresponds to the
onset of the α → β transition. The increase with Cs was suggested as related
to relative stabilisation of the tetragonal phase, in part due a corresponding

19Cation orientation in FAPbI3 as a function of temperature in the works of Fabini et
al. by neutron total scattering at various temperatures and DFT modelling and Weber et
al. by variable temperature neutron diffraction, DFT modelling, and Ab initio molecular
dynamics calculations.
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decrease of the tolerance factor by the smaller cation. With this, a divergence
between the bond angle drop off and the a/(c

√
2) ratio shift was observed to

increased with Cs content, corresponding to a delayed response in the diffrac-
tion patterns showing tetragonal character on cooling. This is proposed as
consistent with the presence of heterogeneous domains in the mixed cation,
mixed halide perovskites, as has been reported by Barrier et al., where vari-
ation in composition result in domains with varying Goldschmidt tolerance
factors and related tetragonal phase stability [Barrier et al., 2021]. In ad-
dition the inclusion of Br in the structure has been discussed in association
with a β → γ transition, which was suppressed to lower temperatures than
what has been observed in similar systems.

Within the Cs0 and Cs5 compositions, a slightly larger a/(c
√

2) ratio
is noted around the local maxima near 220 K on heating, compared to the
cooling data. It is unclear, if similar observations or trends may be present in
Cs8, while the difference between heating and cooling traces is in Cs10 data
could not be evaluated with the present data. In future work, temperature
cycling from room temperature to a temperature which does not pass the
β → γ transition could inform the whether structural changes of the β →
γ transition are related to the difference observed in cooling and heating
direction for the a/(c

√
2) ratio. The collection of such diffraction data with

a well resolved peak shape could inform whether micro-strain is related to
the observed difference. In addition, variable temperature neutron diffraction
and neutron total scattering can inform on structural effects related to the
organic cation.

Attempts have been made to reliably and critically assess the Cs10 data-
set, the investigation of this set provided an interesting exercise of working
with low intensity data, as exemplified by Figures 8.1, 8.3 and 8.6, and by the
discussions featured in Section 8.3. The intensity difference between the Cs5
and Cs10 samples in Figure 8.2 showed indications of greater octahedra tilt
in the Cs10 sample which was later reflected in the parametrised refinements
of Figure 8.5. The clear trends observed in this data, such as the Pb-X-Pb
bond angle are considered reasonable indications of the system, while the
values for the a/(c

√
2) ratio are subject to greater scrutiny, especially for

their α phase values which deviated further from the idealised value of 1,
compared to the Cs0, Cs5, and Cs8 sets.
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This work can be extended by the collection of high resolution XRD data
using larger sample volume for better intensity to access finer structural
details. Heat capacity measurements across a corresponding temperature
range would be a valued addition, to assess the energy barriers of the pseudo-
cubic to tetragonal and a0a0a0 to a0a0c+ symmetry breaking events in the
Cs containing triple cation hybrid-perovskites.
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Chapter 9

Phase composition and
photophysical properties of the
mixed PA/MA-based lead
bromide perovskites systems
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9.1 Introduction

In the previous chapters, we have discussed the properties and modelling of
3-dimensional (3D) hybrid-perovskites. In this chapter we explore layered
hybrid-perovskites which form 2-dimensional (2D) and quasi-2D systems,
and mixed 2D/3D systems. The crystal structure of these materials has
been described in Section 1.2, with the applications and performance of these
materials discussed in Section 1.4.

The formation of 2D and quasi-2D perovskites takes the form (A′)2An−1

PbX3n+1, in which A′ is the organo-ammonium cation, forms a barrier layer
between PbX4−

6 octahedra. These materials have tunable electronic prop-
erties that can be optimised for photovoltaic and luminescence properties
among other applications, as described in Section 2.2. The A′ cations have
additionally been used as either an additive or capping layer, for defect pas-
sivation and reducing ion mobility in high performance hybrid-perovskite
devices such as photovoltaics, as discussed in Section 2.3.4.

In the following sections, starting with Section 9.2 we identify and model
structures for (PA)2MAn−1PbBr3n+1 phases 1. In Section 9.3, we follow
the relationship between phase formation and composition in the (PABr)2x
(MABr)1−xPbBr2 system, where x = 0 and x = 1 correspond to 3D and an
n = 1 layered structures respectively. This is considered using XRD, optical
absorption spectroscopy, and photoluminescence (PL) spectra. In Section 9.4
we consider an alternative fabrication process to assess any changes in the
formation of phases, where a PABr in isopropanol solution is coated onto an
annealed MAPbBr3 film at various solution concentrations. The results are
discussed in their respective sections, with additional discussion in Section
9.5 in which broader comparisons are considered.

Thin film samples were prepared by spin coating, as described in Section
4.4. For Section 9.2 powder samples were prepared from thin-films as per Sec-
tion 4.5. The precursor dilutions for the (PABr)2x(MABr)1−xPbBr2 system
are described in Section 4.4.4. The absorption and PL spectra were collected
and analysed, as described in Section 4.6. The XRD data was collected on
a Bruker D2 Phaser using CoKα radiation, and analysed using the TOPAS-
Academic as per Sections 4.7.2 and 4.9.1, using the refined instrument profile
in Section 4.8.2.

1PA: propylammonium, MA: methylammonium
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9.2 Structure determination and modelling:

(PABr)2x(MABr)1−xPbBr2

(a) (b) (c)

(d)

Figure 9.1: Structure modelling of a Pb-Br framework of the layered n = 1
phase against the (PA)2PbBr4 XRD pattern (CoKα)

Layered structure models were developed and refined against thin-film
samples of a (PA)2PbBr4 and (PABr)2x(MABr)1−xPbBr2, x = 0.8 compo-
sitions, corresponding to an n = 1, and a mixed n = 1 and n = 2 phase
composition respectively, Figure 9.1 and 9.2. The structure models are com-
posed of symmetry related rigid-bodies. For the n = 1 phase, the rigid body
octahedra and a PA+ organic chain are replicated through the structure by
the symmetry of a Pbca space group, provided in App. E.3.3. In the n = 2
structure model half of the octahedra in the cell are defined, and replicated
using a P11m space group across the cell. The a and b unit cell parameters
were defined as using projections of Pb−Br bonds of the octahedra while the
c-axis was free as the stacking direction of the layers, with constraints such
that a = b in the final model. The refinements made use of both least square,
and combination Monte-Carlo/least squares optimisation.
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(a) (b) (c)

(d)

(e)

Figure 9.2: Structure modelling of a Pb-Br framework of the layered n = 2
and n = 2 phases against the (PABr)2x(MABr)1−xPbBr2, x = 0.8 XRD
pattern (CoKα), n = 1 model revision 8.
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The n = 1 phase model in Figure 9.1d was refined against the (PA)2PbBr4
sample. The model made use of an orthorhombic unit cell with a Pbca space
group with unit cell parameters refined to a, b, c of 8.152, 8.255, 25.092 Å
2. The half cell c-axis parameter is 12.546 Å describing a layer of n octahe-
dra and a single organic barrier layer 3 4. The inter octahedral rotation is
represented by 14.7◦ rotation about the c axis and 5.7◦ about an axis perpen-
dicular to this, this is comparable to the literature (BABr)2Pb4 structure,
COD 1545801 with angles 12.6 and 6.3◦ respectively 5. Within the octahedra
we refine a Br-Pb-Br angle offset of 5.4◦ which is similar to the 4.9◦, of COD
1545801. The rigid body PA+ chain was defined using a (PA)2PbBr4 single
crystal diffraction derived structure from literature 6 [Meresse and Daoud,
1989]. Hydrogen atoms were not considered due to their marginal electron
density and corresponding marginal impact in the XRD pattern. The posi-
tion and orientation of the PABr+ cation was refined, while the bond lengths
and angles were maintained at the literature values, as detailed in the rigid
body model of App. E.3.3. The inclusion of the organic cation improves the
refinement although the features for which the cation is responsible are insuf-
ficient for confidence in the placement and orientation of the cation, Section
3.5.1. The slight intensity differences between the model and raw data may
result from subtle structural differences which may not be accessible by this
Pbca space group constrained model. This could include relative displace-
ment of the octahedra layers or non-orthogonal unit cell axes. This structure
model is sufficient to assign a layered n = 1 Ruddlesden-Popper phase to the
pattern of the (PA)2PbBr4 composition.

The sample prepared from a (PABr)2x(MABr)1−xPbBr2, x = 0.8 com-
position, Figure 9.2 provided only a few well defined peaks which did not
originate from the n = 1 phase. The clearest of these signals being at 5.6,
11.2, 16.8 and 17.8◦ 2θ. The previously modelled n = 1 structure model is
evident as the dominant phase in the pattern. This was fitted to the x = 0.8
pattern with only lattice parameters, scaling, and crystallite size refined. The

2The structure file of the refined (PA)2PbBr4 phase is provided in App. E.3.4.
3A Pbca space-group is similarly observed for the (BA)2PbBr4 structure, COD 1545801.
4The half-cell c-axis length is used for Pawley refinements throughout this chapter.
5BA: butylammonium
6No experimental (XRD or neutron diffraction) (PA)2PbBr4 Ruddlesden-Popper struc-

tures found in the COD nor ICSD databases at the time of writing, database searches
provided in App. E.3.
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a and b lattice parameters were scaled by a single variable, while c was refined
freely. The n = 2 phase was subsequently refined.

The n = 2 phase model included peaks at the positions 5.6, 11.2, 16.8 and
17.8◦ 2θ matching the raw data, and corresponding to the (002), (004), (006),
and (201) Miller planes as labelled in Figure 9.2e. Here the (201) peak is
exceptionally important, as this is essential for the determination of an a = b
lattice parameter 7. The other non (00L) peaks observed in Figure 9.2e
correspond to many of the subtle features in the diffraction pattern adding
to the models legitimacy. In contrast to the well placed peak positions, the
relative peak intensities are explained well above 12◦ 2θ with the (002) and
(002) peaks at 5.6 and 11.2◦ 2θ being weaker and stronger than the model
respectively, Figures 9.2d and 9.2d.

The n = 2 phase model, in Figure 9.1d refined an octahedral rotation
about the c axis of 16◦ which is similar to the 15◦ observed for the n = 1
model. The n = 2 model made use of a unit cell with tetragonal restrictions in
a P11m space group, with unit cell parameters, a = b of 11.755 Å, c of 36.753
Å and β of 90◦. For this unit cell the a/2 value of 5.863 Å corresponds to a
single octahedra unit cell. This is comparable to a cubic MAPbBr3 unit cell
parameter of 5.920 Å with the difference attributed to octahedral rotation.
Similar values are observed for literature for n = 1 and n = 2 structures,
where this value is reported as low as 5.854 Å for (BA)2PbBr4 n = 1 (COD
1545801), Table E.3. The half-cell c-axis parameter is 18.378 Å which will
be compared to Pawley refinements in which c-axis corresponds to a single
set of n octahedra and a single organic cation layer in contrast to two of each
for many Ruddlesden-Popper cells. This unit cell was reduced using ISOCIF
[Stokes et al., 2006, Stokes et al., 2017] for an equivalent unit cell with a
Cmce space group and the lattice parameters a, b, and c of 36.753, 8.312,
and 8.312 Å, App. Figure E.6.

For an n = 2 phase, the c-axis parameter should be approximately the
sum of the (a+b)√

2
and c lattice parameter of the n = 1, P11m modelled struc-

ture, this corresponds to adding space an extra row of PbBr6
4− octahedra

along the c-axis for between each set of successive layers. This is calculated

7The values for the a and b lattice parameters are expected to be similar vales in this
system. For the diffraction pattern in question, there is insufficient information differenti-
ate a from b.
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to (8.152+8.255)√
2

+ 25.092 = 36.694 Å which is close to the 36.753 Å of the
modelled n = 2 phase, such that it is reasonable to expected closely related
PA+ packing between the structures.

The peak positions and c-axis length were in agreement with the expected
value calculated from the n = 1 phase. This provides a strong indication
of an appropriate unit cell size, while the low angle (002) and (004) peak
intensity mismatch indicate the presence of some discrepancies between the
measured pattern and the longer range inter-planar spacing in the unit cell.
This would be consistent with a slight variations in the stacking layer spacing
of the n = 2 phase leading to intensity loss for the related peaks, especially
these low angle peaks which correspond to a longer range order and larger
d-spacing. This provides a reasonable case for the assignment of the n = 2
phase to the additional peaks observed in the (PABr)2x(MABr)1−xPbBr2,
x = 0.8.
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9.3 Compositional study of the

(PABr)2x(MABr)1−xPbBr2 system

Figure 9.3: (PABr)2x(MABr)1−xPbBr2, (13-step X-ray diffraction data-set)
this data set was collected to 80◦ 2θ and plotted to 60◦ 2θ.

(a) x = 0.075, natural logarithm y-axis scale

(b) x = 0.5

Figure 9.4: Refinements showing the faint n = 1 phase present at x ≤ 0.5 in
the (PABr)2x(MABr)1−xPbBr2 (13-step X-ray diffraction dataset)

.
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(a) x = 0.05

(b) x = 0.5

(c) x = 0.8

(d) x = 0.9

(e) x = 1.0

Figure 9.5: Selected individual refinements of (PABr)2x(MABr)1−xPbBr2 (9-
step X-ray diffraction dataset)

.
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(a) 9-step (b) 13-step

(c) 9-step (d) 13-step

(e) (f)

(g) (h)

Figure 9.6: Diffraction derived unit cell parameters, normalised peak inten-
sities, and crystallite size of (PABr)2x(MABr)1−xPbBr2, both 9 and 13 step
data-sets.
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9.3.1 XRD: Observations and trends

The (PABr)2x(MABr)1−xPbBr2 data consists of two data-sets, a 9-step and
a 13-step set. The 13-step data-set offers a finer compositional resolution
towards low x compared to the 9-step set. In the low x region, higher n 2D
and quasi-2D structures have the highest probability of occurring [Quintero-
Bermudez et al., 2018]. The duplication additionally provides means to eval-
uate consistency on repetition as discussed in Section 9.3.2. The x values
for these sets are provided in Section 4.4.4. XRD data was collected using a
CoKα source from 5 to 80◦ 2θ with a 0.026◦ step size. The 13-step XRD data-
set is plotted in Figure 9.3, a selection of modelled patterns are presented in
Figure 9.5, and the fit parameters in Figure 9.6 8.

The presence of phases is the 9- and 13-step XRD data-sets are evident
from the normalised refined intensities of Figures 9.6c and 9.6d respectively.
On the addition of PA2PbBr4 to MAPbBr3 with increasing x, we observe
a rapid decline in the “perov 5.9 A” phase with the normalised intensity
dropping below 4 % at x = 0.1 for both data-sets. For the peaks modelled
using this phase, a strong shift in peak position is observed in the range
0.3 ≤ x ≤ 0.8. These peak shifts exceed the strain reported by Wang et
al. of ∼0.6 % from the inclusion of BA+ into a FA0.83Cs0.17Pb(I0.6Br0.4)3
system as plotted in Figure 9.6h 9. In the work of Wang et al. strain was
observed to gradually increase with BA concentration, in contrast to the
step like trend in Figure 9.6h [Wang et al., 2017b]. In addition, the modelled
crystallite size is expected to decrease with a decreasing phase fraction of
the “perov 5.9 A” phase. We observe such a trend for x ≤ 0.3 after which
there is an increase in crystallite size with continued decreasing intensity for
the associated peaks. These observations suggest the formation of a distinct
phase other than MAPbBr3, for x ≥ 0.4 with quasi-2D phases available as the
closest related structure which would be expected in this system. In relation
to this, we have established the n = 1 and n = 2 phases for this system
as Ruddlesden-Popper (RP) 2D phases in Section 9.2. RP structures have
an offset between successive layers of octahedra, which results in destructive
interference, and a subsequent absence of the peak related to the 3D (100)
reflection. This is incompatible with the present data where such a peak is
observed.

8The 9-step XRD data-set is plotted in App. Figure E.13.
9This is both a larger A′ cation and larger perovskite unit cell than the PA and

MAPbBr3 combination.
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It is considered that for structures with a small n, the growth and orienta-
tion is controlled by the energy barrier in forming new layers, leading to the
formation of new layers on previous layers, anchored to the substrate with
wide coverage leading to a preferred horizontal stacking direction. In contrast
large n structures growth is controlled by the octahedra which anchor to the
substrate with vertical formation of the organic layered [Quintero-Bermudez
et al., 2018]. While we observed Ruddlesden-Popper phases for n = 1 and
n = 2, the different formation dynamics expected for quasi-2D structure al-
low the consideration of an alternate offsets between successive layers of n
octahedra, which do not result in an absence of the peak related to the 3D
(100) reflection. Such structures may include mono-cation Dion-Jacobson
phases in which either no offset is observed, or an in-plane offset which is
orthogonal to the scattering vector in the symmetric Bragg-Brentano mea-
surement, thus would not directly affect the measured scattering [Tremblay
et al., 2019].

The n = 2 phase first appears at x = 0.05 and x = 0.075 for the 9- and
13-step data-sets, respectively (Figures 9.5a and 9.4a). In Figure 9.3, the
strongest peak of n = 2 at 11.2◦ 2θ shows a sudden drop in intensity followed
by a gradual increase with x until the last data-point before x = 1.

The n = 1 phase is observed with strong clear peaks for x ≥ 0.8 in both
sets, with a peak at 8.164±0.003 and 8.157±0.001 ◦ 2θ for the 9 and 13-step
data-sets respectively, Figure 9.5c. 10. For x ≤ 0.5, only the strongest (00l)
peak of the n = 1 phase is observed in 13-step data-set, with intensity faintly
visible for x ∈ {0.075, 0.5} near 8.374−8.380◦ 2θ, Figure 9.4. Stronger peaks
were observed for x ∈ {0.3, 0.4} at 8.403 ± 0.003 ◦ 2θ, with an absence for
x ∈ {0.1, 0.2}, Figure 9.6e 11. The n = 1 peak for x = 0.075 is weak to
the point of barely being distinguishable, even with intensity plotted in a
ln() scale, shown in Figure 9.4a. This makes the absence for x ∈ {0.1, 0.2}
explainable by the expected variations resulting from the manually executed
sample fabrication process.

10Plus-minus (±) is used to indicate the value range rather than an error for this section.
11In the PABr 13-step data-set, weak n=1 peaks had their relative intensities fixed to

that of the x = 1 refinement
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The peak position and corresponding unit cell parameters of the n = 1
assigned phase appears as two distinct segments, Figure 9.6f corresponding
to the mean unit cell parameters, 12.23 and 12.58 Å for the x ≤ 0.5 and
x ≥ 0.8 respectively. This presents a large 0.35 Å difference. The difference
for the n = 1 phase would correspond to a strain of 2.8 % which is excep-
tionally large for a structure not under mechanical stress. Compositionally
and mechanically induced strain no larger than 0.7 % has been reported for
hybrid-perovskites literature [Wang et al., 2017b, Zhao et al., 2017]. The
stepped nature of the segmentation is not consistent with substitutional ef-
fects expected by Vergards’ law, nor it this an expected behaviour of a strain
related process. This alongside the intensity minimum for n = 1 at x = 0.5
offers a reasonable case for structural or compositional differences of the seg-
ments, if not distinct origins.

9.3.2 XRD: Data quality, comparing data-sets

The XRD derived parameters of the 9- and 13-step data-sets were compared
as a means to consider and critique the data integrity.

For this the total modelled phase intensities are compared, Figure 9.6e.
The layered n = 1 and n = 2 show lower total intensities for most values of
x. In the case of n = 2 both the values at x ≤ 0.2 and x ≥ 0.8 would better
fit the observed trend if shifted towards the centre x = 0.5. As these are
opposite directions this is inconsistent with a systematic error related to the
organic cation concentrations.

The peak intensities of the effectively phase pure x = 0 and x = 1 re-
finements were compared. At x = 0 a relatively small difference between
the 9- and 13-step values was observed, with a much larger distinction for
x = 1. An example of the variation between these x = 1 and an additional
(PA)2PbBr4 sample is provided in App. Figure E.15, where the additional
sample presented an intermediate intensity between the patterns. Each of
the films were prepared on separate days, under an ambient uncontrolled
atmosphere, from PABr salts which varied in the time between when they
had been synthesised or washed with diethyl-ether and used for fabrication
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12. These inter-sample variations presented a larger effect than the variation
observed from 15 days of ageing on a (PA)2PbBr4 film, App. Figure E.16.
The total modelled intensity of the “perov 5.9 A” phase in Figure 9.6e, shows
separate instances where each data-set presents stronger values. In the case
of x = 0.2 both the “perov 5.9 A” and n = 2 phases are weaker in the 13-step
data-set, while for x = 0.5 the opposite is true.

Considering the lattice parameters, close agreements between the sets
was observed for n = 1, x ≥ 0.8 and the “perov 5.9 A” phase for x ≤ 0.3.
One distinguished difference is the unit cell parameter of the “perov 5.9 A”
phase, where there is close positioning of all but the value at x = 0.5 where
the values differ by 0.02 Å, Figure 9.6h.

(a) (b)

(c)

Figure 9.7: Optical data of the (PABr)2x(MABr)1−xPbBr2 system. (a) Ab-
sorbance, (b) Normalised photoluminescence, and (c) absorbance with a y-
scale chosen to highlight weaker features in (a). (13-step data-set)

12The quality and purity of the PABr precursor salt can have a substantial impact on
the diffraction pattern intensity of the salt as demonstrated in App. Figure E.17
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Figure 9.8: Photoluminescence measurements of (PABr)2x(MABr)1−xPbBr2,
(blue) raw data, (orange) fitted function, (green) residual. Fits for the full data-set
are provided in App. Figure E.1.1. (13-step data-set)
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(a) (b)

(c) (d)

(e)

Figure 9.9: Photophysical data for the (PABr)2x(MABr)1−xPbBr2 system. (a)
Tauc derived band-gap values, open circle refer to faint features (b) photolumines-
cence (PL) peak maxima. (c) Tauc and PL optical bandgap for the 3D phase, (d)
PL peak width, (e) PL peak asymmetry using a width ratio with an offset such
that a positive value related to a greater width on the higher energy side. (13-step
data-set)
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9.3.3 Photophysical properties

Optical absorbance and photoluminescence (PL) data was collected on the
(PABr)2x(MABr)1−xPbBr2 sample-set, Figure 9.7. Absorbance data was
analysed using Tauc plots with a direct band-gap consideration. The photo-
luminescence data was modelled using split pseudo-Voigt functions where a
single peak was observed. In the case of multiple overlapping peaks, symmet-
ric pseudo-Voigt peaks were utilised to reduce parameter correlation between
peaks. A selection of fits are provided in Figure 9.8. The methodologies are
detailed in 4.6 with the considerations discussed in Section 2.4. One con-
sideration worth reiterating is, in the presence of excitonic effects, the Tauc
band-gap diverges from the optical bandgap by ETauc = Egap −Ex, referring
to the Tauc band-gap, optical band-gap, and excitonic binding energy re-
spectively. The resulting Tauc band-gap values and fit parameters from the
PL data are presented in Figure 9.9 and Table 9.1.

Phase identification

In Table 9.1, the Tauc band-gaps from this work were compared to the values
determined in App. E.2 using data from Ma et al. [Ma et al., 2022] 13. The
original values from Ma et al. deviate significantly from the PL derived
values of the same work. A comparison of the reprocessed Tauc values (App.
E.2) showed a much closer agreement with a difference in the 10’s of meV. A
difference between the PL and Tauc derived values is expected due to exciton
binding energies inherent in layered perovskites, Section 2.2.2.

For the optical data in Figure 9.9, phases were assigned for the 3D phase,
and (PA)2MAn−1PbBr3n+1 n = 1 to n = 4 phases as indicated in Table 9.1
with a basis as follows. The assigned phases expressed Tauc band-gaps and
PL maxima within 10’s of meV of the reprocessed Tauc and as reported PL
data from Ma et al.. The largest difference was observed for the n = 1 Tauc
band-gaps of 3.041 eV (σ = 0.009 eV) and 3.00 eV with a difference of 44 meV

13App. Section E.2 accounts for the background and multiphase nature of the Ma et al.
optical data using the approach discussed in Section 2.4.1 based on a 2018 publication by
Maki la et al. [Maku la et al., 2018].
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Table 9.1: Photoluminescence and Tauc derived bandgaps with literature
comparisons for PA2MAn−1PbBr3n+1 structures

Reference Method n = 1 n = 2 n = 3 n = 4 F1 F0 3D

Ma et al., 2022 Tauc 3.63 3.02 2.80 2.65 2.30

Appendix E.2 Tauc 3.00 2.81 2.72 2.55 2.33

Ma et al., 2022 PL max 3.05 2.86 2.74 2.62 2.37

This work Tauc 3.041 2.805 2.687 2.584 2.310

(σ) (0.009) (0.006) (0.006) ±0.008 x = 0

This work PL max 3.055 2.824 2.715 2.619 2.531 2.465 2.314

(σ) (0.001) (0.001) (0.002) (0.004) (0.006) - x = 0.025

This work AbsMax 3.118 2.869 2.749 2.638

Stokes shift (meV) 63 44 34 19 57 *2

EPL − ETauc (meV) 13 20 28 34 0 *2

Average values are provided for this work, Standards deviations given between bracket, the value with

a “±” symbol represents a range of 2 values, and where an x coordinate is specified a single value is

presented.

Stokes shift: EAbsMax − EPL

AbsMax: The excitonic peak observed at the absorption maximum.

*2: The Stokes shift for the 3D phase refer to the x = 0.025 composition coordinate.

14. This is contrasted with similar variations between literature PL derived
band-gaps for the BA2PbBr4, n = 1 layered structure of 2.97 and 3.01 eV
from Yukta et al. and Shen et al. respectively [Shen et al., 2020, Yukta
et al., 2021]. Such differences are attributed at least in part to the effect of
preparation conditions on the electronic structure [Stoumpos et al., 2016].
Across the composition coordinate x in the diffraction and optical data-sets,
the presence of Tauc plot features for the n = 1 and n = 2 phases at 3.055
eV (σ = 0.009 eV) and 2.805 eV (σ = 0.006 eV) largely corresponded to
the presence of the n = 1 and n = 2 phases in the diffraction data, Figures
9.6d and 9.9a. One deviation from this is the presence of the n = 1 phase
in patterns x ≤ 0.5 in the diffraction data where the observed phase was
exceptionally weak. These cases were only observed for the 13-step data-set
and not in the 9-step data-set.

The absence of n = 3 and n = 4 in the diffraction data is suggested due
to preferred orientation in the thin-film samples, coupled with the reciprocal

14The reprocessed value prior to rounding to significance was used for the difference
(3.041 − 2.997).
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space accessible by PSD type detector of the diffractometer employed 15 16.
This would be consistent with literature, where horizontal growth of the
layers is reported to dominate in n = 1 structures while in n > 4 vertical
growth is favoured. The intermediate stack thicknesses may have a mixed
growth with compositional and kinetic effects such as solvent choice playing
a role [Quintero-Bermudez et al., 2018]. Considering the 1-dimensional X-ray
detector and symmetric diffraction geometry used for measurements, phases
which do not have any crystallites with layers orientated horizontally 17, will
not present diffraction peaks corresponding to the layering of the phase.

Figure 9.10: Photoluminescence band-gap values plotted against the most
probable layering number n for PA2MAn−1PbBr3n+1 structures

The identified phases n = 1 to n = 4 phases were plotted in Figure 9.10.
With increasing n, the band-gap is expected to progressively get closer to
the 3D limit as the quantum (and dielectric) confinement effects are reduced.
The observed trend was fitted using a logarithmic function as an empirical
approximation of this effect. The F1 and F0 PL features were tested as
n = 5 and n = 6 providing an R2 values of 0.9977, and as n = 6 and n = 8
for an R2 of 0.9931 with the former presented in Figure 9.10. Structures
with a lower n have been theoretically predicted to have a slightly greater
thermodynamic stability as shown in the work of Quan et al., this is not
sufficient to result in the exclusive formation of a structure, rather a distri-
bution of n is expected, as experimentally observed in literature [Quan et al.,
2016, Quintero-Bermudez et al., 2018]. In addition Quintero-Bermudez et al.

15PSD: position sensitive detector, a class of 1-dimensional detectors used in X-ray
diffractometers.

16Preferred orientation is discussed in Section 3.2.2.
17with their stacking direction perpendicular to the scattering vector
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shows how the smaller butylammonium cation (BA+) favoured lower n struc-
ture in comparison to the larger phenylethylammonium cations (PhEA+) in-
ferring mobility as a driving factor. Similar should hold for the PA+ cation
which is slightly smaller than BA+. An assignment of n = 5 and n = 6 is
reasonable as it exhibits a well fitting trend in optical band-gap alongside the
previously identified layered structures, and it follows the sequential trend in
n established by the n ≤ 4 values for this set.

For the consideration of n ≥ 7, the trend-line of Figure 9.10 was extrap-
olated to ∼2.425 eV for n = 7 which is ∼90 meV greater than the x = 0.1
3D EPL of 3.334 eV, Table 9.2. The PL peak full widths at half maximum
are 85 and 100 meV for the n = 1 and MAPbBr3 phases respectively, Figure
9.9d. Thus, should a n ≥ 7 phase occur we would expect PL peak overlap
with the 3D phase. We can subtly observe this expected effect in Figure 9.9e,
where 3D phase peak for x = 0.2 shows asymmetry with the bias towards a
higher energy, with a stronger effect observed in x = 0.3. The peak width at
x = 0.3 show broadening in Figure 9.9d, and additionally for the PL feature
F0 at x = 0.4, supporting the possibility of a convolution of overlapping
peaks. The low energy sides of the PL spectra for x ∈ {0.4, 0.5} of Figure 9.8
show a positive residual trace which is an indication of weak unaccounted
for intensity potentially corresponding to higher n phases peaks.

There is evidence of higher n phases of n > 6, limited information is ac-
cessible on these in regards to band-gap, layering thickness (n), and intensity.
The feature F0 has significantly larger broadening than similar PL peaks.
This would be most convincingly explained by the convolution of additional
weaker peaks of higher n, as such the observed PL intensity is expected to
be red-shifted from a pure-phase n = 6 value.

Phases observed: absorption vs photoluminescence

Different optoelectronic processes are accessible by using absorbance and PL
spectroscopy. This leads to a discrepancy between the observed features
between these techniques, as evident from Figures 9.9a and 9.9b correspond-
ing to optical transitions observed in the absorption and photoluminescence
spectra respectively.

208



Table 9.2: Photoluminescence and Tauc derived bandgaps with calculated
Stokes shift for the MAPbBr3 based phase

x 0 0.025 0.05 0.075 0.1 0.2 0.3
Tauc (eV) 2.310 2.314 2.320 2.317 2.317 2.351 2.394
AbsMax (eV) 2.366 2.371 2.375 2.382 2.384 2.384 *1

PL average (eV) - 2.314 2.321 2.329 2.334 2.371 2.383
Stokes shift (meV) - 57 54 52 53 51
EPL − ETauc (meV) - 0.0 1.6 12 17 20

*1: An absorption maximum could not be clearly identified.

AbsMax: The excitonic peak observed at the absorption maximum.

Stokes shift: EAbsMax − EPL

In the absorption spectra features F1 and F0 could not be clearly iden-
tified which is attributed to their weak signal and the overlap with the 3D
phase absorption features. In the PL spectra the n = 1 peak is exclusively
observed for x ≥ 0.8 and the n = 2 is only observed for x = 0.5 despite its
wide range of presence in the absorption spectra. For x ≤ 0.3 the 3D phase
is the only clear PL peak. We relate this to the phase intensity modelled
in the diffraction data, Figure 9.6e. For x ≥ 0.8 the n = 1 phase was most
intense dropping to orders of magnitude lower if observed at all for x < 0.8.
For x ∈ {0.5, 0.4}, n = 2 is the most intense phase with the 3D phase most
intense thereafter.

The layered phases identified in the absorption data for x ≤ 0.3 were not
observed in the PL data where the 3D phase is present. This is suggested to
be the result of charge carrier transfer to the 3D phase occurring on a faster
timescale than radiative recombination in the layered phases. This allows
electrons to transfer to a lower energy level in the conduction band and
hole to a higher level in the valence which are both energetically favourable
processes 18 [Motti et al., 2019, Zou et al., 2018]. This can be accompanied
by photon recycling in which the 3D phase, which has a smaller band-gap
can absorbs emissions from the layered structures [Motti et al., 2019]. For
the absence of the n = 2 phase in the PL data of samples where n = 1 is
dominant, the mechanism is less clear. The stronger exciton binding energy
of the n = 1 structure may prevent charge transfer to the lower energy
conduction band of the n = 2 phase. It is evident that the multiphase nature
of the system is closely linked to the absence of some phases in the PL data.

18Band structure and dispersion effects are discussed in Section 2.2.2.
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Optical transitions

The electronic structure of 2D and 3D perovskites can be described using
crystal field theory where the band-gap occurs between a Γ+

6 energy state
corresponding to the valence band, and a state derived from a Γ−

6 as the
conduction bands 19. In the case of the 3D structure the Γ−

6 state splits into
Γ−
4 and Γ−

1 states with the former being the higher energy state. For the 2D
structures the Γ−

4 is further split into the Γ−
5 and Γ−

2 states, from highest to
lowest energy these are Γ−

5 , Γ−
2 , Γ−

1 . This is illustrated in the work of Tanaka
et al. [Tanaka et al., 2003, Tanaka et al., 2005].

The absorption excitation is predicted to be strongest for the transition
from ground to Γ−

5 with photoluminescence dominated by the Γ−
2 to ground

20 21. This is understood by the very fast Γ−
5 → Γ−

2 relaxation of ∼10 ps
decreasing the probability of radiative recombination from this energy state,
contrasting a Γ−

2 and Γ−
1 of ∼10 ns lifetimes [Tanaka et al., 2005, Yamamoto

et al., 2012].

The Stokes shift is the difference between the excitation from ground to
Γ−
5 and relaxation from Γ−

2 to ground. In Table 9.1 we observed a decreasing
Stokes shift from 63 meV for n = 1 decreasing to 19 meV for n = 4. This is
suggested due to reduction in band splitting between the Γ−

5 and Γ−
2 bands

with increasing 3D character. This band splitting converges to 0 meV for
the 3D phase where the Γ−

5 and Γ−
2 combine into Γ−

4 . While a Stokes shift
is routinely reported for the 3D phase, this is often based on an alternate
definition such as EAbsMax−EPL, which can be expected to be defined within
these manuscripts as discussed in Section 4.6.3.

Composition effects

The use of alkylammonium cations such as butylammonium for surface pas-
sivation has been discussed in Section 2.3.4. Following from the identification

19The Γ states and band splitting are discussed in detail in Tanaka et al. 2003 and 2005
[Tanaka et al., 2003, Tanaka et al., 2005].

20Ground is the valence band maximum.
21Excitation from the ground state to Γ−

1 is largely dipole forbidden with spin orbit
coupling effects due to the heavy atoms partially allowing the transition.
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of the MAPbBr3 based phase, for the (PABr)2x(MABr)1−xPbBr2 system, in
Section 9.3.1. The effect of PA+ and the compositional coordinate (x) on
the optical properties of the 3D phase is explored using the data presented
in Figure 9.9 and Table 9.2.

The Tauc band-gap (ETauc) for the MAPbBr3 structure is initially 2.310 eV
at x = 0.0, which gradually increases with x alongside the PL maximum
(EPL), Figure 9.9c. EPL continues to increase while ETauc branches off to a
lower energy when an additional phase appears in the system at x = 0.075,
Figure 9.9a. Similar values for EPL−ETauc of 17 an 20 meV are observed for
x = 0.1 and x = 0.2 respectively, Table 9.2. EPL and excitonic absorption
(EAbsMax) energies show a closely related trend with the difference between
them showing a marginal decrease with x of 6 meV between x = 0.025 and
x = 0.2.

The initial EPL − ETauc of 0 meV for x ≤ 0.025 is consistent with the
observation for the (FAPbI3)0.85(MAPbBr3)0.15 3D phase at ambient tem-
peratures, Chapter 7 [Greenland et al., 2019] 22. This value subsequently
increases with x. The EPL − ETauc difference is related to the formation of
sub-conduction band states in the band gap. These can be related to the ex-
citon binding energies as the absorption spectra of the 3D hybrid-perovskites
is composed of an overlapping excitonic peak and continuum [Yang et al.,
2015].

The observed EPL and ETauc blueshifts with increasing x is consistent with
the observation of Wang et al. for the BA+ cation. This was attributed to
a combination of strain relaxation and improved crystallisation, with strain
considered further in Sections 9.4 and 9.5 [Wang et al., 2017b]. In addition
Wang et al. used a mixed halide (Br,I) system and considered inhomogeneous
distribution as an alternative mechanism for the blue shift. As this is not
applicable to our single halide system, this latter mechanism is unlikely a
dominant contribution in their work.

22See Section 4.6.3 regarding multiple literature definitions of the Stokes shift.
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9.4 2-Step: PABr on MAPbBr3

Figure 9.11: Diffraction data of a MAPbBr3 thin-film (a) as-deposited, and with
post-annealing dynamic spin coating of 60 µl of (b) 0.1, (c) 0.2, (e) 0.6 M of PABr
in isopropanol at 4000 rpm. (d) 40 µl, 0.6 M.
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The thin-film samples based on a single precursor solution for each com-
positional co-ordinate allowed free association of the various precursor com-
ponents in solution. This supports thermodynamically controlled phase for-
mation. Complimentary to this, a series of thin-film samples were prepared
in a two step process, where a MAPbBr3 layer was prepared and annealed.
These films were then coated with isopropanol solutions of PABr of varying
concentrations by dynamic spin-coating at 4000 rpm as described in Section
4.4. In this case the integration of the larger cation occurs through diffusion
at the interface with the MAPbBr3 film, which can be a kinetically controlled
processes. The PABr dose dependent phase formation was investigated, us-
ing 0.1, 0.2 and 0.6 M PABr solution concentration as means of controlling
the dose. The effect of annealing was considered for the 0.1 and 0.2 M films
using ex-situ X-ray diffraction.

9.4.1 Phases as a function of dosage

The effect of increasing the PABr dosage applied to the surface of the MAPbBr3
film is presented in Figure 9.11. The identity and quality of starting film is
confirmed in Figure 9.11(a). This presents narrow peaks and a strong (100)
preferred orientation 23. On exposure to PABr for 0.1 and 0.2 M, we observe
an n = 3 layered phase with a faint n = 1 related shoulder near 8.2 ◦ 2θ,
and a strong “perov” phase. In the 40 and 60 µl 0.6 M samples, n = 1 and
n = 2 phases are observed, where both are more intense than the n = 3
phase. These are accompanied by a very weak “perov” phase.

The n = 3 phase was most intense at 0.2 M after which the other layered
phases dominate. The (001) peak of n = 1 appeared as a very weak shoulder
near 7◦ 2θ in the 0.1 M pattern with its intensity increasing up to the 0.6
M patterns. As the PABr loading increases the MAPbBr3 phase intensity
decreases. A strong intensity drop is observed from 0.2 (60 µl) to 0.6 M (40
µl), which coincides with the emergence of the n = 2 at 0.6 M (40 µl). The
n = 2 phase is then of lower intensity at 0.6 M (60 µl). This is not dissimilar
from the trend from the precursor ratio based set in Figure 9.6e, where there
is an intensity drop of 2 orders of magnitude for the MAPbBr3 phase with
increasing x prior to the formation of the n = 2 phase.

23The observed broadening in 9.11(a) is due to the instrument profile, the crystallite
size refined to the set parameter limit of 445 nm.
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9.4.2 Annealing of 0.1 and 0.2 M films

(a) (b)

(c)

Figure 9.12: Diffraction derived unit cell, micro-strain and crystallite size param-
eters of PABr/MAPbBr3 as a function of annealing time at 90 ◦C. (a) n = 1 and
n = 3 lattice parameters, (b) “perov” phase lattice parameters, (c) crystallite size
and micro-strain for the n = 3 phase.

Annealing of the 0.1 and 0.2 M PABr/MAPbBr3 films showed no notable
changes in the intensity of the layered phases. A slight intensity reduction of
the 3D “perov” phase was observed on annealing for 0.1 M, and no notable
intensity effects for 0.2 M, as shown in App. E.4.1. Macro- and micro- strain
effects were observed for the layered phases, with the macro-strain evident
from the lattice parameters of Figure 9.12a and the micro-strain in Figure
9.12. No signifiant macro-strain was observed for the “perov” phase, and
consideration of micro-strain for the phase was not considered reliable as
discussed in App. E.4.1 and App. Figure E.9. In addition, the n = 1 phase
was of 0.1 and 0.2 M was unsuitable for micro-strain consideration due to its
low peak intensity.
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The n = 1 lattice parameter in the single solution deposition for x = 1
was 12.584 Å, is similar to the values, 12.586 Å (0.2 M), 12.587 Å (40 µl, 0.6
M), and 12.584 Å (60 µl, 0.6 M) at 0 min annealing time. Annealing of the
0.2 M sample resulted in a reduction of the n = 1 lattice parameter to 12.518
Å after 15 min. This is compressive strain on annealing relative to 0 min
value 24. For the PA2PbBr4 powder sample in Figure 9.1, the equivalent
c-axis spacing was 12.546 Å which is between values at 0 min and 15 min. A
similar relative compressive strain on annealing is seen in the n = 3 phase for
0.1 M with an extrema at 2 min, and 0.2 M at 15 min. The macro-strain was
accompanied by micro-strain in the n = 3 phase, Figure 9.12c. The strongest
increase from 0 to 0.5 min for 0.1 and 0.2 M. This was followed by a more
gradual increase with annealing thereafter.

We have observed a lattice parameter reduction which can either be in-
terpreted as macro-strain relaxation or the induction of compressive macro-
strain for the layered phases on the annealing of the PABr/MAPbBr3 layer
stack. This was accompanied by micro-strain for the n = 3 phases, while
micro-strain could not be calculated for the n = 1 phase. The macro- micro-
strain relationship may be explained by a strain occurring in localised regions,
or a graded strain effect acting on crystallites, broadening the distribution of
local lattice parameter values, which increases apparent micro-strain broad-
ening. The origins of the effect are considered at the end of this chapter
alongside the ageing of a (PABr)2x(MABr)1−xPbBr2, x = 0.8 sample.

9.4.3 (PABr)2x(MABr)1−xPbBr2, x = 0.8 sample ageing

For comparison to the evolution of 0.2 M PABr/MAPbBr3 of Section 9.4.2,
we consider the ageing data of the multi-phase (PABr)2x(MABr)1−xPbBr2,
x = 0.8 sample in Figure 9.13. This sample was chosen for its MA+ content
and the joint presence of clear n = 1 and n = 2 related diffraction peaks,
which was unavailable for lower x patterns, Figure 9.5c. This film show no
notable change in the modelled crystallite size or micro-strain over the 15 days
and the fractional loss of some intensity for the n = 1 phase by day 3, App.

24As we do not use an idealised strain-sssssssssssssssssssssssfree structure, this can be
considered either a relative compressive strain or the relaxation of strain based on the
reference point.

215



Figure E.11. In assessing lattice parameter shifts, the “perov 5.8 A” and
n = 1 phases have error values of approx. ± 0.005 and 0.01 Å respectively 25

26. The variations of the lattice parameters for these phases are comparable
to their modelling errors. The n = 2 phase show a slight lattice parameter
increase of 0.0124 Å (relative macro-strain of 0.07 %) after 7 days, this is
far larger than the modelling error of approx. ± 0.002 Å. This could be
the result of either relaxation of a compressive strain or the introduction of
tensile strain with the former being more probable. We explore this alongside
other strain effects observed in the chapter in Section 9.5

(a) (b)

(c)

Figure 9.13: Ageing of (PABr)2x(MABr)1−xPbBr2, x = 0.8 over 15 days. (a,b)
diffraction derived lattice parameters, (b) modelled micro-strain and crystallite
size, (d) Tauc band gap values.

25The “perov 5.8 A” interplanar spacing values are plotted in App. Figure E.12. This
phase has been identified as different to the MAPbBr3 “perov 5.9 A” phase as discussed
in Section 9.3.1.

26These are TOPAS-Academic outputted error values which account for the modelling-
related error.
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9.5 Discussion

Phases

Structures of the PA2MAn−1PbBr3n+1, n = 1 and n = 2 phases were identi-
fied and modelled in Section 9.2. The n = 1 phase modelling was performed
on a phase pure powder sample prepared from thin-films. This structure pro-
vided reasonable parameters for the PbBr4−6 octahedral framework, with an
estimation of the PA+ position with the application of rigid body modelling,
where the organic cations’ bond connectivity extracted from literature [Mer-
esse and Daoud, 1989]. The closest related structure in literature for the
Pb−X was identified as the (BABr)2PbBr4 phase in the Crystallography
Open Database, COD 1545801 27. The refined (PABr)2PbBr4 structure file
for this phase is provided in App. E.3.4. The n = 2 phase was modelled
from weak contributions in a mixed component system of n = 1 and n = 2
phases. This served as a reasonable assessment of the phases identity while
the finer structural details are unreliable for such data.

The phase formation in the (MABr)1−x(PABr)2xPbBr2 has been explored
showing n = 1, n = 2, and 3D MAPbBr3 as the major phases present
across the composition range. Additional progressively weaker, and higher
n, PA2MAn−1PbBr3n+1 phases were observed in the absorption and photo-
luminescence data. Optical features up to n = 4 were compared between
the PL and absorption data, which were consistent with observations in lit-
erature, Table 9.1. Beyond these n = 5 and n = 6 related PL peaks were
modelled and assigned. Indications of higher n phases were weakly present,
for which the peak position and intensity could not be unambiguously decon-
voluted in the spectra. Circumstantial evidence for high n quasi-2D struc-
tures was observed in the XRD data-sets through a Pawley phase refinement
with (100) and (200) reflections, corresponding to the same crystallographic
planes present in the 3D perovskite. In this the inter-planer spacing was
smaller than the 3D structure with additional considerations discussed in
Section 9.3.1

27The relevant database searches and results at the time of execution are provided in
App. E.3.
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The observation of larger n phases in the optical data, and not in the
diffraction data indicates the layer stacking direction is not normal to sub-
strate. The layered phases have anisotropic charge transport properties with
higher mobilities in-plain with the organic layer acting as a dielectric barrier.
This preferred orientation effect is expected to be favourable for photovoltaic
and electroluminescence devices. Such preferred orientation is consistent
with the work of Quintero-Bermudez et al. where layer stacking parallel to
the substrate was favoured for low n, and perpendicular stacking for high n
quasi-2D structures [Motti et al., 2019, Quintero-Bermudez et al., 2018].

In the PABr/MAPbBr3 data-set, formation of the n = 3 phase was preva-
lent at low dosages, while at higher dosages the lower n phases become more
prevalent. The presence of the n = 3 phase for all the diffraction patterns of
PABr on MAPbBr3 dosages is in strong contrast to the single-step deposition
(MABr)1−x(PABr)2xPbBr2 set in Figure 9.3, where an n = 3 phase is not
observed in the diffraction data and appeared weakly in the optical data,
Section 9.3.3.

The annealing of the 0.1 and 0.2 M films in App. E.4.1 does not present
a notable effect on phase composition at 90 ◦C (N2 atmosphere) over 15 and
60 minutes respectively. A comparable experiment has been reported by
Sutanto et al. of PhEAI/MAPbI3 and TMAI/MAPbI3 layer stacks, where
these systems were measured by GI-XRD with a 2D detector during in-
situ annealing, where TMAI is 2-thiophenemethylammonium 28. In Sutanto
et al., the initially formed phases in this system favoured n = 1 with the
reorganisation of the cations on annealing to form higher n phases [Sutanto
et al., 2020]. The difference in phase formation is expected as due to a greater
mobility of PA+ compared to larger cations, allowing the formation of higher
n phases at ambient temperatures.

For systems formed from a A′X/APbX3 layer stack where A′ is an organic
cation suitable for forming a layered perovskite 29, it is proposed that the
phase formation is controlled by at least 3 contributing factors as considered
below:

28GI-XRD: Grazing incidence XRD. A 2-dimensional (2D) detector is significant mea-
sures a larger segment of the Debye-Scherrer rings as discussed in Section 3.2.2.

29A is a small organo-ammonium cation, and X is a halide as defined in Section 1.2.1.
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(1) The mobility of A′ in the film, which controls the penetration depth,
and thus A′ concentration distribution in the film. We relate this to literature
in the case of Sutanto et al. where PhEA+ mobility restricts the sample
penetration depth, favouring the formation in the PhEAI/MAPbI3 primarily
to n = 1 with some n = 2 content, on annealing PhEA+ diffuses through the
film forming higher n structures.

(2) An energy barrier for expansion of a film through on the inclusion
of A′ which favours larger n structures for their sparser large cation distri-
bution. We consider the difference between phase formation for the 2-step
PABr/MAPbBr3 in which the 3D phase and n = 3 co-exist for the 0.1 and
0.2 M PABr solutions with the lower n phases only significant for the higher
conc. 0.6 M variants. In the PABr/MAPbBr3 of Section 9.4 we attribute
the preferable formation of n = 3 to a higher PA+ mobility, and a lower
energy cost in reorganising the film compared to lower n phases. In the
higher PABr dosages for these systems, the MAPbBr3 is mostly consumed
demanding structures which are more PA+ rich with the n = 2 phase most
prominent for the 0.6M, 40 µl sample, and n = 1 in the 0.6M, 40 µl sample.

(3) The relative stability between the layered phases favour lower n struc-
ture with respect to the 3D structure, as shown by Quan et al. [Quan et al.,
2016]. When considering a system of a given stoichiometry, optimisation
is expected between maximising the phase fraction of lower n phases, and
minimising the phase fraction of the less energetically favourable higher n
and/or 3D phases. In single solution deposition where a homogenous dis-
tribution of large cations is expected in the precursor solution, a log-normal
distribution of n has been reported in literature as a function of composition
[Quintero-Bermudez et al., 2018]. We relate this to the phase distribution
of the thermodynamically controlled single step (MABr)1−x(PABr)2xPbBr2
samples, where component mixing occurred in solution prior to deposition.
Little overlap was observed between the low n layered and 3D phase, espe-
cially when considering that the peaks corresponding to a smaller APbX3

(100) and (200) peaks for x ≥ 0.4 most likely originate from a quasi-2D
layered structure 30.

These contributing factors provide a consistent rationalisation for the
considered systems eluding to the thermodynamically and kinetically relevant
consideration which are hypothesised to dictate film formation.

30As discussed in Section 9.3.1
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Strain

In the annealing of the PABr/MAPbBr3, the lattice parameter shifts of Fig-
ure 9.12a corresponded to relative strain values reaching of -0.13, -0.10 and
-0.73 % for the 0.1 M n = 1, 0.2 M n = 3 and 0.2 M n = 1 phases re-
spectively 31. These values are comparable to the 0.47 % compressive, out-
of-plane strain observed in the work of Zhao et al. for MAPbI3. Zhao et
al. related the formation of strain to the thermal expansion mismatch be-
tween the glass substrate and MAPbI3 thin-film, where cooling from 100 ◦C
resulted in compressive out-of-plane strain and correlated tensile in-plane
strain [Zhao et al., 2017]. This was compared to the PABr/MAPbBr3 re-
sults in which the 0 min measurement presented layered phases formed at
ambient temperature, which was thereafter annealed. The MAPbBr3 phase
showed no meaningful change in lattice parameter with annealing or between
coated sample variants 32. This was attributed to this film having been an-
nealed prior to PABr deposition. As such no additional thermal expansion
related strain would be expected. An out-of-plane lattice parameter decrease
was observed for the layered phases on annealing, this is consistent with the
introduction of compressive strain.

The micro-strain in this system is a result of inhomogeneous strain effects.
This is suspected to occur as gradient in the film strain, which is suspected
to occur as a function of distance from the substrate. This is rationalised by
the substrate/film thermal expansion mismatch being the origin of the strain.
The phase distribution within the film is not known so no assumptions are
made regarding whether the layered phases directly contact the substrate or
if the 3D phase is present as an interlayer.

In addition to the strain induced through annealing for the layered phases
in the PABr/MAPbBr3, we observed a lattice parameter change for the n = 2
phase from sample ageing of (PABr)2x(MABr)1−xPbBr2, x = 0.8 in a desicca-
tor, consistent with the relaxation of compressive out-of-plane strain expected
from the sample annealing process, Section 9.4.3.

31Symmetric Bragg-Brentano measurements are utilised for this chapter, in which only
the crystal planes parallel to the substrate contribute to the diffraction pattern. On this
basis any strain or micro-strain observed is strictly out-of-plane.

32Figure E.9e shows the lattice parameter plotted for the various coated samples at 0
min annealing.
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Wang et al. report strong strain relaxation effects ∼ 0.6 % through the
substitution of BA+ into a FA0.83Cs0.17Pb(I0.6Br0.4)3 perovskite layer [Wang
et al., 2017b]. In contrast we observe no such effect on the addition of PA+ in
to a MAPbBr3 layers. The difference is suggested due to halide redistribution
on the formation of new phases, facilitated by the mixed halide nature of the
literature sample. At low substitution, 9 %, they observe a blueshift which is
similar to what is observed in our (PABr)2x(MABr)1−xPbBr2 data-set. At 50
% BA substitution a redshift is observed in the absorption peak, from 2.47 to
2.34 eV of Wang et al., with a similar occurrence in their PL data. This is in
strong contrast to our data, in which the lowest energy is the x = 0, MAPbBr3
phase. This is suggested to be an indication of compositional inhomogeneity
within their perovskite phase and charge carrier transfer between the regions
due to its mixed halide composition [Motti et al., 2019, Wang et al., 2017b].

Zhao et al. established the detrimental effect of strain in MAPbI3 hybrid-
perovskites through its reduction of ion migration activation energies, re-
lated to accelerated degradation. We demonstrated structural observations
of strain for layered (PA)2MAn−1PbBr3n+1 phases with the additional con-
sideration of micro-strain which was observed alongside strain. While layered
hybrid-perovskite phases are established as more stable than the 3D struc-
ture, this provides an opportunity for the exploration of the effect of strain
and micro-strain on stability as a topic of future work.

9.5.1 Conclusion and future work

The structure modelling of Section 9.2 was limited in part due to the broad
peaks of mechanically prepared powder sample. The fabrication of (PA)2MAn−1

PbBr3n+1 single crystals could be leveraged to identify more accurate struc-
tural properties of pure phase layered structures, using single crystal XRD
and the generation of high quality single phase optical data. Good reference
data allows for the consideration of strain in thin-films against the ideally
unstrained single crystal. Similarly with optical properties for consideration
of defects and structural distortion on the electronic states and electronic
structure of the material.
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In Section 9.3, we evaluated the phases present as a function of composi-
tion for the (PABr)2x(MABr)1−xPbBr2 system, using a diffractometer which
measured scattering vectors perpendicular to the sample surface. This only
allows the observation of crystallographic planes parallel to the substrate,
the effects of which have been discussed previously in this chapter. Mea-
surements using a 2D detector or a diffractometer with a goniometer arm
capable of measuring out-of-plane could be used to assess the presence and
orientation of additional phases in the systems studied.

The comparison between the single step deposition system of (PABr)2x
(MABr)1−xPbBr2 and the PABr/MAPbBr3 layer stack provided an interest-
ing means of observing the difference between thermodynamic and kinetic
control in film formation. We have hypothesised controlling factors using
a limited data-set, and corroborated these using observations from similar
systems in literature. These can be further refined and reconsidered with
using in-situ annealing studies of multiple A′X/APbX3 systems. The ap-
plication of grazing-incidence XRD can be implemented to track structural
changes in the sample as a function of depth. These measurements could be
performed at a range of temperatures to infer information of the activation
energy for A′ to move through the APbX3. With the application of these
components in surface passivation, understanding the transport of larger A′

cation in hybrid-perovskites can provide valuable information in relation to
the long term stability of heterogeneous 2D/3D based devices. This type of
device is exemplified by the graded quasi-2D photovoltaic device of Motti et
al. [Motti et al., 2019].
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Chapter 10

General conclusions

The fabrication of photoactive hybrid-perovskite type materials is achieved
primarily using solution processing methods, such as spin coating. In this
section, insights into the development of a novel gravity chuck spin coater
for thin-film fabrication is presented. Additionally, significant results on the
structure - property paradigm of these thin-film materials are highlighted.
In this work, a range of hybrid-perovskite and hybrid-perovskite derivative
materials have been fabricated and characterised, using in-situ and ex-situ
X-ray diffraction, as well as optical absorption and photoluminescence spec-
troscopy. The temperature dependent structural characteristics of 3D per-
ovskites, along with the composition and processing dependent effects in
mixed 2D/3D hybrid-perovskites and layered derivative structures is sum-
marised here.

The findings of this work provided insights into cation substitution and
inclusion approaches which are prominent for improving the stability and
performance of hybrid-perovskite based optoelectronic devices. This includes
observations in XRD data on the composition dependence of decoupled signa-
tures for pseudo-cubic to tetragonal, and a0a0a0 to a0a0a+ transitions in triple
cation hybrid perovskites, indicative of structural heterogeneity. Further,
the identification of phase formation and optical behaviour of mixed phase,
hybrid-perovskite (3D) and hybrid-perovskite layered derivatives (2D), where
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the thermodynamic and kinetic factors controlling phase formation were pro-
posed. These finding have identified avenues for further investigation regard-
ing the organic cations structural, bonding, and compositional configurations
in triple cation systems, as well as the cation diffusion activation energies and
relative phase stability within 2D/3D hybrid-perovskite systems.

Design of a novel gravity chuck spin coater

This work developed and relied upon the design and assembly of a spin coater
utilising a novel gravity chuck. This sought to provide an alternative to the
commercially available vacuum chuck based spin coaters, which are subject
to many additional points of failure related to their vacuum system. This
is exceptionally relevant to lead halide perovskites for which the lead halide
salts require solvation in harsh chemicals such as dimethyl-formamide and
dimethyl-sulfoxide, which can degrade rubber and plastic materials within
equipment [MYKIN INC, 2019].

The gravity chuck design allows a simple means of accommodating new
sample shapes using “sample masks”, which can easily be cut from brass sheet
metal using hand tools. The performance of this device in terms of thin-film
quality, was shown by means of atomic force microscopy and X-ray reflec-
tometry measurements, and the thermal performance was assessed through
extended operation under both low and high PWM duty cycle conditions.
The design have demonstrated it’s utility with the 2nd version operating at
the University of the Witwatersrand, South Africa since 2019, and the 3rd in
Maseno University, Kenya since 2021.

The manuscript presented contains the novel aspects of the design. The
further development of this concept can be improved through the use of
existing technologies and knowledge present in the field. This includes the
implementation of a motor with a built-in Hall sensor based tachometer, and
the implementation of speed control algorithms.
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The effect of cation substitution in 3D hybrid-perovskites

This work has explored the structural dependence of the Csx(FA0.85MA0.15)1−x

PbBr0.45I2.55 based hybrid-perovskites on Cs, which includes (FAPbI3)0.85
(MAPbBr3)0.15 corresponding to x = 0. The introduction of Cs in these ma-
terials has been related to a divergence between the onset temperatures of
the cubic to tetragonal and a0a0a0 to a0a0c+ (Glazer notation) transitions,
pertinent to the α and β phase transition in these systems. This is compared
to the single cation FAPbI3 system of Fabini et al., where these critical tem-
peratures for the transition were convergent [Fabini et al., 2016]. This effect
has been proposed as due to the structural heterogeneity in mixed-cation,
mixed-halide systems which has been established recently in the works of
Barrier et al. and Mundt et al. [Barrier et al., 2021, Mundt et al., 2021].

The low temperature β → γ phase transition in these systems is substan-
tially suppressed to lower temperatures at 80 to 90 K for x = 0 to x = 0.08,
compared to FAPbI3 in literature at 130 to 141 K [Kawachi et al., 2019].
This attributed to the inclusion of Br, based on observations in the works
of Weller et al. and Lehmann et al., in which a reduction of the transition
temperature in MAPb(I1−yBry)3 systems from 165 to ∼125 K is established
[Lehmann et al., 2019, Weller et al., 2015b]. A proposed explanation is the
lower electronegativity of Br resulting in weaker hydrogen bonding between
the organic cation and Pb-X framework, which is expected to allow a greater
degree of cation rotation for a given temperature, as is associated with the
phases changes in hybrid perovskite systems [Weller et al., 2015a, Weller
et al., 2015b]. On this basis, the absence of a clear trend for x = 0.1 (Cs10)
could either be attributed to noise in the data-set, or a greater concentra-
tion of Cs which does not have a dipole to form hydrogen bonds with the
Pb−X framework. The latter has the potential to suppress the β → γ past
the last collected data point, but does not explain why a larger discontinuity
is observed in with increasing Cs for the axis ratio, or the larger disconti-
nuity in the octahedral tilt of the x = 0.08 (Cs8) sample. This question
could be probed using variable temperature X-ray diffraction with a larger
sample volume to provide greater peak intensity, variable temperature neu-
tron diffraction for its more pronounced scattering contrast between C, N,
and H of the organic cation, and heat capacitance measurements to assess
the energy transfer to the sample during such transitions [Castellanos et al.,
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2017, Kawachi et al., 2019, Weller et al., 2015b]. Additionally, indications
on the role of bond formation may be accessible through the modelling of
NEXAFS data for the Cs L3 edge [Honda et al., 2016], and Pb specific bond
distances can be generated through a pair distribution function from EXAFS
spectroscopy data of the Pb L3 edge [Kluherz et al., 2022]. This can offer
insights into local structure, and potentially structural heterogeneity when
used in combination with complementary techniques such as XRD.

Phase composition and photophysical properties of the mixed PA/MA
based lead bromide perovskites systems

Following the chapter forming mixed cation 3D perovskites, the effect of sub-
stituting the larger propyl-ammonium (PA) cation into the hybrid-perovskite
system was studied. Much like the mixed cation systems, the inclusion of
larger organic cations have shown promise in improving PV and luminescent
device properties alongside device stability, as discussed in Section 1.4 [Blan-
con et al., 2018, Congreve et al., 2017, Grancini and Nazeeruddin, 2019, Motti
et al., 2019, Wang et al., 2017b]

These larger cations are known to form (A′)2An−1PbX3n+1 layered struc-
tures, which can be selected based on composition. Such phases were iden-
tified in the (PABr)2x(MABr)1−xPbBr2, 0 ≤ x ≤ 1 and PABr/MAPbBr3
systems. Based on the structure database searches in the ICSD and COD
of App. E.3, there is a gap in the literature for crystal structures of the
(PA)2MAn−1PbBr3n+1 phases. Structure determination was performed using
the powder diffraction data for the n = 1, PA2PbBr4 composition. The de-
tails of the refined structure are provided in App. E.3.4. The n = 2 phase
was only present as a mixed phase, with weak peaks preventing access to
accurate details on the unit cell contents, as such only the space group and
unit cell parameters for this structure were reported. In the PABr/MAPbBr3
system prepared by a two step deposition, the n = 3 phase was identified.
The identification of higher n phases was achieved through the interpretation
of UV-Vis-NIR absorption and photoluminescence (PL) spectra. The Tauc
band-gap of these materials has been identified for phases up to n = 4, and
the PL derived band-gap has been identified up to n = 6. The highest n PL
peaks of the x = 0.4 and x = 0.5 samples presented asymmetry, indicating
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the possibility of the presence of higher n phases. These values are provided
in Table 9.1 where values up to n = 4 were identified in literature supporting
the phase assignment.

In the presence of the 3D phase (n = ∞), other phases observed from the
diffraction or absorbance data, were not observed in the PL spectra. This
was explained by charge carrier transfer to the 3D phase. The possibility
of reabsorption of photons emitted by layered phases was also considered,
although this effect is expected to occur on a slower time scale than conduc-
tion band to conduction band charge transfer, from layers phases to the 3D
phase [Motti et al., 2019, Zou et al., 2018]. For samples where n = 1 was the
highest intensity phase as determined by XRD, the higher n phases such as
n = 2, were not observed in the PL data. This includes compositions where
n = 2 was identified in XRD patterns and UV-Vis-NIR absorption spectra.
This was consistent with an absence of charge carrier transfer from n = 1 to
n = 2 phases, which was attributed to the high exciton binding energies for
n = 1 layered phases reported in literature.

For the consideration of phase formation, the (PABr)2x(MABr)1−xPbBr2
and PABr/MAPbBr3 systems were examined. The difference in the kinetic
and thermodynamic aspects of film formation were considered, where the
former involved the homogenous mixing of the precursor components in so-
lution prior to deposition, and the latter, post deposition of PABr onto an-
nealed MAPbBr3 films. These varied formation conditions were leveraged
to propose a set of controlling factors responsible for the phase formation
behaviour in these systems, in corroboration with the behaviour of similar
systems observed in literature [Quan et al., 2016, Quintero-Bermudez et al.,
2018, Sutanto et al., 2020]. The controlling factors were identified as (1) The
mobility of the larger organic cations (A′) in the film, which controls the
penetration depth and thus A′ concentration distribution in the film. (2) An
energy barrier for expansion of a film on the inclusion of A′ which favours
larger n structures for their sparser large cation distribution. (3) The relative
stability between the layered phases favouring lower n structure with respect
to the 3D structure, as shown by Quan et al. [Quan et al., 2016]. These
factors were expanded on in Section 9.5 where each was explained relative to
data within this thesis and/or in literature.
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The structural and optical analysis of these systems can be improved via
the production of single crystal samples, from which the crystal structure
can be determined by single crystal XRD, and high quality optical data can
be obtained, which is additionally useful for comparison to thin-film systems.
The set of factors related with layered phase formation in these thin-films
constitute a hypothesis which would benefit from expansion of this work to
similar systems such as ethyl-, butyl-, and pentyl- ammonium cations. This
work provided a basis for further studies of film formation and organic cation
diffusion through a perovskite structure. This can be achieved using time re-
solved in-situ diffraction and optical techniques, including in-situ grazing
incidence XRD (GI-XRD) using a 2-dimensional detector, which would pro-
vide additional orientation information of layered perovskites in thin-films, as
is pertinent to their electrical transport properties due to their 2-dimensional
(2D) or quasi-2D nature. GI-XRD can further be used to control the X-ray
penetration depth into the samples to evaluate depth dependent structure
and phase properties.
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ficiencies for photovoltaic energy conversion in multigap systems. Solar
Energy Materials and Solar Cells, 43(2):203–222.

[Masson et al., 1996] Masson, O., Guinebretière, R., and Dauger, A. (1996).
Reflection asymmetric powder diffraction with flat-plate sample using a
curved position-sensitive detector (inel cps 120). Journal of Applied Crys-
tallography, 29(5):540–546.

[Mattoni et al., 2015] Mattoni, A., Filippetti, A., Saba, M., and Delugas, P.
(2015). Methylammonium rotational dynamics in lead halide perovskite
by classical molecular dynamics: The role of temperature. The Journal of
Physical Chemistry C, 119(30):17421–17428.

[Mercier et al., 2004] Mercier, N., Poiroux, S., Riou, A., and Batail, P.
(2004). Unique hydrogen bonding correlating with a reduced band gap and
phase transition in the hybrid perovskites (HO(CH2)2NH3)2PbX4 (X= I,
Br). Inorganic Chemistry, 43(26):8361–8366.

[Meresse and Daoud, 1989] Meresse, A. and Daoud, A. (1989). Bis(n-
propylammonium) tetrachloroplumbate. Acta Crystallographica Section
C: Crystal Structure Communications, 45(2):194–196.

[Ming et al., 2018] Ming, W., Yang, D., Li, T., Zhang, L., and Du, M.-H.
(2018). Formation and diffusion of metal impurities in perovskite solar cell
material CH3NH3PbI3: implications on solar cell degradation and choice
of electrode. Advanced Science, 5(2):1700662.

[Mittemeijer and Welzel, 2008] Mittemeijer, E. J. and Welzel, U. (2008).
The “state of the art” of the diffraction analysis of crystallite size and
lattice strain. Zeitschrift für Kristallographie, 223(9):552–560.

[Miyasaka, 2018] Miyasaka, T. (2018). Lead halide perovskites in thin film
photovoltaics: Background and perspectives. Bulletin of the Chemical
Society of Japan, 91(7):1058–1068.

244



[Miyata and Zhu, 2018] Miyata, K. and Zhu, X.-Y. (2018). Ferroelectric
large polarons. Nature Materials, 17(5):379–381.

[Motti et al., 2019] Motti, S. G., Crothers, T., Yang, R., Cao, Y., Li, R.,
Johnston, M. B., Wang, J., and Herz, L. M. (2019). Heterogeneous photon
recycling and charge diffusion enhance charge transport in quasi-2D lead-
halide perovskite films. Nano Letters, 19(6):3953–3960.

[Müller et al., 2009] Müller, M., Dinnebier, R. E., Jansen, M., Wiedemann,
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1. Electronics for hV2

Figure 1 shows the circuit diagram for spin coater hardware version 2 (hV2). The circuit diagram for hV3 is
included in the main manuscript. The primary development between these versions is of the input peripherals.
hV2 uses potentiometers and buttons for operation while hV3 makes use of an incremental type rotary encoder.

Figure 1: Circuit diagram for hardware Version 2
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1.1 Assembled circuit

Figure 2: Electronics circuit board as assembled for hV3.

Figure 2 shows a labelled circuit board for hV3, including the unused ”btn:start” and ”btn:reset” header
inherited from the design of hV2. The rotary encoder is connected to the ”parameter adjustment” header. The
mounting of the electronics board for hV2 is detailed in the hV2 assembly SI document.

For the parameter adjustment header, in hV2 the inputs consist of 5 potentiometers each connected to an
analogue read pin (A2 to A6). In hV3 pins A0 to A2 are used for digital signals from the rotary encoder. The
choice of pins is convenience based and requires consistency with the corresponding pin variables in the Arduino
code. The power delivery in hV2 and hV3 differ, the Nano microcontroller in hV2 is powered through the USB
cable by a 5.2 V step-down converter, while hV3 has an on-board 9V regulator as visible in Figure 2 and as
described in the main manuscript.

3



2. Software flow diagram for hardware versions 2 and 3 (software versions 1.4 and 2.3)

The Arduino code written for hV2 (software 1.4) and hV3 (software 2.3) differ primarily in the handling of
inputs used to program the run parameters as shown diagrammatically in Figure 3.

(a) Software version 1.4 (hV2) (b) Software version 2.3 (hV3)

Figure 3: Flow diagrams of software versions 1.4 and 2.3 operation as used in hV2 and hV3 respectively.
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3. Variations on sample chuck design

(a) (b)

Figure 4: Final sample chuck design used for hV2 employed smooth pins machined out of the same block of
aluminium as the chuck itself. (a) Chuck with the sample mask and a glass substrate in place, (b) Chuck with
the sample mask removed.

Figure 5: An earlier prototype of the sample chuck; threads were tapped into the aluminium chuck which held
threaded bolts. These bolts acted as pins to hold the brass masks. To complete such a design the thread above
the chuck surface needed to be machined off the bolts for easy placement and removal of the sample masks.
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3.1 Sample chuck using drill press and hand tools

A more accessible alternative to a machined aluminium chuck was also considered. A sample chuck was produced
from recycled plastic from a plasterers float, bending wire, and a 3mm drill bit using a drill press, hole saw bit,
mini rotary tool, utility knife blade and sandpaper as detailed below. A plastic plasterers float can be purchased
new for approximately $ 2-3.

(a) (b) (c) (d)
Figure 6: Cutting a disk from a (broken) plasterers’ float for a spin coater chuck.

• Figure 6b, The chuck was cut from the recycled plastic using a hole saw in a drill press. The plastic was
tightly clamped to avoid it shifting during the cutting process.

• Figure 6c, For the case that the guiding bit of the hole saw arbour had a larger diameter than the shaft of
the intended motor, a hole the intended size was first drilled with the drill press. After this, the guiding
bit of the hole saw arbour was removed without shifting the drill press or plastic. The hole saw was then
mounted in the drill press without its guiding drill bit (Figure 6b), and the plastic was slowly cut using
the drill press.

– For threaded motor shafts, an appropriate pilot hole is drilled. Thereafter a thread is tapped with a tap
corresponding to the thread on the motor shaft.

• Figure 6d, Once cut the plastic disk was cleaned up with sandpaper. The sandpaper was placed on a
sheet of glass which provides a reliably flat and smooth surface. 1 The plastic disk was rotated a few
degrees at a time as it was worked across the sandpaper.

(a) (b) (c) (d)
Figure 7: Adding pins to the spin coater chuck to support the sample masks.

• Figure 7a, A paper template was prepared to mark the placement of the pins for the sample mask, the
centre hole was 5 mm, and the pin spacing 45 mm centre to centre. Based on this, a vernier caliper was
set to 20 mm and the pin positions were marked relative to the edge of the motor shaft hole.

• Figure 7b, The drill press was set up with a 3 mm bit and the intended depth was marked on the drill bit
using red electrical tape.

• Figure 7c, These holes were ”deburred” using a sharp blade.
1Glass does have a degree of flexibility as such is requires support. In the glass manufacturer links referenced, their float glass 4

to 6 mm has a manufacturing thickness tolerance of ± 0.2 mm. [supplier specification, archived-link (accessed 2022Jun25)]
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• Figure 7d, The sample mask fit was tested by placing 2 x 3 mm drill bits in these holes.

(a) (b) (c)
Figure 8: Adding pins to the spin coater chuck to support the sample masks.

• Figure 8a, The smooth shaft section of a 3 mm drill bit was cut into 2 pins using a mini grinder tool.
– Drill bits offer a widely available source of steel pins in specific diameters.

• Figure 8b, The portion of these that was exposed when fitted into their holes was lightly ground down
with the mini rotary tool grinding disk.

– This increased the clearance between the pins and the sample mask for a looser fit. An alternative
to this would be to use a slightly larger drill bit for the mask holes than used for the pin (i.e. 3.0
mm hole and 2.8 mm pins).

(a) (b) (c)
Figure 9: Making a seating, rotation locking mechanism for the chuck.

While the chuck fitted tightly on the motor shaft, for additional security a rotation locking mechanism was
prepared as shown in Figure 9.

• Figure 9a, A 2 mm hole was drilled through the motor shaft, this should be performed at low speed with
a drill press.

– The low speed is suggested to reduce heat generation and prevent work hardening of the steel.
– A drill press is a necessity to avoid a skew hole.

• Figure 9b, A bar shape was marked out on the chuck and a channel was cut into the chuck using a round
bur in a mini rotary tool.

• Figure 9b, Bending wire (ϕ ≈ 2 mm) with a length corresponding to the length of the channel cut
previously was placed though the motor shaft.
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Figure 10: The spin coater chuck with rotation lock and sample mask pins rotating on a motor (photo).

The finished chuck was placed on the motor and a photo was taken during motor operation. The photo of
the rotating chuck in Figure 10 shows very little precession, which would be due to miss-alignment of the chuck
w.r.t the motor shaft. A large precession would be evident as a blur or transparency effect in the photo. This
is by no means a quantitative test yet it shows that a reasonably useful spin coater chuck can be made with a
drill press and hand tools.

A slight degree of miss-alignment between that chuck and motor shaft which was primarily attributed to
the precession in the drill press and its stage being less than perfectly perpendicular to the drill bit (The drill
press in use was a repaired machine from 1986).
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4. Sample masks

The sample masks were cut from 0.7 mm brass sheet using a CNC router (Figure 11). The brass sheet was
fastened onto a wooden board for support during machining. The 3 mm holes were drilled followed by the centre
opening, and lastly the perimeter was machined. The CNC router bits could only produce rounded corners for
the centre hole, these inner corners were squared with a triangular jewellers file.

Similar brass work has been done by the author using a standard drill to make holes, followed by a jewellers
saw to cut the centre shape and the perimeter.

(a) A sample mask for hand-cut 12.5 x 12.5 mm samples.

(b) A sample mask for 20 x 15 mm samples.

(c) A blank sample mask for later machining to accommodate an unaccounted for sample size.

Figure 11: Sample masks measurements, the sizes of the openings are larger than the intended samples for
accommodation of any inaccuracies when using hand cut samples.

9



5. NOT Gate for the Tachometer

The NOT gate used alongside the tachometer originates from the availability of NE555 chips at the time and
their ability to respond to relatively low ”trigger” voltages with short response times. Figure 12 shows the
simulated response of the NOT gate on a millisecond timescale. The ”trigger” threshold voltage of the NOT
gate is 1.67 V with the circuit using at most 2.1 mA during its operation. The LM1117 voltage regulator of the
Arduino Nano compatible microcontroller has a maximum current draw specification of 800 mA making this a
marginal power consumption compared to the supply capacity. These properties were found to be well suited
to the application. An alternative is a MOSFET based logic level converter which consists of a MOSFET and
two resistors.

Figure 12: LTspice simulation of the NE555 based NOT gate with an input sine wave of 500 Hz (30000
cycles/min).
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6. Tachometer

The tachometer was based around an “Infrared Obstacle Avoidance Sensor” [link, archived-link] as per Figure
13. hV2 used an infra-red sensor, the light emitted by this sensor is reflected off aluminium or is diffused and
absorbed by sandpaper on the underside of the chuck. hV3 uses a brass reflector attached to the motor shaft
on its rear end. The brass reflector was painted black on the inner-side and covered with aluminium tape on
the outer-side for reflectivity contrast.

The conditions of a signal to be read as a ”guaranteed” digital high requires a voltage between 0.6VCC and
VCC + 0.5V for the ATmega328P chip in the Nano, where VCC is the ATmega328P’s supply voltage of 5.0 V for
this system. This translates to a signal between 3.0 and 5.5 V. For a digital low this value is between −0.5V
and 0.3VCC (1.5V ). [ATmega328P Datasheet, archived-link]

The tachometer was powered with 3.3 V and the output signal was measured as 3.2 V. Considering the
digital logic level voltage windows of an ATmega32P microcontroller this should have been sufficient for reliable
operation, but was found to not be the case during early experimentation. The use of NE555 chip to make a
logic converting NOT gate as per Figure 12 improved reliability of the tachometer reading.

(a) Infra-red (IR) proximity sensor
used in both hV2 and hV3.

(b) IR proximity sensor in hV2.
.

(c) Absorber/reflector pattern under
the chuck in hV2.

(d) IR sensor and reflector in hV3.

Figure 13: Tachometer sensor and its placement
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7. Calibration

The calibration data for hV2 was fitted with a 6th order polynomial as shown in Figure 14, R2 = 0.9997. The
spin coater uses the raw calibration data for its operation while the calibration was fitted for the purpose of
calculating a residual standard error, σ. σ was calculated to a value of 31.3 RPM as used in the Validation and

characterization section of the main paper, using σ =
√∑

(XRaw−XF itted)2

n−2 where X refers to the RPM values
and n is the number of collected data points.

Figure 14: The relationship between motor speed and duty cycle at room temperature for the 24V DC motor
controlled through a n-channel MOSFET with an Arduino Nano compatible microcontroller as used in hV2.
(blue) Collected data, (Red) Fitted 6th order polynomial.

8. Temperature on cycling of hV2 at 31% duty cycle (∼5000 RPM): With MOSFET-Low trace

Figure 15: Motor housing and MOSFET temperature as a function of cycle number with the additional
MOSFET-Low trace.

The MOSFET-Low trace in Figure 15 rapidly reaches 25 ◦ C. At cycles 44, 59 and 60 the temperature
reaches 26 ◦ with nearby values of 25.5 ◦ C representing instability between a reading of 25 and 26 during the
cycle ◦ C. This is with consideration of a temperature measurement resolution of 1 ◦ C.
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9. PBDB-T:PC71BM: additional detail on AFM for 3000 RPM, 60 s deposition

Parameter Value
L 601.56 nm
RMS 2.515 nm
lc DC
Ra(lc) 1.910 nm
Rmax 10.887 nm
Rz 5.739 nm
Rz Cnt valid
Radius 2.473 µm
Sigma 5.039 nm

Figure 16: Tapping mode AFM of PBDB-T:PC71BM (1:1) thin films, spin coated for 60 s at 3000 rpm showing
a 3 µm line trace.

Figure 16 shows a AFM line trace in the top left corner with parameters from this trace on the right. Here
we see a difference between the maximum and minimum points of Rmax, 10.887 nm ≈ 11 nm.
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10. Additional DIY health & safety

The following precautions provide some of the most important relevant hazards and precautions. Some points
are derived from sources including [1].
Electrical hazards

• Check the wiring on all tool and equipment for damage or bad insulation. Do not use equipment with
hazardous wiring.

• Do not use damages tools and equipments.
• Do not work with electricity in wet areas.

Safety practices
• For any work with or around potentially dangerous equipment, minimise the potential dangers, ensure a

clean and clear workspace and ensure you have stable footing, especially when working with power tools
such as angle grinders.

• Any materials being cut or worked on should be well secured to a sturdy surface.
• Work with a colleague present in the area.
• Remove jewellery and metal objects when working with motorised tools or electricity.

Personal Protective Equipment (PPE)
• Wear safety glasses.
• Don’t wear loose clothing.
• Secure long hair.
• Wear protective footwear.
• Use hearing protection where appropriate such as for angle grinders.

Chemical Safety
• Read the material safety data sheets (MSDS) for all chemicals used during spin coating and follow the

appropriate safety precautions.
• Operate the spin coater in a well ventilated area, glove-box or fume-hood as appropriate for the chemicals

in use.
• Wear appropriate PPE including gloves, safety glasses, lab coat, etc.

Rotary motor safety
• Keep the sample chamber clear of obstructions.
• Do not touch the chuck or any moving parts while they are in motion.
• Wear appropriate PPE including gloves, safety glasses, lab coat, etc.
• The spin coater should not be operated in the presence of loose hair, loose clothing, loose jewellery or

anything that could get caught in and/or wrapped around moving parts.
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11. Spin coating best practices

• When using vacuum chucks on commercial spin coaters. the precursor solution can leave behind residues,
and any such precursor solution drawn by the vacuum chuck has the potential to gradually build up a
residue gluing the chuck to the motor shaft. As such it was found best to remove and clean the chuck
after every use. This was especially critical for solutes such as lead halides in dimethylformamide where
the low solubility of the lead salt readily causes residue deposits that require harsh solvents to remove.

• In glove boxes or other closed off environments where research involving multiple chemistries take place,
contamination from the spin coating process can be deleterious as such these environments should be
closely monitored when introducing spin coating for potential impacts on adjacent works.

• The precursor solutions can be passed through a sub micrometer syringe filter to remove undissolved
particles or contaminants from the solution which could be the source of ”comet” film defects. [2]

• When applying precursor solution, a micropipette allows the application of a reliable, reproducible quan-
tity which can be finely tuned to reduce wasting of precursor solution. An example of an open-source
micropipette build can be found at [3]

12. Useful resources

• Ossila’s spin coating guide,
Ossila provides a spin coating guide which covers wide range of concepts and considerations including
spin coating theory, practical considerations and handling defects. Among this information they mention
vacuum warping of thin substrates and the additional maintenance required with vacuum chucks as the
vacuum often draws in the precursor ink/solution. [Ossila spin-coating, archived-link (accessed 8 Nov
2021)]

• Spin coating: art and science,
Birnie lays out the dominant physics in spin-coating, coating defects and the causes of in the chapter
”Spin coating: art and science” of the book ”Chemical Solution Deposition of Functional Oxide Thin
Films”. This includes the work of Emslie, Bonner and Peck where flow was described as a primary to
the evolution of film thickness, determined by viscous forces, density and rotational speed. Meyerhofer
expanded this work by including evaporation effects into the equations which become dominant after the
rate of flow dominated change in thickness declines. In the section where defects are discussed, these
include defects related to solvent evaporation, surface tension, viscosity and contaminants. The causes of
these defects are discussed with direct or indirect implementations of how to address them. [2, 4, 5].

13. Existing spin coaters

13.1 Open-source designs

• Sadegh-cheri’s spin coater [6]
Double sided tape sample mounting
1000-9000 rpm
Brushless DC motor from a computer hard
https://pubs.acs.org/doi/full/10.1021/acs.jchemed.9b00013 (accessed 2021Nov08)

• Bianchi et al. [7]
Spin coater based on brushless dc motor of hard disk drivers
Vacuum sample mount
0-10000 rpm
Brushless DC motor from a computer hard

• Yetkin Akyüz Electrical Electronics Engineer - Düzce University [8]
Gravity chuck, 4 steel flat bar sections with a slide channel in which a screw fixed the slides to the chuck.
This allows sample size adjustment using a screwdriver with the minimum size defined by the width of
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the flat bar.
Programmable up to 10 stages
24 V 9000 rpm DC motor [project page link, archived-link (accessed 2021Nov08)]

• Segura et al. Mechanical and Electronic Systems of an Open Source Based Spin and Dip Coater [9]
Double sided tape sample mounting
300 - 10000 rpm speed control by Arduino Uno hardware PWM signal (byte value of 0-255)
24 V, 12 W DC motor
https://revistapolitecnica.epn.edu.ec/ojs2/index.php/revista politecnica2/article/view/561 (accessed 8Nov2021)

• Ben Krasnow photoresist spin coater [10]
Mounting set for microscope slides, flat chuck with 5 flat-head screws, 4 fixed and one removed and re-
placed for sample mounting.
Quad-copter motor driven through an ESC controller. These types of motors and controller combinations
can offer control over the motor acceleration and deceleration rate as well as speed readings either by
monitoring the motor windings during rotation or through the hall sensor in variants which have one
included. Quad-copter motors frequently run at a few 10 000’s rpm. As such care needs to be taken to
ensure the motor can go slow enough. A speed rage from a few hundred to a few thousand rpm is often
required for a spin coater.
https://benkrasnow.blogspot.com/2016/02/design-and-build-spin-coater.html (accessed 8Nov2021)

13.2 Commercial spin coaters

Supplier Model Chuck
type

Speed
RPM

Price Additional

SETCAS [11] SETCAS
KW-4A

Vacuum 500 - 8500 $ 2000
(Nov2021)
Cheapest of their
range

• Substrate size ϕ 5- 100 mm
• Two-stage
• Includes Vacuum pump
• Includes 3 chucks
• Motor speed stability ± 1%,

Tachometer ± 10 rpm
• 2 Year warrantee

https://www.setcas.online/product-page/kw-4a (accessed 8Nov2021)
SPI [12] SPI KW-4A

220V
Vacuum 500 - 8000 $ 5505.79

(Nov2021) • Two-stage
• Substrate size up to 152 mm (6”)
• Speed stability ¡ 1%
• (A diaphragm pump is

recommended for operation)

https://www.2spi.com/item/12170-ax/spin-coater/ (accessed 8Nov2021)
MTI Corporation
[13]

Compact Spin
Coater
VTC-100A 220V

Vacuum 500 - 8000 $ 3988.00
+ $ 598.20
not in USA
warrantee
surcharge
(Nov2021)

• Two-stage
• 1,2 and 4” vacuum chucks

included
• 24 V DC motor rated 150 W Max
• 1 Year warranty with lifetime

support

https://www.mtixtl.com/ProgrammableCompact SpinCoater0-8000rpm4waferMax-VTC-100A.aspx (accessed 8Nov2021)
Ossila [14] Ossila Spin

Coater
Gravity 120 - 6000 £1900

(Nov2021) • Digitally stored step profiles up to
50 steps each

• Built in spirit level
• Includes a chuck
• 2 year warrantee

https://www.ossila.com/products/spin-coater (accessed 8Nov2021)
https://web.archive.org/web/20210428130823/https://www.ossila.com/products/spin-coater
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14. After-market chucks

• Vacuum chucks for SETCAS KW series starting at $ 100 (21 Oct2021, archived-link). Their website
reported the starting price as $ 130 in Nov2021 and $ 300 in Aug 2022 archived-link, it is suspected the
difference was related to stock availability of their lower cost options.
https://www.setcas.online/product-page/vacuum-chuck (accessed 8Nov2021)

• Vacuum chucks for SPI KW-4A
From SPI starting at $91.80 for aluminium and $153.00 for PTFE (Nov2021)
https://www.2spi.com/item/z12173/
https://www.2spi.com/item/z12173t/

• Anti-corrosive vacuum chucks with O-Rings of different sizes FOR VTC-100PA - MTI-VTC100PA
Price not specified but adding an extra O-Ring for the ϕ 10 mm chuck is marked as $ 25.95, it is unspec-
ified what advanced material this $ 25.95 O-Ring is made from.
https://www.mtixtl.com/VacuumchuckswithdifferentsizesFORVTC-100PAMTI-VTC100PA.aspx (accessed
8Nov2021)

• Ossila spin coater chucks
£199 for standard or £249 for a custom chuck Nov2021. Ossila also provides .STL and .SLDPRT files to
allow their customers to produce their own chucks.
https://www.ossila.com/products/spin-coater-chucks (accessed 8Nov2021)
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Appendix B

Appendix for Section 6.4 and
6.5

Contents
B.1 Additional literature structure refinements

on (FAPbI3)0.85(MAPbBr3)0.15 . . . . . . . . . . . . . . 277

B.2 Le Bail fits on (FAPbI3)0.85(MAPbBr3)0.15 for pattern
indexing . . . . . . . . . . . . . . . . . . . . . . . . . . . 282

B.1 Additional literature structure refinements

on (FAPbI3)0.85(MAPbBr3)0.15

In this Appendix discuss refinements of structures included in Table 6.1 which
were briefly mentioned in Section 6.4. This includes the typical MAPbI3 β
and γ phase as well as the P4/mbm β phase of FAPbI3 provide very poor fits
against the 1-315K and 22-150K patterns of the (FAPbI3)0.85(MAPbBr3)0.15
data set. The same means of assessment was applied to the 8-280K and
29-80K patterns leading to equivalent results (available on request).
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Refinements were accompanied with lattice parameters modified by re-
fined scaling factor, for tetragonal unit cells 2 of the unit cell parameters were
constrained to be equal, below is an example of the orthorhombic unit cell
parameters from the refinement of a MAPbI3 Pnma unit cell on the 22-150K
diffraction pattern. Further the halides were replaced with the stoichiometric
mix of the sample of interest.

prm r1 1.00815913 min 0.95 max 1.05

prm r2 0.99850147 min 0.95 max 1.05

prm r3 1.03279691 min 0.95 max 1.05

a = 8.86574 * r1;:8.938077

b = 12.6293 * r2;:12.610375

c = 8.57689 * r3;:8.858185

In the Figures B.1 and B.2, (a) the FAPbI3 β structure (P4/mbm, ICSD
230492) is refined against the collected data. Additional peaks are present
in the simulated data which are not present in the 315 K data while there
is a near perfect alignment of peak positions. For the 150 K refinement,
the literature values a = b = 8.29312 Å, c = 6.3222 Å refined to a = b =
8.83300±0.00053 Å, c = 6.20225±0.00062 Å. The a and b unit cell param-
eters deviated drastically from the literature values, the literature data was
collected at a slightly higher temperature of 200 K compared to the data col-
lected at 150 K, such a temperature difference is not expected to be significant
enough to account for the differences in lattice parameter. The relative peak
intensities for this phase provided a mediocre fit to the data even with the
refinement of thermal parameters to the unlikely values below. 1

# Thermal paramters in the refinement of $FAPbI_3 \beta$ (P4/mbm, ICSD 230492) against 22-150K

# Pb:b1, I/Br:b2, C/N/H:b3

prm b1 3 min 0.1 max 3

prm b2 8.2374‘_0.3777 min 1 max =b3;

prm b3 8.2374‘_7.2769 min =b2; max 20

1This refinement was performed after a P4/mbm based phase had shown to be of
interest in subsequent sections
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In sub-figures (b) representing the MAPbI3 β phase (I4/mcm, ICSD428899)
There are only a few additional peaks not present in the collected data such
as near 20.4 ◦ with intensities poorly described in the 315 K pattern and
multiple peaks not accounted such as near 22.5 and 27 ◦ 2θ for in the 150K
pattern. The MAPbI3 γ phase (Pnma, ICSD428898) in sub-figures (c) ac-
counts for a few additional peak positions in the 150K pattern while still
having additional peaks such as near 24 ◦ and poorly describing the relative
peak intensities.

The relative peak intensities in these comparisons is not definitive con-
sidering the replacement of the halide I with I0.85Br0.15 and that the thermal
parameters were not refined. The presence of additional and failure to ac-
count for certain peaks indicates these literature structures as tested are not
suitable to represent the (FAPbI3)0.85(MAPbBr3)0.15 data.
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(a) P4/mbm-FAPbI3 refined against (FAPbI3)0.85(MAPbBr3)0.15 data at 315 K,
with the halide represented by I0.85Br0.15

(b) I4/mcm-MAPbI3 refined against (FAPbI3)0.85(MAPbBr3)0.15 data at 315 K,
with the halide represented by I0.85Br0.15

(c) Pnma-MAPbI3 refined against (FAPbI3)0.85(MAPbBr3)0.15 data at 315 K,
with the halide represented by I0.85Br0.15

Figure B.1: Investigative structure fits on 1-315K. These use fundamental
parameter peak profile described in Section 4.8.1.
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(a) P4/mbm-FAPbI3 refined against (FAPbI3)0.85(MAPbBr3)0.15 data at 150 K,
with the halide represented by I0.85Br0.15

(b) I4/mcm-MAPbI3 refined against (FAPbI3)0.85(MAPbBr3)0.15 data at 150 K,
with the halide represented by I0.85Br0.15

(c) Pnma-MAPbI3 refined against (FAPbI3)0.85(MAPbBr3)0.15 data at 150 K,
with the halide represented by I0.85Br0.15

Figure B.2: Investigative structure fits on 22-150K. These use fundamental
parameter peak profile described in Section 4.8.1.
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B.2 Le Bail fits on (FAPbI3)0.85(MAPbBr3)0.15 for

pattern indexing

The refinements using the Le Bail method in Section 6.5 were based on space group

and lattice parameter combinations derived from indexing methods in TOPAS. For

indexing, individual peaks were fitted using the fundamental parameters instru-

ment profile described in Section 4.8.1. Sample broadening across the individual

peaks was accounted for by a common Lorentzian based convolution relating to

crystallite size broadening. Indexing was performed across various crystal systems.

Crystal systems were excluded from the indexing runs as needed to prevent results

from a single system eclipsing candidates from other systems. The choice of can-

didates for Le Bail refinements were based on indexing candidates with the best

goodness of fit parameter and fewest missing/additional peaks. An example of a

TOPAS indexing script is provided below.

’ Indexing paramters, peak positions fitted to 29-80K

index_range "Indexing"

index_lam 1.540596

index_zero_error

index_max_zero_error 0.1

index_max_th2_error 0.05

index_max_Nc_on_No 5

index_max_number_of_solutions 3000

try_space_groups ""

’ Crystal systems (commented out as needed)

’Cubic_F

’Cubic_I

’Cubic_P

’Trigonal_Hexagonal_R

’Trigonal_Hexagonal_P

Tetragonal_I

Tetragonal_P

Orthorhombic_F

Orthorhombic_I

Orthorhombic_C

Orthorhombic_P

’Monoclinic_C

’Monoclinic_P

load index_th2 index_I {

14.19357668 22.2228454

20.15553282 7.607553321

22.52357947 4.235363442

24.75822114 7.85444451

26.78071187 11.65582009

28.67235363 65.24864836

32.12763043 86.97942465

35.33496308 20.58269758

36.85621209 6.756761854

}
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C.1 Diffraction patterns list for Chapter 6

Table C.1: Literature structures of similar systems

Scan number Temperature (K) Range (◦ 2θ) Equilibration time
1 315 5−50 30 min
14 150 5−50 30 min
16 100 5−50 30 min

Table C.2: Dataset 201810 of in-situ XRD diffraction patterns.
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C.2 Raw data visualisation

(a) Cooling

(b) Heating

Figure C.1: PXRD measurements of (FAPbI3)0.85(MAPbBr3)0.15 showing the
log() of diffraction intensity as a function of temperature. Measurements were
taken on cooling followed by heating ordered in the figures chronologically
from the top down.

286



Both cooling and heating directions in Figure C.1 present common sets
of peaks in bound by similar transition point for the higher temperature
transition near 260/270 K. The additional peaks on cooling from 90 to 80 K
remain present past 200 K on heating. The origin of these peaks is unclear
and were tested a P1 symmetry structure agnostic refinement to exclude the
possibility of the peaks being related to a lower symmetry perovskite phase.
Various literature structures of possible phase separation/decomposition and
non-perovskite phases were compared to the unidentified peaks providing a
close match.

C.3 Rigid body models

C.3.1 Rigid body model for Pb-X octahedra

The following is a snippet of TOPAS code used for the rigid body description
of the Pb-X octahedra. In cases where the octahedra were offset from a
stationary Pb atom, Pb1 in the model below was substitute by a place-
holder atom which had an occupancy of 0. In some models the bond length
“r” was replaced with multiple parameters with absolute or relative limits to
keep “r” within some form of constraints.

prm r 3.15577‘_0.37578 min 2.9 max 3.5

rigid

point_for_site Pb1

point_for_site I1 ux = r;

point_for_site I2 uy = r;

point_for_site I3 uz = r;

Rotate_about_axies( @ 0 min -10 max 10, @ 0 min -10 max 10, @ 45 min 35 max 55)

Translate( 0, 0, 0)
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C.3.2 Rigid body model for FA

The structure of the FA rigid body was based on [ Petrov 2017 Formami-
dinium iodide: crystal structure and phase transitions ] [Petrov et al., 2017]

prm r2 1.297 min 1.2 max 1.35

rigid

z_matrix C1

z_matrix N1 C1 = r2;

z_matrix N2 C1 = r2; N1 @ 129.98 min 121 max 132

Rotate_about_axies( @ 173.80 min -10 max 190, @ -2.49 min -10 max 190, @ 20.50 min -10 max 190)

Translate(@ 0.107 min -0.15 max 0.15 , @ 0.492 min 0.4 max 0.6 , @ 0.587 min 0.35 max 0.65 )

C.4 Structure model refinements on repre-

sentative diffraction patterns

Additional refinements are provided for Section 6.6. Additional refinements
are provided for 8-280K and 22-150K patterns collected at 280 and 150 K re-
spectively on cooling in the VT-XRD measurement set. For these additional
scans in Table C.3 it is noted that the additional Rwp values are supportive
of the discussion in Section 6.6 supporting Set D as the favoured model.

Table C.3: Expanded summary of fit parameters

Set Rwp(80 K) Rwp(150 K) Rwp(280 K) Rwp(315 K) Location Model basis
Set C 13.01 10.41 10.93 10.96 FigureC.2 P4 symmetry
Set A 10.90 10.50 10.06 9.94 FigureC.3 4 Octahedra
Set D 8.74 9.58 10.52 10.23 FigureC.4 2 Octahedra

Note: Rexp is 6.87, 7.22, 7.32 and 7.33 for 80, 150, 280 and 315 K respectively.
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(a) Cs0-setC-315K

(b) Cs0-setC-280K

(c) Cs0-setC-150K

(d) Cs0-setC-80K

Figure C.2: Set C (Cs0-setC): Rietveld refinements using a P4 space group
to impart it’s symmetry to the Pb-X octahedra.
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(a) Cs0-setA-315K

(b) Cs0-setA-280K

(c) Cs0-setA-150K

(d) Cs0-setA-80K

Figure C.3: Set A (Cs0-setA): Rietveld refinements using a structure model
with 4 octahedra with free rotation and lattice parameters determined by
projections of Pb-X bonds. 290



(a) Cs0-setD-315K

(b) Cs0-setD-280K

(c) Cs0-setD-150K

(d) Cs0-setD-80K

Figure C.4: Set D (Cs0-setD): Rietveld refinements using a structure model
with 2 octahedra with free rotation and lattice parameters constraints a = b,
c is free.
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C.5 Least-square Rietveld refinement based

sets

Sets 1 - 8b made use of 2 runs of sequential refinement, each starting from the
opposite end of the data set. The results of the set were the the refinements
with the lower RBragg value. This was to reduce the impact of sudden changes
in the structure on the quality of the refinement.

Parameters referred to as free are typically refined within reasonable lim-
its to reduce the size of the solution space.

C.5.1 Set 1: a = b

� Lattice parameters, refined a = b and c.
� Pb fixed position
� Octahedra rotation : Rotate about axies( @ 0 min -10 max 10, @ 0 min

-10 max 10, @ 45 min 35 max 55)
� Organic as a rigid body CN2 with free translation and rotation
� A single Pb-X bond distance parameter was defined for the rigid bodies
� Average RBragg: 2.052, σ: 0.531

Figure C.5: Set 1

292



C.5.2 Set 2: lattice parameters from projections

� Lattice parameter defined by projection with respect to the Pb-X bond
length.

� Octahedra rotation : Rotate about axies( @ 0 min -10 max 10, @ 0 min
-10 max 10, @ 45 min 35 max 55)

� Organic as a rigid body CN2 with free translation and rotation
� A Pb-X bond distance distance parameter was defined the bond in the

ab plane and the bond in the c-direction separately for the rigid bodies
� Average RBragg: 2.681, σ: 0.648

Snippet of a TOPAS input file from Set 2

’ Octahedra rotation angles

prm Oh1 -2.63458‘_1.73840 min -10 max 10

prm Oh2 2.00382‘_2.95493 min -10 max 10

prm Oh3 44.65999‘_2.25551 min 35 max 55

prm Oh4 -0.47763‘_2.37428 min -10 max 10

prm Oh5 2.88194‘_2.11261 min -10 max 10

prm Oh6 45.27340‘_2.17872 min 35 max 55

’ Projection of Pb-X bonds onto a-axis

’ Rotation angle have to be in degree and trig angles in radians

prm !a1 = 2*r*(Cos(Oh2*Pi/180)*Cos(Oh3*Pi/180)+Cos(Oh5*Pi/180)*Cos(Oh6*Pi/180));

prm !a2 = 2*r*(Cos(Oh1*Pi/180)*Cos(Oh3*Pi/180)+Cos(Oh4*Pi/180)*Cos(Oh6*Pi/180));

prm !a3 = 2*r1b*(Cos(Oh1*Pi/180)*Cos(Oh2*Pi/180));

a = a1;

b = a2;

c = a3;

al = 90;

be = 90;

ga = 90;

In the above code snippet Oh1 and Oh4 are the the octahedral rotation
about the a-axis, Oh2 and Oh5 the b-axis and Oh3 and Oh6 the c-axis. For
the projections used a separate bond length is used for the bonds in the ab
plane and those along the c-direction. This allows elongation or contraction
of the unit cell in the c-direction beyond the effect of rotation about the a
and b-axis.

The restraint of the lattice parameters by projections prevented distortion
of the octahedra. This unfavourably increased the average RBragg and the
standard deviation σ. The loss in fit quality was primarily below 240 K with
the majority if Refinements having an RBragg greater than 3.
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C.5.3 Set 3: distorted octahedra

� Lattice parameters, refined a = b and c.
� Pb fixed position
� Octahedra rotation : Rotate about axies( @ 0 min -10 max 10, @ 0 min

-10 max 10, @ 45 min 35 max 55)
� Octahedra (Oh) defined about a place-holder atom with no electron

density. The Oh were allowed to translate across the unit cell by 15 %
of the unit cell in any direction, subsequent sets used tighter limits.

� Organic as a rigid body CN2 with free translation and rotation
� A Pb-X bond distance parameter was defined for each direction in the

rigid bodies
� Average RBragg: Not processed

This set was included for completeness and will not be discussed in detail.
It was evaluated to the extent needed to continue onto other sets. Set 5 and
6 are similar with only 2 and 1 bond length parameters respectively in the
rigid body model. This is compared to the 3 here in Set 3.

C.5.4 Set 4: a!=b

� Lattice parameters, refined a, b and c individually.
� Pb fixed position
� Octahedra rotation : Rotate about axies( @ 0 min -10 max 10, @ 0 min

-10 max 10, @ 45 min 35 max 55)
� Organic as a rigid body CN2 with free translation and rotation
� A single Pb-X bond distance parameter was defined for the rigid bodies
� Average RBragg: Not processed

This set was included for completeness and will not be discussed in detail.
It was evaluated to the extent needed to continue onto other sets.

C.5.5 Set 5: a=b, Pb-Oh offset

� Lattice parameters, refined a = b and c.
� Pb fixed position
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� Octahedra rotation : Rotate about axies( @ 0 min -10 max 10, @ 0 min
-10 max 10, @ 45 min 35 max 55)

� Octahedra (Oh) defined about a place-holder atom with no electron
density. The Oh were allowed to translate across the unit cell by 10 %
of the unit cell in any direction.

� Organic as a rigid body CN2 with free translation and rotation
� A Pb-X bond distance distance parameter was defined the bond in the

ab plane and the bond in the c-direction separately for the rigid bodies
� Average RBragg: 2.377, σ: 0.623 (processed in a single direction).

This set was included for completeness and will not be discussed in detail.
It was evaluated to the extent needed to continue onto other sets.

C.5.6 Set 6:: a!=b, Pb-Oh offset

� Lattice parameters, refined a, b and c individually.
� Pb fixed position
� Octahedra rotation : Rotate about axies( @ 0 min -10 max 10, @ 0 min

-10 max 10, @ 45 min 35 max 55)
� Octahedra (Oh) defined about a place-holder atom with no electron

density. The Oh were allowed to translate across the unit cell by less
than 10 % of the unit cell.

� Organic as a rigid body CN2 with free translation and rotation
� A single Pb-X bond distance parameter was defined for the rigid bodies
� Average RBragg: 2.217, σ: 0.452 (processed in a single direction).

This set was included for completeness and will not be discussed in detail.
It was evaluated to the extent needed to continue onto other sets.

C.5.7 Set 7:: a=b, Pb-Oh offset

� Lattice parameters, refined a = b and c.
� Pb fixed position
� Octahedra rotation : Rotate about axies( @ 0 min -10 max 10, @ 0 min

-10 max 10, @ 45 min 35 max 55)
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� Octahedra (Oh) defined about a place-holder atom with no electron
density. The Oh were allowed to translate across the unit cell by less
than 5 % of the unit cell.

� Organic as a rigid body CN2 with free translation and rotation
� A single Pb-X bond distance parameter was defined for the rigid bodies
� Average RBragg: 2.229, σ: 0.493

This set was included for completeness and will not be discussed in detail.
It was evaluated to the extent needed to continue onto other sets.

C.5.8 Set 8: repetition of Set 1

� Lattice parameters, refined a = b and c.
� Pb fixed position
� Octahedra rotation : Rotate about axies( @ 0 min -10 max 10, @ 0 min

-10 max 10, @ 45 min 35 max 55)
� Organic as a rigid body CN2 with free translation and rotation
� A single Pb-X bond distance parameter was defined for the rigid bodies
� Average RBragg: 2.088, σ: 0.632

C.5.9 Set 8b: repetition of Set 1, rotation limits ad-
justed

� Lattice parameters, refined a = b and c.
� Pb fixed position
� Octahedra rotation:

’ First octahedra

prm Oh1 0 min -12 max 12 ’

prm Oh2 0 min -12 max 12

prm Oh3 45 min 33 max 45.1

’ Second octahedra

prm Oh4 0 min -12 max 12

prm Oh5 0 min -12 max 12

prm Oh6 45 min 44.9 max 57

� Organic as a rigid body CN2 with free translation and rotation
� A single Pb-X bond distance parameter was defined for the rigid bodies
� Average RBragg: 2.098, σ: 0.627

296



In Set 1 the Oh can rotate about the c-axis in both the clockwise and anti-
clockwise directions independently. Here in Set 8b the rotation was limited
to only clockwise for one Oh and anti-clockwise for the second Oh bringing
the constraints closer to that of the symmetric a0b0c+ rotation. There was
no significant increase in the average RBragg resulting from this constraint.
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(a) Set 1: a-axis (b) Set 1: c-axis

Figure C.6: Set 1 in (FAPbI3)0.85(MAPbBr3)0.15 analysis

(a) Set 8: a-axis (b) Set 8: c-axis

Figure C.7: Set 8 in (FAPbI3)0.85(MAPbBr3)0.15 analysis

(a) Set 8b: a-axis (b) Set 8b: c-axis

Figure C.8: Set 8b in (FAPbI3)0.85(MAPbBr3)0.15 analysis
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C.6 Monte-Carlo assisted least-square Rietveld

refinement based sets

These sets were refined using sequential refinement as the base with a Monte-
Carlo randomisation based on errors for the purpose of overcoming local
minima in the solution space of the refinements.

C.6.1 Set 9: Based on Set 3, Distorted Oh

� Lattice parameters, refined a = b and c.
� Pb fixed position
� Octahedra rotation : Rotate about axies( =Oh4;, =Oh5;, =Oh6;)

’ Octahedra rotation angles

prm Oh1 -3.0612 min -12 max 12

prm Oh2 6.8458 min -12 max 12

prm Oh3 46.4236 min 33 max 57

prm Oh4 -1.4102 min -12 max 12

prm Oh5 2.8812 min -12 max 12

prm Oh6 46.1800 min 33 max 57

� Octahedra (Oh) defined about a place-holder atom with no electron
density. The Oh were allowed to translate across the unit cell by less
than 10 % of the unit cell.

� Organic as a rigid body CN2 with free rotation and translation as fol-
lows:

Translate(@ 0 min -0.05 max 0.05 , @ 0.5 min 0.48 max 0.52 , 0.5 )

Translate(@ 0.5 min 0.45 max 0.55 , @ 0 min -0.02 max 0.02 , 0.5 )

� A Pb-X bond distance parameter was defined for each direction in the
rigid bodies

� Directly from Monte-Carlo RBragg: 7.390, σ: 4.415
� With follow up reprocessing Average RBragg: 2.162, σ: 0.480

Once processed this set produced very unfavourable RBragg values and to deal
with this a Python script was used to create new TOPAS input files from
the result files with the code which called for the Monte-Carlo optimisation
removed. This was processed in TOPAS using a Windows batch file which
was generated under the same Python script.
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Figure C.9: Set 9: (left) Effective octahedral rotation about the c-axis. This
was evaluated by taking the absolute value of the difference in rotation about
the c-axis of the 2 Oh in the unit cell. (right) noisy rotation about the a and
b axes

C.6.2 Set 10: a=b, Pb-Oh offset

� Lattice parameters, refined a = b and c.
� Pb fixed position
� Octahedra rotation:

prm Oh1 0 min -12 max 12

prm Oh2 0 min -12 max 12

prm Oh3 45 min 33 max 45.1

prm Oh4 0 min -12 max 12

prm Oh5 0 min -12 max 12

prm Oh6 45 min 44.9 max 57

� Octahedra (Oh) defined about a place-holder atom with no electron
density. The Oh were allowed to translate across the unit cell by a
percentage of the unit cell.

� Organic as a rigid body CN2 with free rotation and translation as fol-
lows:

Translate(@ 0 min -0.05 max 0.05 , @ 0.5 min 0.48 max 0.52 , 0.5 )

Translate(@ 0.5 min 0.45 max 0.55 , @ 0 min -0.02 max 0.02 , 0.5 )

� A single Pb-X bond distance parameter was defined for the rigid bodies
� Average RBragg: 2.209, σ: 0.555
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(a) Set 10: c-axis (b) Set 10: c-axis

(c) Set 10 (d) Set 10: Pb-X bond length

(e) Set 10: Pb-X bond length with a fit-
ted trend line

(f) Set 10: Rotation about the x and y
axes of the Pb-X octahedra.

Figure C.10: Set 10 in (FAPbI3)0.85(MAPbBr3)0.15 analysis
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C.6.3 Set 11 and 12: a=b, Pb-Oh offset, fixed Pb-X
bond length

� Lattice parameters, refined a = b and c.
� Pb fixed position
� Octahedra rotation:

prm Oh1 0 min -12 max 12

prm Oh2 0 min -12 max 12

prm Oh3 45 min 33 max 45.1

prm Oh4 0 min -12 max 12

prm Oh5 0 min -12 max 12

prm Oh6 45 min 44.9 max 57

� Octahedra (Oh) defined about a place-holder atom with no electron
density. The Oh were allowed to translate across the unit cell by a
percentage of the unit cell.

� Organic as a rigid body CN2 with free rotation and translation as fol-
lows:

Translate(@ 0 min -0.05 max 0.05 , @ 0.5 min 0.48 max 0.52 , 0.5 )

Translate(@ 0.5 min 0.45 max 0.55 , @ 0 min -0.02 max 0.02 , 0.5 )

� A single Pb-X bond distance parameter fixed for the rigid bodies as
the average from Set 10: 3.099 Å

� Set 11: Oh rotation limits hit: Average RBragg: 2.268, σ: 0.534
� Set 11f: Oh rotation limits relaxed shortened Monte-Carlo step: Aver-

age RBragg: 2.258, σ: 0.514
� Set 12: Oh rotation limits relaxed, 300 iterations per scan Monte-Carlo

step: Average RBragg: 1.844, σ: 0.316

C.6.4 Set 13: a,b,c fixed, Pb-Oh offset, fixed Pb-X
bond length

� Lattice parameters, fixed to values from Le Bail fits which used a Pba2
space group.

� Pb fixed position
� Octahedra rotation:

prm Oh1 0 min -12 max 12

prm Oh2 0 min -12 max 12

prm Oh3 45 min 28 max 48

prm Oh4 0 min -12 max 12

prm Oh5 0 min -12 max 12

prm Oh6 45 min = Oh3; max = 62;
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� Octahedra (Oh) defined about a place-holder atom with no electron
density. The Oh were allowed to translate across the unit cell by a
percentage of the unit cell.

� Organic as a rigid body CN2 with free rotation and translation as fol-
lows:

Translate(@ 0 min -0.05 max 0.05 , @ 0.5 min 0.48 max 0.52 , 0.5 )

Translate(@ 0.5 min 0.45 max 0.55 , @ 0 min -0.02 max 0.02 , 0.5 )

� A single Pb-X bond distance parameter fixed for the rigid bodies as
the average from Set 10: 3.099 Å

� 300 iterations per scan Monte-Carlo step
� Average RBragg: 1.894, σ: 0.325

C.6.5 Set 14, 14b and 15b: a,b,c fixed, Pb-Oh offset

� Lattice parameters, fixed to values from Le Bail fits which used a Pba2
space group.

� Pb fixed position
� Octahedra rotation:

prm Oh1 0 min -12 max 12

prm Oh2 0 min -12 max 12

prm Oh3 45 min 28 max 48

prm Oh4 0 min -12 max 12

prm Oh5 0 min -12 max 12

prm Oh6 45 min = Oh3; max = 62;

� Octahedra (Oh) defined about a place-holder atom with no electron
density. The Oh were allowed to translate across the unit cell by a
percentage of the unit cell.

� Organic as a rigid body CN2 with free rotation and translation as fol-
lows:

Translate(@ 0 min -0.05 max 0.05 , @ 0.5 min 0.48 max 0.52 , 0.5 )

Translate(@ 0.5 min 0.45 max 0.55 , @ 0 min -0.02 max 0.02 , 0.5 )

� A single Pb-X bond distance parameter was defined for the rigid bodies
� 300 iterations per scan Monte-Carlo step
� Set 14: 300 iterations per scan Monte-Carlo step, Average RBragg:

1.856, σ: 0.287
� Set 14b: 200 iterations per scan Monte-Carlo step, Average RBragg:

1.938, σ: 0.383
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� Set 15b: 200 iterations per scan Monte-Carlo step, Average RBragg:
1.939, σ: 0.347

Figure C.11: Set 14: (left) Effective octahedral rotation about the c-axis.
This was evaluated by taking the absolute value of the difference in rotation
about the c-axis of the 2 Oh in the unit cell. (right) noisy rotation about the
a and b axes

C.6.6 Set 15: a,b,c fixed, Pb-Oh offset

� Lattice parameters, fixed to values from Le Bail fits which used a Pba2
space group.

� Pb fixed position
� Octahedra rotation:

prm Oh1 0 min -12 max 12

prm Oh2 0 min -12 max 12

prm Oh3 45 min 28 max 48

prm Oh4 0 min -12 max 12

prm Oh5 0 min -12 max 12

prm Oh6 45 min = Oh3; max = 62;

� Octahedra (Oh) defined about a place-holder atom with no electron
density. The Oh were allowed to translate across the unit cell by a
percentage of the unit cell.

� Organic as a rigid body CN2 with free rotation and translation as fol-
lows:

Translate(@ 0 min -0.05 max 0.05 , @ 0.5 min 0.48 max 0.52 , 0.5 )

Translate(@ 0.5 min 0.45 max 0.55 , @ 0 min -0.02 max 0.02 , 0.5 )

� A single Pb-X bond distance parameter fixed for the rigid bodies as
the average from Set 14: 3.179 Å
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� 200 iterations per scan Monte-Carlo step
� Average RBragg: 1.913, σ: 0.300

C.6.7 Set 16: a,b,c fixed, Pb-Oh offset

Like Set 15, with the exception that it uses 3 parameters for the Pb-I bond
lengths in the rigid bodies defined.

C.6.8 Set 17: a,b,c fixed, Pb-Oh offset, halide in P4
symmetry

� Lattice parameters, fixed to values from Le Bail fits which used a Pba2
space group.

� Pb position refined.
� Octahedra rotation in the ab plane defined by parameter p1 as follows,

the halide in the c-direction was free to move 10 % of the unit cell in
any direction:

prm p1 0.00850‘_0.00404 min -0.05 max 0.15

site I1 occ I-1 0.85 beq = b2; occ Br-1 0.15 beq = b3; x = 0.25 + p1;

y = 0.25 - p1; z = 0;

site I2 occ I-1 0.85 beq = b2; occ Br-1 0.15 beq = b3; x = 0.75 + p1;

y = 0.25 + p1; z = 0;

site I3 occ I-1 0.85 beq = b2; occ Br-1 0.15 beq = b3; x @ 0 min -0.1 max 0.1

y @ 0 min -0.1 max 0.1 z @ 0.5 min 0.4 max 0.6

� Octahedra (Oh) defined about a place-holder atom with no electron
density. The Oh were allowed to translate across the unit cell by a
percentage of the unit cell.

� Organic as a rigid body CN2 with free rotation and translation as fol-
lows:

Translate(@ 0 min -0.05 max 0.05 , @ 0.5 min 0.48 max 0.52 , 0.5 )

Translate(@ 0.5 min 0.45 max 0.55 , @ 0 min -0.02 max 0.02 , 0.5 )

� 200 iterations per scan Monte-Carlo step
� Average RBragg: 1.939, σ: 0.347
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C.6.9 Set 18: a=b, Pb-Oh offset, halide in P4 symme-
try

� Lattice parameters, refined a, b and c individually.
� Pb position refined using 2 sites.
� Octahedra rotation in the ab plane defined by parameter p1 as follows,

the halide in the c-direction was free to move 10 % of the unit cell in
any direction:

prm p1 0.00850‘_0.00404 min -0.05 max 0.15

site I1 occ I-1 0.85 beq = b2; occ Br-1 0.15 beq = b3; x = 0.25 + p1;

y = 0.25 - p1; z = 0;

site I2 occ I-1 0.85 beq = b2; occ Br-1 0.15 beq = b3; x = 0.75 + p1;

y = 0.25 + p1; z = 0;

site I3 occ I-1 0.85 beq = b2; occ Br-1 0.15 beq = b3; x @ 0 min -0.1 max 0.1

y @ 0 min -0.1 max 0.1 z @ 0.5 min 0.4 max 0.6

� Organic as a rigid body CN2 with free rotation and translation as fol-
lows:

Translate(@ 0 min -0.05 max 0.05 , @ 0.5 min 0.48 max 0.52 , 0.5 )

Translate(@ 0.5 min 0.45 max 0.55 , @ 0 min -0.02 max 0.02 , 0.5 )

� 200 iterations per scan Monte-Carlo step
� Average RBragg: 1.871, σ: 0.277

C.6.10 Set 19: a=b, Pb-Oh offset, halide in P4 sym-
metry

� Lattice parameters, refined a = b and c.
� Pb position refined using 2 independent sites, one for each of the 2

octahedra in the unit cell.
� Octahedra rotation in the ab plane defined by parameter p1 as follows,

the halide in the c-direction was free to move 10 % of the unit cell in
any direction:

prm p1 0.00850‘_0.00404 min -0.05 max 0.15

site I1 occ I-1 0.85 beq = b2; occ Br-1 0.15 beq = b3; x = 0.25 + p1;

y = 0.25 - p1; z = 0;

site I2 occ I-1 0.85 beq = b2; occ Br-1 0.15 beq = b3; x = 0.75 + p1;

y = 0.25 + p1; z = 0;

site I3 occ I-1 0.85 beq = b2; occ Br-1 0.15 beq = b3; x @ 0 min -0.1 max 0.1

y @ 0 min -0.1 max 0.1 z @ 0.5 min 0.4 max 0.6
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� Organic as a rigid body CN2 with free rotation and translation as fol-
lows:

Translate(@ 0 min -0.05 max 0.05 , @ 0.5 min 0.48 max 0.52 , 0.5 )

Translate(@ 0.5 min 0.45 max 0.55 , @ 0 min -0.02 max 0.02 , 0.5 )

� 200 iterations per scan Monte-Carlo step
� Average RBragg: 1.921, σ: 0.319

C.6.11 Set 20: a=b, Pb-Oh offset, halide in P4 sym-
metry

� Lattice parameters, refined a = b and c.
� Pb position refined using 2 independent sites, one for each of the 2

octahedra in the unit cell.
� Octahedra rotation in the ab plane defined by parameter p1, and the

halide in the c-direction was fixed as follows:
prm p1 0.00850‘_0.00404 min -0.05 max 0.15

site I1 occ I-1 0.85 beq = b2; occ Br-1 0.15 beq = b3; x = 0.25 + p1; y = 0.25 - p1; z = 0;

site I2 occ I-1 0.85 beq = b2; occ Br-1 0.15 beq = b3; x = 0.75 + p1; y = 0.25 + p1; z = 0;

site I3 occ I-1 0.85 beq = b2; occ Br-1 0.15 beq = b3; x 0 y 0 z 0.5

� Organic as a rigid body CN2 with free rotation and translation as fol-
lows:

Translate(@ 0 min -0.05 max 0.05 , @ 0.5 min 0.48 max 0.52 , 0.5 )

Translate(@ 0.5 min 0.45 max 0.55 , @ 0 min -0.02 max 0.02 , 0.5 )

� A single Pb-X bond distance parameter fixed for the rigid bodies as
the average from Set 14: 3.179 Å

� 200 iterations per scan Monte-Carlo step
� Average RBragg: 2.229, σ: 0.299
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(a) Set 19: c-axis (b) Set 19: a axis (a=b) scaled by 1√
2

(c) Set 19: c
√
2

a (d) Set 19

(e) Set 19

Figure C.12: Set 19 in (FAPbI3)0.85(MAPbBr3)0.15 analysis
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(a) Set 20: c-axis

(b) Set 20: a axis (a=b)
scaled by 1√

2

(c) Set 23: c
√
2

a (d) Set 20

(e) Set 20 (f) Set 20

Figure C.13: Set 20 in (FAPbI3)0.85(MAPbBr3)0.15 analysis
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C.6.12 Set 21: a,b,c fixed, Pb-Oh offset, halide in P4
symmetry

� Lattice parameters, fixed to values from Le Bail fits which used a Pba2
space group.

� Pb position refined.
� Octahedra rotation in the ab plane defined by parameter p1, and the

halide in the c-direction was fixed as follows:
prm p1 0.00850‘_0.00404 min -0.05 max 0.15

site I1 occ I-1 0.85 beq = b2; occ Br-1 0.15 beq = b3; x = 0.25 + p1;

y = 0.25 - p1; z = 0;

site I2 occ I-1 0.85 beq = b2; occ Br-1 0.15 beq = b3; x = 0.75 + p1;

y = 0.25 + p1; z = 0;

site I3 occ I-1 0.85 beq = b2; occ Br-1 0.15 beq = b3; x 0 y 0 z 0.5

� Octahedra (Oh) defined about a place-holder atom with no electron
density. The Oh were allowed to translate across the unit cell by a
percentage of the unit cell.

� Organic as a rigid body CN2 with free rotation and translation as fol-
lows:

Translate(@ 0 min -0.05 max 0.05 , @ 0.5 min 0.48 max 0.52 , 0.5 )

Translate(@ 0.5 min 0.45 max 0.55 , @ 0 min -0.02 max 0.02 , 0.5 )

� 200 iterations per scan Monte-Carlo step
� Average RBragg: 2.229, σ: 0.299

C.6.13 Set 22: a,b,c fixed, Pb-Oh offset and halide in
P4 symmetry

� Lattice parameters, fixed to values from Le Bail fits which used a Pba2
space group.

� Pb position refined in a P4 symmetry confined to the ab plane.
prm p2 0.01300‘_1.16512 min -0.1 max 0.1

prm p3 0.02270‘_0.66505 min -0.1 max 0.1

site Pb1a occ Pb+2 0.25 beq = b1; x = 0+p2; y = 0+p3; z = 0;

site Pb1b occ Pb+2 0.25 beq = b1; x = 0-p2; y = 0-p3; z = 0;

site Pb1c occ Pb+2 0.25 beq = b1; x = 0-p3; y = 0+p2; z = 0;

site Pb1d occ Pb+2 0.25 beq = b1; x = 0+p3; y = 0-p2; z = 0;

� Octahedra rotation in the ab plane defined by parameter p1, and the
halide in the c-direction was fixed as follows:
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prm p1 0.00850‘_0.00404 min -0.05 max 0.15

site I1 occ I-1 0.85 beq = b2; occ Br-1 0.15 beq = b3; x = 0.25 + p1;

y = 0.25 - p1; z = 0;

site I2 occ I-1 0.85 beq = b2; occ Br-1 0.15 beq = b3; x = 0.75 + p1;

y = 0.25 + p1; z = 0;

site I3 occ I-1 0.85 beq = b2; occ Br-1 0.15 beq = b3; x 0 y 0 z 0.5

� Octahedra (Oh) defined about a place-holder atom with no electron
density. The Oh were allowed to translate across the unit cell by a
percentage of the unit cell.

� Organic as a rigid body CN2 with free rotation and translation as fol-
lows:

Translate(@ 0 min -0.05 max 0.05 , @ 0.5 min 0.48 max 0.52 , 0.5 )

Translate(@ 0.5 min 0.45 max 0.55 , @ 0 min -0.02 max 0.02 , 0.5 )

� 200 iterations per scan Monte-Carlo step
� Average RBragg: 2.368, σ: 0.312

(a) Set 22: c-axis (b) Set 22: a axis (a=b) scaled by 1√
2

(c) Set 22 (d) Set 22

Figure C.14: Set 22 in (FAPbI3)0.85(MAPbBr3)0.15 analysis
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C.6.14 Set 23: a=b, Pb-Oh offset and halide in P4
symmetry

� Lattice parameters, refined a = b and c.
� Pb position refined in a P4 symmetry confined to the ab plane.
� Octahedra rotation in the ab plane defined by parameter p1, and the

halide in the c-direction was fixed as follows:
prm p1 0.00850‘_0.00404 min -0.05 max 0.15

site I1 occ I-1 0.85 beq = b2; occ Br-1 0.15 beq = b3; x = 0.25 + p1; y = 0.25 - p1; z = 0;

site I2 occ I-1 0.85 beq = b2; occ Br-1 0.15 beq = b3; x = 0.75 + p1; y = 0.25 + p1; z = 0;

site I3 occ I-1 0.85 beq = b2; occ Br-1 0.15 beq = b3; x 0 y 0 z 0.5

� Octahedra (Oh) defined about a place-holder atom with no electron
density. The Oh were allowed to translate across the unit cell by a
percentage of the unit cell.

� Organic as a rigid body CN2 with free rotation and translation as fol-
lows:

Translate(@ 0 min -0.05 max 0.05 , @ 0.5 min 0.48 max 0.52 , 0.5 )

Translate(@ 0.5 min 0.45 max 0.55 , @ 0 min -0.02 max 0.02 , 0.5 )

� 200 iterations per scan Monte-Carlo step
� Average RBragg: 2.258, σ: 0.332

Table C.4 provides an overview of volumetric thermal expansion values
calculated from Set23. The volumetric thermal expansion coefficients are
calculated by αV = 1

V
( δV
δT

) ([James et al., 2001]) and the equations provided
in Figure C.16b. These can be compared to the literature values of Table C.6
where we see values between 98.6 and 206 for lead iodide based perovskites.

Table C.4: Set 23: Volume thermal expansion coefficients (αV )

Phase Temp (K) Vol Å
3

αV (x10−6 K−1)
α 275 248.66 155.01
α 315 250.20 154.05
α 350 251.55 153.23
β 100 240.70 73.63
β 175 242.86 163.98
β 250 246.67 251.03
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(a) Set 23: c-axis

(b) Set 23: a axis (a=b)
scaled by 1√

2

(c) Set 23: c
√
2

a

(d) Set 23: Displacement of Pb from
the ideal position

(e) Set 23

Figure C.15: Set 23 in (FAPbI3)0.85(MAPbBr3)0.15 analysis
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(a) Set 23: Linear thermal expansion.

(b) Set 23: Volumetric thermal expansion.

Figure C.16: Set 23: Thermal expansion in (FAPbI3)0.85(MAPbBr3)0.15
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C.6.15 Set 26: a=b, Pb-Oh offset and halide in P4
symmetry

� Lattice parameters, refined a = b and c.
� Pb position refined in a P4 symmetry confined to the ab plane.
� Octahedra rotation in the ab plane defined by parameter p1, and the

halide in the c-direction was fixed as follows:
prm p1 0.00850‘_0.00404 min -0.05 max 0.15

site I1 occ I-1 0.85 beq = b2; occ Br-1 0.15 beq = b3; x = 0.25 + p1; y = 0.25 - p1; z = 0;

site I2 occ I-1 0.85 beq = b2; occ Br-1 0.15 beq = b3; x = 0.75 + p1; y = 0.25 + p1; z = 0;

site I3 occ I-1 0.85 beq = b2; occ Br-1 0.15 beq = b3; x 0 y 0 z 0.5

� Octahedra (Oh) defined about a place-holder atom with no electron
density. The Oh were allowed to translate across the unit cell by a
percentage of the unit cell.

� Organic was substituted to be a single Mn atom which has 25 electrons
which is the same as FA prior to ionisation, occupancy was not adjusted
for the 15 % of MA content (19 e− before ionisation).

� 200 iterations per scan Monte-Carlo step
� Average RBragg: 2.703, σ: 0.377 The RBragg of this set was high com-

pared to the previous Sets as such the model was not considered.
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C.6.16 Additional literature data

Table C.5: Table of selected lead halide bond lengths

Source Ref Bond Length Å Temp (K) Composition Space group
COD 7225287 Pb-I 3.13615 293 MAPbI3 Pm3̄m

ICSD 238610 Pb-I (ab) 3.1736 253 MAPbI3 I4/mcm
Pb-I (c) 3.1737

ICSD 428899 Pb-I (ab) 3.1720 180 MAPbI3 I4/mcm
Pb-I (c) 3.1782

ICSD 428898 Pb-I (ab) 3.1870 100 MAPbI3 Pmna
Pb-I (c) 3.1970

COD 1545319 Pb-Br 2.98488 300 MAPbBr3 Pm3̄m

ICSD 230492 Pb-I (ab) 2.962 200 FAPbI3 P4/mbm
Pb-I (c) 3.161

COD 4127358 Pb-I (1) 3.2646 295 CsPbI3 Pnma
Pb-I (2) 3.4101
Pb-I (3) 3.2288
Pb-I (4) 3.0456
Pb-I (5) 3.2288
Pb-I (6) 3.2288
Ave 3.23445
Min 3.0456
Max 3.4101

Table C.6: Literature volume thermal expansion coefficients (αV ) for contrast
against Table C.4

Composition Phase T (K) aV (10−6 K−1 Reference
FAPbI3 α 348-489 100-98.6 [Fabini et al., 2016]
FAPbI3 β 200-299 206-202 [Fabini et al., 2016]
MAPbI3 β 280 132 [Fabini et al., 2016]
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C.6.17 Selected correlation tables

text

(a) Set 23 correlation table for 315K

(b) Set 23 correlation table for 80K

Figure C.17: Set 23 correlation tables for 315 and 80 K
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(a) Set 10 correlation table for 315 K

(b) Set 10 correlation table for 90 K

(c) Set 10 correlation table for 80 K

Figure C.18: Set 10 correlation tables for 315, 90 and 80 K
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Appendix D

CsFAMA parametric
refinement sets

Contents
D.1 Visual data comparison . . . . . . . . . . . . . . . . . . 319

D.2 Parametric refinement sets . . . . . . . . . . . . . . . . 320

D.1 Visual data comparison

Figure D.1 shows the intensity difference of the 14◦ 2θ peak which is more
intense after the cooling and heating process. The remainder of peak in
the pattern are have virtually identical peak profiles and intensities. The
(110)/(001), (220)/(002), (330)/(003) reflects are at 14.1, 28.4, ∼43.1◦ 2θ
respectively for the 310 K patterns.

Figure D.2, presents modelled X-ray diffraction patterns for the sample
compositions of Cs0 and Cs10 in Chapter 8. Both variants use identical
refinement conditions with the exception of the A-site occupancy which is
scaled to represent the electron density for each composition.
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Figure D.1: A visual comparison of Cs10 1-310K, 25-90K and 51-310K

Figure D.2: Modelled intensities for the α phase of Cs0 and Cs0 composi-
tions using refinements that only differ by the representative atoms’ electron
density.(blue) Cs0, (red) Cs10, (green) residue between Cs0 and Cs10.

D.2 Parametric refinement sets

Figure D.3 presents Rwp values for refinements on the Cs0 data-set. Cs0 21 2
has a fixed Pb position, while Cs0 23 has the Pb atom refined to allow it to
spread it electron density in the ab plane. This has an indirect implication
on the possible distribution of the halide electron density as discussed in
Chapter 6. We see an improved (reduced) Rwp value at higher temperatures
for the Cs0 23 set.
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(a) (b)

Figure D.3: Fit quality comparison between the (a) Cs0 21 2 and Cs0 23
refinement sets
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(a) Cs0 Set 23

(b) Cs5 Set 22

(c) Cs8 Set 22

(d) Cs10 Set 22

Figure D.4: Lattice parameters (left) a, (middle) b, and (right) lattice parameter
ratio for (a) Cs0, (b) Cs5, (c) Cs8, and (d) Cs10 refinement sets on cooling
and heating. Lattice parameters are presented in Å.
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Appendix E

Mixed PA/MA based lead
bromide perovskites systems
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E.1 Optical data for Chapter 9

E.1.1 Photoluminescence measurements of:
(PABr)2x(MABr)1−xPbBr2
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Figure E.1: Photo-luminescence measurements of (PABr)2x(MABr)1−xPbBr2 modelled
using split pseudo-Voigt functions for single peak patterns and multiple symmetric pseudo-
Voigt functions for the deconvolution of multi-peak patterns. A combination of least-square
and Nelder regression methods were utilised in the fitting.
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E.2 Optical data reprocessed from literature

for Chapter 9

(a) (b)

Figure E.2: (a) Tauc plot modified from [Ma et al., 2022] with new intercepts drawn as
solid lines using Inkscape, (b) Band-gaps extracted from Tauc intercepts.

Table E.1: Tauc plot band-gap values for a (PA)2(MA)1−nPbnBr3+n system derived
from Figure E.2a using Inkscape and plotted with assignments in Figure E.2b.

Sample Peak Pixel tick (px) Energy tick (eV) Intercept Band-gap
code Trace number left right left right (px) (eV)
S(n=1) 1 1 40.84 239.05 2.1 4.0 134.45 2.997
S(n=2) 2 1 40.84 239.05 2.1 4.0 115.30 2.814
S(n=2) 2 2 40.84 239.05 2.1 4.0
S(n=3) 3 1 40.84 239.05 2.1 4.0 105.22 2.717
S(n=3) 3 2 40.84 239.05 2.1 4.0 116.35 2.824
S(n=3) 3 3 40.84 239.05 2.1 4.0
S(n=4) 4 1 40.84 239.05 2.1 4.0 87.64 2.549
S(n=4) 4 2 40.84 239.05 2.1 4.0 103.90 2.704
S(n=4) 4 3 40.84 239.05 2.1 4.0 120.00 2.859
S(n=inf) 5 1 40.84 239.05 2.1 4.0 64.72 2.329

Figure E.2a was modified from [Ma et al., 2022] to better capture the multi-

phase nature of the structure present in each sample they presented. Intercepts

from the original literature figure are present as dashed lines with colours matching

the trace they correspond to. New intercepts and background lines are drawn as

red or blue solid lines as appropriate to ensure reasonable contrast. The pixel

position of the intercepts are collected in Table E.1 with band gap values plotted

in Figure E.2b where data points with ambiguity in the background determination

are presented with a black boarder.
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E.3 Additional XRD reference patterns

and structures for Chapter 9

E.3.1 List of structure database searches for organo-
lead halides

This section provides an incomplete list of structure database searches of
the Crystallography Open Database (COD) and Inorganic Crystal Structure
Database (ICSD) carried out in this work with a focus on structures for which
direct comparisons were not available. [Gražulis et al., 2009, Hellenbrandt,
2004]

Propylammonium lead halide and 3-Bromopropylammonium lead
bromide based structures

� Target: Propyl-ammonium lead bromide related structures.
ICSD database,
Elements: {Pb, Br, N, C}, excluding {D}
number of elements: 4 to 5
contains text “propyl”
including “Experim. inorganic structures”, “Experim. metal-organic str.”, “Theoretical struc-
tures”
Results: No relevant entries

� Target: Propyl-ammonium lead iodide related structures.
ICSD database,
Elements: {Pb, I, N, C}
number of elements: 4 to 5
contains text ”propyl”
including “Experim. inorganic structures”, “Experim. metal-organic str.”, “Theoretical struc-
tures”
Results: No entries

� Target: Propyl-ammonium lead iodide related structures.
COD database,
Elements: {Pb, I, N, C}, excluding {D}
number of elements: 4 to 5
contains text “propyl”
including theoretical structures
Results: n = 3 and n = 4 structures by [Hoffman et al., 2019]. Various structures of mixed corner
and face sharing octahedra connectivity.
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E.3.2 Single-crystal structure of HOEABr

(a) (b)

(c)

Figure E.3: Single-crystal XRD derived structure of HOEABr (a) motif, (b)
packed unit cell, (c) hydrogen bond. (blue) nitrogen, (red) oxygen, (white)
hydrogen.

Single crystals of HO(CH2)2NH2 ·HBr, (HOEABr) were prepared for sin-
gle crystal diffraction. A suitable crystal was selected from the synthesis
HOEABr. These were mounted on a loop type goniometer head on a Bruker
D8 Venture Bio PHOTON III 28 pixel array area detector (208 Ö 128 mm2)
diffractometer with a Mo Kα IµS DIAMOND source (50 kV, 1.4 mA). The
crystal was cooled to and measured at 173.0 K during data collection. The
collection method involved ω- and ϕ-scans, and 1536 Ö 1024 bit data frames.
The unit cell and full data set were collected using APEX4 [Bruker, 2021]
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; SAINT was used to integrate the data, and SADABS was used to make
empirical absorption corrections and scale the data. Space group assign-
ments were made using XPREP on all compounds. Using Olex2 [Dolo-
manov et al., 2009], the structure was solved with the SHELXT [Sheldrick,
2015b] structure solution program using Intrinsic Phasing and refined with
the SHELXL [Sheldrick, 2015a] refinement package using Least Squares min-
imisation. Non-hydrogen atoms were first refined isotropically followed by
anisotropic refinement by full matrix least-squares calculations based on F2.
The crystal structure is displayed in Figure E.3 with the crystal data that
follows:

Crystal Data: C4H16Br2N2O2 (M =284.01 g/mol): triclinic, space group
P-1 (no. 2), a = 4.4654(3) Å, b = 7.5370(6) Å, c = 7.6781(5) Å, α =
77.535(3)◦, β = 87.828(3)◦, γ = 77.434(3)◦, V = 246.27(3) Å3, Z = 1, T =
173.00 K, µ(MoKα) = 8.186 mm−1, Dcalc = 1.915 g/cm3, 8044 reflections
measured (5.434◦ ≤ 2θ ≤ 56.606◦), 1197 unique (Rint = 0.0707, Rsigma =
0.0493) which were used in all calculations. The final R1 was 0.0388 (I >
2σ(I)) and wR2 was 0.1071 (all data).

This structure forms a triclinic unit cell with inversion symmetry as seen in
Figure E.3b. The organic molecule and halide from hydrogen bonds between
Br−OH, Br−NH3, and NH3−OH pairs which are shown with a turquoise
lines in Figure E.3. The shortest interatomic distances between these pairs,
neglecting hydrogen is 3.233 Å, 3.326 Å and 2.869 Å. The N-H and O-H bond
lengths are 0.91 and 0.97(6) Å respectively which informs on the extent to
which the H is offset from the N or O atoms. Using distance between atoms
as an indicator of bond strength, we see notice relatively strong NH3−OH
hydrogen bonding which reflected in the formation of a dimer in the structure
of (HOEA)2PbBr4, COD 4312212, Figure E.4. 1

1The formation of additional hydrogen bonds is detailed in Figure 2 of Mercer et al.
[Mercier et al., 2004]
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Figure E.4: Literature structure of (HOEA)2PbBr4, COD 4312212 with se-
lected hydrogen bonds shown by purple lines.
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E.3.3 TOPAS rigid body for PA2PbBr4 model in Chap-
ter 9

The following code snippet is from a TOPAS-Academic Rietveld refinement
used for the modelling of PA2PbBr4, specifically refinement set 3, revision 2.
The model was used on a PA2PbBr4 powder sample prepared from thin-films
using the measured diffraction pattern d2_2019_1549.raw.

prm Oh1 -0.0465411837‘_1.72529335 min -5 max 5

prm Oh2 -5.74012564‘_1.19387832 min -6 max 5

prm Oh3 14.7411252‘_0.539389728 min 0 max 30

prm del1 0.03‘_4.24374075 min -0.03 max 0.03

prm rPbX 3.00889116‘_0.023515021 min 2.7 max 3.05

prm rPbX2 = rPbX + del1 ;:3.03889116‘_4.2438059

rigid

load z_matrix {

Pb1

Br1 Pb1 = rPbX;

Br2 Pb1 = rPbX2; Br1 @ 84.55266‘_3.52343 min 83 max 97

}

Rotate_about_axies( =Oh1; , =Oh2; , =Oh3-45;)

Translate( 0.5,0.5,0.5)

rigid ’ Using PA+ from Meresse1989 (PA)2PbCl4, layered n=1 structure

load z_matrix {

C1

C2 C1 1.5327

N1 C1 1.4744 C2 110.687

C3 C2 1.5211 C1 110.701 N1 179.887

}

Rotate_about_axies( @ -4.55770‘_11.65468 min -30 max 30,

@ 142.82010‘_6.69802 min 140 max 190 ,

@ 20.00000‘_53.73271 min 20 max 35)

Translate( @ -0.07674‘_0.02498 min -0.1 max 0.1,

@ 0.50711‘_0.07173 min 0.46 max 0.54,

@ 0.35433‘_0.00431 min 0.29 max 0.42 )

AI_Anti_Bump(Pb*, N*, 4.28, 10)

332



E.3.4 PA2PbBr4 structure file determined in Chapter 9

The structures of the PA2PbBr4 phases were identified and modelled in Sec-
tion 9.2. The refinement was executed on a PA2PbBr4 powder sample pre-
pared from thin-films using the measured diffraction pattern d2_2019_1549.raw.
The structure file (.cif) is provided below from refinement set 3, revision 2.

data_

_chemical_name_mineral ?(PA)2PbBr4 SG:Pbca?

_cell_length_a 8.152(3)

_cell_length_b 8.255(3)

_cell_length_c 25.092(9)

_cell_angle_alpha 90

_cell_angle_beta 90

_cell_angle_gamma 90

_cell_volume 1688.6(11)

_symmetry_space_group_name_H-M Pbca

loop_

_symmetry_equiv_pos_as_xyz

’x, y, z ’

’-x, y+1/2, -z+1/2 ’

’-x+1/2, -y, z+1/2 ’

’-x+1/2, y+1/2, z ’

’x, -y+1/2, z+1/2 ’

’-x, -y, -z ’

’x+1/2, -y+1/2, -z ’

’x+1/2, y, -z+1/2 ’

loop_

_atom_site_label

_atom_site_type_symbol

_atom_site_site_symmetry_multiplicity

_atom_site_fract_x

_atom_site_fract_y

_atom_site_fract_z

_atom_site_occupancy

_atom_site_B_iso_or_equiv

Pb1 Pb 4 0.5 0.5 0.5 1 2.796

Br2 Br 8 0.185(8) 0.686(6) 0.500(9) 1 4.227

Br1 Br 8 0.476(12) 0.515(13) 0.6179(12) 1 4.227

N1 N 8 0.01(5) 0.54(7) 0.412(8) 1 5(14)

C1 C 8 -0.07(4) 0.50(5) 0.361(6) 1 3(6)

C2 C 8 0.05(5) 0.50(11) 0.315(10) 1 3(6)

C3 C 8 -0.03(7) 0.46(9) 0.263(7) 1 3(6)
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E.3.5 Additional reference pattern comparisons

Figure E.5: X-ray diffraction pattern refinement of an MAPbI3 sample prepared from
thin-film samples.

An X-ray diffraction pattern for the MAPbI3 phase is refined against the
COD 7225287 literature pattern in Figure E.5 using a fundamental parame-
ters based instrument profile. The powder sample was prepared from multiple
thin-film samples which were scraped using a steel razor blade onto a silicon
zero-background sample holder for measurement. The starting model was
defined as the literature structure COD 7225287 of MAPbI3 in the Pm3̄m
space group. The cubic unit cell parameter was refined to 6.275 ± 0.001 Å
compared to the literature value 6.272 Å which is a small difference in this
context. Thermal parameters were kept to the literature values for a Good-
ness of Fit (χ) of 1.156 which is close to 1 thus indicative of a reasonable fit,
χ defined in Section 3.4.
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E.3.6 Additional structures model visualisation

(a) (b) (c)

Figure E.6: XRD structure model of a Pb-Br framework of the layered n = 2
phase after reduction to an equivalent model in a Cmce space group using
ISOCIF [Stokes et al., 2017].
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E.4 Additional optical data and diffraction

patterns for

Chapter 9

E.4.1 Additional diffraction patterns of PABr on MAPbBr3

(a) 0.1M PABr on MAPbBr3, plotted with a natural logarithm scale. This shows a slight
broadening of the MAPbBr3 phase seen in the (200) peak at 35.3◦ 2θ

(b) 0.1M PABr on MAPbBr3, plotted on a linear scale. This shows a gradual decrease in
the MAPbBr3 phase intensity with no significant differences in the n = 3 phase.

(c) 0.1M PABr on MAPbBr3, plotted with a natural logarithm scale, This plot shows a
slight peak shift in the n = 3 phase peak at 34.4◦ 2θ to higher angles (smaller d-spacing)
with annealing. This could be due to an effect such as strain relaxation. This data in not
corrected for peak shifts due to sample displacement as such this was consider against the
stability of the MAPbBr3 (200) peak at 35.3◦ 2θ.

Figure E.7: PABr on MAPbBr3
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(a) 0.2M PABr on MAPbBr3, plotted with a natural logarithm scale

(b) 0.2M PABr on MAPbBr3, plotted with a linear intensity scale

Figure E.8: PABr on MAPbBr3

Figure E.9 presents micro-strain and crystallite size broadening parame-
ters for the PABr on MAPbBr3 refinements of Section 9.4. Figures E.9a and
E.9b show the effect of including strain in the diffraction pattern refinements.
A small consistent increase in crystallite size is noted for the 0.1 M, n = 3
phase, with a slightly larger effect for the 0.2 M n = 3 sample. This could be
an indication of the crystallite size broadening partially compensating for any
micro-strain broadening present. The “perov” phase shows a less consistent
trend especially for the 0 and 0.5 min diffraction patterns.

Figures E.9c and E.9d present micro-strain and crystallite size where the
former has a notable trend in micro-strain for the “perov” phase, while the
latter does not. This variation between the similar systems may relate to
correlation between the micro-strain and crystallite size parameter or may
reflect the sample characteristics. Additionally, it is strange for the “perov”
phase to exhibit increased strain with annealing for the 0.1 M variant where
a lower concentration of the PABr salt is present with less of an effect for
the higher concentration 0.2 M variant. For these reasons the micro-strain
on the “perov” phase is considered unreliable in this system, while effect of
modelling micro-strain on the crystallite size parameter for the n = 3 phase
is smaller and more consistent allowing for its consideration.
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(a) 0.1 M PABr solution (b) 0.2 M PABr solution

(c) 0.1 M PABr solution (d) 0.2 M PABr solution

(e) MAPbBr3 lattice parameter

Figure E.9: Diffraction derived micro-strain and crystallite size parameters of PABr
on MAPbBr3 samples. (a,b) “w strain” are parameter values with micro-strain and the
adjacent traces without micro-strain modelled in the refinement, (c,d) crystallite size and
micro-strain refined parameters with each figure referring to a set with identical refine-
ment considerations, (e) MAPbBr3 lattice parameter for PABr coating of different molar
concentrations using a volume (X µl) of 0.X M solution.

E.4.2 Ageing data on (PABr)2x(MABr)1−xPbBr2
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j) (k)

Figure E.10: Ageing of (PABr)2x(MABr)1−xPbBr2, optical absorption data
over 14 days.
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Figure E.11: Ageing of (PABr)2x(MABr)1−xPbBr2, x = 0.8, X-ray diffraction patterns
over 14 days.

(a)

Figure E.12: Interplanar spacing of the “perov 5.8 A” phase of
(PABr)2x(MABr)1−xPbBr2, x = 0.8, aged over 15 days. As a “perov 5.8 A”
rather then a “perov 5.9 A” phase, this is considered a quasi-2D phase with a large n
value as discussed in Section 9.3.1.
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E.5 The identification of a problematic diffrac-

tion pattern

x = 0.95 of (PABr)2x(MABr)1−xPbBr2 9-step data-

set.

Figure E.13: (PABr)2x(MABr)1−xPbBr2, (9-step data-set, including x =
0.95) this data set was collected to 80◦ 2θ and plotted to 60◦ 2θ.

Table E.2: Sample displacement correction parameters for 9- and 13-step
(PABr)2x(MABr)1−xPbBr2 data-sets in millimetres.

13-step 13-step 9-step
x disp. x disp. x disp. stat value

0.00 -0.060 0.40 -0.048 0.00 -0.105 9-step
0.025 -0.041 0.50 0.000 0.05 -0.064 mean -0.063
0.05 -0.055 0.80 -0.058 0.10 -0.058 st. dev. 0.031
0.075 -0.027 0.90 -0.034 0.20 -0.026 min -0.122
0.10 -0.049 0.95 -0.036 0.50 -0.053
0.20 -0.033 1.00 -0.042 0.80 -0.041 13 step
0.30 -0.068 0.90 -0.054 mean -0.042

0.95 -0.122 st. dev. 0.018
1.00 -0.044 min -0.068
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(a) 9-step (b) 13-step

(c) 9-step (d) 13-step

Figure E.14: Diffraction derived unit cell parameters and normalised peak
intensities of (PABr)2x(MABr)1−xPbBr2, both 9 and 13 step data-sets.

The first major difference between the two data-sets is the simultaneous
intensity drop of both the n = 1 and n = 2 phases at x = 0.95 present in
the 9-step and not observed in the 13 step data-sets. This is accompanied
by a large refined sample displacement parameter of -0.122 mm compared to
the mean values of -0.063 (σ 0.031) and -0.042 (σ 0.018) mm for the 9- and
13-step data sets respectively, Table E.2. The peak shifts which the sample
displacement describes is noticeable in SI Figure E.13 where there is a shift
to a higher angle for the peaks of x = 0.95.

The sample are in the form of 12.5 by 12.5 mm coated glass substrates
mounted in the sample holder using modelling putty. As this putty heats
during measurement it softens, if the sample is placed off-centre on a pillar
of putty a possibility of sample tilt may arise. In a powder sample, a degree
peak broadening would be expected with sample tilt due to the presence of
gradient of sample displacement and corresponding peak shifts. In a highly
orientated sample such as a single crystal or highly orientated thin-films, this
can result in a portion of the peak accessible in the reciprocal space probed
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by the instrument configuration, reducing both peak width and intensity.
A comparison of SI Figures E.14c and E.14d, the 9-step data-set shows a
maximum in crystallite size for n = 1 at x = 0.95 and the value for n = 2
is higher than that in the 13-step data-set. Along with the simultaneous
intensity drop is attributed to sample placement during measurement, the
x = 0.95 diffraction pattern of the 9-step data-set is considered an outlier
with measurement conditions the most likely cause.

On this basis, the x = 0.95 diffraction pattern of the (PAI)2x(MAI)1−xPbI2
9-step data-set is not considered in Section 9.3
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E.6 Reproducibility of (PA)2PbBr4 thin-films

and the effect of short-term sample age-

ing

Figure E.15: PA2PbBr4 thin-films prior to ageing.

SI Figure E.15 presents PA2PbBr4 thin-films produced from a precursor
solution of 1.2 M PABr and 0.6 M PbBr2. Spin-coated at 2000 rpm over 60
s, from 60 µl of precursor followed by 100 µl of ethyl-acetate anti-solvent.
Annealed at 90 ◦C under N2 gas (hotplate set to 135)

Figure E.16: PA2PbBr4 thin-films measured after 1, 3 and 15 days.

Figure E.17: PABr salts, where older salt has a pink tint. (white) fresh,
(pink) aged in a desiccator.
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E.7 Structure parameters of layered lead bro-

mide perovskites

Table E.3: Structural parameters of (A′)2An−1PbnBr3n+1 and APbBr3 perovskites.

Organic A site Space n*Oh+ Organic Temp.
layer (A’) (A) (n) Group a (Å) b (Å) c (Å) β (circ) Organic spacing (K) Reference

- MA+ 3D Pm3̄m 5.920 5.920 5.920 90 - - 294 COD 1545320
- MA+ 3D Pm3̄m 5.997 5.997 5.997 90 - - 293 COD 7130785
EA+ - n=1 P21/c 11.755 8.237 8.170 108.9 11.755 5.321 298 COD 1554139
EA+ EA+ n=3 C2ce 8.427 46.351 8.430 90 23.176 5.192 293 ICSD 254262
PA+ - n=1 Pbca 8.152 8.257 25.096 90 12.548 6.630 293 This work
PA+ MA+ n=2 Cmce 36.753 8.312 8.312 90 18.376 6.541 293 This work
BA+ - n=1 Pbca 8.334 8.223 27.617 90 13.809 7.817 298 COD 1545801
BA+ MA+ n=2 Ccc2 8.326 39.247 8.363 90 19.624 7.683 297 COD 8000498
BA+ FA+ n=2 Cmc21 38.910 8.446 8.342 90 19.455 7.515 293 ICSD 263594
PentylA+ MA+ n=2 P1 8.325 42.717 8.325 90 21.359 9.441 297 COD 8000499
Italics: The organic spacing for the (PA)2MAPb2Br7 n = 2 structure is calculated using octahedra
dimensions of the (PA)2PbBr4 n = 1 phase.

The ”n*Oh + organic” values in Table E.3 refer to the length of n layers
of octahedra, with a single organic layer. This is derived from the unit cell
parameters, and corrects for the angles of the monoclinic unit-cells where ap-
plicable. In Table E.3, the ”organic spacing” values are calculated from unit
cell parameter and halide fractional co-ordinates, to represent the spacing
between the octahedra layers.
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Appendix F

Python code

F.1 Sequential refinement process

Sequential refinements were performed preparing a single manually run re-
finement to be used as the first input file. An array of file names called files
generated containing the location and order of the diffraction patterns to be
run. This was passed to the code below with the manually refined input file.
The array of files was iterated through by the Python script using the output
of the nth refinement as the input of the (n + 1)th.

import subprocess , os . path

de f Topasxdd ( i n f i l e , rawname) :
array2 = [ ]
with open ( i n f i l e , ” r ” ) as i n s :

f o r l i n e in i n s :
#assumes no spaces be f o r e ”xdd” , e l s e . s t r i p can be used
c i f s p a c e = l i n e . f i nd ( ”Out CIF STR(” )
f c f s p a c e = l i n e . f i nd ( ”Out FCF( ” )
i f l i n e [ 0 : 4 ] == ’xdd ’ :

array2 . append ( ’ xdd ” ’+rawname+’ ”\n ’ )
e l i f l i n e . s t r i p ( ) [ 0 : 7 ] == ”xdd out ” :

l i n e [ 0 : l i n e . f i nd ( ”xdd out ” )=1]
array2 . append ( l i n e [ 0 : l i n e . f i nd ( ”xdd out ” ) ]+”xdd out ” +

rawname [ 0 : l en ( rawname)=nEXT] +
” txt load out r e co rd out fmt out eqn

\n” )
e l i f c i f s p a c e > =1:

array2 . append ( l i n e [ 0 : c i f s p a c e ]+ ’Out CIF STR(” ’ +
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rawname [ 0 : l en ( rawname)=nEXT] + ’ c i f
”) \n ’ )

e l i f f c f s p a c e > =1:
array2 . append ( l i n e [ 0 : f c f s p a c e ]+ ’Out FCF(” ’ +

rawname [ 0 : l en ( rawname)=nEXT] + ’ f c f
”) \n ’ )

e l s e :
array2 . append ( l i n e )

# Write input f i l e
f i l e 2 t = rawname [ 0 : l en ( rawname)=nEXT]+” inp”
f i l e o u t = open ( f i l e 2 t , ”w” )
f o r i in array2 :

f i l e o u t . wr i t e ( i )
f i l e o u t . c l o s e ( )

# Cal l Topasxdd f o r a l l f i l e s in the ” f i l e s ” array .
f o r i in range (0 , l en ( f i l e s ) ) :

Topasxdd ( f i l e i n , f i l e s [ i ] )
l e n f i l e = l en ( f i l e s [ i ] )

subproces s . run ( ”C:\\Topas=6\\ tc . exe ”+f i l e s [ i ] [ 0 : l e n f i l e =nEXT]+” inp” )

f i l e i n = f i l e s [ i ] [ 0 : l e n f i l e =nEXT]+”out”
# Wait f o r re f inement to f i n i s h

t1 = 2
whi l e os . path . e x i s t s ( f i l e i n ) == False :

time . s l e e p ( t1 )
i f t1 == 2 :

t1 = 5
e l i f t1 < 300 :

t1 = 2* t1
e l s e :

break
p r in t ( ”wai t ing f o r topas . out f i l e c r e a t i on t ry ing in ( s ) : ”+s t r ( t1 )

)

F.2 Parametric refinement input generation

For each parametric refinement, a template input file was processed to gener-
ate the input file. An example of the template is given in Appendix Section
F.2.1 with the Python script in Section F.2.2. For this Sections 2 and 3 of
the template are expanded to reflect the full data-set by the Python script
in Appendix Section F.2.2.

Section 1 of the template includes the creation of a file ”paraPrep.txt”
which is appended to with important parameters from each individual diffrac-
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tion pattern in the refinement through the append statement out ”para-
Prep.txt” append in Section 3. Global parameters are defined in Section 4.
The instrument profile is described in Section 5. Section 6 is a list of an ex-
ternal parameter (temperature) for the data-set, accessible through an index.
The list in Section 6 has been abridged for presentation.

F.2.1 Input file template

’============
’==Sect i on 1
’============
r exp 10.8001 r wp 14.87402 weighted Durbin Watson 1.102601 gof 1.377206
i ters 200
conserve memory
’ d o e r r o r s
#de f i n e param ce l l

out ”paraPrep . txt ” append
Out Str ing ( ”Scan Temp(C) a c Beq1 Pb Beq2 I Beq4 FA p1

Pb=I=Pb angle (b/ sq r t (2 ) ) /c Pb=I bond l ength ( ab=plane ) R wp” )

’============
’==Sect i on 2
’============

#de f i n e use XXXXX macro filename XXXXX {C:/ re s t=of=path/Cs10FAMA/XXindexXX}
prm !XXXXX temp(XXindex=1XX) macro r XXXXX {XXindexXX}

’============
’==Sect i on 3
’============

#i f d e f use XXXXX
RAW( filename XXXXX)
bkg @ =40.5148107 ‘ 46 .3438003 ‘ 4 .18924747 ‘ =3.44735432 ‘
One on X(@, 1898 .09412 ‘ )
Zero Error (@, =0.01651 ‘ min =0.1 max 0 . 1 )

xo Is
xo @ 22.0219032 ‘ LIMIT MIN 21 min =21; max =23.5;
LVol FWHM CS G L( 1 , 0 . 53598 ‘ , 0 . 89 , 0 . 74930 ‘ , , ,@, 0 .84191 ‘ min 0 .01

max 5)
I @ 9954 .34873 ‘

str
r bragg 13.0257476
phase MAC 265.751406
phase name ”Pba2=P1”
MVW( 1281 .308 , 499 .179 ‘ , 100 . 000 ‘ )
space group P1
Phase LAC 1 on cm ( 1132 .71916 ‘ )
Phase Density g on cm3 ( 4 .26233 ‘ )
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scale @ 0.000953427262 ‘

local ! m b1 0 .5
local m b2 1 min 0 .5 max 15
local ! m b4 30

local mlpa = valA (XXindex=1XX) ; min 8 max 10
local mlpc = valC (XXindex=1XX) ; min 5 .5 max 7 .5
local ! r a t i oCurr = (mlpa/(Get (c ) * ( 2 ˆ ( 0 . 5 ) ) ) ) ; : 0

a = mlpa ; : 8 . 9 0 1 8 4 0 ‘
b = mlpa ; : 8 . 9 0 1 8 4 0 ‘
c = I f (XXXXX >= Ttrans2 , (mlpa / ( 2 ˆ ( 0 . 5 ) ) ) / rat ioHi , mlpc ) ; : 6 . 2 9 9 3 6 2 ‘
pena l ty = I f (XXXXX < Ttrans2 , I f ( r a t i oH i > rat ioCurr , ( ( rat ioHi=

ra t i oCurr ) *1000000) ,0 ) , 0 ) ; : 0

al = 90 ;
be = 90 ;
ga = 90 ;

local b1 = m b1 ; : 0 .50000
local b2 = m b2 ; : 1 .46395
local b4 = m b4 ; : 10 .00000

’ I p o s i t i o n
local p1 f r e e 0 .00681 ‘ LIMIT MIN =0.0001 min =0.0001 max 0 .15

’ In the f o l l ow i ng polynomial , va lue s are s c a l ed to
’ prevent parameters being truncated to 0 in the
’ output f i l e .

local ! p1 mid = ( p1 a *(XXXXXˆ4) *0.000000000001) +
( p1 b *(XXXXXˆ3) *0 .000000001) +
( p1 c *(XXXXXˆ2) *0 .000001) +
( p1 d*XXXXX*0 .001) + p1 e ; : 0

local ! p1 = I f (XXXXX >= 82 , I f (XXXXX >= Ttrans2 , p1hi , I f (XXXXX >=
Ttrans3 , p1 f r e e , p1 mid ) ) , p 1 f r e e ) ; : 0

s i te Pb1a occ Pb+2 1 beq = b1 ; x = 0 ; y = 0 ; z = 0 ;
s i te Pb2a occ Pb+2 1 beq = b1 ; x = 0 . 5 ; y = 0 . 5 ; z = 0 ;

s i te I1 occ I=1 0 .85 beq = b2 ; occ Br=1 0 .15 beq = b2 ;
x = 0.25 + p1 ; y = 0.25 = p1 ; z = 0 ;

s i te I2 occ I=1 0 .85 beq = b2 ; occ Br=1 0 .15 beq = b2 ;
x = 0.75 + p1 ; y = 0.25 + p1 ; z = 0 ;

s i te I3 occ I=1 0 .85 beq = b2 ; occ Br=1 0 .15 beq = b2 ;
x 0 .0 min =0.1 max 0 .1 y 0 .0 min =0.1 max 0 .1
z 0 .5 min 0 .4 max 0 .6

s i te I4 occ I=1 0 .85 beq = b2 ; occ Br=1 0 .15 beq = b2 ;
x = 0.75 = p1 ; y = 0.75 + p1 ; z = 0 ;

s i te I5 occ I=1 0 .85 beq = b2 ; occ Br=1 0 .15 beq = b2 ;
x = 0.25 = p1 ; y = 0.75 = p1 ; z = 0 ;

s i te I6 occ I=1 0 .85 beq = b2 ; occ Br=1 0 .15 beq = b2 ;
x 0 .5 min 0 .4 max 0 .6 y 0 .5 min 0 .4 max 0 .6
z 0 .5 min 0 .4 max 0 .6

’ occupancy s e t f o r 5% Cs+ 95% FA+
’ E l ec t rons f o r (FA0.85 MA0. 1 5 )1=x Csx mixes
’ Mn = 25
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’ x=0.05: 25 .65 = Mn1.026
’ x=0.08: 26 .57 = Mn1.063
’ x=0.10: 27 .19 = Mn1.088

s i te FA1 x 00 y 0 .5 z 0 .5 occ Mn 1.088 beq = b4 ;
s i te FA2 x 0 .5 y 0 .0 z 0 .5 occ Mn 1.088 beq = b4 ;

local ! r a t i o = (Get (a ) / ( 2ˆ0 . 5 ) ) /Get (c ) ;
local ! bondPbI = (2* (Get (a ) ˆ2) * (0 .25ˆ2 + (p1ˆ2) ) ) ˆ 0 . 5 ; ’ PbI bond

length in the ab plane
local ! ang le = 180 = (Rad*ArcCos (((0 .25+p1 ) *(0.25=p1 ) *2) /((0.25+p1 )

ˆ2+(0.25=p1 ) ˆ2) ) ) ;
out ”paraPrep . txt ” append

Out Str ing ( ”\nXXXXX” )
Out(XXXXX, ” %11.5 f ” )
Out(Get (a ) , ” %11.5 f ” )
Out(Get (c ) , ” %11.5 f ” )
Out(b1 , ” %11.5 f ” )
Out(b2 , ” %11.5 f ” )
Out(b4 , ” %11.5 f ” )
Out(p1 , ” %11.5 f ” )
Out( angle , ” %11.5 f ” )
Out( ra t i o , ” %11.5 f ” )
Out( bondPbI , ” %11.5 f ” )
Out(Get (r wp) , ” %11.5 f ” )

Out CIF STR(”XXindexXX . c i f ” )

xdd out XXindexXX . txt load out r e co rd out fmt out eqn
{
”%15.6 f ” = X;
”%15.6 f ” = (4*Pi/Lam) *Sin ( (X/2) *Pi /180) ;
”%15.6 f ” = Yobs ;
”%15.6 f \n” = Ycalc ;
}
’Out FCF(”C:/ GDrive/PhD/Duties / Co l l ab s and rou t in e /

Sh e f f i e l d 2 0 1907C l a i r e /Cs5FAMA/XXindexXX . f c f ”)

#end i f ’XXflagXX

’============
’==Sect i on 4
’============
#i f d e f param ce l l

prm ! Ttrans2 283
prm ! Ttrans3 265
prm p1hi 0 min 0 max 0 .15
prm r a t i oH i 1 min =0.95 max 1 .05 ’ This i s to have a common r a t i o f o r
the high temp phase

prm p1 a =55.8903505 min =80 max =20 ’ x10ˆ=12
prm p1 b 37.7252191 min 10 max 70 ’ x10ˆ=9
prm p1 c =9.49571561 min =20 max 0 ’ x10ˆ=6
prm p1 d 0.991839192 min =2 max 10 ’ x10ˆ=3
prm p1 e 0.00832115106 min =0.1 max 5 ’ x10ˆ0

#end i f
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’============
’==Sect i on 5
’============

for xdds {
lam

ymin on ymax 0.0001
la 0 .0159 lo 1.534753 lh 3 .6854
la 0 .5691 lo 1.540596 lh 0 .437
la 0 .0762 lo 1.541058 lh 0 .6
la 0 .2517 lo 1.54441 lh 0 .52
la 0 .0871 lo 1.544721 lh 0 .62

LP Factor ( ! th2 monochromator , 0)
One on X( , 252 .65415 ‘ 305 .60101)
Zero Error ( , =0.02645 ‘ 0 .00654)
convolution step 3
Rp 217 .5
Rs 217 .5
capillary diameter mm 0 .06042 ‘ 0 .00234 max =1.2;

c ap i l l a r y u cm inv 433 .27649 ‘ 131 .81041
cap i l l a r y d i v e r g en t beam

Simple Axial Model ( , 0 .01097 ‘ 805 .61880 LIMIT MIN 0 .0001 )
Cy l i nd r i c a l 2Th Cor r e c t i on ( , 0 .19605 ‘ 0 .03052)
Cy l i n d r i c a l I Co r r e c t i o n (@, 2 .69002 ‘ 0 .16294)
prm ! c1 0 .07263 ‘ 0 .00060 min 0.00001
prm ! c2 0 .02378 ‘ 0 .00050 min 0.00001
gauss fwhm = c1 / Cos (Th) ;
lor fwhm = c2 / Cos (Th) ;

for s t r s 1 to 1 {
LVol FWHM CS G L( 0 . 89 , 3399 .54958 , 0 . 89 , 5340 .00000 , , ,@, 300 3

.95075 min 30 max 1000)
}

} ’ end o f f o r xdds

’============
’==Sect i on 6
’============

’ This i s a shortened l i s t f o r i l l u s t r a t i o n
#l i s t temp {
310
300
290
. . .
}

F.2.2 Python script

# Hard=coded working d i r e c t o r y
opendir = ”C:\\NextCloud\\PhD\\ r e s t=of=path\\”
p a r a f i l e = opendir + ”paraPrep \\1 protoPara . inp ”
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# Hard=coded template f i l e l o c a t i o n
w r i t e f i l e = opendir + ”paraPrep \\1 protoPara py . inp ”

sk ip = [ 4 4 , 4 6 ]
sample = ”cs10fama”
index = [ ]
f o r i in range (1 ,54 ) :

i f not ( i in sk ip ) :
index . append ( s t r ( i ) )

s e c t i o n = 0
arrOut = [ ]
a r r3 = [ ]
b3 = False

with open ( p a r a f i l e , ” r ” ) as i n s :
f o r i in i n s :

# de f i n e s e c t i o n
i f i [ 0 : 1 0 ] == ”’==Sect i on ” :

s e c t i o n = in t ( i [ 1 0 : l en ( i ) ] . s t r i p ( ) )

# wr i t e arrOut
i f s e c t i o n in (2 , 3 ) :

i f i [ 0 : 3 ] == ”’==” :
arrOut . append ( i )

e l i f s e c t i o n == 2 : # the r e f e r e n c e to f i l e s here are in s i n g l e
l i n e s

i f i . f i nd ( ”XXXXX” ) >= 0 :
f o r j in range (0 , l en ( index ) ) :

newstr = i . r ep l a c e ( ”XXXXX” , sample+index [ j ] . z f i l l ( 2 ) )
newstr = newstr . r ep l a c e ( ”XXindexXX” , index [ j ] )
newstr = newstr . r ep l a c e ( ”XXindex=1XX” ,

s t r ( i n t ( index [ j ] )=1) )
arrOut . append ( newstr )

e l s e : # i f the inp i s not formatted approp r i a t e l y
dup l i c a t i on may occur .

arrOut . append ( i )

e l i f s e c t i o n == 3 :
i f b3 == False :

a r r3 . append ( i )
i f i . s t r i p ( ) == ”#end i f ’XXflagXX” : # r e qu i r e s t h i s f l a g

b3 = True
f o r j in range (0 , l en ( index ) ) :

f o r k in ar r3 :
newstr = k . r ep l a c e ( ”XXXXX” , sample +

index [ j ] . z f i l l ( 2 ) )
newstr = newstr . r ep l a c e ( ”XXindexXX” , index [ j ] )
newstr = newstr . r ep l a c e ( ”XXindex=1XX” ,

s t r ( i n t ( index [ j ] )=1) )
arrOut . append ( newstr )

e l s e :
arrOut . append ( i )

i f 0 :
f o r i in arrOut :
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pr in t ( i . s t r i p ( ”\n” ) )
e l s e :

f i l e = open ( w r i t e f i l e , ’w ’ )
f o r i in arrOut :

f i l e . wr i t e ( i )
f i l e . c l o s e ( )

p r i n t ( ” wr i t t en to : \n” , w r i t e f i l e )

F.3 Modelling a photoluminescence peak with

pseudo-Voigt and split pseudo-Voigt mod-

els

In modelling photoluminescence data, a split pseudo-Voigt function has pri-
marily been applied to photo-luminescence data where a single peak is present
and in cases where a single peak is dominant to the point that analysis of the
smaller peaks present becomes unreliable. Where multiple peaks are present,
this is modelled using multiple symmetric pseudo-Voigt peaks as discussed
in Section 4.6.2.

The algorithms in this section were run as code blocks in Jupyter note-
books. A list of file names is first read into Python. From these the ab-
sorbance vs. wavelength data is read into Python as the arrX and arrI
arrays where each entry per array is an array of values corresponding to the
file name of the same index.

F.3.1 Setting up equations for pseudo-Voigt and split
pseudo Voigt models

# #################
# Set up equat ions
# #################
import numpy as np
Pre4ln2 = 4 * np . l og (2 ) # np . l og ( ) i s ln ( ) and np . log10 ( ) i s l og base 10

de f pvo igt (x , amplitude =1.0 , c en t e r =0.0 , sigma=1.0 , f r a c t i o n =0.5) :
l o r = ( sigma **2) / ( ( 4* ( ( x = c en te r ) **2) ) + ( sigma **2) )
gau = np . exp(=1*( Pre4ln2 * ( ( x=c en te r ) **2) /( sigma **2) ) )
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# Proof : FWHM i s g iven by sigma f o r gau
# # assume 1/2 i n t e n s i t y
# # 1/2 = gau
# # take ln o f both s i d e s
# # ln (1/2) = =1*(Pre4ln2 * ( ( x=c en te r ) **2) /( sigma **2) )
# # 1 = 4* ( ( x=c en te r ) **2) /( sigma **2)
# # sigma = 2 * abs (x=c en te r )
# # sigma = FWHM

return amplitude * ( f r a c t i o n * l o r + (1= f r a c t i o n ) *gau )

de f spvo ig t (x , amplitude =1.0 , c en t e r =0.0 , sigma=1.0 , s igma r=None , f r a c t i o n
=0.5 , f r a c t i o n r =0.5) :
i f s igma r == None :

s igma r = sigma
l e f t = (x < c en te r ) * pvo igt (x , amplitude , center , sigma , f r a c t i o n )
r i g h t = (x >= cente r ) * pvo igt (x , amplitude , center , s igma r , f r a c t i o n r
)
re turn l e f t + r i gh t

de f pa ra spvo i g t (x , param) :
amp = param [ ’ spV amplitude ’ ] . va lue
cen = param [ ’ spV center ’ ] . va lue
s i g = param [ ’ spV sigma ’ ] . va lue
s i g r = param [ ’ spV sigma r ’ ] . va lue
f r a c = param [ ’ spV f ra c t i on ’ ] . value ,
f r a c r = param [ ’ s pV f r a c t i o n r ’ ] . va lue
spvo ig t (x , amp, cen , s i g , s i g r , f rac , f r a c r )

de f R2(y , f i t y ) :
import math , s t a t i s t i c s
s s r e s = 0 # sum of squares , r e s i d u a l
s s t o t = 0
meany = s t a t i s t i c s .mean(y )
f o r i in range (0 , l en (y ) ) :

s s r e s = s s r e s + math . pow(y [ i ]= f i t y [ i ] , 2 )
s s t o t = s s t o t + math . pow(y [ i ]=meany ,2 )

re turn (1=( s s r e s / s s t o t ) )

F.3.2 Modelling of split pseudo-Voigt peaks

# #######################
# Build model and f i t
# #######################
from lm f i t import Model
from lm f i t . models import ConstantModel
from lm f i t import Parameters , minimize , r e p o r t f i t
import matp lo t l i b . pyplot as p l

mod spV = Model ( spvo igt , p r e f i x=’ spV ’ )
bkg = ConstantModel ( p r e f i x=’ b ’ )
mod = mod spV + bkg
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l im s i g m in = 0
l im s ig max = 100
l im cen min = 380
lim cen max = 560
de f FitandPlot ( i ) :

bVerbIter s = 0
R2 round = 10
Chi round = 4
I max = np .max( a r r I [ i ] )
amp max = I max *1 .5

# # Set up paramters f o r symmetric peak shapes
paras = Parameters ( )
paras . add ( ’ spV center ’ , va lue=540 , min=lim cen min ,

max=lim cen max , vary=1)
paras . add ( ’ spV amplitude ’ , va lue=I max , min=0, max=amp max , vary=1)
paras . add ( ” spV sigma” , va lue=1,

min=l im s ig min , max=l im sig max , vary=1)
paras . add ( ” spV sigma r ” , expr=”spV sigma” ,

min=l im s ig min , max=l im s ig max )
paras . add ( ” spV f ra c t i on ” , va lue =0.5 , min=0, max=1, vary=1)
paras . add ( ” spV f r a c t i o n r ” , expr=” spV f ra c t i on ” ,

min=0, max=1, vary=1)
paras . add ( ” b c ” , va lue=0, min=0, max=500 , vary=1)

# F i r s t opt imi sat ion , l e a s t=squared method
out = mod . f i t (np . array ( a r r I [ i ] ) , paras , x=np . array ( arrX [ i ] ) )
i f bVerbIter s :

p r i n t ( i , ” : R2 (1 s t LSq) : \ t \ t \ t \ t ” , round (R2( a r r I [ i ] , out . eva l ( ) ) ,
R2 round ) ,

” , Chi2 : ” , round ( out . ch i sqr , Chi round ) )
# Second opt imi sat ion , Nelder method
out = mod . f i t (np . array ( a r r I [ i ] ) , out . params , x=np . array ( arrX [ i ] ) ,

method=” ne lde r ” )
i f bVerbIter s :

p r i n t ( i , ” : R2 (2nd ne lde r ) : \ t \ t \ t \ t ” , round (R2( a r r I [ i ] , out . eva l ( ) ) ,
R2 round ) ,

” , Chi2 : ” , round ( out . ch i sqr , Chi round ) )

# Ref ine asymmetric peak shapes
out . params [ ” s pV f r a c t i o n r ” ] . s e t ( expr=None ,

va lue=out . params [ ” spV f ra c t i on ” ] . value ,
vary=1)

out . params [ ” spV sigma r ” ] . s e t ( expr=None ,
va lue=out . params [ ” spV sigma” ] . value ,
vary=1)

out = mod . f i t (np . array ( a r r I [ i ] ) , out . params , x=np . array ( arrX [ i ] ) ,
method=”Leastsq ” )

R2 va l o ld = 0
R2 val = R2( a r r I [ i ] , out . eva l ( ) )
i f bVerbIter s :

p r i n t ( i , ” : R2 (3 rd LSq , r i g h t != l e f t ( f r e ed ) ) : \ t ” , round (R2( a r r I [ i
] , out . eva l ( ) ) , R2 round ) ,

” , Chi2 : ” , round ( out . ch i sqr , Chi round ) )
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pr in t ( )

# Repeat the f i t t i n g proce s s u n t i l the f i t s tops improving by a given
t o l l e r e n c e
whi l e ( abs ( R2 val = R2 va l o ld ) > 0 .00001) :

R2 va l o ld = R2 val

out = mod . f i t (np . array ( a r r I [ i ] ) , out . params , x=np . array ( arrX [ i ] ) ,
method=” ne lde r ” )

R2 val = f l o a t (R2( a r r I [ i ] , out . eva l ( ) ) )

out = mod . f i t (np . array ( a r r I [ i ] ) , out . params , x=np . array ( arrX [ i ] ) ,
method=”Leastsq ” )

R2 val = f l o a t (R2( a r r I [ i ] , out . eva l ( ) ) )

R2 val = f l o a t (R2( a r r I [ i ] , out . eva l ( ) ) )

p r i n t ( i , ” : R2 ( Fina l LSq , r i g h t != l e f t ( f r e ed ) ) : \ t ” ,
round ( R2 val , R2 round ) , ” , Chi2 : ” , round ( out . ch i sqr , Chi round ) )

i f R2 val < 0 .995 or 0 :
out . p l o t f i t ( )
p l . p l o t ( arrX [ i ] , =1*out . r e s i dua l , l a b e l=” r e s i due ” )
p l . l egend ( )
p l . show ( )
p r i n t ( out . f i t r e p o r t ( m in co r r e l =0.25) )
p r i n t ( ”\n” )

e l s e :
p r i n t ( ”\n” )

re turn out

# Control f o r s i n g l e vs bulk execut ion
i f 0 :

i = 0
FitandPlot ( i )

e l s e :
out2 = [ ]
f o r i in range (0 , l en ( arrX ) ) :

out2 . append ( FitandPlot ( i ) ) from lm f i t import Model

F.3.3 Modelling of multiple pseudo-Voigt peaks

from lm f i t import Model
from lm f i t . models import ConstantModel
from lm f i t import Parameters , minimize , r e p o r t f i t
import matp lo t l i b . pyplot as p l

l im s i g m in = 0
l im s ig max = 20
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de f FitandPlot ( i , mod , peaks = [ [ 5 4 0 , 390 , 5 6 0 ] ] ) :
bVerbIter s = 0
R2 round = 10
Chi round = 4
I max = np .max( a r r I [ i ] )
amp max = I max *1 .5

# # Set up paramters f o r symmetric peak shapes
paras = Parameters ( )
f o r j in range (0 , l en ( peaks ) ) :

paras . add ( ”pV”+s t r ( j )+” c en t e r ” , va lue=peaks [ j ] [ 0 ] ,
min=peaks [ j ] [ 1 ] , max=peaks [ j ] [ 2 ] , vary=1)

paras . add ( ”pV”+s t r ( j )+” ampl i tude ” , va lue=I max ,
min=0, max=amp max , vary=1)

paras . add ( ”pV”+s t r ( j )+” sigma” , va lue=1,
min=l im s ig min , max=l im sig max , vary=1)

paras . add ( ”pV”+s t r ( j )+” f r a c t i o n ” , va lue =0.5 ,
min=0, max=1, vary=1)

paras . add ( ” b c ” , va lue=0, min=0, max=500 , vary=1)

out = mod . f i t (np . array ( a r r I [ i ] ) , paras , x=np . array ( arrX [ i ] ) )
R2 va l o ld = 0
R2 val = R2( a r r I [ i ] , out . eva l ( ) )
p r i n t ( i , f i l ename ( f i l e s [ i ] ) )

# Repeat the f i t t i n g proce s s u n t i l the f i t s tops improving by a given
t o l l e r e n c e
whi l e ( abs ( R2 val = R2 va l o ld ) > 0 .00001) :

i f bVerbIter s :
p r i n t ( ”Delta (R2) : ” , R2 val = R2 va l o ld )

R2 va l o ld = R2 val

out = mod . f i t (np . array ( a r r I [ i ] ) , out . params , x=np . array ( arrX [ i ] ) ,
method=” ne lde r ” )

R2 val = f l o a t (R2( a r r I [ i ] , out . eva l ( ) ) )

out = mod . f i t (np . array ( a r r I [ i ] ) , out . params , x=np . array ( arrX [ i ] ) ,
method=”Leastsq ” )

R2 val = f l o a t (R2( a r r I [ i ] , out . eva l ( ) ) )

R2 val = f l o a t (R2( a r r I [ i ] , out . eva l ( ) ) )
p r i n t ( i , ” : R2 ( Fina l LSq : \ t ” , round ( R2 val , R2 round ) , ” , Chi2 : ” ,

round ( out . ch i sqr , Chi round ) )
i f 1 :

p l . rcParams . update ({ ’ f on t . s i z e ’ : 18})
out . p l o t f i t ( )
p l . p l o t ( arrX [ i ] , =1*out . r e s i dua l , l a b e l=” r e s i due ” )
p l . l egend ( )
po int = f i l ename ( f i l e s [ i ] ) . r e p l a c e ( ” 0p” , ” 0 . ” ) . r ep l a c e ( ” 1p” , ” 1 . ” )
p l . t i t l e ( po int )
p l . y l ab e l ( ” I n t e n s i t y ( counts ) ” )
p l . x l ab e l ( ”Wavelength (nm) ” )
i f 0 :

p l . s a v e f i g ( incrPathName ( f i l e e x t ( f i l e s [ i ] , 0) +
” PL=f i t t e d ” , ” . png” ) )

p l . show ( )
p r i n t ( out . f i t r e p o r t ( m in co r r e l =0.25) )
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pr in t ( ”\n” )

re turn [ out , R2 val ]

# Manually s e t peak i n i t i a l p o s i t i o n and l im i t s f o r f i l e s no . 10 = 12
peaks mid = [ 440 , 4 30 , 4 50 ] , [ 4 6 0 , 4 50 , 4 70 ] , [ 4 8 0 , 4 70 , 4 85 ] , [ 4 9 0 , 4 85 , 5 00 ]

# Manually s e t peak i n i t i a l p o s i t i o n and l im i t s f o r f i l e no . 13
peaks 13 = [ 458 , 4 40 , 4 65 ] , [ 4 7 6 , 4 72 , 4 80 ] , [ 4 9 2 , 4 90 , 4 9 4 ] , [ 5 0 2 , 5 00 , 5 0 3 ]

mod mid = ConstantModel ( p r e f i x=’ b ’ )
f o r i in range (0 , l en ( peaks mid ) ) :

mod mid = mod mid + Model ( pvoigt , p r e f i x=”pV”+s t r ( i )+” ” )

i f 0 :
i = 0
FitandPlot ( i )

e l s e :
out3 = [ ]
f o r i in range (0 , l en ( arrX ) ) :

i f i == 2 :
pass

e l i f i in range (10 ,13) :
l im s ig max = 20
out3 . append ( [ f i l ename ( f i l e s [ i ] ) ] +

FitandPlot ( i , mod mid , peaks mid ) )
e l i f i == 13 :

l im s ig max = 30
out3 . append ( [ f i l ename ( f i l e s [ i ] ) ] +

FitandPlot ( i , mod mid , peaks 13 ) )
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