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Abstract

Hybrid halide perovskites have attracted huge attention ever since it was shown that they
could be used in highly efficient photovoltaic devices produced via low-cost deposition
methods. Their exceptional attributes, including high carrier mobility, an adjustable spectral
absorption range, long diffusion lengths, and the simplicity and affordability of fabrication
make them one of the most exceptional and market competitive optoelectronic materials
for applications in photovoltaic, light emitting diodes, photodetectors, lasers and more.
Despite their phenomenal properties, several crucial issues still need to be tackled before
their industrial-scale use, including toxicity and instability. Whereas an ever-growing number
of studies focus on improving optoelectronic properties, there is still an urgent need for a
detailed understanding of these materials at a more basic level. The objective of this thesis
is to understand how the intrinsic properties of halide perovskites affect the devices
performances. Particular attention is given to double perovskites, as they proved to be
particularly stable and they can easily be synthesized without any toxic element. Within this
family, Cs,AgBiBrs has received increasing attention as a promising candidate for
optoelectronic applications. In this study, we explored the relationship between the
structural and optical properties of this material. In particular, we discovered the presence
of a low-temperature cubic-to-tetragonal phase transition, which influences the optical
properties quite dramatically. In fact, we found that the exciton energy is mainly dependent
on the new rotational degree of freedom present in the tetragonal phase. Moreover, the
temperature-dependent time-resolved photoluminescence measurements revealed the
presence of a carrier decay component that is only present in the tetragonal phase, which
has been associated with the formation of tetragonal twin domains. Cs,AgBiBrs is an indirect
band-gap material, with a bandgap energy around ~ 2 eV. The performances of devices using
this double perovskite as the absorber layer are still quite low (PCE ~ 2%). To explore the
possibility of tuning the optoelectronic properties of this double perovskite, we explored the
use of indium (In") alloying. The structural, optical and electronic properties of Cs,AgBi1-
«InBrg have been explored at room and low temperature. Our structural analysis indicates
that the presence of indium shrinks the lattice and shifts the transition temperature towards
lower values. Moreover, we found that the structural phase transition in Cs,AgBiBrs is very
close to a tricritical point and acquires the character of a second-order phase transition when
indium is substituted on the bismuth site. Our spectroscopic studies indicate that the

presence of indium enlarges the band gap of the material, and at the same time strongly
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enhances the photoluminescence intensity. Moreover, the photovoltaic performance
improves, demonstrating a higher PCE in the presence of 10% indium. Nevertheless, the PCE
is still considerably low, and it is not clear whether these materials will ever be able to
perform as well as lead-halide perovskites. Our thermodynamic modelling calculations
investigate the fundamental limitations of the system. Significant losses are present in the
open-circuit voltage because of a shallow onset of the absorption edge, combined with
significant sub-band gap absorption. For this reason, immediate attention is required to
understand and mitigate the presence and role of non-radiative sites in the absorber
material. Regardless of whether Cs,AgBiBrs devices can be optimized, Cs,AgBiBrs is an
interesting model system for understanding the physics of the wider family of halide
perovskites. All these compounds have closely related crystal structures and understanding
structure—property relations is highly relevant for materials that are already known and for

guiding the design of future compounds.
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1. Introduction

Energy demand has been one of the driving forces for the past century industrial revolution,
and keeps on growing at a steady rate. Humans have used fossil fuels as primary source of
energy production because of their low price and high energy density. Non-renewable fossil
fuels emit carbon dioxide (CO,), a common heat trapping greenhouse gas. If the
concentration of greenhouse gases in the atmosphere increases, there can be disastrous
consequences for the ecosystem of our planet. According to NASA data, 2020 was the
warmest year since 1880, continuing a long-term trend of rising global temperatures [1]. The
earth’s climate has changed throughout history, in the last 650,000 years there have been
seven cycles of glacial advance and retreat, attributed to very small variations in the earth’s
orbit. Nevertheless, for millennia, atmospheric carbon dioxide had never been higher than
now, and the current warming trend is extremely likely to be the result of human activity
such as burning of hydrocarbon fuels, deforestation, and various industrial processes [2].
The increase rate of the past few decades is unprecedented [3]. This temperature rise may
not be noticeable in our everyday lives, but it significantly impacts weather patterns. In
recent years, we started to experience melting polar ice caps and glaciers [4], rising sea levels
[5], dying coral reefs [6] and extreme weather conditions [7]. Arguably, we have never

influenced the environment of our planet more.

To meet the global energy demand and to reduce the CO, emissions, an energy revolution
will need to take place. Transition from an exhaustible fossil fuel energy era to renewable
sources will have to happen, and it is imperative that this change happens sooner rather
than later to mitigate the impact of global warming. Among the various solutions that are
being taken in consideration, solar radiation represents a vast source of clean, renewable
energy [8]. The limitless amount of available energy suggests that solar prices can remain
low as demand rises. Assuming that the sun shines 120,000 TW of radiation on the surface
of the earth, we can estimate that covering 0.1% of the land on earth with 17% efficient solar
cells would produce more than 20 TW of power, which exceeds today’s entire world energy
consumption [9], [10]. Many materials that are used for photovoltaic modules are abundant
and produced in high volume. At the moment, almost all the electricity generated by
photovoltaic effect is produced by solar cells based on crystalline silicon. Silicon is an
abundant, non-toxic and stable material, with a 1.11 eV band gap at 300K and long charge-
carrier lifetimes [11]. Although silicon cells currently dominate the market, they face

competition from technologies based on thin-film absorbers [12]. Thin-film materials, and
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particularly organic-inorganic perovskite hybrids, have been recognised as very promising
candidates to make a significant contribution to the solar technology market. Perovskite
materials present almost ideal optoelectronic properties for photovoltaic applications: made
with earth-abundant chemicals, they are cheap to produce, simple to process, strongly
absorbing, and they have tuneable bandgaps and relatively long diffusion lengths [12]. The
PCE of perovskite-based solar cells has rapidly improved within just a few years from the
discovery of their potentiality as a photovoltaic material in 2009 from 2.8% [13] to the
present 25.5% [14]. Few solar materials have ever improved so much and none have done it
so fast. However, in the case of the most commonly studied lead-halide perovskites, two
issues still hinder large-scale commercial applications: their instability towards heat,
moisture, and other environmental factors [15] and the presence of the toxic element Pb
[16]-[17]. The use of lead is highly regulated and restricted in many countries, due to the
hazard it poses to the environment and also to its high toxicity level. Substituting lead for
other elements proves to be a challenge as Pb is considerably cheaper than its alternatives,
is abundant and has a low GWP (Global Warming Potential) [16]. A promising candidate has
been identified to be Sn [18], as it has a similar electronic configuration and the presence of
a lone pair of electrons in the s orbital. However, Sn" easily oxidises to Sn" due to the
instability of its high-energy 5s2 orbitals [19]. For this reason, Sn-based perovskites react

quickly with air and moisture, deteriorating considerably the photovoltaic efficiency [20].

Double perovskites with formula A,BB’Bs have been recently proposed as lead-free, highly
stable alternatives [21]. Within this class of materials, the double perovskite Cs,AgBiBrg has
caught the attention of researchers due to its favourable properties. In fact, it has been
reported to be highly stable, with a long charge carrier lifetime and low effective masses
[21]-[24]. Moreover, it is one of the very few materials in the perovskite class, aside from
lead halide perovskites, that showed a reliable, even if still low, device performance [25].
For Cs,AgBiBrs, with a reported band gap in the range 1.8 — 2.2 eV [23], [26], [27], the
thermodynamic limit for the performance under the Schockley-Queisser assumptions [28]
is in the range 18.7% - 27.2%. The higher reported band gap in this range (2.2 eV) is non-
ideal for application in PV cells, being too wide for optimum use as the top cell in both
tandem and even triple-junction solar cells, while the reported lower limit (1.8 eV) indicates
that this material might be of use as top layer in multi junction solar cells [29].
Measurements confirming the precise band-gap of this novel material will help understand
its best use, while strategies used to move the absorption onset towards lower energies are

likely to lead to enhanced performance and utility.
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It is clear that further improvements have to be made towards the optimization of devices,
but more urgent is the need to understand this material at a fundamental level. In this thesis,
we investigate the properties of the Cs,AgBiBrs double perovskite and of the alloyed

Cs,AgBii«In«Brs, with a focus on the structural and optoelectronic features.

Chapter 2 introduces the topic and discusses the background and theory. The properties of
metal-halide perovskites are briefly described, giving context to the importance of the
double-perovskite compositions studied in this thesis. The main techniques used to
investigate the material properties are briefly described in Chapter 3. These include X-ray
diffraction, photoluminescence spectroscopies and device characterization. Chapter 4 is
focussed on the investigation of the structural properties of Cs;AgBiBrs double perovskite.
We discovered the presence of a low-temperature phase transition at Ts = 122 K, from a
cubic phase (space group Fm3m) to a tetragonal phase (space group 14/m). This phase
transition has been characterized with the use of X-ray and neutron diffraction, as well as
with heat capacity measurements. In Chapter 5, we outline the influence of this phase
transition on the optical properties of this material. We discover that the exciton energy at
the direct band gap is linearly proportional to the tetragonal strain, which arises in the low-
temperature phase. Hence, the direct gap energy is mainly dependent on the additional
rotational degree of freedom appearing in the tetragonal phase. Moreover, we discovered
the presence of three different decay paths in the time-resolved photoluminescence data.
One of these appears only in the tetragonal phase, which might be due to the presence of

defects at the twinning boundaries.

Chapter 6 investigates the structural properties of Cs;AgBii«InxBrs double perovskite. We
find that the phase transition in the neat Cs,AgBiBrs is very close to a tricritical point and
moves to a second-order transition when indium is introduced on the bismuth site. The
influence of indium on the optical properties of the neat perovskite material is studied in
Chapter 7. We find that a small percentage of indium causes a strong enhancement in the
photoluminescence intensity emission. Nevertheless, when these materials are employed
as absorbers in n-i-p solar cells, device performance is still low in comparison with their lead-
halide counterparts. For this reason, in the final sections of this Chapter, we investigate the

origin of these losses through the use of thermodynamic modelling.
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2. Background

This Chapter summarizes the structural, optical and electronic properties of the most
commonly studied halide perovskites, providing a concise overview of fundamental

concepts that are utilized throughout the work in this thesis.

2.1 Structural properties

2.1.1 The perovskite structure

The mineral of calcium titanium oxide CaTiOs, the first perovskite material investigated, was
discovered by the Prussian mineralogist Gustav Rose in 1839 in the Urals mountains of
Russia. The structure was later characterized by the Russian mineralogist Lev A. Perovski,
from which it derived its name [30]. The family of perovskite materials adopt the chemical
formula ABX;, where A and B are cations of dissimilar sizes (Ra>Rg), and X are anions, typically

oxygen, halogens, or alkali metals.

Figure 2.1 Perovskite crystal structure

The ideal cubic structure has the ‘B’ cation in 6-fold coordination, surrounded by an
octahedron of anions, and the ‘A’ cation in 12-fold cub-octahedral coordination. The
structure is pictured as a three-dimensional network of regular corner-linked BX¢s octahedral,
as shown Figure 2.1. In this cubic unit cell, the ’A’” atom sits at cube corner positions (0,0,0),
the ‘B’ atom sits at body centred positions (1/2,1/2,1/2), and the ‘X’ atom sits at face centred

positions (1/2,1/2,0).

2.1.2 Goldschmidt’s tolerance factor and octahedral tilting

The relative ion size requirements for stability of the cubic structure are quite strict, so even
a slight distortion can produce several lower-symmetry structures, in which the coordination

numbers of A cations, B cations or both are reduced. Deviations from cubic symmetry can
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result from several factors, the first being size effect. For this reason, a geometric parameter

was developed by Goldschmidt [31] and called tolerance factor t:

R, + Ry

= VZRy+ Ry 2.1)

where Ra, Rg, and Ry are the ionic radii of the corresponding ions. Geometrically, for an ideal
perovskite, the ratio of d(A-X), the bond length of A-X bond, to d(B-X), the bond length of B-
X bond, is v/2:1. Thus, if the bond length is roughly assumed to be the sum of two ionic radii,
the t value of an ideal perovskite should be equal to 1. Therefore, this parameter is used to
evaluate the structural formability and stability and presents a guideline for tuning of radii
sizes relative to cubic symmetry. In general, perovskite structures occur for 0.85 <t < 1.11
for halide perovskites [32]. Cubic symmetry provides optimum electronic properties due to
a high degree of ionic bonding. Mismatch of crystal components outside of the ideal
tolerance range results in octahedral tilting that can affect electronic properties. Figure
shows as an example the structural tilting in AGaOs; oxide perovskite, which results in
tetragonal (panel b) and orthorhombic (panel c) structures [33]. If the tolerance factor t<1
usually the B cations have a large size and the A cation is too small, the perovskite cell gets
deformed and the symmetry is lowered. If t>1, as a result of a large A or small B, the BXe
octahedra are unable to maintain connectivity of the lattice around the A cation, and the

ions adopt lower-dimensional or hexagonal perovskite-like structures.

(a) Pm3m (b) 14/mcm (c) Pnma

Figure 2.2 The detailed structure of AGaOs perovskite with various octahedral tilting, (a) Pm3m cubic
without any tilting, (b) 14/mcm tetragonal with a%a’c tilting, (c) Pnma orthorhombic with aac* tilting.

Reproduced with permission from [33].
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Goldschmidt’s tolerance factor t is not by itself sufficient to predict the formation, or not, of
the perovskite structure. Another dimensionless factor that helps predicting the perovskite
formability is the octahedral factor u:

-z (2.2)

1l

For a perovskite structure to form at all, the B-site cation must be sufficiently large to
coordinate octahedrally with the X anions. Goldschmidt postulated that perovskites arrange
so that “the number of anions surrounding a cation tends to be as large as possible, subject
to the condition that all anions touch the cation” [34]. With basic geometric considerations,
the octahedral factor is bound to be u=0.41 to enable the formation of a perovskite
structure. If the B cation is too small the octahedra will be unstable due to the X anions

approaching too closely to each other.

There are various perovskite distortions that can happen simultaneously: tilts of the BOg
octahedral units, A-site cation displacement, distortion of the octahedra and the B-site
cation displacement within the octahedra. The majority of distorted perovskites can be
derived from the cubic archetype by the rigid tilting of the octahedra around one or more of
their symmetry axes, maintaining both the regularity of the octahedra, and their corner
connectivity. Such tilting allows greater flexibility in the coordination of the ‘A’ cation, while
leaving the environment of the ‘B’ cation unchanged. A convenient notation has been
created by Glazer [35] in 1972. He described the octahedral tilting in terms of component
tilts around the cubic axes of the aristotype. A tilt around one of these axes constrains the
tilts in directions perpendicular to this axis, but the successive octahedra along the axis might
be tilted in either the same or opposite sense. The notation consists in using symbols a*b*c*,
in which the letters refer to tilts around the [100], [010] and [001] directions of the aristotype
respectively, and the superscript # would be either 0, + or —to indicate no tilt around an axis,
or tilts of successive octahedra in the same or opposite sense. As examples, the ideal cubic
perovskite, here called aristotype, is a’b°?, the tetragonal perovskite in Figure 2.2b is a%a°c

, and the orthorhombic perovskite in Figure 2.2cis aac’.

2.1.4 Phase transitions in perovskites

Although there are different kinds of phase transitions, in this thesis we will focus our
attention primarily on the basic concepts of structural phase transitions in perovskites, and
we will only briefly introduce concepts which are closely related to this research. The

structures in the ABX3 perovskite family have long attracted interest, due to the effects that
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structural variations have on important physical properties. The ABOs perovskites have been
associated with superconductivity, dielectric properties, ferroelectricity and more [36]. As
previously stated, the ideal simple perovskite structure is cubic, with space group Pm3m,
and with a close packed arrangement of corner-sharing BOs octahedra. Varying the size ratio
of the A and B cations leads to distorted phases with lower symmetry. In addition to changes
in composition, distorted phases can be induced by variations in external parameters, like

temperature [37] or pressure [38].

In most cases a symmetry relationship exists between the two phases of a phase transition,
i.e. some of the symmetry operations of the high-symmetry phase are not symmetry
operations of the low symmetry one. Therefore, one of the space groups is a subgroup of
the other. The breaking of the symmetry operations of the high symmetry phase is an
essential characteristic of most phase transitions. Relative to an undistorted cubic perovskite
(Pm3m), Figure 2.3 shows the 15 different space groups of tilted perovskite structures
predicted using group theory by Howard and Stokes [39]. Perovskites tend to exhibit
analogous phase behaviour. For instance, the prototypical CaTiOs perovskite upon heating
exhibits the phase sequence Pnma — 14/mcm — Pm3m, and this behaviour is identical, even
if at different transition temperatures, for strontium zirconate (SrZrOs). One of the most
studied perovskites for photovoltaic applications, MAPbIs, also undergoes phase transitions
between the same space groups, as illustrated in Figure 2.4, going from a cubic structure at
high temperature, to a tetragonal one upon cooling, and then to an orthorhombic structure

upon further cooling [40].
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a"’a"'_a"' a’btot a%alct ala®c™ a’b—b~ a"a"a”
Im3 I4/mmm P4/mbm I4/mem Imma R3c
T T
| |
| |
atbtet atate a’bte— atb—b— a’b—c™ a~b b~
Immm P4, /nme Cmem Pnma C2/m O2/e
atb—c™ a"b ¢

Figure 2.3 A schematic diagram indicating the group-subgroup relationships among the 15 space

groups tabulated by Howard and Strokes (1998). Reproduced with permission [39].

Pm3m 14/mcm Pnma

Figure 2.4 The crystal structures adopted by MAPbIs. Adapted from [40].

As temperature induces phase transitions, pressure can also trigger changes in structure. An
increase in pressure can lead to compression of the BXs octahedra and/or change in
octahedral tilting. Another common way to tune the octahedral tilting in a perovskite
structure is through varying the size of the atoms, through chemical substitution, which can

be considered a form of chemical pressure [41].

This thesis is focused on double perovskites, A;BB’Xs, which are associated with rock-salt
ordering. The subgroup of Pm3m that leaves the ordered double perovskite unchanged is

Fm3m. An analysis of the structures occurring in double perovskites as a result of the cation
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ordering in combination with the corner-linked tilting of the BXs (or B’Xs) octahedral units
has been presented by Howard et. al. in 2003 [42]. The group-subgroup relationships found

are summarized in Figure 2.5.

a{la{]a[]
Fm3m

atata* a’btb* ala’ct aa’c a’b b aaa
Pn3 P4,/nnm P4/mnc 14/m C2/m R3

atbrct atatc albtc atbb abc
Pnnn P4,/n C2le P2.le Pl

Figure 2.5 Schematic diagram indicating the group-subgroup relationships from the Fm3m space
group. A dashed line joining a group to its subgroup indicates that the corresponding phase transition

is required by Landau theory to be first order. Reproduced with permission from [42].

Phase transitions are divided into two categories by the Ehrenfest classification [43]. He
classified phase transitions based on the behaviour of the thermodynamic free energy as a
function of other thermodynamic variables. Under this scheme, phase transitions are
labelled by the lowest derivative of the free energy that is discontinuous at the transition.
First order phase transitions display a discontinuity in the first derivative of the free energy
with respect to some thermodynamic variable, while second order phase transitions are
continuous in the first derivative (the order parameter, which is the first derivative of the
free energy with respect to the external field, is continuous across the transition) but exhibit
a discontinuity in the second order derivative of the free energy [44]. The derivative,
however, is not enough to explain the full difference between a first and second order phase
transition. The Ehrenfest classification may not work for all transitions, and there are

different classification systems which can be used.
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2.2 Phase transitions: Landau theory

2.2.1 Brief introduction to Landau theory

A different approach to phase transitions was formulated by Landau in 1937 [45]. In order
for two crystalline structures to be related by a second-order phase transition, following
from the continuity of the structure change, the space groups of the structures must be in a
relation of a group and a subgroup. Moreover, the distortion should correspond to a single

irreducible representation of the space group of high symmetry.

A temperature-driven phase transition in this scheme is characterized by an order parameter
(n), which can characterize an atomic displacement, electric polarization, magnetization, etc.
The order parameter is non-zero at low temperature and becomes zero above a certain
critical temperature T, which is called transition temperature. A transition will be a second
order (continuous) phase transition if its order parameter decreases continuously to zero as
the high-symmetry phase is approached. A transition is said to be a first order
(discontinuous) phase transition if the magnitude of the order parameter changes suddenly
at T.. In Landau theory, the free energy must be invariant with respect to the high-symmetry
space group and the Landau free energy can be expanded as a power series of order
parameters near the transition temperature. The Landau free energy must be analytic and
must obey the symmetry of the Hamiltonian. Given these two conditions one can write, in
the vicinity of the critical temperature T, a phenomenological expression for the free energy
as a Taylor expansion around zero in the order parameter (which is considered to be small

near the transition temperature):
1 1
F(P,T,n) = Fy(P,T) + an+ bn? + cn3 + Edn‘L +en® + §fn6 +0(M") (2.3)

The coefficients in this expansion may be temperature and pressure dependent. The
conditions for the minimization of this free energy F(P,T,n) with respect to n determine the
fundamental restrictions on n, i.e. the possible change of symmetry. If the minimum occurs
at n=0, then no distortion occurs, and the phase is expected to retain the original space
group symmetry. At some particular temperature and pressure, the minimum of F may occur
at some non-zero value of the order parameter n. In this case, a phase transition occurs due
to a distortion. In case of a continuous phase transition (n goes to its non-zero value

continuously), Landau theory only allows certain isotropy subgroups as possible candidates
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for the lower-symmetry phase. However, when discontinuous transitions are considered,

any of the isotropy subgroups of the original space group are allowed symmetry phases.

For simplicity, let’s consider a one-dimensional order parameter. It is a reasonable
approximation to consider the series to fourth order in the order parameter, as long as n is
small. Let’s also suppose, for simplicity, that we have a symmetry which gives n = - n, then
the system can only have even powers of n. In this case the change in Landau free energy

becomes:
2 1 4 1 6
F(P,T,n) = Fo(P,T) = bn? + Zdn* + 2 fn @24)

where b is assumed to be strongly temperature dependent, and both d and f are assumed
to be constant for T~ T.. We can now analyse this power series to see under what conditions
there is a minimum which moves around as we change the temperature. If we assume that
b and d are positive, then all the terms increase the Landau free energy for all values of 1,
so the minimum occurs when 1 = 0. This describes the high temperature phase. In the low
temperature phase, one of the parameters must be negative and large enough in
comparison with the other terms. For the system to be thermodynamically stable, the
coefficient of the highest even power of the order parameter must be positive, so one can
assume f>0. As b is temperature dependent in the Landau’s assumption, we can take b=bo(T-

Tc) with bo>0. Then the change in Landau free energy becomes:
1 1
F(P,T,n) = Fo(P,T) = bo(T = Te)n® +5dn* + 2 fn° (2.5)

We can have two main situations based on the sign of the parameter d:

e d>0: second order (continuous) phase transition

e d<O: first order (discontinuous) phase transition

2.2.2 First order phase transitions

The transition is first order if d<0. The sixth power term is important in our calculation to

restrain the Landau energy from going to minus infinity. In this case, minimizing F we obtain:

oF

an =n[2bo(T = T.) + 2dn? + 2f*]1 =0 (2.6)
0%F ) 4
3n7 = 200(T = T2) + 6dn? +10/n* > 0 2.7)
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. oF . . L
Calculating when P 0 will provide the values of the order parameters that minimize the

free energy. From equation 2.6 one solution clearly is 1 = 0. The other part of the equation

in squared brackets results in other 4 solutions:

—d +£d? = 4bof(T ~ T)
2f

N2 =0+ (2.8)

Of the five solutions found for 1, at most three are real and stable (two of the solutions are

maxima so they don’t contribute). The real and stable solution are:

. ij—d +/d? —4byf(T — T,)

2f forT < T, (2.9)

—d +\/d? —4bof (T — T,
n:O,i\/ v 27 of (T = To) forT, <T <T, (2.10)
n=20 for T>T, (2.11)

where T is the temperature where the two non-zero solutions merge into an inflection point

(i.e. correspond to the secondary minima in the non-equilibrium curve in Figure 2.6):

1 d?

Tl = Tc + ZW (212)

If we substitute the expressions found for the order parameter into the Landau free energy
(equation 2.5), we can find two branches of solutions (F=Fo for T>T. and another solution for
T<T1). Apart from T. and Ty, there is another temperature which plays an important role,

which appears when the free energies of these two phases are equal. With some algebraic

3 d?

calculation, one can find: Ty = T, .
’ 0 ctTe bof

We can visualize a first-order phase transition in

Figure 2.6. The order parameter as a function of temperature is illustrated in Figure 2.7.
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T>T, n=0 unstable, n=0 stable
T,>T>T, n+0 metastable, n=0 stable
—— Tg>T>T, n=0 stable, n=0 metastable
T.>T n+0 stable, n=0 unstable

Landau energy

v

Order parameter

Figure 2.6 Landau free energy for different temperature ranges in a first-order phase transition.

Order parameter n

v

Tc TO T1
Temperature

Figure 2.7 Order parameter as a function of temperature in the case of a first-order phase transition.

2.2.3 Second order phase transitions

The transition is second order if d>0. In this case, let’s consider a simplified case in which we

neglect the sixth power term from our calculation. In this case we have:
o (P, T,1) = @o(P,T) = bo(T ~ T + 5 dn’* (213)
The equations minimizing 2.13 are:
%)

Fro 2n(bo(T —T.) +dn?) =0 (2.14)
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0% 5
n7 = 2bo(T =T+ 6dn? > 0 (2.15)

Solution of equation 2.14 is:

bo(Tc —T)

2d forT < T, (2.16)

n=0forT>T, andn =
The first solution represents the low temperature phase (T<T.) and the second one
corresponds to the high temperature phase (T>T.), where T=T. is the critical temperature
(transition temperature). This case is illustrated in Figure 2.8. The behaviour of the order

parameter as a function of temperature is illustrated in Figure 2.9.

—— T>T,n=0 stable
—— T<T,n=0 unstable

Landau energy

v

Order parameter

Figure 2.8 Landau free energy for different temperature ranges in a second-order phase transition.

Order parameter n

Temperature

Figure 2.9 Order parameter as a function of temperature in a second-order phase transition.
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2.2.4 Tricritical point

A tricritical point is a point where the lines of the first order and second order transitions
cross. As we have seen in the previous sub-sections, Equation 2.5 represents a first order
phase transition if d<0, and a second order phase transition if d>0. When d=0, we are at the
tricritical point. If d is dependent by an external parameter (e.g. alloying, temperature,
pressure...), the transition can become tricritical for certain values of this parameter, where

d = d(parameter).

In Chapter 3, we assign the low temperature phase transition in Cs,AgBiBrs to be second
order, or nearly first order. We will then deduce in Chapter 5 that this transition is indeed

close to a tricritical point.

2.3 Mean field theory

The detailed description of the mean field theory goes behind the interest of this thesis, and

we will only briefly mention the main concepts that will help the reader throughout this text.

2.3.1 Critical exponents

Critical exponents describe the behaviour of physical quantities near continuous phase
transitions [46]. We can suppose here for simplicity that the control parameter that drives
the phase transition is the temperature. Being interested in the behaviour close to the
critical point, we define a reduced temperature: t = (T-T.)/T. so that t=0 implies T=T.. If f(t) is

a generic function of t, a critical exponent p associated to this function is defined as:
f@) ~|t|* fort=0 (2.17)
Thermodynamic parameters have specific critical exponents, for example the specific heat:
Cy~|t|=¢ (2.18)
And the order parameter of the system:
n~(=t) (2.19)

The importance of critical exponents lies on the fact that they are universal, therefore their
value does not depend on the details of the system chosen, but only on some of its general

features.
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2.4 Optical properties

We do not discuss the fundamentals of semiconductors theory, as it is assumed that most

readers would be already conversant with these topics.

2.4.1 Absorption and emission

Metal halide perovskites (MHPs) have been used as absorber materials in photovoltaic
devices because of their properties, delivering outstanding device PCEs [14]. MHPs possess
high absorption coefficients (~10° cm™ [47]) across the visible spectrum [48], their
absorption spectra have a clear onset [49], [50], and their composition can be varied to

achieve the optimal bandgap for single- or multi-junction solar cell applications.

In a semiconductor, electrons at the top of the valence band may be excited into the
conduction band when absorbing a photon, leaving a hole (electron vacancy) in the valence
band. The emission of an electron, after the excitation of a photon, can only occur if the
energy of the photon is equal or greater than the band gap of the material. This means that

for each material there is a threshold frequency at which light absorption is possible:
hv = E, (2.20)

Otherwise, visible light simply passes through the material, and the photon cannot transfer
its energy to the electron or the lattice. The excited electron relaxes down towards the
minima of the conduction band by losing its energy through carrier-carrier and carrier-
phonon scattering [51]. This thermalisation process, which occurs in the femtosecond

regime, represents a loss in energy:
Etnioss = hv — Eg (2.21)

The electron in the conduction band will be able to recombine with a hole and release its
energy by emitting a photon (photoluminescence) or in the form of lattice vibration. This
process is slower than that of thermalisation, in fact it occurs in the microsecond regime. If
the semiconductor is used as absorber layer in a solar cell, then the electron in the
conduction band is transported to the electrode via drift or diffusion currents. Inter-band
absorption is strongly dependent on the band structure of the solid, and on the direct or

indirect character of the band gap.
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Figure 2.10 Tunability of the FAPbI,Brs-y perovskite system. (a) UV-Vis absorbance of the FAPblyBrs-y
perovskites with varying y, measured in an integrating sphere. (b) Corresponding steady-state

photoluminescence spectra for the same films. Reproduced with permission from reference [38].

Absorption and emission characteristics of perovskite materials help us understand why
these compounds show high performances. The most commonly studied iodide-based
perovskite semiconductors (FAPbl; and MAPbIs) strongly absorb light over a wide range,
with an onset that varies depending on their bandgap [52] (an example is shown in Figure
2.10). The generated charge carriers in this process relax towards the conduction band
minimum and valence band maximum then producing a bright and narrow emission via

radiative recombination.

2.4.2 Urbach Energy

In 1953, Franz Urbach discovered that the absorption coefficient of AgBr depends
exponentially on the energy of the photons [53]. Generally, this relationship can be

represented with the formula [54]:
a(hw, T) = age ¢ Eo~hw)/ksT — o ohw=Eo)/Ey (2.22)

where a is the absorption coefficient, hw is the photon energy, ao and Eo are constants,
and Ey=0/ksT describes the steepness of the absorption edge. Urbach’s first observation of
the logarithmic onset of the absorption coefficient a as a function of energy is shown in

Figure 2.11. Itis clear from the figure that a follows a 1/kgT linear relationship.
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Figure 2.11 Temperature dependence of absorption of an AgBr crystal. The straight line represents
the 1/ksT slope at temperature T. Reprinted with permission from reference [39]. Copyright 1953

American physical society.

Thomas et. al. [55] observed that absorption below the band-gap can be associated with
the excitation of an electron in the valence band by a photon with energy lower than the
band-gap with assistance of a phonon. This kind of absorption depends on the strength of

the electron-phonon interactions.

The Urbach energy Ey has been associated with the amount of local disorder in a solid [55].
In fact, the increase of this disorder will increase the absorption edge smear through the
appearance of spatially separated local band gaps. This disorder can arise from defects
[56]—-[58], thermal lattice vibrations [56], [57], or composition [59], [60]. We will realise
throughout this thesis that Cs,AgBiBrs double perovskite possess a large Urbach energy
(~60 meV), indicative of a high local disorder. This disorder may be related to the intrinsic
properties of the absorber, or to the presence of defects boundaries in the thin film layers.
In the second case, the Urbach energy may be reduced through meticulous optimization of

the deposition process.

2.4.3 Defects tolerance

Defects have historically been divided in two categories: shallow and deep. Electrically active
defects have different characteristics, depending on the location of their energy states
relative to the conduction or the valence band. Deep defects typically reside within the
middle third of the energy gap, while shallow defects have energy levels within a few tens

of millielectronvolts from the band edges. To be more accurate, deep defects present well
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localized wave functions, while shallow defects’ wave functions are as extended as the

Coulomb potential.

The ideal model for a solid requires an uninterrupted translational symmetry, and the
electronic band structure E(k) can be calculated in this approximation. However, in reality
defects within semiconductors are an important feature to consider. Although most solids
maintain their essential properties upon introduction of small amount of external atoms,
some semiconductor characteristics such as conductivity, free carrier mobility, and carrier
lifetime change dramatically with the introduction of defects and impurities at a high enough
concentration. For this reason, pure and structurally perfect crystals have to be prepared
with precise crystallization methods (if required, these materials are then doped to change

the electronic function of the crystal).

This is where perovskite materials distinguish themselves. Perovskites have a very high
defect tolerance, as their main semiconductors properties do not seem to be affected by the
presence of a high quantity of impurities (their conductivity, free carrier mobility and carrier
lifetime are still high). A wide range of studies have associated this behaviour with the fact
that these materials mostly form point defect states, which reside outside the electronic gap

and are therefore less prone to form deep defects [61], [62].

2.4.4 Charge transport and recombination

Metal halide perovskites exhibit excellent charge-transport properties. The charge-carrier
diffusion length, Lp, is a good quantitative representation of the quality of the
semiconductor:

ukgT

Lp = 2.23
0= [ (2:23)

where T is the temperature, ks the Boltzmann constant, u is the charge-carrier mobility, e is
the elementary charge, and Ry is the total charge-carrier recombination rate [48]. Lp
represents the average distance that the excess carriers can cover before they recombine.
For asolar cell we need Lp to be as high as possible, since the photogenerated charge carriers
need to be able to reach the boundary of the absorber material, and finally the external
circuit [63]. For efficient charge collection the diffusion lengths should exceed the absorption
depth, as the thickness of the active layer is usually larger than the absorption depth to
optimize the number of photons absorbed. The absorption depth in MAPbI; has been

reported to be of the order of hundreds of nanometers [64], and the hole diffusion lengths
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of several micrometers [65], [66]. For MAPbIl; and FAPbIs, the charge-carrier mobility has
been measured to be of the order of 10 cm?V-!s, which is relatively low if compared with
common inorganic semiconductors. The slow recombination rate in metal halide perovskite
films compensates this deficiency in mobility, as the lifetimes (the inverse of the total
recombination rate) of charge carries have been reported to be of the order of several us

[67].
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Figure 2.12 Schematic diagram indicating recombination mechanisms active in organic-inorganic
metal halide perovskites. (a) Trap-assisted, (b) bimolecular (c) and Auger recombination.
Abbreviations: CB, conduction band; CBM, conduction band minimum; VB, valence band; VBM,
valence band maximum. Reproduced with permission from Annual Reviews via the Copyright

Clearance Center. from reference [68].

Understanding the recombination processes that take place in semiconductor devices is
fundamental to improve the performance of devices. The dynamics of charge-carrier

recombination can be described by the following equation:

dn
E = _k3n3 - kznz - kln = —RT(TL) (224)

Where nis the charge-carrier density, ki is the decay constant for first-order decay processes
(monomolecular), k; is the second order (electron-hole, bimolecular) recombination rate
constant and ks is the Auger recombination rate constant (trimolecular) [48]. These
processes are shown in Figure 2.12. Bimolecular recombination involves intrinsic electron-
hole recombination, and it is radiative. This process can be associated to the inverse process
of absorption [68], [69]. Monomolecular recombination involves one charge carrier, it is
usually mediated by traps, and can be radiative or non-radiative [70]. Finally, Auger
recombination involves a third charge carrier: when the electron recombines with a hole,

the excess energy is transferred to another electron, which is excited [48]. This third charge
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carrier then releases back to the edge of the band and transfers its energy to lattice
vibrations. This interaction becomes significant when the carrier density is very high, and it
is relatively unimportant at charge carrier densities involved in photovoltaic applications
[48]. Lead-based metal halide perovskites have been extensively studied with the use of
photoluminescence measurements. These direct band-gap semiconductors emit just below
the absorption edge, as shown in figure 2.10. Various transient PL studies proved that the
recombination mechanisms of photoexcited charge carriers are strongly dependent on the

fluence used [71]. At lower excitation densities, monomolecular recombination dominates.

2.4.5 Excitons in halide perovskites

In Section 2.4.1 we explained how the absorption of photons by an interband transition
creates an electron in the conduction band and a hole in the valence band. These oppositely
charged particles can attract each other through their mutual Coulomb interaction. If the
right conditions are satisfied, a bound electron-hole pair can be formed. This neutral bound
pair is called an exciton. There are two main types of excitons: Wannier-Mott excitons, also
called free-excitons, and Frenkel excitons, also called tightly bound excitons. Wannier-Mott
excitons are mainly observed in semiconductors, while Frenkel excitons are found in
insulators and molecular crystals. In semiconductors, the dielectric constant is generally
large, and the electric field screening tends to reduce the Coulomb interaction between
electrons and holes. For this reason, free excitons have a radius larger than the lattice
spacing, and they are delocalized states that can move freely throughout the crystal. Frenkel
excitons, by contrast, have a much smaller radius which is comparable to the size of the unit
cell. This makes them localized states which are tightly bound to specific atoms or molecules.
Stable excitons will form only if the attractive potential is strong enough to protect them
from collisions with phonons. Since the maximum energy of a thermally excited phonon is
kT at temperature T, we have that Ecx > kT has to be satisfied, where Ee is the exciton
binding energy. Wannier-Mott excitons have binding energy of the order of 0.01 eV (e.g.
Silicon has an exciton binding energy of about 0.015 eV [72]), and at room temperature kT
= 0.025 eV. For this reason, these excitons are usually only observed clearly at cryogenic
temperatures. On the other hand, Frenkel excitons have larger binding energies, which

makes them stable at room temperature.

In a free exciton, since the electron-hole separation is large, we can consider the particles as
moving in an average uniform dielectric material and model the free exciton as a hydrogenic

system. In this approximation, the radius of the electron-hole orbit is:
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_ Mo 2
T, = —€6N“ay (2.25)
u
where ay is the Bohr radius of the hydrogen atom, n refers to the principal quantum number,

W is the reduced mass and €, is the dielectric constant.

The free exciton model that leads to equation 2.25 breaks down when the predicted radius
becomes comparable to the interatomic spacing. This typically occurs for large band gap
materials with small dielectric constants and large effective masses. The theoretical
treatment of Frenkel excitons requires the use of the tight binding approach since the
excitons in this case are related to atomic or molecular states. In addition, the coupling
between the excitons and the lattice is typically strong and self-trapping effects could occur.
In this case the exciton produces a local distortion of the lattice, which enhances the

localization of the exciton wave functions.

The exact value of exciton binding energies in metal-halide perovskites sees a significant
spread for reported values in literature [73]-[79]. The fraction of excitons which thermally
dissociate into free electrons and holes is an essential information for the understanding of
solar cell performances, as it gives rise to the free-charge carrier transport. The Coulomb
correlations between electrons and holes affect the operation of photovoltaic cells because
the resulting bound state presents a binding energy that needs to be overcome to dissociate
in free charge carriers. If Eg<kgsT, the thermal energy might be enough to dissociate the
exciton at room temperature. Wannier-Mott excitons are expected to be present in halide
perovskites [80]. Absorption measurements are the most straightforward method to
determine the exciton binding energy. The absorption spectrum of a direct-bandgap
semiconductor with hydrogen-like excitonic effects can be described with the Elliot formula
[81], which contains a term describing the absorption of continuum states enhanced by the
Coulomb interaction (Sommerfeld term) and one relative to the discrete excitonic state
absorption that lies below the bandgap edge. The band edge absorption onset in an ideal
semiconductor is shown in panel a of Figure 2.13, while an example of fitting of the low

temperature absorption spectrum of MAPbI; is shown in panel b.
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Figure 2.13 a) Idealized absorption spectra of semiconductor with excitonic effects. Example of the
fitting of the absorption spectra of MAPbIs at 30 K using Elliott's formula with the excitonic and band-

to-band contribution. Adapted with permission from reference [72] and [80].

In polycrystalline thin films of MAPbBr3, we can only see the 1s exciton state, merging with
a continuum of states. This is due to the fact that the absorption resonances are strongly
broadened even at very low temperatures. For this reason, in the case of perovskite
semiconductors the extrapolation of the exciton binding energy from absorption

measurements is not as easy as it could be.

A more reliable technique in this case is related to magneto-optical studies. The shift in
energy of the exciton transition in a magnetic field is easier to track. Recent magneto-optical
measurements have predicted the exciton binding energy in MAPbIs and MAPbBr3; to be in
the range of 10-15 meV at low temperatures. Exciton binding energies extracted at room
temperature are generally smaller than those obtained at cryogenic temperatures [80]. This
is understandable if one takes in account the dual nature of metal-halide perovskites. In fact,
it is believed that at low temperatures these materials behave like an ordinary
semiconductor crystal, however, at higher temperatures they assume a crystal-liquid
behaviour, with an enhanced dielectric screening[82], [83]. This behaviour refers to the fact
that the high-temperature cubic phase of hybrid-halide perovskites is similar to a crystalline
lattice with long-range translational order but local rotational disorder. For this reason,
these materials present a crystalline-like response in coherent band transport of charge
carriers, and liquid-like response in phonon activities. Due to enhanced screening, the
exciton binding energy is reduced to a few meV at room temperature, partially justifying the
excellent perovskite device performances. In fact, efficient thermal dissociation of excitons

happens at room temperature (ksT~25 meV).
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The strength of excitons not only depends on the value of the binding energy, but also on
the structural properties of the material. Depending on structural characteristics, excitons
can be more or less confined. When excitons interact with phonons, self-trapping can occur
depending on the strength of the interaction. If the coupling is weak, as in Si or GaAs
semiconductors, excitons are scattered by the phonons. However, if the coupling is strong,
especially in combination with a soft lattice, excitons can become self-trapped. This happens
when the excitons are dressed with a dense cloud of virtual phonons, which suppresses the
ability of excitons to move across the crystal, and the lattice undergoes a local deformation
around the exciton. In alkali halides, photogenerated holes are self-trapped by two adjacent
halogen ions approaching one another [84]. In the self-trapping process, the exciton will lose
some energy and at the same time the energy of the ground state will rise because of lattice
deformation. For this reason, the emission of self-trapped excitons is characterized by a large

Stokes shift.

2.4.6 Polaronic effects in perovskites

The electron mobility in semiconductors can be greatly affected by the formation of
polarons. Lead halide perovskites are soft ionic semiconductors, which means that the
electronic and longitudinal optical phonon states are coupled, and we should discuss the
possibility of polarons in the lattice. A polaron is a charge carrier dressed by the local lattice
polarization, which results from the Coulomb interaction between charge carriers and the
ionic lattice. We can classify two kind of polarons, depending on the spatial extent of the
lattice deformation. If the polarization cloud extends over less than a single unit cell, we
have the formation of a small polaron. On the other hand, if the extension covers distances

much greater than the unit cell, we are in the presence of a large polaron.

Recent measurements have demonstrated that lead halide perovskites present large
polarons features [80]. The large polarons might explain the low mobility of carriers in
perovskites, which is surprising given that the carrier effective mass has been reported to be
quite low . Despite these findings, the large polarons seem to not be significantly detrimental
to lead halide perovskites photovoltaic applications, only causing some partial coupling to

the lattice but at the same time allowing for efficient charge extraction [85].

As we will see in Chapter 7, double perovskite Cs,AgBiBre is believed to present a strong
localization, which results in a highly Stokes-shifted emission, several hundreds of meV lower
than the absorption energies. This happens because the deformation of the lattice and the

change in kinetic and potential energy of the charge carriers result in large energetic losses.
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In this case, the small polarons may substantially limit the charge-carrier mobility and lead
to charge-carrier self-trapping and fast non-radiative recombination, which are detrimental

for photovoltaic applications.

2.4.7 Huang-Rhys oscillator model

The Huang-Rhys model is a first-order perturbative theory on optical transitions, which can
be applied whenever there is absorption or emission involving localized defects or impurity

centres, due to electron-phonon coupling.

Because of vibrational coupling, the shape of absorption and emission spectra depends on
the temperature. In fact, at cryogenic temperatures we are able so observe fine structure,
which is lost at room temperature because of broadening effects. The energy difference
between the maxima of the absorption and emission spectrum relative to an electronic

transition is called Stokes shift.

We assume that the reader will be familiar with the Franck-Condon principle, which explains
the intensity of vibronic transitions. The energy potential associated with an ion in a solid is
in a first order approximation harmonic. When developing a quantum mechanical
description of this energy potential we find the occurrence of vibrational states, which hold

an energy (n+1/2)hw. A schematic diagram is shown in Figure 2.14.
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Figure 2.14 Configuration coordinate diagram of two electronic states with S=2. Multiple transitions

are possible in the absorption process, as shown by the arrows, giving rise to a structured absorption
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band at cryogenic temperatures, and a broad band at room temperature. Reproduced with

permission from reference [86].

When an electronic transition occurs, there can be a change in the vibrational state. A fine
structure spectrum arises, with lines of intensity corresponding to the square of the overlap
between the vibrational wavefunctions. When the temperature increases, these peaks
broaden and the fine structure disappears. This broad band will have an energy maximum
that depends on the displacement AQ. between the harmonic potentials in the ground and
excited state. This difference relates to the different equilibrium geometries in these two

states, which can be associated to changes in bonding resulting from a different electronic
configuration. AQe is related to the so-called Huan-Rhys parameter by: § = %(){(AQe)2 with

o=pw/h where pis the reduced mass of the vibrating system [87]. The S factor is a measure
of the strength of the electron-phonon coupling and can be associated with the average
number of phonons involved in a particular electronic transition. From quantum-mechanical
calculations, the Stokes shift can be expressed as Estokes=(25-1)hw, while other works use the

relation Esiokes=2Shw [88].
2.5 Perovskite solar cells

We do not discuss the fundamentals of semiconductor junctions here, as it is assumed that

most readers would be already familiar with these topics.

2.5.1 Photovoltaic device characterization

Solar cells are typically described in terms of current density dependence under an applied
voltage and light bias. By sweeping the voltage applied to the solar cell we can extract the
current density-voltage (J-V) characteristics, along with its critical parameters (open circuit
voltage Voc, short-circuit current density Jsc, voltage at maximum power point Vimpp, current
density at maximum power point Jmpp, and fill factor FF). To model the current, we can first
consider a solar cell in the dark. In this case, the cell behaves like a rectifying diode,

producing a dark current under bias described by the ideal diode equation:

qv_
Jaark(V) = Jo (e"BT - 1) (2.26)

where Jo is the dark saturation current and V the applied bias. When the cell is exposed to
light, a photocurrent (Jsc) that flows in the opposite direction of the dark current is generated

and equation 2.26 becomes:
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qv_
]light(V) =Jo <ekBT - 1) —Jsc (2.27)

The open-circuit voltage Voc is the maximum voltage available from a solar cell, and this

occurs at zero current. Setting the net current equal to zero in equation 2.27 we obtain:

kgT
Voo = ——1In (ﬁ + 1) (2.28)
q Jo
Js¢ [mmmmmmmmono oo oo 1
Py :
© | 1
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Figure 2.15 General current density — voltage characteristic curve of a solar cell device under sun

illumination.

The open-circuit voltage Voc and the short-circuit current Isc are the maximum current and
voltage respectively, however at both of these operating points the power from the solar
cell is zero. The fill factor (FF) determines the maximum power from a solar cell in

conjunction with Voc and Isc, and is defined as:

V
pp = JmopVmpp (2.29)
]SCVOC

Graphically, the FF is a measure of the “squareness” of the solar cell and is also the area of

the largest rectangular fit to the J-V curve, as illustrated in Figure 2.15.

The long-time stability of solar cells is an important requirement for commercialization of
PSCs [89], and various factors are responsible for the degradation of perovskite and other
constituents of perovskite solar cells. Factors can be both intrinsic or extrinsic
(environmental), and a lot of effort is being put towards stability and reliability testing [12],

[15], [20], [89]-[93].
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2.5.2 Detailed balance limit

In 1961, William Shockley and Hans Queisser published an article that describes the physics
of an absorbing semiconductor solar cell using the thermodynamic principles of the detailed
balance. They predicted the maximum power conversion efficiency of a single p-n junction.
This is known as the Shockley Queisser (SQ) limit or alternatively the detailed balance limit
[28]. According to a re-visited model, the maximum efficiency is obtained for a material with
a bandgap of E;=1.34 eV, which finds a balance between the thermalization losses of the
absorbed photons with energy higher than Eg, and the number of solar photons available at
E; [94]. So far, only a few materials have a bandgap close to the ideal one, e.g. gallium
arsenide (GaAs), CulnsGaiSe; (CIGS), and certain perovskite materials (this is where the high
tunability of the perovskite bandgap has an important role). The limit can be exceeded with
a variety of techniques such as hot-carrier extraction, producing multiple carriers per
absorption of a photon, and using multi-junction solar cells [95]. Nevertheless, the detailed
balance limit remains the main reference for solar efficiency comparisons as it provides a

systematic mathematical method that can effectively model the performance of a solar cell.

The two main principles used to calculate the SQ limit are the principle of the detailed
balance and Planck’s law. Additionally, the model assumes that all the incident photons with
energy higher than the band-gap are absorbed, and that each absorbed photon generates
one electron-hole pair. Other assumptions are that the recombination processes are all
radiative, and the charges are transported to the external circuit without losses. The
idealized SQ solar cell is described through its bandgap and its temperature. The bandgap E,
defines the threshold for light absorption, which is assumed in this case to be zero below
the bandgap and maximum above it (every photon is absorbed above Eg). The

photogenerated current density Jsc under illumination from the photon Qs.n will be:

Jse =49 fooa(E)-qun(E)dE =q foo'qun(E)dE (2.30)
0 E

g

where g is the elementary charge and the absorptance a(E) is assumed to be a step function

around E,.

Because of the detailed balance principle, the photon flux in and out of a device are equal in
equilibrium. Therefore, the amount of radiation that is absorbed is equal to the amount that
is emitted if the environment and device have the same temperature, e.g. they are in
thermal equilibrium. The absorbed flux will then simply be the one radiated from a

blackbody at temperature T, following Planck’s law. When the cell is illuminated with
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sunlight, the thermal equilibrium is disturbed, and the electron and hole quasi fermi levels
are separated by a chemical potential qV. In this case we can use the generalized Planck’s
law that was introduced by Wiirfel [96]. The emitted photon flux Q from the ideal diode

under applied bias voltage V will then be:

2nE? a(E)
QV.E) = h3c2 [exp (Ek— gV) _ 1] (2.31)
B

where h is the Planck constant, c the speed of light in vacuum, a(E) the absorptance of the

solar cell and kgT the thermal energy.

If E-qgV>>ksT, when the emitted photon energies are greater than the voltages, we can

approximate the Bose-Einstein term by a Boltzmann distribution obtaining:
Q(V,E) = a(E)Q here Oy, = 2°E ( £ ) (2.32)
,E)=a where =——=exp|l——— .
bb bb = 3.2 p kpT
av_
Which is equal to the equilibrium black-body emission times a scaling factor e*s7.
If we keep the cell at a bias voltage V and under illumination, using Equation 2.30, the deficit

current density will be:

Jee —J(V) = g f Q(E)dE = ekaTq f Oy (E)AE = ko7, (2.33)
E

Eg g

where Jo is the dark saturation current.

The open-circuit voltage will be obtained simply setting the total current J=0:

kgT sc
Voo = “5in (’]—0 +1) (2.34)

and the efficiency of the cell will be:

_JscVocFF

(2.35)
Popt

where FF has been defined in the previous Section, and P, is the optical power density for
the incoming radiation. For an unconcentrated AM1.5G spectrum, the maximum efficiency
is around 33%, as shown in Figure 2.16. In actual devices, the efficiencies are lower due to

other non-radiative recombination mechanisms and losses in parasitic resistances.
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Figure 2.16 Dependence of the efficiency U(xo) of a solar cell upon the energy gap Vg of the

semiconductor. Reproduced with permission from [75].

For bandgaps greater than ~1.45 eV, there are too many unabsorbed low energy photons,
while for bandgaps smaller then ~ 1 eV the lower energy per electron/hole pair leads to a

decrease in Vo and efficiency, despite the higher values of photocurrent.

Figure 2.16 shows the record efficiency of solar cells of different materials against their
bandgap, in comparison to the SQ limit [97]. The best perovskite cells approach the best

silicon solar cells in efficiency, despite being in the research community for a shorter time.
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Figure 2.16 Record efficiency of solar cells of different materials against their bandgap, in comparison
to the SQ limit (top solid line). Reproduced with permission from [97]. Copyright 2020, American

Chemical Society
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2.5.3 Perovskite photovoltaics

Photovoltaics using organic-inorganic lead halide perovskite materials as absorber layer
have shown tremendous improvement in solar cell performance, surpassing the highest
efficiencies of semiconductor compounds such as CdTe and CIGS in only 12 years, and
approaching the highest values achieved with crystalline silicon solar cells [14]. Moreover,
the low-cost and low-temperature solution-based processes used for device fabrication
makes perovskite solar cells (PSCs) promising for potential commercialization due to the

scalability and compatibility with large scale manufacturing processes.

In 2009 Miyasaka and co-workers were the first to show the use of CH3NHsPbl; halide
perovskite as light absorbing material in dye-sensitized solar cell (DSSC) architecture,
reaching 3.8% PCE [13]. In this configuration, a mesoporous titania (TiO;) layer provides a
physical scaffold for the thin layer of dye (in this case a thin layer of perovskite) as well as
immediate collection of electrons generated in the light-absorbing layer. The charge balance
is achieved by a redox couple in the electrolyte, and the perovskite crystallises as
nanocrystals within the pores of the titania scaffold. Despite the discovery, the rapid
degradation of the perovskite absorber due to its dissolution in the liquid electrolyte
hindered remarkable device performances. This problem was eventually solved by using a
solid-state architecture with doped materials such as Spiro-OMeTAD as a solid hole-
transporting layer, achieving efficiencies over 9% [98], [99]. In 2012, Lee et al. achieved
10.9% in power conversion efficiency with the remarkable discovery that an insulating
mesoporous oxide scaffold Al,Os would lead to devices that performed equally to those
using the semiconducting TiO; scaffold, which is essential for electron extraction in DSSCs
[100]. This suggested that charge-diffusion lengths were long enough to reach their
respective electrodes. Electron-hole diffusion lengths were later quantified with the use of
time resolved photoluminescence measurements to be of the order of 1 um in thin film
MAPDbI; perovskite [101]. This long diffusion length allowed for the evolution of planar

heterojunction devices with n-i-p and p-i-n architectures.

Organic-inorganic halide perovskite show semiconductor properties that qualify them as an
excellent material for solar cells. In fact, they have exceptionally high electron and hole
mobilities of around 10 cm?V-1s1[48], a short absorption depth of the order of 100 nm [64],
as well as low radiative and non-radiative recombination rates [67]. Charge recombination
rates are slow, which means that the open circuit voltage is close to the ideal limit set by the

radiative limit approximation [102]. Urbach energies, which qualitatively measure the
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electronic disorder in the material, are reported to be as low as 15 meV for the MAPbI;
perovskite [49], which indicate high achievable voltages. A fundamental property for
semiconductor materials in photovoltaic applications is the exciton binding energy (Eex). Eex
is the energy required to split the electron-hole charge pair apart and can vary dramatically
from a few meV to about 100 meV in halide perovskite publications [80]. A low exciton
binding energy is required to achieve highly efficient solar cells, so that we can assume that
most photoexcited carriers are present as free charges, finally contributing to the current of
the device. Miyata et al. performed rigorous magneto-optic measurements which confirmed
an exciton binding energy of only a few meV at room temperature [82]. Since this value is
lower than the thermal energy ksT=25 meV at room temperature, we can assume that free
carriers are the main photoexcited carriers in lead-halide hybrid perovskites. Another
particularly important property of perovskites is the possibility to tune the bandgap by
changing their chemical structure. This feature allows for the band gap to vary from 1.24 to

2.3eV.

In 2020, 138.2 gigawatts (GW) of new photovoltaic capacity was installed worldwide [103].
A very large majority of these modules use monocrystalline and multi-crystalline Silicon
[104]. The next step for solar technology would be to drop the value of LCOE (Levelized Cost
of Energy). However, with the only use of Silicon solar cells a further cost reduction is
unlikely, or at least very challenging. The cost of installed solar panels comprise the solar
module itself, the balance of systems (BoS) which regards all the costs associates with the
installation, and the cost of operation. BoS and fabrication costs have been effectively
managed to the lowest possible values, and the improvement in cost reduction will likely
soon reach a plateau in the coming next years. In this scenario, working on the efficiency of
the modules seems to be the best pathway for cost reduction, as the energy yield would
increase while maintaining the same fabrications and BoS costs. The practical efficiency limit
of silicon single-junction devices is ~29% [104]. At the end of 2020, the certified efficiency
of perovskite-silicon tandems reached 29.52%, which would suggest that the use of
perovskite tandems is an approachable pathway to LCOE cost reduction. Further reductions
might be achieved through all-perovskite tandems. In the meanwhile, the PCE of single-
junction solar cells reached ~25%, and is likely to reach the highest certified PCE of crystalline

silicon solar cells (26.7%) soon [105].
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2.5.4 What are the challenges?

Substantial losses are present in halide perovskite materials due to deep trap-assisted
recombination. Charge carriers combine non-radiatively to the trap without contributing to
device performance. This can happen, for example, at grain boundaries [106]. There is still a
certain level of uncertainty over the exact nature of the defects that might be causing the
trap clusters [107]. Moreover, the management of interfaces still limits the open-circuit
voltage, fill-factor and stability of the devices, by introducing additional non-radiative
pathways and energy barriers, or inducing perovskite deprotonation [108]. A possible route

to solve this problem is passivation of the interfaces [93].

Stability is also one of the main factors which will need to be taken in account for
commercialization. It is well-known in literature that MAPDbI; is thermodynamically unstable,
and many efforts have been going towards developing more stable halide perovskites
compositions [91], [92], [109]. In addition, the toxicity of lead causes some concern about
risks associated with the perovskite lifecycle [110]. Beyond the hazards associated with lead,
the solvents used in perovskite processing (e.g. N,N-dimethylformamide) can be just as
hazardous, if not even more. Further effort must be put into discovering solvent-free

methods or benign solvents.

2.6 Double perovskites

As we have discussed in the previous sections, lead-halide perovskites feature remarkable
optoelectronic properties, with long diffusion lengths >1um, strong optical absorption of the
order of 10° cm™, and high photoluminescence quantum efficiencies. However, the toxicity
of the lead content and limited air-stability of some compositions has motivated researchers
to investigate new lead-free and stable materials. The investigation of lead-free perovskites
is currently one of the most popular research directions in the field. Various non-toxic
alternatives, such as replacing Pb%* with Bi** or Sb3" have been explored [111]-[115].
However, these material present poor thermal and air stability and low performance. Halide
double perovskites with general formula A;B’B’’Xs have a flexible composition due to a large
range of possible B’ and B’ site elements. Volonakis et. al. in 2016 computationally designed
the family of Pb-free inorganic halide double perovskites Cs;B’B"’X¢ with B’= Cu, Ag or Au,
B”’= Bi or Sb, and X= Cl, Br, or | [21]. Using first-principle calculations they showed that this
family has very promising optoelectronic properties, such as tunable band gaps in the visible

range and low carrier effective masses (which is an indication of high carrier mobility [116]).
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Along with the computational calculations, they synthesized the Cs;AgBiCls compound,
which they assigned to belong to the Fm3m space group (rock-salt ordering structure). Other
groups in the same year independently reported the synthesis and optoelectronic properties
of elpasolites Cs,AgBiXs (with X being Cl-and Br) [117]. These compounds are all predicted
to have an indirect bandgap [21], which implies weak oscillator strengths for absorption and
radiative recombination. A solution would be to use a thick absorber layer, as it is done with
silicon [118], which is undesirable in thin film solar cells applications if the charge carrier
mobilities are low [119]. The performances of these materials are still quite low, as they
present a modest PCE of ~2% in the case of Cs,AgBiBrs [25]. Nevertheless, there is a lot of
research still yet to be conducted in order to understand these materials and optimise them
for various optoelectronic applications. Moreover, it has been proven that in contrast to
lead-halide perovskites Cs,AgBiBrs is highly stable. This constitutes a strong reason to further
study the intrinsic properties of this double perovskite in order to be able to optimize its use

in optoelectronic devices.
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3. Experimental methods

In this chapter we introduce the experimental techniques forming the foundation of this
thesis. The first section describes the synthesis of single crystals and polycrystalline powders.
X-ray diffraction has been used extensively during this work to investigate the structural
properties of the samples. Heat capacity measurements have been used to detect the
presence of phase transitions, while neutron diffraction at the ISIS Neutron and Muon
source (UK) has been used to characterize the low-temperature phase of the compounds.
The optical properties have been investigated with the use of photoluminescence
spectroscopy, UV-Vis spectroscopy and other techniques performed by our collaborators
(where explicitly stated). Lastly, the device fabrication procedure and characterization
techniques are described in detail. The work presented in the next chapters has been

performed by the author of this thesis, unless stated otherwise.

3.1 Samples synthesis

This thesis focuses on the properties of the double perovskites Cs,AgBiBrs and Cs,AgBis.
«InyBre. In this section, we will explore the methods that have been used to synthesize these

samples.

3.1.1 Powders

Perovskite materials in the powder form exhibit high stability [89] and allow for easy
production of large quantities. Cs,AgBiBrs powder samples, shown in Figure 3.1, were
synthesised through precipitation: the chemicals AgBr (2 mmol, 99.5% purity), CsBr (4 mmol,
99% purity), and BiBrs; (2 mmol, 298% purity) were dissolved in ~4 mL of DMSO (dimethyl
sulfoxide) and then precipitated with acetone, producing ~2 g of powder after drying. Full

structural characterization of the material will be described in the next Chapter.

Figure 3.1 Photograph of polycrystalline Cs2AgBiBrs double perovskite in a glass vial.
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3.1.2 Single crystals

The ability to grow semiconductors in the form of single crystals has a fundamental role in
solar cell research. Single crystals reflect, as close as possible, the intrinsic properties of a
semiconductor. Moreover, they usually exhibit better electronic characteristics, as they
display exceptionally low trap densities (about six orders of magnitude lower than their

polycrystalline films counterparts) [120].

Single crystals of Cs,AgBiBrg double perovskite have been previously synthesised using hot
HBr (hydrobromic acid) [23] exploiting a solution temperature lowering (STL) method. The
difference in solubility of the perovskite precursors in the solvent under different
temperatures allows for the synthesis. The perovskite precursors are dissolved into the
solvent at higher temperatures, then the temperature of the solution is gradually reduced
to reach a supersaturated state which results in the growth of single crystals. Reproducing
this route was not possible due to the lack of complete solubility of the salts in hot HBr
solution, therefore we added another step to the process. We first precipitated the
polycrystalline powder, and then we dissolved the compound (~1g) in ~10 mL of 9 M HBr,
heating it at 110°C. When the sample was cooled to room temperature at a rate of 0.5
degrees per hour, we obtained ~1mm size single crystals. A photograph is shown in Figure

3.2. The complete characterization is discussed in the next Chapter.

T— - ——

9

Cs,AgBiBrg

7

Figure 3.2 Photograph of Cs2AgBiBrs single crystals grown by the solution process described in the

main text. The insert on the top-left corner zooms on a single crystal showing its symmetric shape.

For the synthesis of Cs,AgBii«InBrg single crystals, we followed a modified version of this
synthesis route. We synthesised Cs;AgBiBrs polycrystalline powder as described before, and

then dissolved the as-synthesized powder in hot HBr (~ 110°C) with the addition of InBrs in
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different proportions for each vial. Upon cooling the solution to room temperature at a rate
of half a degree per hour, we grew single crystals with a diverse range of indium contents.
The full characterization of these compounds is described in the next chapter. Figure 3.3
shows the compounds with no indium and 25% of indium, respectively. We can notice the

colour getting lighter with the increased indium concentration.

a5 a
SCO SC25

Figure 3.3 Photograph of Cs2AgBiBrs (left, SCO) and Cs2AgBio.slno.1Brs (right, SC25) single crystals.

3.1.3 Thin films

Planar thin films solar cells that use a perovskite layer to provide light absorption, ambipolar
charge transport and charge generation require a high-quality thin film of perovskite. When
using solution processing methods, the perovskite layer is typically deposited by spin-
coating: a small amount of solution is applied on the centre of the substrate, which is either
spinning at low speed or not spinning at all. The substrate is then rotated at speed up to a

certain rpm (rotation per minute) to spread the coating material by centrifugal force.

For the perovskite Cs,AgBii1xInBre layer we dissolved the precursors: AgBr (99%), BiBrs
(>98%), InBrs; (99.998%) and CsBr (99.9%) in DMSO (0.3M). The solution has been spin-
coated at 4000 rpm (with an acceleration of 4000 rpm/s) for one minute in air and then
heated at 285°C for 5 minutes. A photograph of thin films on quartz substrates is shown in

Figure 3.4.

TFO TF10 TF35

TF45  TF60

Figure 3.4 Photograph of Cs2AgBi1xInxBrs thin films on a quartz substrate. From the top left, thin film
with 0% indium (TFO), 10% (TF10), 35% (TF35), 45% (TF45) and 60% (TF60).
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3.2 Diffraction

3.2.1 Fundamentals

In 1913 W. H. and W. L. Bragg discovered that crystalline materials gave remarkably
characteristic patterns of reflected X-radiation, quite unlike those produced by liquids [121].
In crystalline materials, for certain sharply defined wavelengths and incident directions,
intense peaks of scattered radiation (Bragg peaks) were observed. These peaks carry

information that can be used to deduce structural details of the material.

a)

Reciprocal space Real space

Figure 3.5 a) Laue condition and b) Bragg’s law representation in a two-dimensional square

lattice.

Rays specularly reflected from adjoining planes are shown in Figure 3.5. The X-rays (or
neutrons) with wavevector k; and energy hw; are scattered by a crystalline sample into a
state with final wavevector ki and energy hw:. The change in wavevector will be the

scattering vector:

In the case of elastic scattering, we have |ki|=|k¢|, and thus the module of the scattering

vector will be:

B 4msin®

ol =—

3.2)

To obtain constructive interference of the scattered X-rays (or neutron), the Laue condition

has to be true [11]:

Q- R, =2mn (3.3)
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Where R, is any lattice vector locating the origin of the n™ unit cell (R,=n:a+n;b+nsc where
a, b, and c are the basis vectors of the lattice). The vectors that satisfy this equation are
reciprocal lattice vectors (Q=G), such that the scattering vector must coincide with a
reciprocal lattice point for constructive interference to be observed. Considering d=2n/|G|
and with straightforward calculations we can derive the scalar part of Laue’s condition [11].

This is called Bragg’s law, and is given by:
niA = 2dsiné (3.4)

where n is an integer, A the wavelength of the incident radiation, and d is the spacing

between the family of atomic planes associated with the corresponding diffraction peak.

In a diffraction experiment, the scattered intensity I(Q) is measured as a function of the
scattering angle (and hence Q, from eq. 3.2). To predict the intensity of Bragg scattering, we
have to consider the rate of scattering S for a given scattering vector, which depends on the

Fourier transform of the interaction potential Hix(r) between the radiation and the material:

2

S « f dar eiQ'ert(r) 6(Ef - EL) (35)
material

Here the delta function ensures that the energy is conserved. The interaction potential,
which is useful in the general case of particle scattering and in particular of neutrons
diffraction, is substituted with the electron density in the case of X-ray diffraction. In fact, in

the case of X-ray diffraction, the rate of scattering is calculated using classical relations.

We can re-express the general position, considering a crystalline material, as r =R, + x, where
X is a position within the unit cell. Substituting this into Eq. 3.5 and using the periodicity of

the potential Hint(Rinet+X), we have:

Z e!@Rn [ dxe'®*H, .(x)
cell

n

2

S o 8 (B — Ey) (3.6)

The first term in this equation will sum up to zero unless the terms add up coherently, due
to the nature of R,. This happens only if the Laue condition (Eq. 3.3) is respected. For
constructive interference to occur, we require the scattering vector to be a reciprocal lattice

vector, so we can re-write the first term in brackets as:

Vcell

3
[Z eiQ.Rn] -2 Neeu8® (6 — Q) (3.7)

where N is the number of unit cells contributing to the scattering process.
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In equation 3.6, the second term in squared brackets is called structure factor, which we can
call F(Q). This term determines the relative intensities of the diffraction peaks and it depends
on the charge distribution in the unit cell of the material. We can re-express one of the
position vectors as: x = xn + X’ where x, is the position of an atom inside the unit cell. The

structure factor then becomes:

cell cell

F@ = [ et t x0e@ = Y f@en (38)

atom

where f,(Q) is known as the atomic form factor. This factor differs in base of the type of
scattering radiation. X-rays are scattered by the electron cloud of the atoms and hence the
scattering amplitude increases with the atomic number Z of the atoms in a sample. As a
result, X-rays are not very sensitive to light atoms, and there is very little contrast between
elements adjacent to each other in the periodic table. The case of neutrons is different, since
they almost exclusively interact with nuclei. In this case, the form factor will depend mainly

on the nuclear properties of the isotopes present in a material.

3.2.1 X-ray diffraction instrumentation

Powders and thin film samples were characterized using a Panalytical X'pert powder
diffractometer with Cu anode X-ray source (Cu-Kal = 1.54060 A). Measurement at low
temperatures have been performed employing an Oxford Cryosystems PheniX cryostat.

Symmetry analysis was performed using the Isotropy Suite [122].

Single crystal X-ray diffraction has been performed using an Agilent Supernova
diffractometer with Mo-Ka radiation. Symmetry analysis was performed using the same
Isotropy Suite [122]. Crystal structures were visualised and XRD patterns simulated using the

3D visualization program VESTA.

3.2.2 Neutrons diffraction

Neutron powder diffraction has been performed using the time-of-flight diffractometer
POLARIS (a high flux, medium resolution diffractometer) at the ISIS Spallation Neutron
Source [123]. A ~5 g powder sample was loaded into a 6mm diameter cylindrical vanadium
can. Room temperature data were collected for 350 pA.hours integrated proton beam
current to the ISIS target, corresponding to ~2 hours beamtime. The sample was then
removed from the sample changer and placed in a helium flow “orange” cryostat and cooled
slowly from room temperature to 30K. The low temperature data set was collected for 450

UA.hours (corresponding to ~2.6 hours beamtime).
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3.4 Heat Capacity

The heat capacity has been measured with the use of a Quantum Design Physical Properties
Measurement System (PPMS), varying the temperature of the samples (a 5.2 mg single
crystal). The system measures the heat capacity at constant pressure:

c, = (Z_?)p (3.9)

The Quantum Design Heat Capacity option controls the heat added to and removed from a
sample while monitoring the resulting change in temperature. During a measurement, a
known amount of heat is applied at constant power for a fixed time, and then this heating

period is followed by a cooling period of the same duration.

CONNECTING WIRES APIEZON GREASE
SAMPLE /
[ ]
PLATFORM
THERMAL BATH THERMAL BATH

—
THERMOMETER HEATER

Figure 3.6 Thermal Connections to Sample and Sample Platform in PPMS Heat Capacity

Option.

As illustrated in Figure 3.6, a platform heater and a platform thermometer are attached to
the bottom side of the sample platform. Small wires provide the electrical connection to the
platform heater and platform thermometer and provide the thermal connection for the
platform. A sufficient vacuum is created with the use of a pump, which ensures that the
conductance between the sample platform and the thermal bath is entirely dominated by

the conductance of the wires.
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3.5 Photoluminescence spectroscopy

3.5.1 Steady-State Photoluminescence

Steady-state photoluminescence was measured by exciting single crystals and
polycrystalline powders with a fibre-coupled 405 nm laser. The signal has been detected
from the top surface via a fibre bundle (Ocean Optics QR600-7-SR125BX) coupled with a

spectrometer (QE Pro, Ocean Optics).
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Figure 3.7 Photograph of a single crystal and the fibre bundle used to collect steady-state

photoluminescence spectra.

3.5.2 Time-Resolved Photoluminescence

Aluminescent decay is characterized by the fall-off of the luminescence intensity i(t) at times
t 2 0 having been switched off at time t=0. Knowledge of the temporal behaviour of the
luminescence signal carries valuable information contributing to the characterization of the
recombination process and the nature of the luminescence centres. Time-resolved
photoluminescence spectroscopy (TRPL) is used to study carrier dynamics in
photoluminescent materials by collecting time-dependent emission data. A laser pulse
emitted at fixed frequency is used to perturb the sample, and a fast detector is used to

determine the emission of the material as a function of time after excitation.
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A TRPL set-up includes a pulsed laser source, a triggering system, an optical path, light
correcting optics, optical filters, and a detector. To achieve a good temporal resolution (on
a picosecond timescale) the sample emission is strongly attenuated before reaching the
detector. In any given collection interval, the probability of collecting a photon at the
detector is low, and a photomultiplier tube amplifies the signal. The low probability of a
single photon collection is balanced by the frequency of the detector collector, which ranges
between 500 kHz to a few MHz. The signal histogram is built over a sampling period of
minutes, where every current pulse at the output of the photomultiplier corresponds to the
impact of one photon on the photocathode, accompanied by the emission of a
photoelectron. The number of pulses registered per unit time is then proportional to the
number of photons hitting the photocathode during the same interval, i.e. to the incident
light flux or intensity. This technique is known as time-correlated single photon counting
(TCSPC). Measurements were recorded using a time-correlated single photon counting

(TCSPC) setup (FluoTime 300 PicoQuant GmbH).

TRPL decays were fitted with a stretched exponential model summed to a monoexponential:

1) = Ae~/ts + Be(~76:2) (3.10)

I(t) is the PLintensity at time t, t; and t; are the characteristic lifetimes and b is the stretching

exponent.

The monoexponential function is commonly used to fit PL transients [124], [125], and arises
from neglecting the bimolecular and Auger terms in Eq. 2.24. A biexponential function may
also be used to account for two decay components, attributable to separate populations of
charge carriers [120], [126]. The stretched exponential function has been used to
phenomenologically account for the presence of a local distribution of monoexponential
decay rates [52], [127]. The distribution coefficient, which is bound to be between 0 and 1,
accounts for a more heterogeneous distribution of decay rates. The average lifetime of a

stretched exponential is usually given as:

tay = EF(_) (3.11)

Where I is the gamma function [128].
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3.6 UV-Vis absorption spectroscopy

Absorption spectra were collected with a Varian Cary 1050 UV Vis Spectrometer. The
transmittance and reflectance were measured with a Perkin ElImer Lambda 1050, equipped
with a 100 nm integrated sphere. Absorption is a closely related process to emission, and
provides complementary information to PL spectroscopy. This technique measures the
wavelength-dependent absorption characteristics of a material, and it can be used to find

the energies associated with excitonic and band gap transitions.

3.7 Device preparation

Devices were fabricated in the n-i-p structure: 1TO/SnO, nanoparticles/Cs,AgBii-
«NxBre/Spiro-OMeTAD/Ag. Pre-cut glass/ITO substrates were cleaned by sequential
sonication in soap, water, acetone and isopropanol. After being dried with an N; gun, the
substrates were further cleaned with O, plasma for 10 minutes. Tin oxide nanoparticles were
prepared using 0.178 mL SnO, dispersion (15% in H,0) in 0.822 mL of milliQ water. For the
perovskite Cs>AgBii«In«Brs layer we dissolved the precursors: AgBr (99%), BiBrs (>98%), InBr;
(99.998%) and CsBr (99.9%) in DMSO (0.3M). The solution was spincoated at 4000 rpm (with
an acceleration of 4000 rpm/s) for one minute in air and then heated at 285°C for 5 minutes.
The hole transport material (Spiro-OMeTAD, Lumtec) was dissolved in chlorobenzene (85
mg/mL) and doped with 20 pl of LiTFSI (500 mg/ml in BUOH) and 30 pl of tert-butylpyridine.
The solution was then deposited on the active layer by spin-coating in air at 2000 rpm (2000
rpm/sec) for 45 sec. The devices were then left overnight in a desiccator in air atmosphere,
and then completed by the evaporation of 100 nm silver contacts. All the characterization

were performed in air.

552y 27!

Figure 3.8 Photograph of n-i-p devices samples, where the absorber is Cs2AgBi1«InxBrs, prepared as

described in the main text.
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3.8 Device characterization

3.8.1 Current Density-Voltage (JV) Measurements

All the J-V characteristics have been measured under AML1.5 illumination generated by a
WAVELABS SINUS-220 solar simulator. Each full device stack is divided into 6 pixels of 0.25

mm? area, inside a 30x30 mm square mask.

Double perovskite Cs,AgBiBrs solar cells are characterized by significant hysteresis [129]. For
this reason, voltage scans are not always a good indication of solar cell performance, as the
shape of the J-V curve will depend on the direction and speed of the scan. Therefore, for
each measurement we also perform steady state Voc, Jsc, and maximum power point (MMP)
scans. During these scans the voltage is kept constant around Vqc, 0V, or Viwvee for 30 seconds
to let the system stabilise. The stabilised values are reported at the end of the scan, giving a
more solid indication of solar cell performance. J-V curves are measured with a time step of
around 43 ms and a voltage step a hundredth of the full range, which means, for example,

14 mV steps for the range from -0.2 to 1.2 V.

3.8.2 External Quantum Efficiency

External quantum efficiency was acquired with a custom build Fourier transform
photocurrent spectrometer utilizing a Bruker Vertex 80v Fourier Transform Interferometer.
Devices were calibrated to a Newport-calibrated silicon reference solar cell with known
external quantum efficiency, and illuminated with an AM1.5 filtered solar simulator. Device

active areas were masked with a metal aperture, having an active area of 0.0919 cm?.

3.8.3 Photoluminescence Quantum Efficiency

For the measurement of the photoluminescence quantum efficiency (PLQE), a CNI Low Noise
Violet Blue 405 nm 200 mW laser is used with an integrating sphere and an Ocean Optics
Maya2000 Pro spectrometer. A calibration halogen lamp from OceanOptics is used to
calibrate the system, including the sphere, fibre and spectrometer. The PLQE is calculated

according to the method developed by De Mello et. al in 1997 [130].

PLQE can be interpreted as the ratio of radiative to non-radiative recombination under open-
circuit conditions. Radiative recombination is strongly related to absorption, while non-
radiative recombination is a purely parasitic process, therefore the higher the PLQE, the

better the achievable performance of the solar cell [131]. Each order of magnitude decrease
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in PLQE causes a Voc loss of 60 mV in the thermodynamic limit, as shown with the use of

thermodynamic modelling [132], [133].
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4. Low-temperature transition in

Cs,AgBiBrg double perovskite

The work presented in this chapter has been published in:

Schade, L.; Wright, A. D.; Johnson, R. D.; Dollmann, M.; Wenger, B.; Nayak, P. K;
Prabhakaran, D.; Herz, L. M.; Nicholas, R.; Snaith, H. J. and Radaelli, P. G “Structural and
Optical Properties of Cs,AgBiBrs Double Perovskite” ACS Energy Lett. 2019, 4, 1, 299-305.

DOI: 10.1021/acsenergylett.8002090
Direct link:

Reproduced with permission from ACS Energy Lett. 2019, 4, 1, 299-305. Copyright 2019

American Chemical Society

4.1 Context and summary

Organometal lead halides perovskites have been extensively investigated due to their
outstanding optoelectronic properties such as a tunable bandgap, impressive tolerance to
defects, high carrier mobilities, strong absorption coefficient, and long exciton diffusion
length. Up to now, PSCs power conversion efficiencies reached an impressive 28% [14].
Nevertheless, these hybrid materials suffer from degradation of the organic component
under exposure to environmental conditions, limiting the operating life-times of the devices.
For this reason, researchers have recently focused their attention on all inorganic
perovskites, which have proved to show a higher thermal stability [22]. CsPbl; has been one
of the mostly studied compounds for this purpose, however to date it has proven highly
challenging to stabilize the room-temperature crystalline polymorph of this material [134].
At the same time, the discovery of the impressive functionality of lead halide perovskites
had driven the attempt from the research community to discover new metal-halide

semiconductors with improved properties.

Double perovskites with general formula A,¥*M¥*M’3*Xs have been recently proposed as all-
inorganic alternatives. Among them, Cs,AgBiBrs is one of the few materials which have
delivered substantial photovoltaic performance since the discovery of lead halide perovskite
solar cells. While stability has proven to be one of the main challenges of lead halide

perovskite materials [135], Cs2AgBiBrg is highly stable, both structurally and chemically [22].

Laura Schade, Trinity 2021


https://doi.org/10.1021/acsenergylett.8b02090

61

Additionally, this material has been predicted to have relatively low carrier effective masses
[21], and it has shown long carrier recombination lifetimes [23]. When this work was carried
out, Greul et al. [24] and Gao et al. [25] had incorporated Cs,AgBiBrs thin films into working
devices for the first time, achieving a 2.23% of power conversion efficiency. Although this
value is significantly lower than the PCE of hybrid perovskites devices, this family of materials
is also much less mature in terms of device technologies and has significant potential for
applications, as demonstrated by the discovery of highly efficient neat white light emission
from the Cs,AgInCls double perovskite [115]. Furthermore, they represent a good model
system to understand deficiencies and to optimize the search for new compounds in the

same family.

While some effort was made to improve the performances of the material, very little was
known about its intrinsic properties, and particularly how the structural properties impact
the optoelectronic characteristics. This information is fundamental in order to improve this
family of double perovskite, and also to design new compounds with improved or

complementary properties.

This Chapter focuses on the structural properties of the Cs,AgBiBrs compound, with the
characterization of both single crystals and powders samples. Low-temperature dependent
XRD measurements resulted in the discovery of a low-temperature phase never reported

before. A complete structural solution for the new phase is also detailed in this Chapter.

4.2 Experimental details

Single crystals and powders were synthesized according to the procedure described in
subsection 3.1. Experiments were carried out and analysed by the author of this thesis unless
stated otherwise. Neutron-diffraction data were collected by Ron Smith at the ISIS Pulsed
Neutron and Muon Source, supported by a beamline allocation from the Science and

Technology Facilities Council under the Xpress programme.

4.3 Results

4.3.1 Room temperature X-ray diffraction

On the basis of X-ray diffraction measurements, McClure et al. [117] determined the
ambient-temperature crystal structure of Cs,AgBiBrs to be cubic with a=11.2711(1) A and

space group Fm3m, which accounts for the Ag/Bi ordering on a rock-salt superstructure. We
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characterized our single crystals and powders with the use of X-ray diffraction. The single
crystal data were fit with the established cubic crystal structure [117] giving outstanding
goodness-of-fit, which demonstrated excellent crystal quality. The complete single crystal
XRD pattern is shown in Figure 4.1. Figure 4.2 shows the plot of F2cc versus F2obs, along with
a plot of the x=y function (red dashed line) as a guide for the eye. The data points perfectly

follow the line, indicating outstanding crystal quality.
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Figure 4.1 — Single crystal XRD pattern and least-square fitting. The red circles (which are almost
completely hidden by the fitting) are the experimental data points, the black ones the fitting ones,

and the blue ones the residuals.

fffff E
800000 - R
600000 | & -
" :
Q2
o™ o 7=
LL 400000 - A 1
/II i
3
200000 - .

0 1 1 1 1
0 200000 400000 600000 800000
2

calc

Figure 4.2 Plot of F? calc versus F2obs for the structural refinement of a Cs2AgBiBrs single crystal. The
red line is a guide to the eye. The data points perfectly follow the line, indicating excellent crystal

quality.

Structural information for the single crystals is detailed in table 4.1. Lattice parameters differ

from the ones previously reported in [117] by a 0.027%.
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Cell parameters

Space group:  Fm3m

Z=4

a 11.2741(2)

Vi, 358.250(1)

Refinable atomic fractional coordinates

Atom X y Zz
Br 0.25093(2) - -

Anisotropic atomic displacement parameters (x100 [A2])

Atom Uil Uz Uss

Cs 4.86(1) 4.86(1) 4.86(1)
Bi 1.76(7) 1.76(7) 1.76(7)
Ag 2.50(2) 2.50(2) 2.50(2)
Br 1.69(1) 7.13(2) 7.13(2)

Data collection

# measured reflections: 363

# independent reflections: 35

Data reduction Rint:5.33%

(Criterion for observed reflections: | > 3.00(/))
# observed reflections: 359

# fitted parameters:9

Table 4.1 Room-temperature crystal structure of Cs2AgBiBrs, as refined from single crystal X-ray
diffraction data. In Fm3m the atoms are located at the following Wyckoff positions. Cs: 8c (1/4, 1/4,
1/4) ; Bi: 4a (0, 0, 0); Ag: 4b (1/2, 1/2, 1/2); Br: 24e (x, O, 0). Vr.u. stands for volume per formula unit.

The off-diagonal anisotropic displacement parameters U12=U13=U>23 are =0 by symmetry.

A real-space representation of the room-temperature crystal structure is shown in Figure

4.3, based on our structural refinement.

Figure 4.3 Representation of the Cs2AgBiBrs crystal structure. The red circles represent the Cs atoms,

the green ones the Br, and the yellow-orange ones represent the Bi atoms and the grey ones the Ag.

Powder samples were characterized with the use X-ray (presented here) and neutron
(presented in sub-section 4.3.4) diffraction. Figure 4.4 shows the XRD pattern and the
Rietveld refinement for the Cs,AgBiBrs powder samples at room temperature. The fit with
the same cubic structure model well reproduced the majority of peaks in the diffraction

pattern. However, a ~20 wt % CsAgBr, impurity phase was also identified.
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Figure 4.4 X-ray diffraction pattern with Rietveld refinement measured for Cs,AgBiBrs powders. The
red dots represent the experimental points, while the black pattern is the calculated one. The green
vertical lines represent the main phase (upper) peak positions, and the impurities — secondary phases

— (down) peak positions.

In both refinements, the B-site cations were found to be fully ordered within the sensitivity
of the measurement (the occupancy of Ag and Bi was found to be 1.00+0.05). This is
important to note because the optical properties may change with the degree of

occupational disorder of the B-site [136].

4.3.2 Temperature dependent heat capacity

Temperature-dependent heat capacity measurements were performed to investigate the
possibility of a phase transition at low temperatures. A 5.2 mg Cs,AgBiBr¢ single crystal was
used for this measurement. The data are shown in Figure 4.5a, where we observe a sharp
anomaly at Ts = 122 K, indicative of a second order or weakly first order phase transition.
From detailed measurements on heating and cooling near this transition temperature Ts, as

shown in Figure 4.6, we can observe the absence of thermal hysteresis.
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Figure 4.5 Temperature dependence of a) the heat capacity (error bars are smaller than the data
points; the dashed line is a Debye fit to the data below the phase transition), b) lattice parameters, c)
the unit cell volume, and d) the spontaneous strain. The red line marks the transition temperature at
Ts =122 K.
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Figure 4.6 Specific heat capacity near the transition temperature Ts on both cooling (blue circles) and

warming (red circles).

We fitted the T<T; heat capacity c, range with a Debye model (Eq. 4.1), obtaining a Debye

temperature of Tp=114(4) K. The factor N represents the number of modes, which has been
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considered as a free parameter in the fit. The factor x is the temperature of the system. The
fit curve is shown as a blue dashed line in Figure 4.5a. The small discrepancy between the
fitting curve and the experimental data can be addressed considering that the density of
states (DOS) of the phonons doesn’t exactly follow the Debye law, and it is higher at lower
frequencies.

T\ x
Cp(X) = 9NkB (E) fx‘*(exeT)zdx (41)

The Tp value found for this material is lower than the most commonly known hybrid-halide
perovskites [137]. The Debye temperature can be linked to the hardness or softness of a
material.

_ hwp

T, = N (4.2)

In fact, in equation 4.2 wp is the Debye frequency, which can be thought as the maximum

frequency the solid normal modes can stand and we can write:

21y

Wp = Wmax = vslkmaxl = (4‘-3)

)\min
where vs is the propagation velocity of sound in the solid [11]. Equations 4.2 and 4.3
combined tell us that the Debye temperature is proportional to the sound velocity in a solid.
We can then conclude that Cs,AgBiBrs double perovskite has lower values of the sound

velocity and bulk modulus B (Tp o vB [138]) if compared with other common hybrid

perovskites. This results in a slightly softer material.

4.3.3 Temperature dependent X-ray diffraction

The presence of a structural phase transition was confirmed with the use of temperature
dependent X-ray diffraction. The diffraction peaks become strongly split below Ts, as shown
in Figure 4.7. The range ~[32-33]° in the Figure shows the (400). peak (where the subscript
“c” indicates the cubic phase) at room temperature (light blue curve) and at lower
temperatures down to ~15K. We can notice a slight splitting starting at around 122K, which
then increases for lower temperatures. The peak splitting is consistent with the lowering of

the crystal symmetry to tetragonal with a unit cell elongation along the c axis.
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Figure 4.7 X-ray diffraction pattern plotted in the range ~[32-33]°, where the (400). peak of the cubic

room-temperature structure is present, in function of temperature.

This symmetry then persists down to the lowest measured temperature (15 K). We assumed
tetragonal symmetry, which is the highest symmetry compatible with the (400). splitting in
two peaks, and we fitted the peaks at each temperature with a Gaussian shape. After
extrapolating the peaks positions we calculated the corresponding lattice parameters and
volume with the use of the Laue equation (Eq. 3.2 in Chapter 3). These are illustrated as a

function of temperature in panels b and c of Figure 4.5.

4.3.4 Neutron powder diffraction

To determine the low-temperature tetragonal crystal structure of Cs,AgBiBrs, we collected
neutron powder diffraction (NPD) data at room temperature and at 30 K. The cubic structure
was refined against our room-temperature NPD data, as shown in panel a of Figure 4.8. We
found an excellent agreement with our previous single crystal XRD refinement (illustrated in
sub section 4.3.1). The list of the two sets of room-temperature structural information are
listed in Table 4.2, in the room temperature neutron powder diffractions (NPD) and powders

XRD columns.
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Figure 4.8 Neutron-diffraction patterns with Rietveld refinement for the time-of-flight neutron

diffraction profiles measured for Cs2AgBiBrs at a) room temperature and b) 30 K. The red dots

represent the experimental points, while the black pattern is the calculated one. The black vertical

lines represent the main phase (upper) peaks positions, and the impurities -secondary phases- (down)

peaks positions.

I1/m Fm3m
Lattice Parameters [A]
atc 7.8794(4)

Cte 11.3236(7)

Vi [A’]] 35151(3)  358.66(3)

NPD 30K NPD RT XRD RT

Fm3m

11.2784(5)  11.27301(9)
11.2784(5)  11.27301(9)

358.145(5)

Refinable atomic fractional coordinates

Brlz | 0.27976(2) 0.25072(1)
y | 0.77941(2) -
Br2 z 0.24959(2) -

Atomic displacement parameters 100x U, [AQ]

0.25143(2)

s 0.900(9)  4.517(1) 3.56(4)
Ag 0.204(5)  1.169(1)  0.55(4)
Bi 0.475(5)  2.229(2) 1.99(8)
Brl 0.966(7) 4. 879( ) 4.05(4)
Br2 0.966(7) -

Refinement reliability paramctcrs [%]

R, 1.02 1.37 0.96

Rup 1.04 1.41 2.59

Table 4.2 Refined crystal structure parameters for Cs2AgBiBrs. ac = v/2at; cc = ¢, where subscripts ¢

and t refer to the cubic and tetragonal unit cells, respectively. In Fm3m, the atoms are located at the

following Wyckoff positions. Cs: 8c (1/4, 1/4, 1/4) ; Bi: 4a (0, O, 0); Ag: 4b (1/2, 1/2, 1/2); Br1: 24e (x,

0, 0). In the 14/m space group: Cs: 4d (1/2, 0, 1/4); Bi: 2a (0, 0, 0); Ag: 2b (0, 0, 1/2); Br1: 8h (x, y, 0);

Br2: 4e (0, 0, z). Viu. stands for volume per formula unit.
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To find the low-temperature space group, we hypothesized a space group starting from the
parent structure. Considering that we don’t see any new peaks appear when lowering the
temperature, no translational symmetry breaking occurs in this transition. Hence, there are
just two candidate tetragonal subgroups of the Fm3m parent structure: 14/mmm (no. 189)
and 14/m (no. 87). 14/mmm is reached by a tetragonal distortion of the MBrs octahedra,
while 14/m in addition allows for a coherent rotation of the MBrs octahedra about the
tetragonal axis, where BiBrs and AgBrs octahedra rotate in opposite senses. Therefore 14/m
permits both deformations and rotations of the octahedra, while 14/mmm allows only the
deformation of the octahedra. Because 14/m is a subgroup of I4/mmm, the atomic
displacements allowed in 14/mmm are also allowed in 14/m; hence, we can refine the crystal
structure using the 14/m space group, and assess a posteriori whether the additional
symmetry lowering is justified. A Rietveld refinement was performed using a 14/m crystal
structure model against neutron powder diffraction data at 30 K, obtaining an excellent
agreement, as shown in panel b of Figure 4.8. The structural information are reported in the

first column of Table 4.2.

With respect to the cubic phase, the AgBrs octahedra underwent a tetragonal distortion of
r«/ryy = 1.009 + 0.008, and the BiBrs octahedra one of 1.007 + 0.009 (where ry, and r,
represent the bond lengths between Ag/Bi and Br in the plane and along the c axis,
respectively). At the same time, the octahedra in the tetragonal phase rotate by 6 = (6.75 +
0.15) ° in respect to the cubic one. From these results we deduce that the primary distortion
below Ts is the octahedral rotation, and the tetragonal elongation is negligible, confirming

the choice of the 14/m space group.

4.3.5 Tetragonal strain

It is well known that lattice parameters determined from the XRD data can be used to derive
spontaneous strains. The strain arising at the phase transition is expected to provide insights
into the nature and mechanisms of the phase transition. Therefore, the spontaneous
tetragonal strain has been calculated from the XRD data, following the formula:

_2(a—o)

o= @t 0 (4.4)

and is shown in Figure panel d of Figure 4.5. It obeys a linear relationship reasonably well

near the phase transition, while departing from it markedly at low temperatures.
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For octahedral tilting transitions in perovskites, the order parameter is represented by the
tilt angle n, which is the octahedral rotation angle (the rotational degree of freedom). The
tetragonal strain is expected to vary with n? for the Fm3m = 14/m octahedral tilting
transition. In fact, the spontaneous strain is proportional to either n or n? depending on
symmetry relations. o < n for symmetry-breaking strains when ¢ and n have the same
symmetry, and o « n? for all other strains [139]. A symmetry breaking strain is a strain
which transforms as any irreducible representation of the point group of the high-symmetry
phase, other than the identity representation. Non-symmetry breaking strains transform as
the identity representation and are thus always permitted by symmetry. Landau theory
provides a convenient theoretical framework for the quantitative thermodynamic analysis
of materials. The excess free energy can be expressed (in systems in which the order

parameter is not itself a strain) in terms of the Landau free energy with the addition of the
Hooke’s law elastic energy %Zi,k Ci(}(aiak and the coupling energies due to interactions

between the order parameter and the strain X; ;o Aimn0; M", Where m, n are powers
exponents. In our simplified case, where the strain o is a scalar, the coupling energies will
simply be Aon" , and we can determine the power exponent n on the basis of symmetry
considerations. In fact, the strain components in the energy must obey to symmetry rules:
each term must be invariant with respect of all symmetry operations of the space group of
the high-symmetry phase. In other words, every term should transform as the identity
representation of the space-group of the high-symmetry phase. Then, the relationship
between the strain and the order parameter is established by considering the conditions for

equilibrium. For detailed calculations, the interested reader may refer to reference [140].

For a practical example considering our system, the high-temperature phase presents some
two-fold axes, which are not present in the low-temperature phase. If we consider the
transformations of o and n by rotation by 180° around an in-plane axis, the order parameter
n changes sign, while the sign of the strain o doesn’t change. Since all the expansion terms
of the free energy have to be invariant under the application of the symmetry operators of

the high-temperature phase, the lowest order in o for the coupling energies has to be Aon?.

In the mean-field approximation, n? should be linearly proportional to the reduced
temperature t=1-T/T.. More generally, the order parameter should follow the relation n =
t?, with the critical exponent B = 1/2 in the mean field. The Fm3m = 14/m phase transition
is allowed to be second order, even though the possibility of a weak first-order phase

transition cannot be completely excluded. In fact, it is in general very difficult to determine
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B with any accuracy. With further data available, we will discover in Chapter 6 that the

transition is actually close to a tricritical point.

4.4. Discussion

In this Chapter we explored the structural properties of Cs,AgBiBrs double perovskite. The
structure is cubic at room temperature, with space group Fm3m, in agreement with previous
reports [117]. The Ag-Bi cations are ordered on the B site, as in a rock-salt structure. Our
fittings demonstrated excellent quality of the synthesized single crystals. Moreover, the
solution-processed powder samples present high crystallinity with a ~20% amount of

impurity phases.

With the use of temperature-dependent heat capacity, XRD and neutron diffraction
measurements, we discovered and analysed the presence of a low-temperature phase. This

phase is tetragonal, with space group 14/m.
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5. Optical properties of Cs,AgBiBrg double

perovskite

The work presented in this chapter has been published in:

Schade, L.; Wright, A. D.; Johnson, R. D.; Dollmann, M.; Wenger, B.; Nayak, P. K
Prabhakaran, D.; Herz, L. M.; Nicholas, R.; Snaith, H. J. and Radaelli, P. G “Structural and
Optical Properties of Cs,AgBiBrs Double Perovskite” ACS Energy Lett. 2019, 4, 1, 299-305.

DOI: 10.1021/acsenergylett.8002090
Direct link:

Reproduced with permission from ACS Energy Lett. 2019, 4, 1, 299-305. Copyright 2019,

American Chemical Society.
And in:

Zelewski, S. J.; Urban, J. M.; Surrente, A.; Maude, D. K.; Kuc, A.; Schade, L.; Johnson, R. D.;
Dollmann, M.; Nayak, P. K.; Snaith, H. J.; Radaelli, P.; Kudrawiec, R.; Nicholas, R. J.; Plochocka,
P. and Baranowski, M. “Revealing the Nature of Photoluminescence Emission in the Metal-

Halide Double Perovskite Cs,AgBiBrs” J. Mater. Chem. C 2019, 7, 8350-8356.
DOI: 10.1039/C9TC02402F

Direct link:

Reproduced with permission from. J. Mater. Chem. C, 2019,7, 8350-8356. Copyright 2019,

Journal of Materials Chemistry C.

5.1 Context and summary

In the previous Chapter we have described the structural properties of the Cs,AgBiBrs double
perovskite at room temperature and revealed the presence of a structural phase transition
at Ts ~ 122 K between the room-temperature cubic structure (Fm3m) and a new low
temperature tetragonal one (14/m). In this Chapter, we will focus on the optical properties
of this material as a function of temperature, and particularly on how they relate to the

structural properties.
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Cs,AgBiBrs is an indirect band gap semiconductor with an absorption edge in the range 1.8-
2.2 eV [23], [117], [141]. When this work was performed, the charge carrier dynamics of this
compound had already been explored with different techniques [142], [143]. In spite of
these effort, very little was known about the relationship between the structural and optical
properties and in particular about the direct band gap transition, which was originally
predicted to be at the X-point and 0.7 eV higher than the indirect band gap [141] and it is
visible as a sharp absorption peak at about 2.8 eV, typical of two-particle transitions. This is
the dominant feature in the absorbance and reflectivity of thin films [143], nanocrystals

[144], and bulk crystals [117].

Understanding structure-property relations in this model structure is highly relevant for
materials that are already known to have higher efficiencies, as they have closely related
crystal structures, and for guiding the design of future compounds. For example, the well-
known MAPbI; compound undergoes ferro-elastic phase transitions that are closely related
to Cs,AgBiBrs, and crystallizes in a distorted phase at room temperature [145]. Therefore,
understanding structure-property relations is important to facilitate a rational design of

better halide PV materials.

Reflectivity measurements allowed us to establish the temperature dependence of the
excitonic transition at the direct band gap, which we then fitted to find a linear relationship
with the tetragonal strain. This demonstrated that the direct gap is primarily controlled by
MBre octahedral rotations that characterize the tetragonal phase. On the base of
photoluminescence measurements, we evidenced the presence an additional fast charge-
carrier recombination mechanism at temperatures lower than the tetragonal phase
transition, which is suppressed in the cubic phase and might be associated with strain at

tetragonal boundaries.

The photoluminescence emission in Cs,AgBiBrs is strongly influenced by the strong electron-
phonon coupling present in this material. In a last Section, we describe how the PL emission
can be related to a colour centre, rather than to a band-to-band transition. Nevertheless,
there isn’t clear consensus in the literature, and further studies need to be considered to
gain a wider prospective on the topic. A brief analysis of the spread in research opinions is

presented in the final Discussion.
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5.2 Experimental details

Reflectivity measurements and analysis were performed by Dr. Markus Dollman. An Ocean
Optics HL-2000-FHSA halogen white light source was directly coupled into a fibre leading to
the sample. To account for the background in the signal caused by reflections due to the
setup and the fibre, all reflectivity measurements were divided by a reference measurement.
This method effectively removed all noise and left the reflectivity signal coming from the

sample unchanged.

The temperature dependent PL measurements and analysis have been performed by Dr.
Adam Wright. The samples were mounted in a gas-exchange helium cryostat, and PL spectra
and transients were taken as the sample was heated over temperatures from 4 to 295 K in
increments of between 5 and 25 K. A laser intensity of 62 W cm was used when obtaining
the PL spectra, and a fluence of 210 nJ cm™ for the PL transients. To measure the reflectance
and transmittance spectra, an FTIR spectrometer was used, configured with a tungsten
halogen lamp illumination source, a CaF, beam-splitter and a silicon detector. The samples

were mounted in a gas-exchange helium cryostat.

5.3 Results

5.3.1 Direct gap energy and bond angles

Reflectivity measurements were performed on single crystals of Cs,AgBiBrs double
perovskite as described in Section 5.2. As shown in panel a of Figure 5.1, we observe that
the predominant feature in the spectrum is a dispersive edge, characteristic of a band-edge,
free-carrier excitonic absorption, which strengthens rapidly and narrows with decreasing

temperature.
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Figure 5.1 a) temperature-dependent reflectivity data and b) modelled frequency (Energy) response
of a typical absorption resonance showing the dependence of the real and imaginary components of

the dielectric function, the reflectivity, R and its derivative.

Panel b of Figure 5.1 shows the real and imaginary parts of the dielectric function as a
function of reduced frequency. In the same graph, we plotted the reflectivity R and its
derivative dR/dw of a thick crystal. The similarity between the plots demonstrates that the
derivative plot shows a peak which is close to the original resonance, with a FWHM (full
width at half maximum) of approximately half of the original dielectric function. This means
that, using an approximation of the Kramers-Kronig relations, the negative energy derivative
of the reflectivity (-dR/dE), produces peaks at almost exactly the energies of the resonant

absorption and improves the spectral resolution.

For this reason, we fitted the peaks in Figure 5.1b) to the real part of the linear susceptibility

X using the relation:

2 _ g2
R=Sa4—— = (5.1
v? + (E? - EF)

where Aj, Ej, and y;j are the amplitude, resonance energy and broadening parameter for any

resonances present.
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Figure 5.2 Temperature dependence of normalized differential reflectivity (-dR/dE). The data are
scaled for a better visualization. The lowest-temperature spectrum has been fitted with two peaks
shown by the dashed lines, which have the same line width, an intensity ratio of 2:1, and a splitting

of 25 meV.

As shown in Figure 5.2, the peak narrows and shifts with temperature. By 1.5 K the full width
at half maximum is only 30 meV (corresponding to a spectral broadening of 60 meV),
allowing for a higher accuracy in the measurement of the interband excitonic transition
energy Ee. The analysis of these reflectivity peaks has been performed by Dr. Markus
Dollman. We combined his extrapolated data with our calculated spontaneous strain values,

and the findings are shown in Figure 5.3.
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Figure 5.3 Absorbance peak values (empty circles) plotted as a function of the reduced temperature
and fitted with Equation 5.2 (dashed line). The fit demonstrates the linear relationship between the

increase in exciton energy in the tetragonal phase and the tetragonal strain.

The dashed line in the figure is a model constructed based on the strain data in Figure 1d

and assuming the following functional relation:
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Eex = Egap — Ep = ¢ + cl?/—lol + c,0 (5.2)
where E is the exciton energy, Eqqp is the direct energy gap, Ey is the exciton binding energy,
V is the unit cell volume, and o is the spontaneous strain from the data in Figure 4.5. The
model is in excellent agreement with the data, and it was constructed assuming that E; is
independent of temperature, while Egap is controlled by and proportional to the electronic
bandwidth W in the temperature range we probed. Two parameters are controlling the
bandwidth: the B-X bond length d, which increases monotonically with temperature, and
the B-X-B’ bond angle 8, which is related to the octahedral rotation (the order parameter 1)

as 8 + 2n = m, as shown in Figure 5.4.

0=m 0+2n=m

Figure 5.4 Schematic representation of the angles n and 6 in the distorted perovskite structure.

We denote the gap energy AE; as the change in gap energy from the hypothetical
undistorted perovskite (8 = ), do and Vo as the zero-temperature M-X bond length and
volume respectively, and y as the appropriate exponent for the bond length. The gap energy

will then be:
AE; = & (d¥ — df) + &(cosf + 1) (5.3)

The first term of Equation 5.3 relates to the change in bond length M-X, while the second
term is related to the octahedral rotation change. When we expand the two terms, we

obtain:
AV
AE; ~ chyy— + 28,12 (5.3)

03,

which is equivalent to equation 5.2.

Laura Schade, Trinity 2021



78

From Figure 5.3, we can notice that changes in the exciton energy are largely dominated by
bond angles rather than bond distances. In fact, determining the values of ¢; and c; from the

fitting we obtain:
c; = 0.16 ¢V, ¢, =1.01+0.02eV (4.4)

This demonstrates that c; is small in comparison with c;, meaning that the octahedral tilting
has the main influence on the energy. A change in band gap of ~1 eV has also been observed
by Stoumpos and Kanatzidis [146] for the family of APbl; compounds where 8 varies from 1t
to /2 in a sequence of different crystal structures, while the dominant role of the M-X-M’

angle on the band gap changes has been discussed for the tin-iodide perovskites [147].

In Figure 5.2, we notice that at the lowest temperatures the spectra present an unresolved
splitting of ~¥25 meV into two peaks with an intensity ratio 2:1. This could be consistent with
a strain-induced lifting of the X band gap degeneracy. In fact, in case of degenerate bands,
strain does not only shift the band as a whole, but may also split bands as a result of partial

or complete removal of degeneracy upon reduction of symmetry.

5.3.2 Absorption and steady-state PL

Absorption and steady-state PL spectra of a Cs,AgBiBrg single crystal are illustrated in Figure
5.5 at 275 K and 25 K. We notice a sharp rise in the absorbance at energies higher than 2.2
eV, which redshifts continuously with increasing temperature. The same rise has been
previously associated with an indirect bandgap [141], [143]. The absorption spectrum has
therefore been fitted with the functional form ~(E-E)?, consistent with an indirect bandgap

whose onset correlates well with the values of the PL peak maxima.
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Figure 5.5 Photoluminescence and absorbance measurements. Steady-state PL (solid blue line) and

absorption coefficient (solid red line) at 25 K (a) and 275 K.
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This agrees with the consensus, at the time of this study, that the PL could be assigned to
recombination across the indirect band gap, although a defect-assisted pathway was also
proposed [142]. The value of the indirect gap at room temperature (1.87(3) eV) is within the
range of those previously reported in the literature (between 1.83 and 2.25 eV) [148] and
increases to ~1.97 eV at 25 K. We note that this direction of band gap change with
temperature is opposite to that usually observed for lead and tin halide perovskites but the

same as that observed for most conventional semiconductors, such as Si and GaAs [149].

Steady-state photoluminescence (PL) measurements were collected between room and low
temperatures with an excitation wavelength of 398 nm. As shown in Figure 5.5, at 25 K, we
observe the presence of a PL peak at ~1.97(1) eV, i.e., ~0.9 eV below the exciton energy,
with a FWHM of ~0.2 eV. We observe only a weak dependence of the PL peak position with
increasing temperature, while the peak width increases to ~0.6 eV at room temperature.
Unsurprisingly, the indirect bandgap PL is weak, as observed already before [142]. The PL
peak energies correlate well with the values of E'; estimated from the quadratic fits to the

absorbance spectra.

5.3.3 Time-resolved photoluminescence

The PL transients at the peak PL emission energy were measured using TCSPC, as detailed in
the experimental Section, to characterize the temperature dependence of charge-carrier
recombination mechanisms in Cs;AgBiBrg single crystals. The transients are shown in Figure
5.6. At temperatures up to the phase transition Ts, we can notice the presence of two
different channels for the PL decay: a very fast component, labelled S for “short”, and a very
long one, labelled “L”. We can notice that the short component of the decay is only present
in the low-temperature tetragonal phase, while the long one is present throughout. At T =
4 K the short decay was modelled with a mono-exponential and has a very short time
constant of Tshort = 1 ns, while the “L” one has a very long time constant, such that it cannot
be reliably measured at this temperature. Upon warming, the lifetime of the S component
remains much lower than that of the L component, while its overall intensity decreases. By
contrast, the decay of the L component becomes faster on warming. Above ~50 K, the L
component can be fitted with a stretched exponential, yielding average lifetimes that vary

between ~50 us at 50 K to a few nanoseconds at 200 K and above.

Laura Schade, Trinity 2021



80

Time (ns)
0 20 40 60 80 100
1 [kc +T  ——u4K 50K =——— 100K |
—— 25K —— 75K

sd epg® &

d — 125K e 175K 226K = 275K
T R 200K ——— 250K ——— 295K 1

PL Intensity (normalized) PL Intensity (normalized)

0.1 F\\
6 : T o T T T T
a re A 6
—_ g X E._-( .-'.- I E
%) af = 4 g
S 10°F X £ !
(0] X 22
.E g’ X .\’ - ‘%
D 402 [ X Tong X 0
1000 % e x 0 40 80 120}
7 r X T(K) 1
100 peRERk KKKk K X X x x 2
" 1 A 1 i 1 " 1 " 1 "
0 50 100 T, 150 200 250 300

Temperature (K)

Figure 5.6 c) Dots: PL transients (excitation at 398 nm, fluence 210 nJ cm™2) at temperatures between
4 and 100 K (tetragonal phase). Solid lines: global fits of the sum of a stretched exponential (long) and
a monoexponential (short) component, with the lifetime of the latter common between the
temperatures. d) Dots: PL transients at temperatures from 125 to 295 K (cubic phase). Solid lines:
stretched exponential fits. Black arrows indicate the overall temperature trends. e) Lifetimes of the
long (blue) and short (red) components, shown on both sides of the phase transition temperature Ts.
Below 50 K, the fitted long component lifetimes exceed the measurement capability of the system,
as indicated by the blue arrow. The inset shows the temperature dependence of the ratio between

the intensities of the short and long components.

The intensity ratio between S and L is shown in the inset of panel e. When correlated with
the structural and reflectivity measurements, these data demonstrate that the S decay
channel is present only in the tetragonal phase and that it rapidly becomes weaker as the
tetragonal distortion is reduced. Therefore, we can speculate that S is associated with

defects concentrating at the twin boundaries, which spontaneously form on cooling through
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the phase transition. In this scenario, the onset of the S component doesn’t need to correlate
precisely with Ts, because a minimum value of twin boundary strain is usually required for
the formation of defects. This hypothesis could be verified by repeating the PL
measurements on a single crystal cooled under biaxial compressive strain to promote the

formation of a single tetragonal domain.

In Figure 5.6, we only show the early time decay (up to 100 ns), for approximately the first
order of magnitude reduction in PL signal. Figure 5.7 illustrates a transient PL decay for a

Cs,AgBiBrs crystal measured at room temperature over a longer time period.
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Figure 5.7 Time-resolved photoluminescence from Cs2AgBiBrs single crystals. The excitation

wavelength used was: 397.7nm, with a fluence of 46 nJ/cm?.

We can indeed notice that there exists a much longer component of the PL decay at room
temperature, in agreement with the literature [23]. This component has been assigned to
incredibly long carrier lifetimes in Cs,AgBiBrs [23]. However, these lifetimes have been

derived from a tail of very low intensity, which can be assigned to trap states depopulation.

To summarize, it appears that there are three components to the PL dynamics. The very fast
short decay S, at low temperature, which we interpret to be governed by charge trapping at
twinning defects. The longer time decay L, at intermediate temperatures, which is sped up
considerably as the temperature increases, likely because of charge trapping where the
required emission of phonons becomes faster as the temperature is raised. The third
component is the slow decay visible in the room-temperature PL dynamics at long times,
which may be governed by the trap states depopulation time rather than the lifetime of the

free carriers.
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5.3.4 The nature of PL emission

In this Section, we investigate the nature of the photoluminescence emission process in the
double-perovskite Cs,AgBiBre. All measurements and analysis of data have been performed

by our collaborators, we provided the samples for this work.

Since perovskites are ionic crystals [150]-[152], the carriers are expected to strongly couple
to lattice vibrations [150]. In particular, the PL emission in Cs,AgBiBrs is strongly influenced
by a strong electron-phonon coupling. In this section, we will briefly demonstrate that the

PL emission may be related to a colour centre, rather than a band-to-band transition.
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Figure 5.8 a) Low temperature (T=5K) photoluminescence spectrum (PL in red) and integrated PL
intensity as a function of the energy of the exciting photons (PLE spectrum in blue) together with the
reflectance spectrum (R in black). b) Photoacoustic signal (PAS) as a function of the excitation energy
(equivalent to absorption) measured at 300 K. c) Schematic showing the band structure of Cs2AgBiBrs
with possible transitions and carrier relaxation pathways. The black dashed line indicates the position
of colour centres. The blue and red bars represent absorption and emission bands of the colour centre
which are broadened and shifted from the energy of equilibrium state of colour centre (dashed line)

due to the strong electron-phonon coupling.

Panel a of Figure 5.8 shows the PL (red), photoluminescence excitation (PLE, blue) and
reflectance (black line) spectra of Cs,AgBiBrs single crystal taken at cryogenic temperature
(T=5K). The broadened PL emission peaks has a full width at half maximum (FWHM) of ~190
meV. The PLE spectrum shows that the intensity of the PL emission strongly depends on the
energy of the exciting photons. In fact, for excitation below 2.4 eV the PL emission is almost
completely quenched, while above 2.4 eV it increases rapidly reaching a maximum at around
2.5 eV, before decreasing slowly at higher energies. The decrease of the PLE spectrum occurs

at around 2.8 eV, which corresponds to the direct band gap exciton feature present in the
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reflectance spectrum (black line in the same panel). Usually, band-to-band transitions show
a monotonic increase [136], following the increase of the density of states of the bands, and
eventually saturating for strong enough absorption. At the same time, panel b in Figure 5.8
shows the photoacoustic absorption spectrum, which presents a monotonic increase and
saturation at about 2.6 eV. This monotonic increase in the absorption spectrum is also
reported in [23], [24], [143]. Moreover, we highlight again the large Stokes shift between
emission and absorption, which sets the onset of the PLE at hundreds of meV higher than

the reported band gap of Cs,AgBiBre.

The non-monotonic behaviour of the PLE signal indicates that the observed PL emission is
not related to a band-to-band transition, but its origin can be attributed to a colour centre,

which can be excited by 2.5 eV photons.

In ionic crystals colour centres are usually strongly coupled to the crystal lattice vibrations
[150]. The occupation of the colour centre causes a local lattice deformation, which leads to
an energy offset between the ground and excited state of the colour centre. When radiative
recombination occurs, multiple photons are emitted [88], [150]. This causes the broadening
of the absorption and emission bands, with a strong Strokes shift (in this case of ~500 meV).
These features are indicative of a strong electron-phonon interaction. The Huang-Rhys
factor, which is the average number of phonons emitted by the colours centre after photon

absorption or emission, has been calculated to be ~11.7.

5.4 Discussion

The relationship between the structural and optical properties of the Cs,AgBiBrs double
perovskite has been highlighted in this Chapter. In particular, we found that some optical
properties are quite dramatically affected by the structural phase transition at low
temperature that we analysed in Chapter 3 (cubic Fm3m = tetragonal 14/m). In fact, the
exciton energy extracted from our reflectance measurement, and the corresponding band
gap energy, increase in the tetragonal phase by as much as 20 meV. Moreover, the excess
energy scales linearly with the tetragonal strain, strongly suggesting that the direct band gap
is controlled by the BBr¢ octahedral rotation. Our time-resolved PL measurements
demonstrate that the charge carrier lifetimes are also affected by the structural transition,
with a fast relaxation channel being present mainly in the tetragonal phase. We assigned
this channel to be linked to defects at tetragonal twin boundaries. Cs,AgBiBre-based solar

cells show poorer photocurrent and photovoltage compared to the Pb-halide-based solar
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cells, possibly because of the trapping of charge carriers and subsequent nonradiative
recombination. Our findings suggest that the formation of twinning boundaries can reduce
the charge carrier lifetime. It is likely, therefore, that grain boundaries in polycrystalline thin
films could also affect the charge carrier behaviour. As a consequence, further device

improvement could be expected via better management of grain boundaries.

We noticed that Cs;AgBiBrg double perovskite presents a large Stokes-shift between
absorption and emission spectra. In the collaborative work presented in the sub-Section
5.3.4, we demonstrated that the photoluminescence emission in this double perovskite is
strongly influenced by a strong electron-phonon coupling, as a Franck-Condon model
resulted in a Huang-Rhys factor of S=11.7. A combination of PLE, PL and reflectance
measurements suggested that the PL emission is related to a colour centre rather than to a
band-to-band transition. This conclusion might be of high importance in the study of these
materials, since in literature there has been no homogeneous consensus on the origin of the

PL. We will summarize here briefly some of the different findings on the topic.

Filip. et al. [141] assigned the photoluminescence peak in Cs,AgBiBrs to a phonon-assisted
recombination across the indirect band gap, and the leading edge of the optical absorption
onset to a direct band gap. At the same time, they stated that defects or excitonic effects
could play a role in the PL features. Bartesaghi et al. [143] excluded substantial exciton
formation in this material, and they stated that free charges recombine via band-to-band
recombination, or via surface states. Hoye et al. [142] suggested that the recombination

process happens via sub-band gap states rather than across the indirect band gap.

Very recently (March 2021), Wright at al. [153] published a manuscript which strengthens
the conclusions reported in sub-Section 5.3.4. In fact, their findings suggest that strong
electron-phonon coupling in Cs,AgBiBrs induces rapid charge-carrier localization. In
particular, an ultrafast, barrier-free localization of free carriers to an intrinsic small polaronic
state seems to be present. The self-trapped charge carriers diffuse to colour centres, causing
a broad emission that is strongly red-shifted from a direct band gap edge. The intrinsic self-
trapping of charge carriers might intuitively suggest that this material is not an ideal
candidate for photovoltaic or optoelectronic applications, since these rely on the high
mobilities of charge carriers. Nevertheless, Wright et al. note that the self-trapping is less
severe at room temperature, because temperature-activated hopping processes lead to a
relatively benign reduction in charge carrier mobilities. In fact, the mobilities of localized and

delocalized states exceed about 1 cm?V-!s', Other works [154], [155] have described
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Cs,AgBiBrs as an electronically quasi-OD perovskite. The lower electronic dimensionality
leads to low energy barriers between free and self-trapped states, making the polaron

formation very likely to happen [156].
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6. Structural properties of Cs,AgBiyxInBre

double perovskite

The work presented in this chapter has been published in:

Schade, L.; Mahesh, S.; Volonakis, G.; Zacharias, M.; Wenger, B.; Schmidt, F.; Kesava, S.
V.; Prabhakaran, D.; Abdi-Jalebi, M.; Lenz, M. “Crystallographic, Optical, and Electronic
Properties of the Cs,AgBii—«InsBrs Double Perovskite: Understanding the Fundamental

Photovoltaic Efficiency Challenges.” ACS Energy Lett. 2021, 6, 1073— 1081.
DOI: 10.1021/acsenergylett.0c02524
Direct link:

Reproduced with permission from ACS Energy Lett. 2021, 6, 1073-1081. Copyright 2021,

American Chemical Society.

6.1 Context and summary

In the past Chapter, we have explored the structural and optical properties of the Cs,AgBiBrg
double perovskite. Despite some promising optoelectronic properties, the efficiency
obtained to date for this material employed as the absorber layer in solar cells is still very
low (2.2%) [25], and it is unclear if it will be able to match the efficiencies of lead halide
perovskite solar cells. For this reason, the discovery of new materials with complementary
and improved properties is essential for the field of perovskite solar cells. The optical
properties and the stability of perovskite materials can be significantly influenced by
external conditions, such as applying high temperature or pressure, but also via chemical
alloying [157]. With this approach, Du et al. [158] engineered the band gap of the Cs,AgBiBrs
double perovskite using trivalent metal alloying with In" and Sb", finding that the first
enhances the PL intensity, while the second induces a substantial decrease of the PL
emission. Furthermore, Luo et al. [159] have demonstrated extremely high
photoluminescence quantum yield and electroluminescence efficiency for Cs,AgInCls when
substituting Ag' for Na' and doping with small concentrations of bismuth. It is clear that the
investigation of the properties of new materials is essential for the optimization of the

absorber layer in solar cells. In this Chapter, we focus on the structural properties of
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Cs,AgBii-«InBre double perovskite, which proves to be an interesting candidate for PV

application.

We synthesized single crystals of Cs;AgBii—«In«Brs double perovskite for the first time with
excellent quality, with compositions up to ~25% indium at the B’ site. Polycrystalline
powders were synthesized with up to ~60% indium content. In addition, we prepared high-

quality double perovskite thin films with a range of indium content.

Using variable-temperature single-crystal/powder X-ray diffraction (XRD) and heat capacity
measurements, we discover that the low-temperature cubic-to-tetragonal phase transition,
described in Chapter 3 of this thesis, shifts to lower temperatures as indium is added to the
structure. We determine the amount of indium present through XRD structural
characterization and further confirm the values with inductively coupled plasma mass
spectrometry (ICP-MS). The structural characterization of this material is an essential step

to be able to fully investigate the nature of its optoelectronic properties.

6.2 Experimental details

Experimental details for the main measurements performed in this Chapter are described in
Chapter 2. Inductively coupled plasma mass spectroscopy (ICP-MS) was performed by Dr.
Marios Zacharias. For ICP-MS measurements, crystals (5-15 mg) were dissolved fully in
concentrated HBr including 30min sonication treatment. Samples were then appropriately
diluted with milliQ water (18.2 MQcm). Quantification was carried out using an external
calibration from single-element standards (Sigma-Aldrich) prepared in milliQ water (18.2
MQcm) from 0-50 pg/L, matrix matched to the corresponding HBr amount. Analysis was
carried out using an Agilent 8800 ICP-QQQ-MS system on 115In+ and 209Bi+ using helium
as a collision gas (5 mL/min). 103Rh+ was used as an internal standard to account for possible
matrix effects. We decided to use the ICP-MS values as our final percentages throughout this

Thesis, as they are more precise.
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6.3 Results

For clarity, in our figures we will present the data measured on single crystals in red, on

polycrystalline powders in green, and on thin films in blue.

6.3.1 Samples and indium content

We synthesized the Cs,AgBii«InBrs single crystal, powders and thin film samples as
described in the experimental Chapter (Chapter 2). We prepared 5 different alloyed crystals
in addition to the neat Bi double perovskite (SC0): SC1, SC7, SC12, SC17 and SC25 with ~1%,
7%, 12%, 17% and 25% of indium, respectively. The percentages indicate the amount of
indium on the bismuth site and refer to the compositions of the as-synthesized crystals,
which we deduced from ICP-MS. The values have been compared with the percentages
obtained with the use of XRD (the refinements are discussed in the next section) and are

shown in Table 6.1.

%In in solution %In (ICP-MS) %In (XRD)

0 0.00208 +0.00388 0

1 1.18+0.03 114
5 7.25+0.38 1+2
10 12.1+0.3 10+3
15 17.0 £0.9 12+2
20 254 +04 21+3
50 25.1 £0.3 23+2

Table 6.1 Indium percentage in single crystals determined by ICP-MS and XRD, in comparison with

the starting percentage of indium that has been added to the starting solution.

We prepared five polycrystalline samples with different indium concentrations all the way

up to 60% indium substitution, once again confirmed by ICP-MS (values in Table 6.2).
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%In precursors %lIn (ICP-MS) %In (XRD)

0 0.0120 £0.0325 0

10 10.1 £0.2 031+0.1
40 35.9 £0.5 40.4+1.2
50 45.2 +0.5 53+1.5
60 59.3 +0.9 70+ 1.8

Table 6.2 Indium percentage in powders extrapolated by inductively coupled plasma mass
spectroscopy (ICP-MS) and XRD, in comparison with the starting percentage of indium in the

precursors powders.

Similarly to the single crystals, we will denote the powder samples according to their indium
content: PWO, PW10, PW35, PW45 and PW60. We will also denote the thin films TFO, TF10,
TF35, TF45 and TF60 in relation to the percentage of indium obtained from the ICP-MS
measurement of the precursor powders. The thickness of the films was measured with the
use of a DektakXT Stylus profiler and is reported in Table 6.3. The thickness decreases with
increasing percentage of indium because the solubility of the starting solution decreases

when indium is added, so the molarity was slightly different for each sample.

Thin film Thickness (nm)

TFO 142 £10
TF10 167 £ 10
TF35 180+ 10
TF45 200+ 10
TF60 280+ 10

Table 6.3 Thicknesses of each thin film of Cs2AgInxBi1xBrs for each indium percentage.

6.3.2 Room temperature structural characterization

e Single crystals

The results of the XRD-fittings on Cs,AgBi1INnBrg single crystals are shown in Figure 6.1. The
F2.alc parameters almost perfectly coincide with the F%.ps ones, demonstrating the excellent
quality of the crystals. The amount of indium in the labels on the panels refers to the amount

of indium present in the starting solution (see Table 6.1 in the previous section). The amount
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of indium effectively present in the single crystals has been extrapolated using the refined

occupancy parameter, and is reported in the same table.

2 (o )%
sooooo)l © F* undoped Pl
eeexzy )
© 600000 o’
8 S55
o L
N 400000 o,o
200000 } o
0 400000 800000
2
F obs
1000000 —r . S 1000000 p—r . —
2 o4 o s 2 i i 0, Q
800000 | o} F_ indium 1% 800000 L O F“indium 10% S ]
- = -y=X s R / §
o 600000} @ © 600000} o
8 e} f 8 0'
400000 } / o~ 400000 F ,
W o s o
200000 | @ 200000 | f
o} f o}
0 400000 800000 0 400000 800000
2 2
F obs F obs
T T na T 10«)“)0 Wi v v ’
20 di £ z O F?indium15% @
el O F?indium 5% ”,0 | sooooo} . _ , i
- X2y o X=y pe
. 600000 .
£ 400000 0 3 %
£ o o~ 400000 o
o~ ’ - p
200000 o = o
A 1 200000 F f .
of ¢ J of 4
0 200000 400000 600000 0 400000 800000
2
onbs F calc
1000000 p—r . = . : —
~ JERITH 0, " | 2+ H 0, (e ] )
s O F<indium 20% i 800000 O F¢indium 50% .
A=y o R :
o 600000 % i R0 0 ]
® ’ .
© ° 8 400000 o |
4 . 4 0N [ .
QL 400000 o e
200000 200000 | f |
0 of |
0 400000 800000 0 400000 800000
2 2
F obs F obs

Figure 6.1 Plot of F2 calc versus F2obs for the structural refinement of Cs2Agln«Bii«Brs single crystals.

The black line is a guide to the eye.
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X a(A) x(Br) Occ(In) Rint/Rw

0 11.2741(2) 0.25093(2) - 5.33/5.07
1 11.26101(1) 0.2508(2) 0.01(4)  9.24/7.13
12 11.2375(3) 0.24988(2) 0.10(3) 7.25/5.82
17 11.2289(2) 0.24971(1) 0.12(2) 4.34/4.26
25 | 11.20772(1) 0.24885(1) 0.23(2) 4.62/4.54

Table 6.5 Lattice parameters and atomic coordinates from Cs2AgBiixInxBrs single crystals fittings.
Number in parentheses are statistical errors of the last significant digit. In Fm3m, the atoms are
located at the following Wyckoff positions Cs: 8c(1/4,1/4,1/4), Bi/In: 4a(0,0,0) , Ag: 4b(1/2,1/2,1/2),
Br: 24e(x,0,0).

The fitting analysis reveals that all samples are cubic at room temperature, consistent with
space group Fm3m, the same as the neat Cs,AgBiBrs double perovskite. Moreover, the
lattice contracts as the indium cation replaces the smaller bismuth, as we can notice from

the lattice parameters in Table 6.5.
e Polycrystalline powders

Powder X-ray diffraction has been performed with the use of Cu-Ka radiation, as described
in Chapter 2. Figure 6.2 shows the Rietveld refinements for all the samples. Structural
parameters are reported in Table 6.6. We notice the presence of impurity phases in the XRD
patterns of PW10, PW35, PW45 and PW60 that we have not been able to characterize. The
percentage of indium has been extrapolated using the occupancy of indium also in this case,
and then it has been compared with the ICP-MS results as shown in Table 6.2 in the previous

Section. Structural information from the Rietveld refinement are present in Table 6.6.
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Figure 6.2 X-ray diffraction patterns with Rietveld refinement for the Cs2AgIn«BiixBrs double
perovskite polycrystalline powders for the different indium percentages. The percentages of indium
in the plots refers to the amount of indium in the starting precursors. The red dots represent the
experimental points, while the black pattern is the calculated one. The green vertical lines represent

the peaks positions, and the blue line shows the residuals.
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X a (A) x(Br) Occ(ln)  Rp/Rwp

0 |11.27245(16) 0.25154(54) i 16.6/22.1
10 | 11.25002(14) 0.2510(4) 0.031(10) 14.0/17.9
35 | 11.1789(3)  0.2487(4) 0.404(12) 13.3/17.7
45 11.1450(3) 0.2473(6) 0.542(15) 13.8/19.6
60 11.1184(4) 0.2456(8) 0.678(18) 15.0/20.1

Table 6.6 Lattice parameters and atomic coordinates from Rietveld refinements of the XRD patterns
of Cs2AgBi1xInxBrs polycrystalline samples. Number in parentheses are statistical errors of the last
significant digit. In Fm 3 m, the atoms are located at the following Wyckoff positions Cs:

8c(1/4,1/4,1/4), Bi/In: 4a(0,0,0) , Ag: 4b(1/2,1/2,1/2) , Br: 24e(x,0,0).

We can notice again that the space group remains invariant for all samples at room
temperature, and that the lattice contracts when indium is substituted to the bismuth site.
In fact, panel a of Figure 6.3 shows a zoom into the (400) peak for all the powder samples

and we can notice a peak shift of all reflections towards higher angles.
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Figure 6.3 XRD patterns in the region of the (400) peak for (a) polycrystalline powders and (b) thin

films of the Cs2AgBi1-xInxBr6 double-perovskite samples.
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e Thin films

X-ray diffraction on thin films (deposited on quartz) has been measured using PANalytical
X'Pert PRO Diffractometer with Cu-Ka radiation, as in the case of powders. The complete
XRD patterns are shown in Figure 6.4. Also in this case, we can notice the shift in peak
position (panel b of Figure 6.3) from the zoom on the (400) peak. Looking at Figure 6.3, we
can notice a slight mismatch between the peak positions of the thin films and of the
polycrystalline powders, which is due to experimental uncertainties in the powder
diffractometer (e.g., the refined zero point and the height of the sample in the holder), while
the peak positions in the patterns of the thin-film samples have been calibrated to the
known peak positions of the quartz substrate. This discrepancy does not affect our
conclusion because its effect on the lattice parameters is much smaller than the shift in peak

position due to changes in composition.
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Figure 6.4 X-ray diffraction pattern for the Cs:AgIniBiixBrs thin films for the different indium

percentages. The asterisks indicate the quartz peaks.

6.3.3 Phase transition and tricritical point

Temperature dependent heat capacity measurements and XRD were performed to further
investigate the impact of alloying indium in the Cs,AgBiBre double perovskite. Figure 6.5
shows the specific heat capacity measured on single crystals SCO, SC17 and SC25. As we have
shown in Chapter 3, for Cs,AgBiBrs a cubic-to-tetragonal phase transition occurs at ~122 K,
which is shown again in panel a of the figure. With the substitution of bismuth with indium,
this phase transition temperature monotonically shifts to lower temperature, for instance
being at ~110 K for S17 (panel b in Figure 6.5). It also appears that the specific heat anomaly
at the transition temperature becomes smoother with increasing indium content, and

disappears altogether in the case of SC25, as shown in panel c of Figure 6.5.
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Figure 6.5 specific heat capacity measured on single crystals a) SCO, b) SC17 and c) SC25.
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Figures 6.6, 6.7 and 6.8 show the X-ray diffraction pattern in the range of the (400)c peak for

the samples PW10, PW35 and PW60 as a function of temperature. The peak splits in two

peaks when the temperature decreases, similarly to the behaviour of Cs,AgBiBrs. The lattice

parameters determined from the fit are reported in panels b of Figure 6.6 and 6.7.
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Figure 6.6 a) X-ray diffraction pattern of PWD10 plotted in the range ~ [31.3-32.5] °, where the (400)c

peak of the cubic room-temperature structure is present, in function of temperature. b) Lattice

parameters extrapolated from the peaks fitting in function of temperature.
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The temperature-dependent X-ray diffraction measurements shown in Figure 6.7 clearly
indicate that the transition is still present in the PW35 composition, only shifting to a lower

temperature of 60 K.
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Figure 6.7 a) X-ray diffraction pattern of PWD35 plotted in the range ~ [31.3-32.5] °, where the (400)c
peak of the cubic room-temperature structure is present, in function of temperature. b) Lattice

parameters extrapolated from the peaks fitting in function of temperature.

We notice that, in the case of PWD60 (Figure 6.8), there is no sign of peak splitting in the
temperature range investigated. This might be due to the fact that the transition might be
present at lower temperatures. From our data, we can deduct that the presence of Indium
makes the cubic phase more stable. Panel b of Figure 6.8 illustrates the dependence of the
transition temperature on the indium concentration, confirming that T. decreases when

Indium is substituted on the Bismuth site.
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Figure 6.8 a) X-ray diffraction pattern of PWDG60 plotted in the range ~ [31.3-32.5] °, where the (400)c
peak of the cubic room-temperature structure is present, in function of temperature. b) Transition
temperature T¢ in function of indium concentrations. Values are also taken from heat capacity

measurements.
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The disappearance of the heat capacity singularity at the transition point for higher
concentrations of indium can be explained if we classify the transition of the Cs,AgBiBrs neat
perovskite to be close to a tricritical point, i.e. to the crossover between a first-order and a
second order transition. As first proposed by Wruck in 1986 for the 11-P1 transition in
anorthite (shown in Figure 6.9) [160], disorder can change both the transition temperature
and the order of the transition. This leads to the rapid disappearance of the lambda-anomaly
in the heat capacity in anorthide samples that have been either heat-treated or
contaminated with sodium [160], which instead display a smeared-out stepwise increase of
excess heat capacity, as shown in panel b of Figure 6.9. In fact the transition, being initially
close to a tricritical point, moves deeper into the second-order regime when sodium is added

to the samples, leading to a crossover from a lambda-singularity to a step-singularity.
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Figure 6.9 a) Specific heat anomaly of the P1-11 phase transition in highly ordered anorthite (Val
Pasmeda) and b) the effect of the P1-11 phase transition near 480 K in anorthite. Reprinted from

reference [161].

Following the steps detailed in reference [161], we can explain the heat capacity behaviour
that we see experimentally in Figure 6.5. As we have seen in Chapter 2, the Landau free
energy can be expanded in a polynomial with powers of a one-component, one dimensional

order parameter n as:
1 1
AF = F(P,T,n) — Fy(P,T) = bn? +§dn4+§fn6 (6.1)

Where b=bet and t=(T-To)/To is the reduced temperature. We have d>0 or d<0 depending on
the order of the phase transition. At T=T, the excess entropy will be zero in the case of a

second order phase transition, and different from zero in the case of a first-order.

We have calculated the order parameter using the Landau free energy in Chapter 1, and with

trivial calculation we find the excess entropy and specific heat:
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by, _by[—d+ w/dz 4bf
AS = 2n (6.7)
Ty To
ac, =785 _ _pb_ 1 (6.8)
PUUOT T8 \[dZ — abf '

We will now name the temperature at which d?=4bf as T1. T1 is also the temperature at which

d 0A¢

o = 0, the temperature at which the metastable phase becomes unstable, and at which

the heat capacity diverges. With these considerations in mind, we have:

Tod?
4bof

To—Ty = — (6.9)

For small values of d (d<<f), Eq. 6.9 tends to zero as the square of d. Close to T; the singularity
of ¢, will then become:

(6.10)

aAs 1/ b3 \* 1
Acy =T—m =T~ =2

a_T_ T03f1/2 Tl_T

Itis clear from equation 6.10 that we have a divergence in the heat capacity that behaves as

= 1/m. This causes a very pronounced anomaly close to To. When Ty and Ty are close,
there is a sudden transformation with the presence of latent heat, causing a lambda-like
behaviour in the heat capacity. In the presence of alloying, this behaviour undergoes some
peculiar changes. In particular, there can be a shift from the tricritical point towards a
second-order phase transition. In this case, the anomaly becomes a step-like singularity
which appears as a smoother feature in the heat capacity. We observe an analogous
behaviour for our samples, with the difference that in our measurements with high
concentration of indium, the smeared-out step appears to be too small to be detected,

particularly because it occurs in a rapidly changing region of the heat capacity curve.

6.4 Discussion

In this Chapter we discussed the role of the indium cations (In'") addition in the Cs,AgBiBrs
double perovskite. From XRD refinements, we found that Indium sits on the Bismuth site.
Moreover, the presence of indium contracts the unit cell and makes the cubic phase more
stable, resulting in a reduction of the cubic to tetragonal transition temperature. The low-
temperature phase transition in Cs,AgBiBre was demonstrated to be very close to a tri-critical
point. When indium is added to the perovskite, the transition acquires second-order

character, resulting in a smoother lambda-anomaly in the heat capacity. A similar behaviour
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has been reported, for example, for the KMni.CaxFs perovskite [162]. KMnF; is close to a
tricritical point, and a small amount of substitution of Ca for Mn causes the transition to

cross the tricritical point from first order to second order behaviour.
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7.0ptoelectronic properties of Cs,AgBi;.

«In,Brg and limitations

The work presented in this chapter has been published in:

Schade, L.; Mahesh, S.;Volonakis, G.;Zacharias, M.; Wenger, B.;Schmidt, F.; Kesava, S.
V.; Prabhakaran, D.; Abdi-Jalebi, M.; Lenz, M. “Crystallographic, Optical, and Electronic Properties of
the Cs2AgBiixInxBrs Double Perovskite: Understanding the Fundamental Photovoltaic Efficiency

Challenges.” ACS Energy Lett. 2021, 6, 1073— 1081.
DOI: 10.1021/acsenergylett.0c02524
Direct link:

Reproduced with permission from ACS Energy Lett. 2021, 6, 1073-1081. Copyright @2021, American

Chemical Society

7.1 Context and summary

In the previous Chapter we investigated the structural properties of the Cs;AgBii-xInxBrs
double perovskite. In this Chapter, we focus on the optical and electronic properties of this
compound. We find that a relatively small amount of indium at the B site enhances the
photoluminescence intensity and shifts the bandgap to higher energies. To investigate the
impact of indium addition in devices we prepared n-i-p solar cells with and without indium
in the double-perovskite layer. We discovered that the presence of indium delivers
improvements in device performance: the open-circuit voltage of devices with indium is
higher than that of those without it, delivering a slightly higher power conversion efficiency
(PCE). Further calculations show that the device open-circuit voltage can be severely
affected by the shallow optical absorption edge whose Urbach energy exceeds ksT (where

ks is the Boltzmann constant and T = 300 K).

7.2 Experimental details

The thermodynamic modelling was performed by Dr. Suhas Mahesh. Ellipsometry
measurements and analysis were performed by Dr. Sameer Vajjala Kesava. The
measurements were carried out using a J. A. Woollam RC2 ellipsometer. Due to the small
size of the crystals, the maximum angle at which the data (from 210-1690 nm) could be

measured off the surface of the crystals was 65° (along with 55°) using focussing lens. Cubic
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spline fits to the data were carried out for the refractive indices and surface roughness of
the crystals, which ranged from 3-8 nm. The fitting was performed with the CompleteEase
software (J. A. Woollam company). The mean squared error of the fits ranged from 2.3 (for

SC1) to 13.1 (for SC25).

Photothermal Deflection Spectroscopy (PDS) data were collected by Dr. Mojtaba Abdi-Jalebi.
PDS is a scatter-free surface sensitive absorption measurement capable of measuring several
orders of magnitude weaker absorbance than the band edge absorption. For the
measurements, a monochromatic pump light beam is shone on the sample (double-
perovskite thin film on quartz substrate), which upon absorption produces a thermal
gradient near the sample surface via non-radiative relaxation induced heating. This results
in a refractive index gradient in the area surrounding the sample surface. This refractive
index gradient is further enhanced by immersing the sample in aninert liquid FC72 Fluorinert
® (3M Company) which has a high refractive index change per unit change in temperature.
A fixed wavelength CW laser probe beam is passed through this refractive index gradient
producing a deflection proportional to the absorbed light at that particular wavelength,
which is detected by a photo-diode and lock-in amplifier combination. Scanning through
different wavelengths provides the complete absorption spectra. All the PLQE
measurements and analysis have been performed by visiting Master’s student Marnix

Wiechers, under my close supervision.

7.3 Results

For clarity, in our figures we will present the data measured on single crystals in red, on

polycrystalline powders in green, and on thin films in blue.

7.3.1 Steady-state photoluminescence and absorption

Steady-state photoluminescence spectroscopy was performed to explore the influence of
indium on the optoelectronic properties of the double-perovskite material. We measured
the PL directly from the surface of both single crystals and polycrystalline powders samples.
This was carried out by employing a fibre-coupled laser for excitation, with detection directly
through a fibre bundle in close proximity to the excitation, as detailed in Chapter 3. UV-Vis
absorption spectroscopy was measured on thin films, as described in Chapter 3. Panel a of
Figure 7.1 shows the emission from single crystals with different indium contents and
absorption of the thin films. The emission from polycrystalline powders is illustrated in panel

b in the same Figure.
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Figure 7.1 Absorption coefficient measured on Cs2AgBii-xInxBrs thin films from UV-vis measurements
and steady-state photoluminescence of Cs:AgBii-xInxBre a) single crystals and b) powders. The PL
spectra of single crystals and powders have been measured as described in Section 3.5.1. Sample
labels indicate: thin films TFx with x% indium on the bismuth site, single crystals SCx with x% indium,

and powders PWx with x% indium.

The addition of indium clearly enhances the photoluminescence, with the PL intensity of
SC25 being about 100 times greater in comparison with the net Bi crystal. The emission from
polycrystalline powders was detectable but lower in intensity than the single crystals,
presumably because of smaller crystallite size, increased surface area, and increased surface
defect density. In panel b, we notice that the emission trend up to PW35 agrees with an
increase in emission intensity and is consistent with the measurements on single crystals,
while the PL starts to decrease gradually for higher indium content. In both single crystals
and powders, it is noticeable that the PL peak maximum also shifts slightly towards higher

energies when indium is added to the structure, as shown in Figure 7.2.
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Figure 7.2 Normalized photoluminescence spectra of Cs2AgBii-xInxBrs single crystal samples, excited
with a 405 nm laser. Sample labels indicate single crystals with 0% indium on the bismuth site (SCO),

1% (SC1), 12% (SC12) and 25% (SC25) respectively.
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In Figure 7.1 we notice a pronounced resonant absorption peak centred at ~420 nm, as
previously reported in literature [163], [164]. There is still debate about the origin of this
feature, which has been associated with trapped excitonic transitions below the high-

energy, direct band gap [163]—-[166], or to intra-band transitions [167], [168].

250 300 350 400 450 500 550
Wavelength (nm)

Figure 7.3 Optical constants a) n and b) k determined from spectroscopic ellipsometry measurements
of Cs2AgBi1-xInxBrs single crystals with a range of indium contents. Sample labels indicate single

crystals with 0% indium on the bismuth site (SC0), 1% (SC1), 12% (SC12) and 25% (SC25) respectively.

The overall absorption strength decreases with increasing indium content. This decrease is
further confirmed by the extinction coefficient obtained from spectroscopy ellipsometry
measurements of the single crystals, as shown in Figure 7.3. The alloyed double perovskite
maintains the same main features of neat Cs,AgBiBrs in absorption and emission, with a
decrease in absorption and an increase in the photoluminescence emission intensity for low
indium content (<35%). The increased PL intensity indicates fewer, or less active, defect sites
responsible for trap-assisted recombination, suggesting that the introduction of a small
amount of indium may enhance the electronic properties of Cs,AgBii«In«Brs for use as the

photoactive layer in PV devices.

7.3.2 Sub-bandgap absorption

We expect these double perovskites to have a weakly absorbing indirect band gap and
potentially a high density of sub-band gap defect states. Therefore, we performed
photothermal deflection optical absorption spectroscopy on our thin films to investigate the

region below the band gap. As shown in panel a of Figure 7.4, the PDS spectrum curves
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clearly show panchromatic absorption below the band gap, indicating the presence of sub-
band gap states. The Urbach energy, which represents the electronic disorder at the band
edge, was calculated through a fitting of the PDS data. With the values reported in Table 7.1
we can observe that the Urbach energy ranges from 50 to 65 meV. These values are greater
than those determined for lead and tin halide perovskites [169]-[171]. This difference in E,
is consistent with the lower performance of all-inorganic perovskites, especially in terms of
the Vo [172]. Table 7.1 also reports the band gap extrapolated from a Tauc plot analysis (as
shown in panel b of Figure 7.4) and indicates a clear enlargement with increasing indium

percentage, going from 2.23 eV for TFO to 2.32 eV for TF60.
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Figure 7.4 a) PDS absorption measurements on thin films and b) Tauc-plots measured on Cs;AgBi1-
xInxBrs for different concentrations of indium. Samples labels indicate thin films with 0% indium on

the bismuth site (TF0), 10% (TF10), 35% (TF35), 45% (TF45) and 60% (TF60) respectively.

Thin film Band gap (eV) E., (meV)

TFO 2.23 65.13+£0.77
TF10 2.24 63.22+0.89
TF35 2.27 61.91+£0.55
TF45 2.30 54.03 £ 0.67
TF60 2.32 50.91+0.76

Table 7.1 Values of the band gaps and Urbach energies (Eu) for Cs2AglInyBiixBrs thin films.

7.3.3 Cs,AgBiixInkBrg devices

To assess the effects of indium alloying on the performance of photovoltaic devices, we
prepared planar heterojunction photovoltaic devices in the n-i-p architecture, employing
Sn0; nanoparticles as the n-type charge extraction layer and doped spiro-OMeTAD as the p-

type charge extraction layer, as detailed in Chaper 3. Cs;AgBiBrg double perovskites have
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been reported to cause a strong hysteresis between the forward (from Voc to Jsc) and the

reverse (from Jsc to Voc) scan, as we can notice from the J-V curves in Figure 7.5.

a) 00 . b) 0.0
Cs,AgBiBrg

. -04f 1-05
”g Joo=1.37 mA/em? J,o = 1.42 mA/cm? E
< gl VeeTOBOV V,, =087V -
E FF =063 FF =065 1.0 g
- PCE=0.70% PCE=0.81% ——forward scan =

1.2} forward scan] [ reverse scan | 15
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0.0 0j2 0i4 0i6 0j8 0.0 0i2 0.I4 0i6 ofs 1.I0
Meas. voltage (V) Meas. voltage (V)

Figure 7.5 J-V scans for the best devices made with a) Cs2AgBiBrs and b) Cs2AgBio.slno.1Brs as absorbing

layer. Devices have been prepared as described in Section 3.7.

The performance of these devices is poorly reproducible, varying from batch to batch. For
this reason, it is more indicative and useful to observe the averaged current-density-voltage
curve performance parameters, rather than the single J-V scans. In panel a of Figure 7.6 we
show the short-circuit current for a single batch of cells comparing the neat bismuth to the

10% indium alloyed double perovskite, measured under AM1.5 simulated sunlight.
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Figure 7.6 a) Short-circuit current and b) steady-state open-circuit voltage (box plot) for devices with

Cs2AgBiBrs and Cs2AgBio.olno.1Brs used as absorber layer. Devices have been prepared as described in

Section 3.7.

We notice from panel a that the addition of 10% indium improves the short-circuit current
in both the reverse and forward scans, and this results in an overall improvement of the PCE,
as shown in panel a of Figure 7.7. We notice that the spread in data decreases when
measuring the cells with the indium-alloyed perovskite, and the steady-state open-circuit

voltage is slightly higher (as shown in Figure 7.6b).
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Figure 7.7 a) Power conversion efficiency (PCE) and b) open-circuit voltage (Voc) for Cs2AglnxBiixBrs
devices with and without indium, for the forward and reverse scans. Devices have been prepared as

described in Section 3.7.

Figure 7.8 shows the External Quantum Efficiency and integrated current measured on
devices with and without indium in the perovskite absorber layer. We notice that the
integrated current of devices containing indium has a slightly higher overall intensity in
comparison with the current of control devices with the neat Cs,AgBiBrs perovskite, in
agreement with our measured Jsc current. Moreover, we observe that the peak at ~420 nm
that we saw in the absorption spectra is present also in this measurement, for both the
devices. We also notice a feature appearing at ~500 nm in the EQE spectra of both samples.
We tentatively assign this to a photo-response from light absorption into the indirect band

gap. However, further investigation is needed to understand its origin.
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Figure 7.8 External Quantum Efficiency (EQE) and Integrated current measured on Cs;AglInxBiixBrs
devices with (dotted lines) and without (continuous lines) 10% indium. Devices have been prepared

as described in Section 3.7.
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7.3.4 The detailed balance

It is important to notice that the calculations in this Section constitute an ideal upper-limit
for the case in which the recombination is a band-to-band recombination, as they were
calculated without clear consensus about the origin of the PL emission. As we have described
in Chapter 5, the emission can actually be well explained with a Huang-Rhys model which

indicates strong electron-phonon interaction in this material.

For a band gap of 2.23 eV, the Shockley—-Quiesser formalism [131], [173] predicts a limiting
PCE of 18% with Voc = 1.91 V, Jsc = 10.14 mA/cm?, and FF = 0.93. However, the best
Cs,AgBiBrs-based cells today reach only 2.8% PCE (Voc = 1.06 V, Jsc = 5.13 mA/cm?, and FF =
0.52) [174]. Longo et al. have shown that the large current deficit is due to poor electron
diffusion length (tens of nanometers) [129]. This is likely to be true for the indium alloyed
material as well. The difference between the band gap energy and the open-circuit voltage
a cell can generate is a good measure of the minimum energy loss in the photovoltaic cell,
which is often termed a voltage deficit or loss-in-potential. For a material with a band gap of
2.23 eV, the minimum voltage deficit for an ideal cell is 320 mV. However, our best
experimental cell shows a maximum Voc of only 0.93 V and hence a voltage deficit of over

1400 mV, as shown in Figure 7.7.

To understand this result we need to assess what causes this voltage deficit, whether itis a
fundamental barrier for this material ever being efficient or if there are potential solutions
to overcoming a large fraction of these deficiencies. The voltage deficit may originate from
a combination of factors, including high dark recombination current densities (due to the
fundamental optical properties of the material), a significant fraction of nonradiative
recombination (resulting from high defect densities in the bulk of the absorber material),
high surface recombination velocities on the surface of the absorber layer, and high surface
recombination at the absorber layer/charge extraction layer interfaces. Furthermore, poor
charge carrier selectivity of the transport layers may also inhibit open-circuit voltage [175],
[176]. From a fundamental standpoint, even in the absence of defects and interfaces
responsible for nonradiative recombination, the sub-band gap optical properties of a solar
absorber layer can strongly influence the maximum open-circuit voltage a material can
achieve when integrated into a solar cell. This is because the dark-recombination current
density (Jo) can be calculated by taking the overlap integral of the blackbody radiation at the
background temperature (T = 300 K) with the external quantum efficiency spectra of the

solar cell. Because the blackbody radiation spectra at ambient temperature increase
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exponentially toward lower energies, the overall Jo is most strongly influenced by absorption
properties in the sub-band gap region of the absorber layer. In the first instance, this can be
guantified by the steepness of the absorption onset just below the band gaps, as with the
aforementioned Urbach energy. If the Urbach energy is less than the thermal energy at the
operation temperature (ksT = 25 meV at 300 K, where ks is the Boltzmann constant), then
the additional voltage deficit, beyond that calculated via the Shockley-Queisser (SQ)
treatment (which assumes a step function absorption onset), is close to negligible (a few
tens of millielectronvolts). However, once the Urbarch energy increases beyond kgT, then

the voltage deficit becomes increasingly significant [172].

We quantified this loss for our Cs;AgBioslne1Brs material using the principle of detailed
balance. This calculation takes the absorber’s absorptance as input and then predicts the Voc
assuming that all the recombination is radiative, i.e. in the radiative limit [177], [178]. This
in principle provides a lower-bound for the Voc loss, which would be the voltage expected if
all other nonradiative recombination paths were eliminated. We performed this calculation
under different assumptions to illustrate a range of possibilities, because the properties of

this material are not yet entirely understood.
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Figure 7.9 a) The black squares represent the measured external quantum efficiency; the red circles
and black line the measured PDS without and with a linear background subtraction, respectively; and
the blue and red dashed lines the reconstructed absorption from the PL measured on SC12 and TF10,
respectively. b) Open-circuit voltage calculated using detailed balance for spectra shown in panel a.

The dashed line in this panel indicates the highest open-circuit voltage measured on our devices.

Using the measured PDS absorption as input for the detailed balance calculation, we
estimate the voltage deficit in the radiative limit to be at least 870 mV, which is 550 mV
greater than the SQ limit Voc. We note that if the tail extends below 1.3 eV (the limit of our
detector), the loss is expected to be even greater. However, we also consider the possibility

that the PDS absorption plateau below 2.1 eV is due to free carrier absorption, or sub-band
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gap defects which are not part of the continuum of states, and not a fundamental property
of the material [179]. When we subtract this panchromatic sub-band gap absorption feature,
the resulting ~59 meV Urbach tail results in a Voc deficit of 680 mV from band gap and a 360

mV greater loss than in the SQ limit.

As we mentioned before, there is no clear consensus on the mechanism of PL emission in
this material. In the case that it is band-to-band recombination, the radiative states can be
reconstructed, often to extremely low values, using emission—absorption reciprocity [180],
[181]. We follow the reciprocity approach and use these reconstructed states to extend our

measured absorption spectra down to lower energies.

Using this “PL reconstructed absorption spectra” we estimate the Voc deficit to be 470 mV

from the band gap, which is only 150 mV greater than the SQ limit.

By definition, the external radiative efficiency (ERE) is below 1. To put this into context, the
highest-performing Si, GaAs, CdTe, and lead-halide perovskite cells have EREs of ~0.01, 0.3,
0.00008, and 0.06, respectively [182], [183]. In Figure 7.9, we show the open-circuit voltage
for our Cs;AgBioslne.1Brs cell, which we calculate following the detailed balance principle, as
a function of ERE. As is clearly apparent, the fundamental offset from the SQ voltage, related
to shallow absorption onset and sub-band gap absorptions, remains constant across all
values of ERE. As inferred by comparing our achieved open-circuit voltage to the calculated
values, the maximum ERE of our cell will range from 107° to 107%°, depending upon what is
the truest reflection of the absorption edge in this material. This indicates that the primary
target for immediate improvement in the Cs;AgBioslne1Brs PV cells is to focus upon

enhancing ERE.

7.3.5 Photoluminescence quenching

To investigate losses at the device interfaces, we monitored the PLQE of the Cs,AgBiBrg
double perovskite in contact with different transport-layers. The PLQE in this case is a good
indicator of which interface causes the most non-radiative losses [184], [185]. The
substrates preparation has been descripted in the Experimental Chapter. Figure 7.10
shows the PLQE of the Cs,AgBiBrs perovskite on ITO with a diverse range of transport
layers. The error bars indicate the standard deviation, and the measurement of the
perovskite layer on quartz is included for reference. The perovskite on quartz resulted in
the highest PLQY value (0.081%), which is multiple orders of magnitudes lower than in

lead-halide perovskites [185], but compatible with the value reported by Longo et al. [102].
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Nickel Oxide (NiOy) is included as a possible HTL to be used in a p-i-n architecture, which is
an important addition as it shows the poor performance for HTL-containing stacks does not
depend on deposition order. The NiOy solution was prepared by dissolving 29 mg/mL
Ni(NOs)2 -H20 in 2-methoxyethanol with 10 pL/mL acetylacetone, was dynamically spin

coated in a dry air environment at 1500 rpm for 30 s, then annealed at 300 °C for 45

minutes.
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Figure 7.10 The PLQE of different stacks with a Cs2AgBiBrs perovskite absorber/emitter with varying

neighbouring layers and interfaces.

As we saw in the previous sub-section, the open-circuit voltage of the devices is far below
the expected 1.68 V from Shockley-Queisser limit. In fact, every order-of-magnitude
decrease in PLQE corresponds to a 60 mV loss in Voc compared to the Shockley-Queisser
limit [178]. It is clear from Figure 7.10 that the hole-transport layers (HTL) cause more non-
radiative recombination than the electron-transport-layers (ETL) at Voc, which might be
associated with the energetic band offset at the interface. We observe that all the
transport materials used in the study quench the PLQE and further effort has to be put into

exploring how the Cs,AgBiBrs absorber layer interfaces with charge-selective contacts.
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7.4 Discussion

We found that a small percentage of indium enhances the photoluminescence intensity and
improves the photovoltaic performances of devices, showing almost doubled Jsc and PCE
when 10% of indium is added to the structure. Nevertheless, these devices remain
considerably less efficient than lead halide perovskite PV cells, leading us to assess the losses
in the material from a fundamental perspective. We determine that significant losses in
open-circuit voltage are present because of a shallow onset of the absorption edge,
combined with significant sub-band gap absorption. However, if improvements can be made
to “clean up” the panchromatic sub-band gap absorption, and if the emission mechanism is
regulated by band-to-band recombination, in an ideal upper limit case the additional losses
beyond those of the SQ limit would only be 150 mV. Nevertheless, as we have seen in
Chapter 5, the emission process in this material seems likely to be related to emission from
a colour centre, and further effort would be required to get a more detailed picture of the

non-radiative losses’ pathways.

At present, the majority of the losses originate from low radiative efficiency. Immediate
attention is required to understand and mitigate the role and presence of non-radiative
defect sites in the absorber material, and the nature of nonradiative recombination and non-

selectivity at the charge extraction layer/absorber layer heterojunctions.

Concerning the absorber material itself, the band-gap is non-ideal for use in PV cells, being
too wide at 2.23 eV for optimum use as a top cell in both tandem (E; = 1.65 eV required) and
even triple-junction cells (Eg = 2.05 eV required) [186]. Therefore, strategies to reduce the
band gap are likely to lead to improved performance and utility. These should probably focus
upon strategies to stabilize iodide in the Cs,AgBiXs framework or explore the broader Ag-Bi
halide materials space [114]. It is likely that indium substitution will be broadly applicable
for enhancing the luminescence of this family of materials. For light emission applications,
green and red emission would be favourable for the use of these compounds as phosphors.

For that purpose, chlorine doping is likely to prove useful.
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Conclusions and Outlook

The work presented in this Thesis has been primarily been focused on the structural, optical
and electronic properties of the candidate Cs,AgBiixInBrs double perovskite for
optoelectronic applications. The motivation behind this study relies on the fact that the
commercialization of lead-halide perovskite photovoltaics is hindered by the presence of
lead and by the instability of the absorber. Attempts at homovalent substitution of the lead
cation, for example with Sn?* or Ge?*, are compromised by the high chance of oxidation [29].
For this reason, heterovalent substitution with monovalent and trivalent cations has been
investigated, offering a larger compositional space of possible materials. In this scenario,
Cs,AgBiBrs proved to be an interesting candidate as it is highly stable and non-toxic.
Nevertheless, the power conversion efficiencies obtained so far only reached 2.84% at best.
Despite a long-lived component to the charge-carrier lifetime this double-perovskite possess
an indirect band-gap that hinders its photovoltaic performance. Moreover, the strong
presence of non-radiative recombination is not favourable for PV applications. A deeper
understanding of the structural and optical properties was needed to explore possibilities
for improvement, and to find out if this material could ever match the optoelectronic

performances of the more widely studied lead-halide perovskites.

In Chapter 4, we investigated the structural properties of Cs,AgBiBrs double perovskite,
discovering a phase transition at T, = 122 K from the room-temperature cubic structure with
space group Fm3m, to a tetragonal structure with space group 14/m. In Chapter 5 we
demonstrate that the optical properties of this material strongly correlate with the structural
phase transition. In fact, we found that the exciton energy at the direct gap is mainly
dependent on the rotational degree of freedom that arises in the tetragonal phase.
Moreover, we discovered that an additional TRPL decay channel arises in the tetragonal
phase, which we link to the presence of defects at the twinning boundaries. This means that
the presence of twinning boundaries can potentially reduce the charge carrier lifetime.
Therefore, an optimization of the deposition method for this material would likely prove
useful, in order to reduce grain boundaries in polycrystalline thin films that could affect the

charge carrier behaviour.

In Chapter 6, we investigated the potential of inclusion of the indium cation in the double
perovskite structure. The substitution of indium on the bismuth site caused the lattice to
shrink. Moreover, we found that the transition in Cs,AgBiBrs is very close to a tricritical point,

and the presence of indium moves the transition point towards a second-order phase
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transition. Chapter 7 focused on the optoelectronic properties of Cs,AgBii.«InkBrs, and in
particular, the influence of indium on these properties. We noticed that the addition of a
small percentage of indium increases the PL intensity quite dramatically, which would
encourage the use of this cation in the absorber for photovoltaics applications. At the same
time, this improvement seems to result in a slightly higher Vo, Jsc and Pce when the absorber

includes 10% of indium on the bismuth site.

From the perspective of the intrinsic properties of the absorber itself, these materials
present an Urbach energy that is quite high (= 60 meV) and higher than kT at room
temperature. For this reason, the sub-band gap absorption that we see from PDS
measurements might have a central role when calculating the losses in the device. The dark
recombination current density is strongly influenced by absorption properties below the
band-gap, and it is more dominant when the Urbach energy is high. Our thermodynamic
calculations, considering an ideal case in which all the recombination is radiative and the
charge carrier processes are only dominated by band-to-band recombination, gave us 550
mV more losses than in the SQ limit, when calculated using the PDS absorption. Further
improvement to decrease the amount of non-radiative recombination is needed to be able

to optimize this material for use in photovoltaic devices.

The assumption that band-to-band recombination processes are the only recombination
processes happening in the material represents an ideal, possibly un-realistic “upper” limit
case for our calculations. In fact, the emission processes in this material are yet to be fully
understood. In one of our collaborative works we stated that the emission could be related
to a colour centre more than to band-to-band recombination (as explained in Chapter 7), as
this material presents a very strong electron-phonon coupling. Very recently the emission
has been related to a self-trapped, small polaronic state that exhibits temperature-activated
mobilities. The self-trapped charge carriers diffuse to colour centres, causing a broad

emission that is strongly red-shifted from the direct band edge.

Regardless of whether Cs,AgBii«InyBrs can be optimized, this compound is an interesting
model system for understanding the physics of the wider family of halide perovskites. All
these materials have closely related crystal structures, and understanding structure-
property relations is highly relevant for materials that are already known to have higher
efficiency and for guiding the design of future compounds. Moreover, the broad Ag-Bi space

allows for a high tunability of the optical and electronic properties of this absorber, and it is
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likely that this study will prove useful to discover and understand other materials in the same

family that show complementary or improved functionality.
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