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Abstract

Metal halide perovskites have attracted a lot of attention over the last decade as a potential low
cost alternative to traditional silicon based photovoltaics. Solar cells based on these materials
have already achieved power conversion efficiency (PCE) of 22%. However, these high
performing compositions are lead containing which is regarded as a potential risk for humans
as well as the environment. A lot of research effort has been put into completely replacing lead
with other group-14 elements such as tin and germanium, due to their similar sizes and
electronic configuration. These kinds of perovskites have shown promising optoelectronic
properties but are highly unstable due to the easy oxidation of tin and germanium.

In this thesis an alternative approach of mixing lead with other smaller divalent metal cations
is explored. MAPDIz is synthesized using lead acetate due to the facile removal of byproducts
and its tolerance for mixing with other metal salts. The alternate metal salts were selected on
the basis of their solubility in commonly used solvents and the suitability of the crystal structure
of the precursor compound for perovskite structure formation. We found manganese to be a
suitable substituent of lead and the upper limit for these mixed metal perovskites after
geometrical calculations as well as experimental verification is found to be around 30%.
Though the mixed metal compositions maintain the tetragonal crystal structure of lead based
perovskites, a secondary crystalline phase is observed with increased lead substitution. Efforts
are made to identify its composition and to remove it by optimizing the thermal treatment as
well as the ratio between the other precursors. The optimized recipe for 30% lead substituted
showed phase purity as well as good optical and electronic properties. Detailed compositional
analysis revealed that, unlike MAPbI3 synthesized using chloride based precursors, in these
mixed metal compositions chlorine is also incorporated in the films containing manganese
especially near the substrate interface. This suggests that the smaller metal cation has an
affinity for the smaller halide anion and that it plays a key role in the initiation of nucleation in
such mixed metal (Pb:Mn) compositions. Finally, solar cells were made as a proof of concept
incorporating these mixed metal perovskites and devices with up to 1.45% PCE were obtained.
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Introduction

Worldwide, governments are setting themselves targets to combat environmental climate
change and express their commitment towards adopting renewable energy sources. European
Union recently charted a new regionally binding target, according to which it requires a
minimum of 27% of all energy consumption to be met by renewable means by 2030 .
Furthermore, in the last few years, solar photovoltaics (PV) has especially seen a big jump in
developing countries due to increased awareness of its potential to alleviate pollution and CO>
emission without hindering the rapid economic growth these areas are experiencing [,

Mainstream silicon solar cell technology aided by the exponential growth in the micro-
fabrication industry has continued to gain substantial reduction in its manufacturing costs. This
combined with abundant supply of raw materials and device stability has assured its place as
the most widely used PV technology. However, manufacturing monocrystalline silicon is
highly energy intensive requiring extremely precise processing control. Furthermore, due to
the indirect bandgap of silicon, thick layers are needed to sufficiently absorb the appropriate
range of the solar spectrum. The brittle nature of these thick layers of crystalline silicon along
certain cleavage planes @ results in losses during manufacturing and also require thick
expensive glass supports that limit their areas of application. Research breakthroughs have
stagnated in this field, opening up opportunities for competing technologies that promise
significantly cheaper and more environmental friendly processing methods as well as higher
energy densities.

A new generation of hybrid halide perovskites, recently rediscovered in the last decade offers
promising results on these fronts 1. They have exceptional optoelectronic properties and are
easily fabricated using inexpensive precursors and low temperature solution-phase techniques
that have already shown adaptability to roll-to-roll (R2R) processes on polymer foil substrates
[l Photovoltaic devices incorporating these hybrid materials have gone from 3.8% [ PCE in
2009 to 22.1% in 2017 61, This structure has also been found to be highly tolerant to the
incorporation of various elements showing composition dependent properties such as a tunable
optical direct bandgap. This tunability is being exploited to optimize them for applications such
as the top component in tandem PV architectures [l as well as potential building materials 1%,
These materials however have two key hurdles that are at the focal point of research related to
PV applications. The first has been to study and solve their intrinsic and extrinsic stability
issues. While the other is to find less toxic alternatives to lead, a central component in all high
performing perovskite compositions, and this is also the main topic of this thesis.

1.1 Salient Features of hybrid halide perovskites

1.1.1 Structure

The term perovskite was originally used to describe the crystal structure of a naturally
occurring mineral calcium titanate (CaTiOgz). Due to the complex interplay between the charge,
spin and structural properties, this family of inorganic materials was found to exhibit a myriad
of novel and exciting phenomena like superconductivity, magnetoresistance, ferroelectricity,
magneto-electricity, anti-ferromagnetism, anti-ferroelectricity [,

Nowadays metal halide compounds have also been fabricated with a similar structure and
stoichiometry ABXz3 as seen in the figure 1. The B site inorganic cation and the X site halide



anion form an octahedral inorganic framework, with the A site cation (organic/inorganic)
located in the centre occupying the cuboctahedral cavity. Furthermore, these materials have
shown remarkable structural tunability based on the connectivity of the BXs octahedra.
Forming 3D corner-sharing structures, to multilayered 2D networks as well as all the way down
to isolated OD octahedral clusters 'Y, The size of the A site cation has been found to determine
the dimensionality of the octahedral framework. ™, However, materials adopting these
structures also shown an affinity for undergoing phase transitions in response to temperature
and pressure. Cubic, tetragonal, trigonal or orthorhombic are the common phases that are
formed by this class of materials, all showing widely different properties.

A: CH3NH5* (MA),
HC(NH.)2*(FA)

B: Pb?*, Sn?*

X: I, Br, CI

Figure 1: Structure of metal halide perovskite where A is a monovalent cation, B is a divalent metal cation and X is a
monovalent halide anion.

The most commonly investigated hybrid perovskite to date is methylammonium lead triiodide
(MAPDI3) M9, It has a 3-dimensional perovskite structure and has been shown to adopt three
different phases, a high temperature cubic phase above 330 K, a room temperature tetragonal
phase between 330 K and 160 K and a low temperature orthorhombic phase below 160 K.
Transitions between such phases change the electronic band structure and the resulting
optoelectronic properties of the material.

1.1.2 Unique properties

Perovskite materials have been fabricated via both solution-based as well as vacuum-based
methods. Irrespective of the deposition method, they show exceptionally high visible
absorption coefficients with a sharp absorption edge and in the case of MAPbIs, Urbach
energies as low as 15 meV. This value is close to that obtained for monocrystalline gallium
arsenide compounds (GaAs) and attests to the low level of energetic disorder *2. Moreover, in
the standard MAPbI3; composition, exciton binding energy have been experimentally found to
be in the order of 5-6 meV at room temperature, giving the indication that the photoexcitation
primarily results in the creation of free charge carriers instead of excitons. [*3ll*4l_ Once again
this kind of nature is more similar to inorganic semiconductors such GaAs than to organic
molecular solids which usually requires complex strategies to disassociate the excitons.

Due to its high absorption coefficients, MAPbIz was assumed to be a direct band gap material
but this explanation was inconsistent with its unusually low intrinsic bimolecular
recombination rates. These has been found to be up to four order of magnitude below that
predicted by Langevin theory subsequently leading to one of the largest reported charge carrier
diffusion lengths 1. Recently, a rationalization of this unique blend of properties has been
attributed to the presence of a mixed direct-indirect bandgap character in MAPDI3. Generation
of charge carriers is hypothesized to proceed via a direct transition following photoexcitation



while non geminate electron hole recombination has been found to be a thermally activated
process requiring a phonon contribution 16271181

However, despite the fantastic intrinsic properties mentioned above, there are other extrinsic
factors that limit the optoelectronic properties in these materials. For instance, charge carrier
mobilities tend to be generally hindered by charge carrier scattering at grain boundaries,
dopants and a disordered energy landscape [*°1. Optimizing growth conditions and the choice
of precursors has made a significant difference in the types, energetics and density of traps
introduced during processing 2%, Development of processing protocols has been at the crux of
the enormous improvements seen in the performance of PV devices using hybrid perovskites.
The specific details of the protocols used in this study such as excess organic salt, lead acetate
precursors and the effect of chlorine presence in the final perovskite film are elaborated upon
later.

Finally, perovskites have a highly tunable composition with unique structure-property
relationships making it suitable for various applications. Size of A site cation has been shown
to influence the dimensionality of the inorganic octahedral framework, as previously
mentioned, and also indirectly influence the optical and electronic properties by affecting the
BXs octahedral units 2%, Progressive substitution of the iodide at the X site with smaller
bromide allows to tune the band gap of MA based perovskites between 1.5 eV and 2.3 eV %21,
From density-functional theory (DFT) calculations it has been shown that the upper valence
band is dominated by the halide p orbitals while the conduction band minima is formed
primarily by the 6p orbital of lead ?°l. B site metal cation alloying of lead and tin has also
shown a similar but non linear band gap tunable character 241,

1.3 Deposition Methods

Metal halide perovskites have been produced primarily by either precipitation from solution or
vapor phase deposition. The solution based techniques can be broadly categorized into the one
step, two step and the solvent engineering method 21,

The one step deposition consists in mixing stoichiometric molar ratio of MAX and PbX: into
a low boiling point polar solvent such as y-butyrolactone 261, This solution is then casted into
a film which is annealed at a fixed humidity and temperature to transform the precursor into
perovskite crystals. Parameters that can be tuned are the precursor solution solvent,
composition and temperature of casting and annealing. Higher efficiencies of PV devices were
subsequently obtained by adopting solvent engineering techniques 2”1, These protocols involve
casting from a mixed-solvent solution that forms intermediate complexes with the precursor
slowing down the reaction to form perovskite crystals. The wet film is then treated with a non-
polar solvent, in which the precursors are insoluble and thus precipitate out abruptly leading to
the formation of a larger number of nuclei and improving the final film coverage. Solvent
engineering techniques have helped to effectively separate the film formation step from
perovskite crystallization. Another alternative approach with the same aim has led to the
development of the two step or sequential deposition technique %81, This method involves
depositing first a thin layer of PbX2 which is converted to perovskite by dipping or washing
with a solution of MAX or by vapour phase treatment. This process is believed to involve the
intercalation of MAX ions from the second solution into the interlayers spaces of the crystalline
PbXo.



1.4 Perovskite photovoltaics

Photovoltaic devices using hybrid perovskites as photoactive layers have developed rapidly in
the last decade. Kojima et al. were the first to use hybrid perovskites as dyes in liquid
electrolyte-based mesoscopic photovoltaic devices . The stability as well as performance of
these devices were enormously enhanced by the work of Kim et al. in replacing the liquid
electrolyte with a solid state hole transport material 2%, Initially all devices were fabricated
using a mesoscopic architecture as shown in figure 2. In this architecture perovskite served as
absorber layer with the transport layers being mainly responsible for charge carrier transport
and their interfaces with the perovskite aiding in charge carrier separation. However, two key
studies showed hybrid perovskites were not only efficient absorbers but also had balanced
ambipolar charge transport properties IBL, Based on these developments, planar perovskite
configurations consisting of solid absorber layers sandwiched between p and n type charge
selective films have been fabricated. By changing the perovskite compositions, improving
deposition techniques for better morphology and by optimizing the Hole Transporting Material
(HTM) layer photovoltaic devices with PCE of 22.1% have been obtained I,

Pt counter electrode

T|02/CH3TH3PbI3

Al203/CH3NH3PbI3-xClx
Au counter Au counter

ETM (HTM)
CH3NH3PbI3

~400 nm
HTM (ETM
OTE

2009 2012 2016
Figure 2: Perovskite solar cell architecture [,

1.5 Techniques used in study

Non stoichiometric ratios of methylammonium and lead salts has been shown to improve the
size of the crystalline domains B%. The excess organic component however usually requires
additional thermal treatment if lead iodide is used as lead precursor. In this study, the protocol
developed by Zhang et al. has been adopted 3. A non halide lead source such as lead acetate
or PbAc2 (Pb(CHsCOOQ),) helps accelerate the crystal growth Kkinetics because of the facile
removal of CHsNHsAc. This has also been quantified with the observation of lowest activation
energies for the precursor-to-perovskite transition in the case of non halide lead salts followed
closely by lead chloride and the highest for lead iodide 4. The perovskite formation
mechanism from these non-halide lead sources is hypothesized to proceed via displacement of
anions between the two precursors to first form sheet like Pbl> into which the remaining
CH3NHGl intercalate as follows [3°1 1361

PbAc, + 3CHsNHsl — Pbl, + 2CH3NH3Ac + CH3NH;I — CH3;NH;Pbl,

The intermediate Pbl> crystallizes in a rhombohedral structure which consists of layers of face
sharing, distorted, octahedra which are held together by weak van der Waals forces 71, In the
case for lead free compositions, it has been suggested that precursors having a similar layered
rhombohedral structure will allow direct intercalation of methylammonium iodide [,



Furthermore, if the metal cation shows a 6-fold coordination with the halide in the precursor
compound, it will have to undergo minimal reorganization and subsequently require lower
activation energy for the perovksite to form. In this study based on these criteria and their
solubility in anhydrous N,N-dimethylformamide CoBr,, FeBr, and MnCl, were chosen for the
mixed metal perovskite compositions.

It has also been found that the bimolecular charge recombination rate extracted for mixed
halide (I-Cl) perovskite is an order of magnitude lower than for triodide materials ™%,
Subsequently, the same study calculated charge carrier diffusion lengths that are a factor four
larger for these mixed halide perovskite compositions. The role of chlorine has been
controversial with studies claiming it acts as a dopant % or has a templating effect that leads
to the crystallization of less disordered films [“°1. However, what has been clear from numerous
studies is that the amount of chlorine incorporated in the final film is minimal with the majority
of the anion usually facilitating the release of excess organic ions B34,

1.6 Research Areas

Besides the exceptional optoelectronic properties and easy processability, hybrid perovskites
have two main limitations. One is the presence of lead in high performing compositions and
the other is the chemical instability under ambient conditions. In regards to the stability, great
strides have been made in the last few years, moving away from volatile methylammonium
and using mixed A site cations containing formamidinium that have greater thermal stability
[“11 - Furthermore, very recently nanocomposites of different perovskites (2D/3D) obtained
using different sized A site cations were also developed that appear to couple the optimum
electronic transport properties with the moisture stability offered by monolayer of 2D
perovskite at the interface (2. This unique structure was incorporated in HTM free PV devices
that were stable up to 10000 hours in ambient atmosphere and temperature cycling.

However, the issue of toxicity and water solubility of carcinogenic lead and its halide salts (4]
has raised questions regarding its use for devices as well as their end of life recycling. It is the
focus of numerous research groups and also this study to contribute to the ongoing research
effort to identify a non toxic replacement of lead while maintaining optimum optoelectronic
properties. To date, substitution of lead is being attempted via two ways; homovalent and
heterovalent substitution. Both these approaches have been particularly aided by the easy
applicability of semi-empirical geometrical parameters which are elaborated upon in chapter
2. The first method has involved the search for elements with a stable oxidation of +2, while
the second method is more complex and requires an equal proportion of mono and trivalent
metal cations to balance out the total charge.

Homovalent replacement of lead has been predicted to be possible for a variety of isovalent
cations belonging to group 14, alkaline earth metals and transition metals. However most of
the experimental studies have focused on the fabrication of tin and germanium based
perovskites. These have turned out to be highly unstable in ambient condition and tend to get
oxidized easily. This leads to excessive hole density thus resulting in the film behaving as a p-
type semiconductor with metal like conductivity. Hybrid germanium perovskite based solar
cell were fabricated in 2015 [*4 with PCE of 0.20%, but since then no significant improvements
have been observed with these compositions. However, in the case of tin there have been
significant developments with regards to minimization of the background charge carrier
density by optimizing the growth condition. With the help of solvent engineering and a SnF-
pyrazine additive, formamidinium tin triodide (FASnI3) based PV devices have been fabricated



showing up to 6.22% PCE [, Another alternative research line has involved partially
replacing lead with other divalent metal cations. Fabricating of (Pb-Sn) perovskites led to the
observation of an unexpected anomalous band gap trend 4! in this series of perovskites. This
has been employed to obtain perovskites with low band gaps of ~1.2eV and PV devices with
PCE upto 17.01% PCE ¢, However, despite the improvements, it has been recently studied
that the Sn based perovskites can be even more toxic than Pb 71, The easy oxidation of Sn (I1)
to Sn (IV) caused a reaction with the organism resulting in the release of hydroiodic acid that
caused significant harm.

1.7 Objectives and Outline

Looking beyond tin and germanium, alternative candidates from alkaline earth and transition
metal groups are attracting attention due to their stable divalent oxidation states and
compatibility with solution processing. Density Functional Theory (DFT) calculations have
found a series of compounds that are predicted to show absorption onsets in the visible region,
direct band gaps, dynamically stable perovskite structures [“81, as well as reasonably low carrier
effective masses 1. Due to their different ionic sizes compared to lead, they are being
incorporated by the partial replacement of lead to attempt the fabrication of mixed metal
perovskite absorber layers. Experimental works have been performed to study partial
substitution of Pb in perovskite thin films with Sr, Cd, Ca, Hg, Cu, Fe, Mn, Ni, Zn and Co [
[50-591 Though substitution of 25% of Pb with Co has been reportedly achieved B, a more
thorough theoretical as well as experimental investigation has been carried out for replacing
Pb with Sr B8I5-571 - As previously mentioned in section 1.5, the different crystal structures of
the various metal halide precursors appear to play a key role in the solution processability of
these perovskites [, The layered structure of SrCl which crystallizes in a rhombohedral
structure has allowed replacement of up to 10% of the Pb to form mixed metal perovskites.
While Srlz, which crystallizes in an orthorhombic structure, has been found to only dope the
lead based perovskite in small amounts of 2-5 % possibly due to its more closed and
interconnected network structure. Furthermore, it has been found that the incorporation of
dopants are made easier when they have a preexisting bond with the desired anion 661,

Building on these findings, in this thesis we focus on applying a similar reasoning to attempt
substitution of higher amounts of lead with other transition metals and test the suitability of the
halide salt for possible integration into the perovskite structure.

Firstly, in chapter 2, geometrical parameters such as the Goldschmidt tolerance factor and the
octahedral factor are elaborated upon and applied to test the suitability of the perovskite
structure based on three transition metals (Co, Mn, Fe). Furthermore, the theoretical upper limit
of mixing Mn with Pb is obtained. Moving on to the experimental results in section 5.1 a
reproducible solution process is adopted for depositing high quality Pb-only perovskite thin
films and subsequently it’s structural and optoelectronic properties are characterized.
Furthermore, the recipe is adapted to study the suitability of this method to incorporate the
metal cation, in this case only Pb, from two different metal precursor salts. Next in the section
5.2 we proceed to this study’s main focus of partially substituting Pb with other selected stable
divalent metal cations. After selecting Mn as a suitable candidate, in the section 5.3 increasing
amounts of Pb is replaced to experimentally test the perovskite structure’s tolerance for such
metal-mixing and to compare with theoretical predictions of chapter 2. The section 5.4 focuses
on the experiments designed to identify the possible origins of the non-perovskite crystalline
structure also being formed and to study the effect of thermal annealing for longer times on the
same. In section 5.5 the other precursor compounds are varied to calibrate the growth



conditions for the selected Pb-Mn perovskite composition. Next, in section 5.6 compact thin
films of the final perovskite recipe are deposited on PEDOT:PSS, a commonly used HTM, to
gain a better understanding of elemental composition and their distribution. Finally, in section
5.7 photovoltaic devices in the p-i-n architecture were fabricated as a concept to test the initial
suitability of these mixed metal (Pb:Mn) perovskites.

A variety of tools are used to characterize the thin films fabricated for this thesis. XRD is used
to confirm the presence of perovskite and residual crystalline materials. EDX and XPS are used
to study the chemical composition of the films. Morphology of the films were observed with
Secondary Electron images while the distribution of elements and subsequently phase
homogeneity were qualitatively studied using Backscattered Electron (BSE) imaging. Optical
properties were studied using UV-VIS absorption and PL spectroscopy and the electronic
properties were probed with TRMC technique.



Geometrical Parameters

2.1 Tolerance and Octahedral factor

The perovskite structure is known for its compositional flexibility leading to the large number
of known and reported compounds. However most of these perovskites are distorted and do
not have the ideal cubic structure 3. In 1926, Goldschmidt formulated a geometrical
parameter, tolerance factor, to evaluate the ionic sizes that a cubic perovskite structure can still
accommaodate without a different structure forming instead. This can be more easily understood
by looking at the perovskite unit cell as shown in figure 3.
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Figure 3: Perovskite unit cell with metal cation (B) at the centre, halide anions (X) at the face centres and organic
cations (A) at the edges [621,

If the above structure is considered to be formed by densely packed spheres, the X site anions
separate both the A site and B site cations. The lattice constant (a) is determined by the sum of
the ionic diameters of the the B site cation and the X site anion. It can also be derived by the
diagonal of the plane containing the A site cations and X site anions. This gives the simple
relationship [¢2:

(2ry + 2ry)
V2

Ratio of the two expressions is called the Goldschmidt’s tolerance factor (t) and is defined
below 841, It allows the determination of the distortion in the structure and in turn the suitability
of the various ions for the perovskite structure as elaborated on in table 1. However, these
tolerance ranges are not strictly rigid and exceptions have been found to occur %],

a=2rg+2ry =

Ty + 1y

s V2(r + 1)

Table 1: Tolerance factor physical meaning.

Tolerance factor Effect
t > 1 Size of A site cation too large to fit inside cavity
09<t<1 Cubic perovskite structure
0.80 <t < 0.89 | Distorted cubic perovskite structure
t< 0.8 Size of A site cation too small




This semi-empirical geometrical parameter, combining ideas of dense packing of ions and the
early estimates of ionic radii, has been successfully applied to various oxide perovskites.
Recently, with the advent of the new field of metal halide perovskites it has been gaining
significant attention to help explain the phase stabilization of perovskites as well as in
predicting the formation of new compounds. However, since the A site cation is now occupied
by a non spherical organic cation, in this study we use an effective radius as calculated by
Cheeham et al. [¢°l;

Taeff = Tmass T Tion

Where, 1,455 1S the distance between the centre of mass of the molecule and the atom with the
largest distance to the centre of mass and r;,,, is the ionic radius of this atom.

Another recent study has noted that the previously used Shannon radii for the B site metal ions
are calculated for oxide and fluoride compounds. However, hybrid perovskite compositions, to
date, that have been found applicable for optoelectronic applications are based on the heavier
halides (I/Br/Cl). These heavier halides have lower electronegativity resulting in a greater
degree of covalency in the metal-anion (B-X) bond which in turn shortens the bond. Travis et
al. 171 took this shorter bond into account by modifying the B site cation radii while keeping
the anion radius of the halide at its standard Shannon value.

Besides the tolerance factor, another geometrical parameter known as the Octahedral factor ()
has been increasingly applied to determine the formability of perovskite strucutres. It is based
on the size appropriateness of the B site cation to allow successful coordination with 6 anions
and is formulated as [

T

u= T

A lower threshold of 0.41 for this factor has been found in the case of inorganic perovskites,
below which all known compositions of ABI3 adopt non perovskite structures.

Table 2: Radii of A site organic cation used in this thesis.

+1 Effective radii ()
Methylammonium ion (MA*) | 2.16

Table 3: Radii of B site metal cation used in this thesis.

Shannon Modified Radius
(V) (ionic) M-I M-Br M-ClI
Pb2* 1.19 1.03 0.98 0.99
Co?* 0.745 0.745 0.745 0.745
Mn?* 0.83 0.72 0.72 0.73
Fe2* 0.78 0.68 0.68 0.67




Table 4: Radii of X site halide anion used in this thesis.

-1 (V1) Shannon Radius
I- 2.2
Br 1.96
Cl 1.85

The two geometrical parameters are initially applied to study the formability of the perovskite
structure using three metal cations; Co, Mn and Fe that have recently shown promise as suitable
lead substitutes. Focussing on single metal perovskites using the ionic radii in table 2-4, it was
observed that the compounds containing the three selected metal cations lie outside the region
of formability of the perovskite structure as shown in figure 4 by the dotted lines and shaded
region. This instability is primarily due to their smaller +2 ion size compared to Pb, which is
even more exaggerated by the shorter bonds with the halides and which hinders the formation
of the BXs octahedra. However, it is noticeable that the compounds incorporating the smaller
chlorine ion shows some promise, especially with an alternate smaller A site organic cation to
bring the tolerance factor values within suitable ranges.
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Figure 4: Structural map of ABX3 compounds.

However, in this study we focus on the effect of alternative B site metal cations, being inspired
by the tolerance factor tuning of the A site cation to successfully stabilize the cubic perovskite
structure of formadinium lead triiodide (FAPbIs) (8. Partial replacement of the the larger Pb
ion with a smaller Mn ion was explored to obtain an optimum tolerance and octahedral factor.
With increasing Pb replacement, the atomic ratio weighted average of the two different metal
cation sizes is used to estimate an effective cation size:

Tgeff = XTpp + (1 — X)Typ
where, X is the molar fraction of Pb in the perovskite structure. As seen from figure 5a and 5b,

up to 40% replacement of Pb?* with Mn?" should be theoretically possible while still
maintaining the perovskite structure.
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Figure 5: Geometrical parameters for mixed Pb:Mn compounds
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Characterization Techniques

3.1 X-ray Diffraction (XRD)

Diffraction is observed when electromagnetic radiation is directed on periodic structures with
geometrical variations on the length scale of the wavelength of the radiation. Since interatomic
distances in crystals are about 0.15-0.4 nm, they are comparable to the wavelengths of x-rays
having photon energies between 3 and 8 keV % Phenomena such as constructive and
destructive interference become observable when such crystalline structures are exposed to x-
rays.

2.1.1 Equipment Setup

X-rays in research labs are primarily generated in a sealed tube consisting of a stationary anode
coupled with a cathode placed inside a container sealed under high vacuum as shown in figure
6. High energy electrons generated by the cathode, usually a heated tungsten filament, are
accelerated towards the metal anode by high electrostatic potentials (30 to 60kV) [, On
impact the metal target expels electrons from its lower energy levels leaving a vacancy. Intense
characteristic X-rays are subsequently emitted from the transition of upper level electrons to
fill up the vacancies. However, nearly all of the kinetic energy of the primary electron beam is
converted into heat and the anode thus needs constant cooling. The X-rays exit the tube through
appropriately shaped beryllium windows allowing them to be focussed for diffraction studies.
Copper and cobalt are commonly used anode sources emitting Xx-rays with characteristic
wavelengths of 1.54 and and 1.79 A respectively.

Heated filament Electrons are accelerated

emits electrons by by high voltage
thermionic emission anode

cathode

X-ray tube ;

¥-rays produced when
high speed electrons
% hit the metal target

Figure 6: X-ray generating tube 7.

2.1.2 Working Principle

Electrons or the periodic electron density of atoms in a crystal are the primary scattering centres
for x-rays. While the nuclei and the electrostatic potential can interact in a similar manner with
incoming neutrons and electrons respectively. Only the elastic Thomson scattering is useful for
structural investigations since the wavelength of the x-rays is conserved in contrast to the
inelastic scattering processes [*°1. On getting excited, the electrons in the material oscillates like
a hertz dipole at the frequency of the incoming beam, thereby becoming a source for dipole
radiation. The scattered waves interact by constructive interference only in specific directions
as shown schematically in figure 7 that depend on the crystal structure and is formulated by
the Braggs Law:

nA = 2dsinf
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Where, n is the order of reflection, A is the wavelength of radiation used, d is the interplanar
distance and 0 corresponds to the angle between detector and sample. For the most commonly
used Bragg-Brentano geometry, both the radiation source and detector move at the same time,
and the scattered intensity is plotted as a function of 26.
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Figure 7: Schematic illustration of Braggs Law.

The position, intensity and shape of the XRD Bragg peaks can be analyzed to obtain various
information listed in table 5 [,

Table 5: Information obtained from powder diffraction pattern.

Pattern component Crystal structure Specimen property
Peak position Unit cell parameters (a, b, ¢, a, 8,y) | Absorption, Macro strain
Peak intensity Atomic parameters (X, Y, z) Preferred orientation,

Absorption, Porosity

Peak shape Crystallinity, Disorder, Defects Grain size, Micro strain

3.2 X-ray Photoelectron Spectroscopy (XPS)

XPS is a powerful surface analysis tool to study physical and chemical phenomena at the
surface of a wide range of materials from metals to biomaterials. XPS works on the principle
of photoelectric effect in which soft X-rays are used as the photon exciting source. Typical
sources include the Mg Ka (1.25 keV) and Al Ka (1.48 keV) that are emitted in a relatively
sharp peak of ~1eV thus providing a clean spectrum for analysis purposes ["2,

3.2.1 Experimental Setup

X-rays are produced at the Mg/Al anode by bombardment of electrons created at a filament.
The X-ray photons are then directed on to the sample, which produces photoelectrons that are
detected after analysis in the electron energy analyser as indicated in the figure 8 [’?l. In the
commonly used electrostatic analyser a potential is applied across two concentric plates that
produces different deflections in the electron paths.
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Figure 8: Experimental setup for XPS [,

3.2.2 Basic Principle

The basic process of interest involves absorption of a monoenergetic x-ray photon of known
energy and subsequently the ejection of an electron, the photoelectron, whose kinetic energy is
measured. Comparison of the measured energy to a standard reference, the spectrometer work
function, can be related to the binding energy of the photoelectron in the target atom. This
process is schematically shown in figure 9.

Photoelectron

__ Conduction
X-ray 3} Band
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Core ~ Band
Levels J
@ @ -

Figure 9: Inner shell electron being emitted by excitation from an X-ray photon.

By conservation of energy it is given that:
Ephoton = Ex + Ep

Where Eppoton 1S the energy of the x-ray photon, Ex is the measured kinetic energy of the
ejected electron and the Eg is the characteristic binding energy which is calculated.

These binding energies are characteristic for specific shells of different atoms and can be used
for elemental identification provided the electrons don’t suffer energy loss while leaving the
sample. Even though path length of x-rays is of the order of micrometers, the inelastic mean
free path of the ejected electrons is only a few angstroms. Furthermore, the electrons can
undergo kinetic energy loss due to a variety of reasons such as plasmon and phonon excitations
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and the emission of Auger electrons or fluorescent x-ray photons. The distance that electrons
can travel within the sample without suffering any energy loss is limited to a few monolayers
beneath the surface giving the XPS a surface sensitivity of ~10nm.

2.2.3 Analysis

A typical XPS spectrum is shown in figure 10 where the number of ejected electrons is plotted
against the binding energy. It consists of sharp peaks with extended long tails with the former
corresponding to energies of characteristic electrons while the latter correspond to electrons
that have undergone energy loss on their outward path. Elemental composition can be found
by comparing the spectrum to known databases. Binding energy of core electrons is dependent
on the species to which the atom is bonded, this can result in a “chemical shift” of the peak due
to various reasons such as oxidation states, electronegativity, molecular environment, lattice
sites etc. "2, Depth profiles of elemental composition can also be observed by removing
surface layers via sputtering using an inert gas such as Argon. A new XPS analysis is carried
out after each etching step to give information for a series of depths.
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Figure 10: XPS spectra for a MAPDIs film.

3.3 Scanning Electron Microscopy (SEM)

SEM uses a focused beam of high-energy electrons to generate a variety of signals at the
surface of solid materials as shown in figure 11. The signals generated from electron-sample
interactions reveal information about the sample such as external morphology, composition,
and crystalline structure and orientation of the materials.

15



Electran Beam

Back-scattered Electrons

Characteristic X-rays

Continuum X-rays
—» Secondary Electrons

Cathodoluminescence b

Figure 11: Signals emitted from different parts of the interaction volume.

3.3.1 Experimental Setup

The electron beam in an SEM is generated from a tungsten filament, LaBs or Schottky emitter
[731 1t has a typical diameter of 10 nm which determines the minimum resolution of an SEM
image. This beam after entering the specimen chamber, strikes the specimen at a single
location. Within this interaction volume, as shown in figure 11, both elastic and inelastic
scattering may take place generating various signals from backscattered electrons, secondary
electrons, characteristic and continuum x-rays, and cathodoluminescent radiation that can be
detected as shown in figure 12. The magnitude of these signals are then measured with the
respective detectors, allowing the determination of certain properties at that single location.
The beam can then be moved across the sample in the X and Y direction via deflection by
electro magnetic coils.
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Figure 12: Schematic representation of the experimental setup for SEM [74,
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3.3.2 Scattering of electrons

In an SEM the primary electron beam undergoes both elastic as well inelastic scattering, with
the former interaction due to collisions with the atomic nuclei while the latter due to interaction
with the atomic electrons. In both situations most interactions have deflections lower than 90°
which results in forward inelastic scattering of the primary beam coupled with subsequent
reduction of its kinetic energy. However, a small fraction of the primary electrons can be
elastically deflected at angles larger than 90°, allowing them to leave the sample without a
significant loss of kinetic energy. The volume of sample containing these scattered electrons is
called the interaction volume and has been shown previously in figure 11.

3.3.3 Secondary Electron Images

Secondary electrons are produced as a result of inelastic interactions between energetic primary
beam electrons and weakly bound valence or conduction band atomic electrons. A small
fraction of the energy of the primary electrons is used to break the secondary electron away
from the atom and that secondary electron is emitted with a non-zero kinetic energy in the order
of 100 eV due to which they quickly come to rest within 1-2 nm I, Only the secondary
electrons created near the surface are close enough to escape into the vacuum. Secondary
electron images are thus mainly a property of the surface structure and display topographical
contrast.

3.3.4 Backscattered Electron Images

Elastic scattering involves only a small energy loss, consequently the back scattered electrons
escape from the sample with energies similar or just below that of the primary beam. This
allows the secondary and backscattered electrons to be easily distinguished based on their
kinetic energy. This higher energy also allows back scattered electron signal to come from
much deeper in the sample as shown in figure 11. For primary beam energies above 3 kV, this
depth is 10-100 nm ™1, The cross-section for high-angle elastic scattering is proportional to
Z?, where Z is the atomic number, thus allowing significant atomic-number contrast in back
scattered imaging mode. While secondary electron images just reflect the surface topography,
back scattered images show contrast due to variations in chemical composition of a specimen.

3.3.5 Energy Dispersive X-ray spectroscopy

When primary electrons inelastically collide with an inner-shell electron and lead to its ejection
the atom is left in an excited state. Subsequent relaxation results in an electron transition from
an outer shell to fill the vacancy in the inner shell. This transition involves a release of energy
either in in the form of x-rays or an ejected (Auger) electron. The energy of the emitted x-rays
is characteristic of different atomic elements as they are related to differences of energy
between sharply defined levels of the atom. Furthermore, they are of the order of 100-1000 eV
that allows them to escape from 1-2 pm inside the sample. Elemental mapping can also be
performed when these characteristic x-ray signals are used to control the scanned-image
intensity [7°],

3.4 UV-Vis Absorption Spectroscopy

When light impinges on matter, it can be scattered (elastically or inelastically), absorbed, or
transmitted. These interactions depend on physical, chemical, and structural properties of the
matter besides depending on the intensity and energy of the incoming photons [l
Spectrophotometry is one of the most popular type of spectroscopies that measure the intensity
of transmitted and reflected light.
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3.4.1 Experimental Setup

In a spectrophotometer as shown schematically in figure 13, electromagnetic radiation is
generated by a stable light source over both UV and visible ranges. This radiation is then split
into specific wavelengths by a monochromator and is then allowed to pass through both the
sample as well as a reference. Finally, a photodiode analyses the transmitted radiation intensity.
Furthermore, the reflected light from each surface can also be collected using a specially
designed mirror or integrating sphere ["1,
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Figure 13: Schematic representation of experimental setup for absorption spectroscopy [78l.

3.4.2 Basic Principle

Depending on the energy of the photons, different excitations are generated in the matter.
Photons in the UV and visible region of the spectrum, are more likely to interact with the
electrons of the outer shells promoting them to more energetic levels or create excitons, while
infrared photons are more likely to interact with lattice and molecular vibrations and rotations,
creating phonons 781, The minimum energy needed to excite an electron from the valence band
maximum to the conduction band minimum is the band gap energy of the material as shown in
figure 14.
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Figure 14: Excitation of electron by absorption of photon with energy more than Eg.

When light passes through a material and assuming there is no reflection, the amount of light
absorbed is the difference between the incident radiation (lo) and the transmitted radiation (I).
This amount of light absorbed is expressed as either transmittance or absorbance. The Bouger-
Lamber-Beer law forms the mathematical-physical basis for this measurement [76l,
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Where, A, is the absorbance, T is the transmittance, « is the absorption coefficient and z is the
path length. If the diffuse and specular reflected light is also collected using an integrating
sphere [7®1, the absorptance of the material can be calculated as follows [

A=1- (T +R)

where A is the absorptance, T is the transmittance and R is the absolute reflectance.

3.5 Photoluminescence (PL)

Photoluminescence is a non destructive technique for the analysis of semiconductors providing
information on their electronic properties. It is particularly suited for the detection of shallow-
level impurities and can also be applied to specific deep-level impurities as long as the
recombination of the electron and hole is radiative.

3.5.1 Steady state Photoluminescence

Steady state photoluminescence consists of exciting the sample with a laser having energy
larger than the band gap, generating electron-hole pairs which recombine by one of several
mechanisms. The photons which are emitted by radiative recombination and are able to leave
the sample are focussed onto either a dispersive or a Fourier transform spectrometer and then
a detector as shown in figure 15 4. The sample can also be placed in a cryostat and cooled to
temperatures near liquid helium. Low temperature measurements are desirable to minimize
thermally activated non-radiative recombination processes and thermal line broadening.
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Figure 15: Schematic representation of the PL experimental setup (51,

Following the fundamental absorption process of a direct band gap material described
previously, the carriers relax to the lowest excited level before dropping down to the ground
state by emitting a photon as shown schematically in figure 16. Such radiative recombination
can occur via different ways such as band-to-band transition, exciton collapse or from localized
defect energy levels 82, The emission spectrum shows a fingerprint sharp peak related to the
band gap or defect energies. The intensity of the photoluminescence peak and its dependence
on the level of photoexcitation and temperature is directly related to the dominant
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recombination process with the peak width being a representative of the energy distribution of
the PL emitting states.
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Figure 16: Emission of luminescent photon due to radiative recombination.

3.5.2 Time resolved Photoluminescence (TRPL)

Time resolved Photoluminescence (TRPL) is commonly carried out using Time Correlated
Single Photon Counting (TCSPC) which is an effective method to probe the dynamics of the
various recombination processes.

It is a digital counting technique that is based on the assumption that probability of detecting a
single photon at a particular time t is proportional to the photoluminescence intensity obviating
the need to measure it 184, Production of an excitation light pulse starts the timer and the
detection of the first fluorescent photon from the sample stops it shown in figure 17. The
emission process is probabilistic in nature and the difference in time between these two signals
is output to a histogram, consisting of time bins with a width of At. All signals arriving within
t+At go into a specific bin.
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Figure 17: Schematic representation of experimental setup for TRPL using TCSPC [83],
3.6 Time resolved Microwave Conductivity
TRMC is an electrodeless AC technique to probe the photocarrier dynamics and carrier
transport in weakly conducting, thin photoactive materials 81, It is particularly suited for

studying local charge carrier motion without the hindrance of domain boundaries or energetic
barriers affecting the measured values 1. Furthermore, being an electrode less technique
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obviates the need for ohmic contacts and eliminates the effects due to the active layer —
electrode interfaces.

3.6.1 Experimental Setup

TRMC is a pump probe technique, in which the sample is optically excited by a short laser
pulse and the change in conductance is probed with monochromatic X-band microwaves (8-12
GHz) as shown in figure 18. The interaction of the electric field of the microwave radiation
with the mobile charge carriers will result in a decrease of its amplitude and/or a change of its
phase. Extent of the attenuation and the phase shift depends on the change in real and imaginary
conductance.

A N
VAVAL

Figure 18: Attenuation of microwave radiation through a conducting medium [€él,

The experimental setup primarily involves four parts as shown in figure 19. X-band
microwaves with powers up to 100 mW are generated using a Gunn diode mounted in a
tuneable resonant cavity. The visible range photoexcitation source is a 3-5 ns pulse of a
Nd:YAG laser. Furthermore, incident light intensity on the sample can be tuned over several
order of magnitude of fluence (10! - 10* photons/cm?) using neutral density filters. In the
reflection mode of operation, a circulator is needed which guides the waves into the sample
and guides the reflected waves to the detector.
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Figure 19: Schematic representation of the TRMC setup 881,
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3.6.2 Analysis

Microwave measurements can be carried out in either an open cell or cavity. The cavity length
matches with the length of one full oscillation of the resonant frequency of the x-band
microwave. By placing the sample at the positon of the electric field maximum, the sensitivity
of the instrument is optimized. The normalized change in microwave power (AP/P) absorbed
by the sample can then be related to the change in photo-conductance (AG) by (8%

AP
—— = _KAG(t)
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where, K is the sensitivity factor of the cavity and depends on dimension of the cavity, quality
of the cavity walls and the dielectric properties of the sample being measured.

The product of the photogeneration yield and the sum of the electron and hole motilities can
be calculated from the maximum value of the photo-conductance:

z _ AGmax

TLHE= IopeF,

Where, 7 is the photogeneration yield, i. e. the ratio between the number of the photogenerated
free charge carriers and the number of incident photons, I, is the number of photons per unit
are per pulse and F, is the fraction of light absorbed by the sample at the excitation wavelength.
From a trace of AG versus time as shown in figure 20, it can be observed that directly after
excitation by a laser pulse, the value of AG increases to a maximum due to generation of free
mobile charge carriers. Since no electrodes are present, decrease of the photo-conductance can

be only due to recombination and/or trapping of the charge carriers, providing information also
about the lifetime of photogenerated carriers.
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Figure 20: Photoconductance as a function of time for a CHsNH3Pbls film measured at a laser intensity of 3.81 * 10%°
photons/cm?.
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Experimental Methods

4.1 Synthesis Methods

Hybrid perovskites in this master thesis were synthesized by solution based methods. Due to
the unknown stability of mixed metal perovskites, they were synthesized and stored inside a
nitrogen glovebox. All chemicals except methylammonium iodide were obtained from Sigma
Aldrich.

4.1.1 Precursor Synthesis:

Methylammonium iodide was synthesized by reacting equimolar amounts of hydroiodic acid
(HI) (57 wt% in water) with methylamine (CH3NH:) (33 wt %in ethanol) in an ice bath for two
hours. The precipitate of the solution was collected by rotary evaporation at 50°C for 4 hours.
This precipitate was then washed with diethyl ether by pump air filtration before being dried
under vacuum for at least 24 hours.

4.1.2 Thin film deposition:

Precursors were weighted inside the glovebox and dissolved in anhydrous N,N-
dimethylformamide (DMF). The solutions were then magnetically stirred on a hotplate for 20
minutes at 70°C to ensure complete dissolution of precursors following which they were
allowed to cool down to room temperature before deposition. Quartz substrates were cleaned
using Oz plasma, to remove any organic contaminants as well as render the surface hydrophilic.
FTO coated glass substrates required thorough ultrasonic solvent cleaning with surfactant,
acetone and ethanol followed by 30 minutes of UV/Ozone treatment. Subsequently, spin
coating of the perovksite solution was done using optimized process parameters to obtain a wet
film on the substrates. Finally, a thermal treatment at 100°C was carried out for different
specified times to remove the residual solvents, allow sublimation of byproducts, crystallize
the perovskite as well as enable thin film growth.

For the standard reference, precursor solutions were prepared by mixing 3:1 (by moles) of
CH3sNHzsl and PbAc: in anhydrous N,N-dimethylformamide. Subsequently, varying amounts
of PbAc. were replaced with other metal salts such as PbCl,, CoBr», FeBrz and MnCl.. For the
bilayer of perovskite/Hole Transport Material (HTM), FTO coated glass substrates were first
coated by a water dispersion of PEDOT:PSS via spin casting through a 0.4um filter. This was
followed by thermal annealing at 120°C for 20 minutes before moving the samples in the
glovebox for the deposition of the perovskite layer.

4.2 Sample preparation and experimental methods

4.2.1 X-ray Diffraction (XRD)

Perovskite thin films were prepared in a glovebox on quartz substrate following the procedure
described in the synthesis methods. The sample was then placed in a custom shaped air tight
dome inside the nitrogen glovebox so as to avoid contact with air.

X-ray diffraction measurements were performed using a Bruker D8 Advance diffractometer in
the Bragg-Brentano Geometry. Monochromatic Cobalt Ko source with a wavelength () of
1.7889 A was operated at 40 kV and 40 mA. Experimental data were obtained for 20 from 5 to
60° with a step size of 0.0196°, time per step of 0.2s and a divergence slit of 0.300 mm.
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Furthermore, XRD patterns were subsequently compared to patterns from the ICSD database
whenever available.

4.2.2 X-ray Photoelectron Spectroscopy (XPS)

For XPS measurements, perovskite thin films were deposited on PEDOT coated glass
substrates as described in the synthesis methods. Sample was prepared inside the glovebox but
briefly exposed to air while they were loaded into the instrument.

XPS measurements were performed with a Thermo Scientific K-Alpha X-ray Photoelectron
Spectrometer (XPS) system, using a monochromatic Al Ka source emitting a 400 um beam
when operated at 12 kV and 3 mA. Wide scans were acquired at analyser pass energy of 200
eV, while narrow scans with higher resolution were performed at a pass energy of 50 eV. The
analysis chamber pressure is maintained around 1 x 107 torr during data acquisition and the
data was processed using Avantage software. The binding energy (BE) scale was internally
referenced to the C 1s peak (284.8 eV).

4.2.3 Scanning Electron Microscopy (SEM)

Perovskite thin films were prepared in a glovebox on quartz substrate following the procedure
described in the synthesis methods. The samples were mounted on a flat holder for top view
images and on an inclined 45° holder for cross section imaging.

SEM images were taken with JEOL-JSM-610LA microscope using 10 kV voltage energy and
10 mm working distance for the top view images and 5 mm working distance for cross section
images. Each sample was measured with various magnifications in the different imaging
modes. Magnifications of x1000 and x3000 were used in secondary electron mode while x200
and x750 were adopted in backscatterd mode. Elemental compositions and map analysis
images were obtained with EDX with primary electron voltage of 20 kV and magnifications
around x1000.

4.2.4 UV-Vis Absorption spectroscopy

Perovskite thin films were prepared in a glovebox on quartz substrates using the procedure
described in the synthesis methods. The samples were then placed in a custom shaped metallic
holder consisting of a window that allows light in and an o-ring lining so as to avoid contact
with ambient air after its loaded and closed inside the glovebox.

The samples were measured with a PerkinElmer UV/VIS/NIR Lambda 1050S spectrometer
containing 150mm Spectralon integrating sphere. InGaAs and PMT detectors were used for
detection in the near infrared (NIR) and in the ultraviolet-visible (UV-VIS) spectra
respectively. Lambda 1050S has Deuterium and Tungsten Halogen light sources. The
perovskite thin films were measured between wavelengths of 250 and 900 nm.

4.2.5 Photoluminescence (PL)

Perovskite thin films were prepared in a glovebox on quartz substrates using the procedure
described in the synthesis methods. The samples were then placed in the same custom shaped
metallic holder used for absorption spectroscopy.

PL measurements were carried out using an Edinburgh LifeSpec spectrometer equipped with
a Single-Photon counter. The perovskite films were excited at 405 nm with a picosecond pulsed
diode laser. A neutral density filter was used to prevent light below wavelengths of 450 nm
from reaching the detector. PL emission spectra for all the perovskite samples were obtained

24



between wavelengths of 650 and 900 nm. Pl lifetimes were tracked using TSPC method at the
maximum emission wavelength.

4.2.6 Time Resolved Microwave Conductivity (TRMC)

Perovskite thin films were prepared in a glovebox on quartz substrates using the procedure
described in the synthesis methods. Samples to be measured were loaded in the glovebox’s N2
atmosphere into a microwave cavity. This cell consists of a microwave waveguide that
conducts the microwave to the sample and a grated window covered by quartz that allows the
entry of the exciting optical signal.

Photoexcitation of the sample is achieved with a laser that emits pulses with a 3 ns full width
half maximum at a tunable wavelength which was fixed in this thesis project to 450 nm.
Microwaves with an alternating field with a frequency of approximately 8.4 GHz are used to
probe the electronic properties of the sample.
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Results and Discussions

5.1 Lead Only perovskite

Thin films of MAPDIs were first synthesized using a non halide lead source (PbAc») via the
procedure developed by Zhang et al. 33 as described previously in the experimental methods.
Furthermore, to check the viability of this processing method to incorporate the metal cation
(Pb) from two separate metal salts, mixing lead precursors [ 8% (PhAc,+PbCl2) was also
attempted. Both the thin films were fabricated by spin coating and thermally annealed for 15
minutes at 100°C.

The structural characteristics of the MAPDI3z from acetate source (PbAcz) as well as from mixed
source (PbAc2+PbCly) were studied using XRD. Figure 21 shows the the pattern for MAPbI3
obtained from lead acetate, while figure 22 shows MAPbI3; obtained from the mixed lead
sources. Both the thin films have the characteristic peaks of the tetragonal phase of the
perovskite crystal, especially since the single source perovskite film’s diffractogram contains
the (211) peak which is inconsistent with the cubic phase [*°. The film fabricated using mixed
lead sources shows stronger diffraction peaks for the (110) and the (220) lattice planes in line
with previously published results that Cl incorporation favors preferential growth along (110)
direction B8, When the (110) reflection’s full width half maxima are compared, as shown in
Table 5.1, lead acetate films however show lower FWHM and larger crystallite sizes. In both
the films there is residual unreacted Pbl> which can be identified by its characteristic (001)
reflection at 14.71°. Also noticeable is the lack of any peaks that could be attributed to the
formation of MAPDCIs in the perovskite film derived from mixed lead sources, which is
comparable with previously reported literature data 4.

Table 6: Full-width-half-maximum (FWHM) of the (110) facet and the calculated crystallite size using Scherrer

equation.
Film (110) Peak | FWHM | Crystallite
2theta Size (A)
PbAC 16.461 0.081 1271
PbAC2:PbCl; (4:1) 16.42 0.089 1170
T T (1 'IO) T T T T —_— PbACZ

100 - -

Intensity (a.u.)

(220)

50 —

Pbi2
(001) L (200) (211)(202 G0
(20 (202)

L I T T |
10 15 20 25 30 35 40

2Theta (°)
Figure 21: XRD diffractogram of perovskite from PbAc..
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Figure 22: XRD diffractogram of perovskite from mixed lead source (PbAc2 +PbCl.).

0

Optical properties of the perovskite films obtained from single (PbAc2) and mixed lead sources
(PbAc2+PbCl2) were characterized by means of UV-Vis absorption and photoluminescence
spectroscopy, as shown in figure 23 (a) and (b) respectively. It is observed that the overall
absorption spectrum is similar over the visible region, with the film from mixed lead source
showing slightly higher absorption from 550 to 780 nm. This can be due to either better
crystallinity, improved surface coverage or thicker films as chlorine has been found to induce
both vertical as well as lateral grain growth and reduction in pinhole area €819 Both the films
show another absorption onset at around 505 nm which has been previously attributed to Pbl>
remaining in the film 2. The PL emission peak is slightly enhanced and blue shifted by ~10
nm in the film obtained from mixed lead sources. This might be due to morphology effects or
passivation of non-radiative defects due to the the presence of Cl or an increase in bandgap due
to actual incorporation of Cl in perovskite structure %1, However, in our case we can confirm
that there is no change in the bandgap since there is no shift in the UV-VIS absorption onset.

(B) T [— poac, (b) 1000 fF T
— PbAc,+PbC, (4:1) PbAC,
071 — 782 nm — PbAC,+PbCl, (4:1)

0.6} 800~
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°
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Intensity (a.u.)
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0

1 I I I I I A
700 720 740 760 780 800 820 840

| | | | | )
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Figure 23: Optical properties of perovskite films from single (PbAcz) and mixed lead sources (PbAcz +PbClz)
(a) UV-Vis absorption spectra (b) PL emission spectra.

TRPL has also been measured as shown in figure 24. It is clearly observable that the film
obtained using mixed lead sources has slower PL decays. Long PL lifetimes and charge carrier
diffusion lengths have been shown for MAPbI; obtained by this method 4 and hypothesized
to be due to possible doping effects of chlorine [,
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Figure 24: PL decay curves for perovskite films from single (PbAcz) and mixed lead sources (PbAcz +PbClz).

Next, TRMC measurements were made to gain a better understanding of charge carrier
dynamics in these two films. The films were excited at 450 nm using a pulsed laser whose
fluence was varied between ~ 4*10° to 4*10'! photons cm2 per pulse and the traces of the
photoconductance were plotted versus time as shown in figure 25 (a) and (b) for the single
(PbAc2) and mixed lead source (PbAc2+PbCly) based perovskite respectively. In both the films
the photoconductance AG is a similar function of time consisting of an initial rise, due to
generation of mobile charge carriers, followed by a decay caused by a decrease of charge
carrier concentration either due to trapping or recombination.

(b) T[PbAc,+PbCl, (4:1)
4.066+09
1230+10
— 4.19e+10
60+ — 5226410
1.58e+11

(a)

— 4.03e+11

20

AG/(Bely) (cm’/(Vs))
AG/(Belo) (cm’/(Vs))

| | | Il 1 1 1 | |
0 200 400 600 800 0 200 400 600 800
time (ns) time (ns)

Figure 25: Photoconductance as a function of time for perovskite films (a) from single (PbAc:) (b) from mixed lead
sources (PbAc2+PbCly).

The product of the yield of free charges and their mobilities is calculated from the maximum
value of the photoconductance, and it is traced with respect to intensity of the laser pulse in
figure 26 (a). It is observed that in both cases the peak signal initially increases with laser
intensities before dropping. This is because at low charge carrier concentrations immobilization
due to presence of traps dominates, and only when these are passivated do the charge carriers
undergo second order recombination. The half lifetimes i.e time required for the signal to drop
to half its value is plotted for the samples in figure 26 (b). It is observed that at high laser
intensities, when the traps have been passivated and the charge carriers are primarily
undergoing second order recombination during the pulse, the lifetime almost becomes constant.
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Figure 26: Electronic properties as a function of laser intensity of perovskite films obtained from single (PbAcz) and
from mixed lead sources (PbAc2+PbCl2) (a) Maximum value of photoconductance (b) Half lifetimes.

The morphology of the two films was studied using SEM in secondary electron imaging mode
as shown in figure 27 (a) and (b). It is noticeable that the grain sizes of the perovskite film
obtained from mixed lead sources are significantly larger but at the same time the coverage on
quartz substrate coverage is lower due to the presence large interconnected pinholes. PbAc>
was chosen as a suitable lead precursor as it allowed easy crystallization of high quality
MAPbI3 with short annealing times of 15 minutes and furthermore it showed suitable tolerance
of a secondary metal salt precursor.

;

SEI 10kV WD10mmSS44 x1,000  10pm  — SEl 10kV WD12mmSS40 x1,000 10pm  —

Figure 27: Secondary electron images of perovskite films obtained from (a) PbAc2 precursor and (b) from mixed lead
sources (PbAc2+PbCly).

5.2 Initial Screening of mixed metal perovskite

Perovskite thin films were synthesized by substituting 20 molar % of lead acetate with the
selected divalent metal precursors (CoBrz, FeBrz, MnClz) and TRMC measurements were
obtained as shown in figure 28 (a) (b) and (c). The thin films were fabricated by spin coating,
keeping deposition parameters the same as before, and thermally annealed for 15 minutes at
100°C.
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Figure 28: Photoconductance as a function of time for mixed metal perovskite compositions
(a) PbAc2+CoBr2 (b) PbAc2+FeBr2 (c)PbAc2+MnCl. .

Laser pulse fluences were varied between ~1*10'! to ~2*10*2 photons cm™ per pulse. The
maximum value of the photoconductance, as seen in figure 29 (a), decreases with laser intensity
signifying the occurrence of second order recombination during the pulse. The half times are
relatively constant as seen in figure 29 (b). Though CoBr; incorporated films showed slightly
higher values at the same laser intensities, manganese was chosen for the next experiments as
cobalt is known to be toxic to humans leading to adverse neurological conditions [*°],
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Figure 29: Electronic properties as a function of laser intensity for mixed metal perovskite compositions
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5.3 Replacing lead with manganese

Manganese was selected as a viable candidate for partial substitution of lead. In order to verify
how much manganese can be incorporated in the perovskite structure, 0 to 50 molar % of PbAc>
was progressively replaced with MnCl. in the initial precursor solution. To maintain similar
growth conditions, the molar ratio of the organic precursor to the total amount of metal salt
was maintained at 3:1, however films were now thermally annealed at 100°C for a longer time
of 30 minutes.

XRD diffractograms of the various perovskite films are plotted in figure 30. It is observed that
the tetragonal phase of the pure lead based perovskite is maintained in the mixed metal
compositions. Position of the (110) reflection and the corresponding Full Width Half
Maximum (FWHM) along with the calculated average crystallite sizes are listed in table 7.
However due to dependence of crystallite sizes on film thickness, peak broadening due to
crystal straining ®°, FWHM is used as a qualitative tool for comparing crystallinity. With
increasing MnCl; inclusion, there is no discernable trend in the peak positions but it is observed
that the FWHM increases and subsequently crystallinity of the perovskite film decreases. With
inclusion of 30 molar % of MnCl;, new reflections at 9.98°, 20.008°, 30.171° and 40.531° also
appear. After comparing the results shown in figure 30 to the XRD patterns of the precursor
powders and other simulated compounds as shown in appendix A, it was concluded that the
new reflections appearing at 30 molar % of MnCl. are not due to unreacted precursors but
might be a secondary crystalline material phase. Upon further inclusion of MnCl; the intensity
of these new reflections increased along with that of the (110) (200) and (220) peaks of the
tetragonal perovskite phase. From these results we conclude that until the addition of 20 molar
% of MnCly, a single perovskite phase forms. Furthermore, inclusion of 60 and 70 molar % of
MnCl, was attempted (see appendix A), however it led to a highly unstable material in line
with a previous study where this compound was synthesized using different precursors 21,

MnCl, molar %
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20 %
— 30 %
40 %
— 50%

E)
s
2 *
.@ # 4 * # *
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Figure 30: XRD diffractogram of perovskite films with increasing amount of MnClz, with (*) for identified tetragonal
perovskite reflections and (#) for new unidentified reflections.
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Table 7: Full-width-half-maximum (FWHM) of the (110) facet and the calculated crystallite size using Scherrer

equation.
MnCl2 molar % | (110) Peak | FWHM | Crystallite
2theta (°) Size (A)

0 16.461 0.081 1271

10 16.443 0.079 1303

20 16.441 0.098 1051.5

30 16.447 0.109 953.2

40 16.464 0.094 1100.8

50 16.449 0.134 772.8

Optical properties of the various films were studied using UV-VIS absorption and PL emission
spectroscopy as shown in figure 31 (a) and (b) respectively. The absorption spectra for the
different mixed metal compositions are relatively similar with an onset around 800 nm.
However, beginning at 40 molar % inclusion of MnCl, an additional absorption peak is
observed at 364 nm. From the PL emission spectra, it can be observed that all the compositions
show a detectable peak with a possible indication that MnCl. addition possibly enhances the
emission, though this may also be caused due to other reason such as morphology effects.
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Figure 31: Optical properties of perovskite films containing increasing amounts of MnCl:
(a) UV-Vis absorption spectra (b) PL emission spectra.

In figure 32, the peak emission wavelengths are plotted against molar % of MnCl, and it is
observed that there are two distinct blue shifts. Lead only perovskite films show a peak
wavelength of 792 nm and then with addition of MnCl: till 40 molar % the peak is shifted to
and maintained at around 770 nm while at 50 molar %, the peak gets broader and shifts to 752
nm. This might be due to the effect of chlorine from the MnCly, similar to what is observed in
section 5.1 for perovskites obtained from mixed lead sources (PbAc2+PbCly), or it might be
due to the substitution of lead by manganese.

Emission Peak Wavelength (nm)

0 10 20 30 40 50
MnCl, molar %

Figure 32: PL emission peak wavelength for perovskite films containing increasing amounts of MnClo..
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The PL decay was tracked using single photon counting as shown in figure 33. It was observed
that the decay becomes faster for increased MnCl> addition, until 50 molar % at which the
lifetime becomes slightly longer and shows a different trend.
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Figure 33: PL decay curves for perovskite films containing increasing amounts of MnClz.

Charge carrier dynamics of the various films were studied using TRMC measurements as
shown in figures 34 (a) - (f). Only for the 0 and 10 molar % of MnCl; inclusion the AGmax
decreases with increase in laser intensity, indicating that second order recombination is
occurring during the pulse in these cases while with any more addition traps are being created.
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Figure 34: Photoconductance as a function of time for perovskite films containing increased amounts of MnClz
(@) 0% (b) 10 % (c) 20% (d) 30 % (e) 40 % (f) 50 %.

The maximum change in photoconductance drops upon addition of MnCl; as can be see in
figure 35. A drop in AGmax IS related directly to a drop in nZu, as described earlier in section 4.
Since we do not see an excitonic peak in our absorption spectra we can assume that all the
absorbed photons generate free charges (n = 1) and that most of the drop in photoconductance
can be related to a decrease in the mobilities of the charge carriers.

AGmax/(Rel,) (cm’/(Vs))

0 10 20 30 40 50
MnCl, molar %

Figure 35: Maximum change in photoconductance for perovskite films containing increasing amounts of MnCl2 for
the incident laser intensity -4 * 10'° photons/cm?.

SEM was used to study the various thin films and the backscattered electron images obtained
are shown in figure 36 (a) — (f). Since BSE images allow significant atomic number contrast,
it can be hypothesized that the brighter regions contain elements with higher atomic number.
It is observable that adding more than 30 molar % of MnCl. results in noticeable segregation
of elements with dark and bright regions distributed throughout the film. It was also observed
that the films consisting of 40 and 50 molar % MnCl. were sensitive to air and/or electron
bombardment, as they appeared lighter after the imaging. EDX spot analysis was also
performed to study whether the stoichiometry of the solution is maintained in the deposited
thin film. The Mn:Pb atomic ratios are listed in table 8. Furthermore, compositional maps of
all the elements were made over a section of the thin film to observe the homogeneity of their
distribution and can be seen in the appendix B. Since, EDX receives signals from the bulk of
the film, atleast near the quartz interface it can be asserted that the ratio between the metal
cations are well preserved and in line with the stoichiometry of the perovskite solution.
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Figure 36: Backscattered electron images of perovskite films containing increasing molar % of MnCl2
(@) 0% (b) 10 % (c) 20% (d) 30 % (e) 40 % (f) 50 %.

Table 8: Relative atomic ratio of metal ions in thin films from EDX spot analysis.

Molar % Metal

of MnCl2 Mn Pb
0% 0 1

10 % 0.09 1
20 % 0.19 1

30 % 0.26 1
40 % 0.46 1

50 % 1.07 1

5.4 Non-perovskite phase

From the previous results it was concluded that the limit of MnCl> addition in to the perovskite
mixture is around 30 molar %. Increasing the amount of MnClI> in the precursor solution results
in thin films with unidentified XRD reflections, an additional absorption feature, lower values
of photoconductance and visible segregation of phases in backscattered electron images. In this
section, the effect of increased thermal treatment time on the properties of the final perovskite
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film was studied and attempts were also made to ascertain the composition of the non
perovskite phase. Three types of perovskite films were prepared in which 30 molar % of PbAc>
was replaced by MnClz, MnBr2 and PbCl, respectively. All the films were prepared by the
previously discussed synthesis method however the thermal annealing time was varied between
30, 60 and 120 minutes.

XRD measurements were carried out for the three types of thin films as shown in figure 37 (a)
— (). It is observable that the XRD reflection at 9.98° appears only with MnCl, replacement,
furthermore with increased annealing time it reduces in intensity before disappearing entirely
after 120 minutes. In the case of replacement with MnBrz, new XRD reflections appear that
also cannot be easily attributed to any of the precursors or intermediate perovskite structures
as shown in appendix A. From the XRD diffractograms, it can be hypothesized that the
intermediate structure in focus is due to the presence of both Cl and Mn, because other sources
of Cl (PbCl2) and Mn (MnBr2) don’t result in the same XRD peaks.

(a ) * T T T T {30 molar % PbCI)

30 mins
— 60 mins

Intensity (a.u.)

. . . .
8 10 12 14 16 18
2Theta (°)

(b) F T T T T [30 molar % MnCI (C) T T T 30 molar % MnBr,)
— 30 mins — 30 mins
— 60 mi —
= 120 mins — ?gOmr‘v:‘s
WMWPWWMWWM »
et gty —
5 ; |
A s I\
z z l
a &L |
] ]
§ 3 |
=T A 1 E et NI A
WAV M AN, FAY, \
It e I VIV YA RV k’\""v-"\“»l\,ol\,v\//"‘ﬂ”’/’ S
VA
L I I | |

L L L L
8 10 12 14 16 18 8 10 12 14 16 18
2Theta (°) 2Theta ()

Figure 37: XRD diffractograms with increasing annealing times of perovskite films synthesized using
(@) 30 molar % PbCl: (b) 30 molar % MnCl: (c) 30 molar % MnBr:.

The optical properties were then studied using UV-VIS absorption spectroscopy as shown in
figure 38. It is observed that the typical sharp onset and shape of the absorption spectrum is
similar in the case of PbCl, and MnCl; addition but only partially observed after 120 minutes
of annealing in the case of MnBr; inclusion. Both the perovskites films that were fabricated
from precursor solutions containing 30 molar % of a Mn salt show additional absorption
features within the wavelength range 360 to 380 nm that disappears after 120 minutes of
annealing.
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Figure 38: UV-VIS absorption spectra with increasing annealing times of perovskite films synthesized using
(a) 30 molar % PbCl: (b) 30 molar % MnCl2 (c) 30 molar % MnBr.

TRMC measurements were carried out for all three types of perovskite films and the max
photoconductance (AGmax) Was plotted versus the laser intensity as seen in figure 39. A general
observation is that the films synthesized from a Mn salt (MnCl, or MnBrz) show the highest
signal after annealing for 120 minutes, while the perovskite film with 30 molar % of PbCl;
achieves its maximum already after 60 minutes.
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Figure 39: Maximum value of photoconductance as a function of laser intensity for increasing annealing of perovskite
films synthesized using (a) 30 molar % PbCl2 (b) 30 molar % MnClz (c) 30 molar % MnBr.

SEM images were taken for all the three types of perovskite films however the films containing
30 molar % of MnBr2 showed excessive phase segregation (appendix C) and were not studied
further.

The backscattered images of the perovskite films synthesized using PbCl, and MnCl, are
shown in figure 40 and 41 respectively. Both the types of films show similar contrast in images
with a largely homogenous phase composition. One interesting observation is the effect of
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thermal treatment on the amount of chlorine remaining in the film as shown in table 9. In the
films synthesized using PbClz, Cl is undetectable already after 30 minutes of annealing.
However significant amount of ClI remaining in the Mn based film hints at its affinity to
incorporate Cl into the perovskite structure in contrast to the low concentration said to be
allowed in MAPbI3 B, With longer annealing time, and comparing with the XRD results
shown in figure 37 (b) Cl might be also helping facilitate the removal of the non-perovskite
phase and subsequently being removed from the mixed-metal perovskite structure.

Figure 40: Backscattered electron images of perovksite films containing 30 molar % of PbCl. with increasing
annealing times (a) 30 minutes (b) 60 minutes (c) 120 minutes.

Figure 41: Backscattered electron images of perovksite films synthesized using 30 molar % of MnCl2 with increasing
annealing times (a) 30 minutes (b) 60 minutes (c) 120 minutes.

Table 9: Table: Atomic % of Chlorine with respect to iodine using EDX elemental spot analysis.

Film Relative ratio (CI/I
30 minutes 60 minutes 120 minutes
30 molar % PbCl, Not detected Not detected Not detected
30 molar % MnCl, | 0.088 0.058 Not detected

5.5 Process optimization

Having found the upper threshold for MnCl; inclusion as well as the minimum annealing time
required to remove the non-perovskite crystalline phase, focus is now shifted to the
optimization of the other precursors in the perovskite solution, specifically the choice of the
lead salt and the organic compound concentration. Indications obtained from results in previous
sections that chlorine, a smaller halide, is possibly getting incorporated in such mixed metal
perovskite compositions, it is expected that optimized iodine and chloride mixing may lead to
a more desirable tolerance and octahedral factor 5% 6% Furthermore, the enhanced PL
properties (emission and lifetime) of lead only perovskite films using mixed lead sources
(PbAc2+PbCl2) motivated using such a combination for the mixed metal perovskites. Next the
molar ratio of the organic precursor to the metal salts was also varied between 3:1 to 2:1 to find
the optimum amount of excess organic ions for mixed metal perovskites.
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5.5.1 Variation of Lead precursor

The MnCl; concentration is fixed at 30 molar % and the lead source is varied between PbAc»
and PbCl> as shown in table 10. The thin films were fabricated as described in the synthesis
methods and thermal annealing is carried out for 120 minutes at 100°C.

Table 10: Relative molar ratios of the inorganic precursors.

Notation Molar %
MnCl2 | PbAc2 | PbCl2
1-0 30 70 0
8-1 30 62 8
1-1 30 35 35
1-8 30 8 62
0-1 30 0 70

XRD measurements for the various films are shown in figure 42. It is observed that the
intermediate XRD peaks previously removed after annealing for 120 minutes, reappear when
PbCl> is more than 50 % of the Pb source and also the (200) peak of the tetragonal perovskite
phase at 23.1° gets enhanced. Furthermore, for the 1-8 and 0-1 films extra reflections appear
at 29.4° and 10.65°. Furthermore, texturing of the film along the (110) direction is much
increased as the intensity of the peaks obtained for 8-1 are a factor of two more than the 1-0
films.
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Figure 42: XRD diffractogram of perovskite films containing various ratios of mixed lead sources.

To better understand these new materials two ratios (1-8 and 0-1) were selected and each film
type was annealed for 30, 60 and 120 minutes. The XRD measurements are shown in figure 43
(@) and (b). In the case of the 8-1 films, the intensity of the XRD peaks of the non-perovskite
phase (26 = 9.98°) is much reduced already after 30 minutes of annealing compared to the
sample fabricated without PbCl> (1-0) as seen previously in section 5.3. Interestingly, after 30
minutes of annealing the diffraction peak of (004) is visible at 32.93°, however with further
annealing orientation of the perovskite structure along (110) and (220) is preferred. For the O-
1 films, the XRD peaks of the non-perovskite phase (26 = 9.98°) does not appear until they
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have been annealed for 120 minutes in contrast to all the films studied till now. On the other
hand, new peaks attributed to the (100) plane of MAPbCIs at 18.45° [*!lis observed along with
a more distinct (200) peak of MAPDIz at 23.1°. Furthermore, three more reflections are
observed especially after 30 minutes of annealing at 34.81°, 14.35°, and 11.48° but they could
not be indexed.
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Figure 43: XRD diffractograms with increasing annealing time of perovskite films from mixed lead sources
(@) PbAc2+PbCl2 (8-1) (b) PbAc2 +PbCl2 (0-1).

Absorptance spectra of the various films types are shown in figure 44. It is apparent that the 1-
0 and 8-1 films have a similar spectral shape. With further increase of PbCl. content there is a
uniform decrease in absorption in the wavelength range of 500 to 800 nm and also a
reappearance of the absorption feature at 365 nm.
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Figure 44: UV-VIS absorption spectra of perovskite films containing various ratios of mixed lead sources.

As in the case of the XRD measurements, 8-1 and 0-1 are selected due to their characteristic
differences and their absorption spectral shape is tracked with increasing annealing times as
shown in figure 45 (a) and (b). While the 8-1 films attain the characteristic perovskite
absorption onset and spectral shape already after 30 minutes of annealing, the 0-1 films require
at least 120 minutes of thermal treatment. Furthermore, though the absorption feature at 365
nm appears for both types of films, it disappears in the case of 8-1 after 120 minutes of
annealing. Interestingly when compared to the spectral shape of the 1-0 films changing with
annealing time, in section 5.4, this absorption feature appears to be more enhanced for both the
films though the XRD reflections attributed to the non-perovskite phase is more subdued.
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Figure 45: UV-VIS absorption spectra with increasing annealing time of perovskite films from mixed lead sources
(a) PbAc2+PbCl2 (8-1) (b) PbAc2 +PbCl2 (0-1).

PL emission spectra for the various films were also gathered as shown in figure 46. One of the
noticeable features is the absence of any emission in the pure lead acetate (1-0) films after 120
minutes of annealing. However, with a minimal addition of PbCl, (8-1) PL is enhanced.
Furthermore, till the 8-1 films the peak emission wavelength is maintained around 770 nm but
for the pure PbCl: it blue shifts to 760 nm.
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Figure 46: PL emission spectra of perovskite films fabricated from various ratios of mixed lead sources.

The PL emission of 8-1 and 0-1 films is measured for increasing annealing times as shown in
figure 47 (a) and (b) respectively. The peak wavelength in the case of the 8-1 films after 30
minutes is at 768 nm before red shifting to 773 nm. While for the 0-1 films after 30 minutes it
emits at a wavelength of 758 nm before red shifting slightly to 760 nm. Furthermore, in both
cases with annealing time, the intensity of the peaks decreases.
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Figure 47: PL emission spectra with increasing annealing time of perovskite films from mixed lead sources
(a) PbAc2 +PbCl: (8-1) (b) PbAc2 +PbCl2 (0-1).
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PL lifetimes of the various films were measured using single photon counting method as shown
in figure 48. All the films except the 0-1 show a quick decay.
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Figure 48: PL decay curves of perovskite films containing various ratios of mixed lead sources.

Furthermore, when the TRPL decay lifetimes are measured for different annealing times. In
the case of the 8-1 films there is no discernible trend with all of the signal disappearing within
~80 ns. While for 0-1 films the TRPL signal initially shows much slower decay but becomes

faster with longer annealing times.
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Figure 49: PL decay curves with increasing annealing time of perovskite films from mixed lead sources
(@) PbAc2+PbCl2 (8-1) (b) PbAc2 +PbCl2 (0-1).

TRMC peak signal and half lifetime for a specific laser intensity (2.79 * 10° photons cm per
pulse) is compared for the various film as shown in figure 50. Furthermore, their dependence
on annealing times is also plotted for the 8-1 and 0-1 films. Interestingly, the films fabricated
using only PbClI> as the lead source have relatively high AGmax and long half lifetimes already
after 30 minutes of annealing suggesting that the presence of MAPbCIs along with the pure
iodide based perovksite does not hinder charge transport dramatically. While the 8-1 films
show the highest AGmax and half lifetimes only after 120 minutes of annealing. Possibly
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Figure 50: Electronic properties of perovskite films containing various ratios of mixed lead sources
(a) Maximum value of photoconductance (b) Half lifetimes.

Backscattered electron images of all the films after 120 minutes of annealing were taken using
SEM as shown in figure 51. The 1-0 and 8-1 films look similar with a slightly enlarged grain
sizes in the latter. Elemental analysis results using EDX spot analysis are listed in table 11 and
also the results obtained for 0-1 films in section 5. are incorporated. Interestingly there is a
significant amount of Cl in the 8-1 films but no extra XRD reflections due to the non perovskite
phase, this helps confirming the previous assertion that Cl can also be incorporated in small
amounts in the mixed metal (Pb:Mn) perovskite structure besides helping in the removal of the
non perovskite phase. There is a limit to this Cl incorporation however as with further
increasing the amount of CI, it appears that there is segregation of material phases and a
noticeable change in morphology. It is observed that for the 1-8 films there is significant
difference in CI content inside the brighter spots compared to the rest of the film with both
values mentioned in the table.
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Figure 51: Backscattered electron images of perovskite films containing various ratios of mixed lead sources
(a) PbAc2:PbCl2 (1-0) (b) PbAc2:PbCl2 (8-1) (c) PbAc2:PbClz (1-1) (d) PbAc2:PbCl2 (1-8) (e) PbAc2:PbCl2 (0-1).

Table 11: Relative atomic ratio of halide ions in the films from EDX spot analysis.

Halide (CI/I)
Film Annealing time (mins)
(PbAc2:PbCl2)
30 60 120

1-0 0.088 | 0.058 | 0

8-1 0.32 | 0.19 |0.083

1-1 - - 0.138

1-8 - - 0.09 (0.25)
0-1 - - 0.133

5.5.2 Variation of organic precursor

From the previous section it appears that the residual Cl does not significantly hinder the
electronic properties of the films but on the other hand it might be helping to enhance the PL
emission peak intensities. In this section the amount of the organic compound MAI was varied
with respect to the metal salts between relative molar ratios of 3:1, 2.5:1 and 2:1. The metal
salt composition was split between a mixed lead sources of PbAc; and PbCl; (8-1) and MnCl,
which was kept constant at 30 molar % of the total as in the previous section.

XRD measurements are carried out for the three types of films as shown in figure 52. In the
case of the 2:1 films, the characteristic 110 peak of the Pbl, at 14.7° increases in intensity as
the annealing time is increased. This allowed us to set a lower threshold for the concentration
of MAI as it appears that for the 2:1 films the amount of MALI is not enough to react completely
with the metal cations to form the perovskite. The 2.5:1 and the 3:1 films show a similar set of
reflections, however it is observed in the case of the former that already after 60 minutes of
annealing the XRD peak of the non-perovskite phase at 9.98° disappears.
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Figure 52: XRD diffractogram of perovskite films synthesized using various molar ratios of MAI:metal salts
(a) 3:1 (b) 2.5:1 (c) 2:1.

Absorption of the films was studied for different annealing times using UV-VIS spectroscopy
as shown in figure 53 (a) — (c). The 2.5:1 films have a sharp absorption already after 30 minutes
of annealing with minimal change with further thermal treatment. Furthermore, the absorption
feature at 365 nm is much lowered when compared to the 3:1 films. The 2:1 films on the other
hand show a more subdued absorption edge compared to the other two types of films. However,
they show increased absorption in the 300 — 500 nm wavelength range and an additional onset
at ~510 nm characteristic of residual Pbl; in the film 2],
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Figure 53: UV-VIS absorption spectra of perovskite films synthesized using various molar ratios of MAI:metal salts
(@) 3:1 (b) 2.5:1 (c) 2:1.
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PL emission peaks of the various films are shown in figure 54 (a) — (c). In all the three types
of films there is a small red shift with annealing time. In the case of 3:1 as previously described
after 120 minutes of annealing, the emission peak shifts to 773 nm. While for the 2.5:1 films
the emission peak emits at a wavelength of 762 nm after thermal annealing for 30 minutes
before shifting to 766 nm for 60 minutes of annealing. Finally, in the case of the 2:1 films it
emits at around 774 nm after 30 minutes of annealing before red shifting to 778 nm for the
longer annealing times. Furthermore, it is interesting to note that the PL intensity for 2.5:1 films
do not get quenched with increased annealing time as has been typical in all the films in this
study.
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Figure 54: PL emission spectra of perovskite films synthesized using various molar ratios of MAI:metal salts
(a) 3:1 (b) 2.5:1 (c) 2:1.

TRPL data was obtained using single photon counting method and the logarithmic PL intensity
is plotted as a function of time as shown in figure 55 (a) — (c). The 3:1 films show relatively
fast decay with all the signal disappearing within ~100 ns. The PL lifetime is significantly
improved in the case of the 2.5:1 films showing a much slower decay with time. The TRPL
signal of the 2:1 films show a distinctly different nature of decay with time possibly due to
residual Pbl; in the films.
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Figure 55: PL decay curves of perovskite films synthesized using various molar ratios of MAI:metal salts
(a) 3:1 (b) 2.5:1 (c) 2:1.

TRMC measurements were taken for all the films and the traces for the optimum annealing
times for each ratio are plotted in figure 56. The 3:1 and 2.5:1 films give similar AGmaxand the
decay of the signal with time is also comparable.
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Figure 56: Photoconductance as a function of time for perovskite films synthesized using various molar ratios of
MAI:metal salts.

Furthermore, the decay of the photoconductance signal with time was studied for a series of
laser intensities in the case of the 2.5:1 films annealed for 60 minutes as shown in figure 57. It
is observed that the AGmax progressively decreases with increasing intensity thus indicating that
during the pulse recombination is of second order.
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Figure 57: Photoconductance as a function of time for perovskite films synthesized using molar ratio of 2.5:1
(MAI:metal salts) at various laser intensities.
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Finally, it is concluded that when mixed metal perovskite thin films are fabricated using
organic compounds and metal salts maintained at an optimum ratio of 2.5:1, they show a
relatively more intense PL emission peak, longer PL lifetime while requiring shorter annealing
time to remove the non perovskite phase.

5.6 Film Fabrication on PEDOT:PSS

5.6.1 SEM imaging

Mixed metal (Pb:Mn) perovskite thin films with the optimized composition obtained in section
5.5 were deposited on PEDOT:PSS using solution based processes as described in the chapter
3. Secondary electron images seen in figure 58 (a) and (b), were obtained using SEM and
analysed to optimize spin coating parameters. Increasing the acceleration and speed of spin
coating to 2000 RPM allowed the fabrication of compact thin films with high surface coverage,
while increasing the speed any further led to rougher films and large number of pin holes.

Figure 58: SEM images of mixed metal (Pb:Mn) perovskites on PEDOT:PSS spin coated at speeds
(a) 2000 RPM (b) 3000 RPM.

Furthermore, commonly used techniques such as mixed-solvent (DMF+DMSO) 121 deposition
and anti-solvent washing were attempted to study their effects on the morphology of these
mixed metal perovskites thin films. As can be seen in figure 59 (a), DMSO appeared to destroy
the film at any ratio with DMF. Amongst all the different anti solvents such as chlorobenzeme
(CB), toluene, anisol 1% only CB washing led to a change in morphology, yielding a broader
distribution of grain sizes with a few up to 1 um in length.

Figure 59: Techniques to improve film morphology of mixed metal (Pb:Mn) perovskites
(a) mixed-solvent (DMF:DMSO) (b) chlorobenzene washing.

Cross-section SEM was coupled with EDX elemental mapping to study distribution of Mn and
Pb atoms with depth. The edge of the thin film that can be seen in figure 60, was imaged and
the Pb, Mn and Si elemental maps were obtained as shown in figure 61 (a) — (c). It can be
observed both the metals are homogeneously distributed.

48



SElI 5kV  WD11mmSS24 x15,000 1pm —

Figure 60: Cross-section SEM image of optimally deposited mixed metal (Pb:Mn) perovskite on PEDOT:PSS.
(a) (b)

Figure 61: EDX elemental mapping of the cross-section shown in figure 60
(a) manganese (b) lead (c) silicon.

5.6.2 XPS

EDX acquires signal from the bulk of the sample. Elemental analysis of the surface was
performed using XPS. We characterized films obtained from three different compositions as
described in table 12. All the films were deposited on PEDOT:PSS using similar spin coating
conditions.

Table 12: Types of perovskite films fabricated on PEDOT:PSS for XPS analysis.

Film notation Perovskite solution stoichiometry Thermal
annealing (min)
Pb only 3MAI + 0.8PbAc. + 0.2PbCl; 15
PbAc; + MnCl; 3MAI + 0.7PbAc. + 0.3MnCl, 120
PbAcz + PbCl, + MnCl; 2.5MAI + 0.7(8PbAc. + PbCl,) + 0.3MnCl, | 60

Figure shows the surface spectra of the three films and it can be observed that the core levels
of Pb 4f72 and Pb 4fs/; at 138.65 eV and 143.63 are present in all three. This is in line which is
with the values reported for Pb interacting with 1751,

49




T T T T T [— [Pb only]
— [PbAc, + MnCl,]
[PbAc;, + PbCl, + MnCl,]
13d 2 2 2

2.0x10° i

@ 1.5+ —
Q
A
>
2

2 Pb 4f

Q
]

£ 1.0+ —

i\
\.
| S
0.5 I1s |
‘ L'\,\ Cls Ni1s
\ |
‘L\,\ #7/‘ J ) L«.\;‘_-'_/
0.0 L2 1 1 1 1 1 1 a
0 200 400 600 800 1000 1200

Binding Energy (eV)
Figure 62: XPS survey scan for the various perovskite compositions.

Figure 63 focusses on the | 3dz, and | 3ds2 peaks as well as a broad peak in which the signals
of Mn 2p and Pb 4p overlap. There is a shift towards lower BE for the | 3d peaks with
incorporation of Mn. This suggests small changes in the oxidation state of the | as previously
observed for Sr [54] and might be due to possibly different interactions between Mn?* and I
as compared to between Pb?* and I".
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Figure 63: XPS spectra for | 3d for the various perovskite compositions.

Both films synthesized using MnCl, were then analysed with depth profiling and figure 64
shows regions of the spectra where the presence of manganese stands out. The peak is
asymmetrical, the Mn 2p peak overlaps with Pb 4f signals making the relative contributions of
the two elements hard to quantify. Qualitatively it can be concluded that there is significant
amount of Mn distributed throughout both the films. The Mn 2p1/2 peak becomes more definite
for larger etching time, i. e. for signal coming from deeper regions of the samples, suggesting
that there is a concentration gradient of manganese in the vertical direction.
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Figure 64: XPS spectra for Mn 2p and Pb 4p after 0,10 and 20 levels of etching films synthesized using MnCl..

Figure 65 (a) and (b) focusses on the Cl 2p peaks of the XPS spectra obtained for the films
synthesized using MnCI2. The thin film without PbClI> shows only marginal amount of chlorine
in line with the EDX results of section 5.4. Interestingly, we observed chlorine in significant
amounts when PbCl; is added to the perovskite solution, with the concentration increasing
further with depth. This high concentration of chlorine at the substrate interface suggests that
it plays a key role in the initiation of the nucleation process and possibly modulates the
perovskite crystallization kinetics as has been also observed in other binary metal compositions
[57] [96]. This further corroborates the assertion that with manganese in the structure chlorine
can also be incorporated in greater amounts.
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Figure 65: : XPS spectra for Cl 2p after 0,10 and 20 levels of etching films synthesized using MnCl..

The XPS data confirm that manganese is present in the sample analysed, corroborating the
EDX data. Nevertheless, the data collected so far do not allow to quantify how much
manganese is incorporated in the perovskite, nor whether Mn atoms replace Pb in the B sites
of the lattice or are present as impurities (e. g. interstitials). This will be the subject of further
investigation on the mixed Pb:Mn blends.
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5.7 Solar Cell Performance

After having optimized a mixed metal (Pb-Mn) composition and deposited compact thin films
on PEDOT:PSS, photovoltaic devices were fabricated as a proof of concept in the p-i-n
architecture as shown in figure 66 in collaboration with TU Eindhoven. After UV-Ozone
cleaning of the ITO coated glass substrates the individual layers were deposited as described

in table 14.

Al

LiF

Perovskite

ITO

Glass

Figure 66: Photovoltaic devices with p-i-n architecture.

Table 13: Details of individual layer of photovoltaic device.

Evaporation

Type of layer | Composition Deposition Parameters
Technique
HTM PEDOT:PSS in water Spin coating | 1000 RPM (60 sec)
120°C (20 min)

Perovskite 30.2 mg/ml MnCl> + 186 mg/ml | Spin coating | 2000 RPM (45 sec)
PbAc2 + 17.2 mg/ml PbCl> + 317.9 100°C (60 min)
mg/ml in DMF

ETM 20 mg/ ml PCBM in CB Spin coating | 500 RPM (60 sec)

Top electrode | 1 nm LiF + 100 nm Al Thermal -

A photo of one set of devices taken from the glass slide is shown in figure 67. The active area
of each individual cell is 0.13 cm?. A few films were taken out after the perovskite deposition
for SEM imaging in secondary electron mode as shown in figure 68 (a) and (b). The films show
a similar morphology to what was previously obtained though the coverage is poor with a
significant number of pinholes which might affect the device performance.
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Figure 68: SEM image of mixed metal (Pb:Mn) perovskite on PEDOT:PSS at TU Eindhoven.

JV curves for the best performing device are shown in figure 69, for both forward biased and
reverse biased conditions. The PV parameters are listed in table 14. Despite the low short circuit
current densities (Jsc), the reasonably high open circuit potential (Voc) is promising and
indicative of its resistance to “self doping” which has been common in Sn and Ge based
perovskite compositions . Furthermore, compared to previous reports on Mn?* substitution
[521 higher performance is reported in this thesis along with higher lead substitution. The lower
Fill Factor (FF) can be due to both internal and interfacial resistance between this mixed metal
perovskite absorber and transport layers. This can be reduced with better film fabrication
techniques such as chlorobenzene washing as previously shown as well as further optimization
of the transport layers for this new composition. It is also observed that there is some hysteresis
in these mixed metal compositions but to a lesser extent compared to what is commonly
observed in the prototypical lead only perovskite devices %,
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Figure 69: J-V curves for optimized mixed metal perovskite (Pb:Mn) composition based PV devices.
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Table 14: PV parameters for best performing PV device.

Scan Jsc Voc FF PCE
direction
Forward 2.90 0.85 0.46 1.14
Reverse 3.03 0.83 0.58 1.45

The same device was selected for External Quantum Efficiency (EQE) measurements whose
results are shown in figure 70. The integrated short circuit density without any light bias is
higher than that obtained using a 520 nm bias, indicating that a significant number of free
charge carriers are lost due to second order recombination before they could be collected by
the transport layers.
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Figure 70: EQE spectrum for best performing PV device.

The photovoltaic device fabricated using the mixed metal composition serves as a proof of
concept opening up further areas of research to optimize their deposition technique as well as
to study and improve their interface with the transport layers.
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Conclusion and outlook

6.1 Conclusion

In this thesis a reproducible lead perovskite solution processing protocol was successfully
adapted for substitution of lead with alternate metal precursors. Manganese was selected as a
suitable metal cation to coexist with lead in the perovskite structure and an upper limit for metal
mixing was fixed with the help of geometrical parameters. This threshold was experimentally
verified to be 30 % by substituting lead acetate with manganese chloride, beyond which
noticeable phase segregation occurs. A secondary non-perovskite crystalline phase was also
observed that was only removed with extended thermal annealing treatment. Efforts were made
to figure out its composition and it was concluded that its related to the presence of three ions,
methylammonium, manganese and chlorine. Subsequently an optimum ratio was found
between the organic compound and the metal salts to reduce the annealing time in half and also
obtain much longer PL lifetimes. It was also found that unlike lead only perovskite, significant
amount of chlorine can be incorporated in these mixed metal compositions even after 120
minutes of thermal treatment. This suggests that manganese has an affinity towards a smaller
anion such as chlorine. Furthermore, an enhanced presence of chlorine near the substrate
suggests that it also might play a key role in the initiation of nucleation in such mixed metal
(Pb:Mn) compositions. Finally, solar cells were made with these mixed metal perovskites and
devices with up to 1.45% PCE were obtained, which were mainly limited by a low short circuit
current and fill factor.

6.2 Outlook

Quantitative proof of the amount of manganese in the final thin film was not obtained in this
thesis. Characterization using Transmission Electron Microscopy (TEM) would be highly
useful to obtain this information as well as ascertain the exact position of the Mn ions in the
the perovskite structure, if it is actually substituting lead.

Other manganese precursors such as MnAc. and Mnl; would be interesting alternatives and a
similar study could be done to observe to what extent Mn could be incorporated in those cases.
Another alternative method of fabricating iodide based mixed metal perovskites could be via
halide exchange. As these Mn:Pb compositions show an affinity to retain smaller halides in the
structure, Mn:Pb bromide based perovskites might be easier to synthesize as it would lead to a
more suitable octahedral factor. Subsequently, via halide exchange with iodine, compositions
showing suitable band gaps for single junction photovoltaics could be obtained.

This thesis was focussed on studying the change in properties of the most well understood
methylammonium based peorvskites with lead substitutions. Recently alternative cations such
as formamidinium and caesium have shown better performance as well as stability in lead-only
perovskites, and could prove to have the same beneficial effects for mixed metal compositions.
Caesium with its small ionic size of 1.81 A could be especially useful for tuning the tolerance
factor, possibly allowing greater substitution of Pb.

Finally, the only a single PV device presented in this thesis proved the possibility of employing
the Mn:Pb compound in working devices. As in the case of lead perovskites, further device
optimization could result in great improvements of the performance. In particular, better film
fabrication techniques, such as chlorobenzene washing, can push grain growth and increase the
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surface coverage. Also, characterization of the band edges of these mixed metal compositions
will open up the possibilities for a better choice of transport layers and allow better collection
of free charge carriers.
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Figure 71: XRD diffractograms of precursor powder sealed in air tight holder inside nitrogen environment
(@) MAI (b) PbAc:z (c) MnCl2
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Figure 72: Simulated XRD diffractograms of possible precursor compounds formed during the reaction
(a) Pblz (b) PbCl2 (c) Mnl2
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Figure 73: Simulated XRD diffractograms of possible intermediate perovskite compounds
(a) MAPbI3.H20 (b) MAPbIs.DMF
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Figure 74: XRD diffractogram of perovskite films with increasing amount of MnCl:
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Appendix B
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Figure 75: Secondary electron images of perovskite thin films synthesized using different molar % of MnCl:
(a) 10 % (b) 20 % (c) 30% (d) 40 % (e) 50 %

67



Figure 76: Elemental maps for manganese in perovskite thin films synthesized using different molar % of MnCl.
(@) 10 % (b) 20 % (c) 30% (d) 40 % (e) 50 %
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Appendix C

SEl 20kV WD15mmSS27 x1,000 10pym =

x3000

Figure 78: Backscattered electron images of perovskite thin films synthesized using 30 molar % MnBr2 (a) x200 (x)
X750

69



Appendix D

BEC 10kV WD10mmSS40 X2 BEC 20kV WD10mmSS40

Figure 79: Backscattered electron images for 2.5:1 (MAIl:metal salts) films annealed for
(a) 30 mins (b) 60 mins

SEI 10KV WD10mmSS40 x1,000  10pm — SEI 10KV WD10mmSS30 x1,000  10pm =—

Figure 80: Secondary electron electron images for 2.5:1 (MAIl:metal salts) films annealed for
(a) 30 mins (b) 60 mins

BEC 20kV WD10mmSS34 X2 BEC 20kV  WD10mmSS34 BEC 20kV WD10mmSS34

Figure 81: Backscattered electron images for 2:1 (MAIl:metal salt) films annealed for
(@) 30 mins (b) 60 mins (c) 120 mins

SEI 10kV WD10mmSS34 x1,000  10pm  — SEI 10KV WD10mmSS34 SEI 10KV WD10mmSS34

Figure 82: Secondary electron electron images for 2:1 (MAIl:metal salts) films annealed for
(a) 30 mins (b) 60 mins (c) 120 mins
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