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4 Abstract

The work presented in this thesis investigates the synthesis, depo-
sition and characterisation of halide doped perovskite thin films.
Films of methylammonium lead iodide CH3NH3PbI3 were doped
with Cl and Br ions to investigate the intrinsic differences of these
perovskites. As a result of doping, photoluminescence (PL) spectra
confirmed optoelectronic influence evidenced by changes in bang
gap energy. Bromine treated perovskites exhibited greater stability
throughout this study while Cl treated samples exhibited improved
morphology. A detailed analysis comprising of scanning electron mi-
croscopy and bulk/surface elemental compositional techniques con-
firmed morphological improvement due to the presence of Cl ions
despite being undetected using surface sensitive techniques.

5 Chapter 1

5.1 Introduction

Perovkite has quickly developed a reputation as an emerging photo-
voltaic (PV) technology, stemming from the dye-sensitized solar cells
designed by Grätzel in 1991 [1]. Since then the scientific community
has seen Perovskite solar cells (PSC) demonstrate power conversion
efficiencies (PCE) of 3.81% [2] in 2009, rising to 25.2% [3] certified
PCE in as little as 10 years. This unprecedented and rapid ad-
vancement has attributed to its reputation and has become its own
category of light harvesting technology: pervoskite solar cells.
Perovskite possess some very impressive optoelectronic properties
such as [4] : long charge carrier lifetimes, exceptionally large dif-
fusion lengths, high electron and hole mobility and an energy gap
of approximately 1.5 eV. These factors are beneficial because the
greater the charge carrier lifetime and the greater the mobility,
means more photocurrent can be harvested.

It is proving to be a great challenge in understanding the relation-
ship between structure, composition and optoelectronic properties
because, the fundamental physics behind these exciting photoelec-
tric properties are obfuscated by photophysical processes and quan-
tum coupling effects. [4] [5]

8



Research into perovskite seems dominated by solar cell application
but, many other technologies can benefit from this material: tan-
dem cell devices, LED’s [6], Lasers [7], photodetectors and terahertz
devices [8].

This study focuses on the synthesis, deposition and characterisation
of lead halide perovskite thin films, using Aerosol Assisted Chemical
Vapour Deposition (AACVD) and explores the stability and opto-
electronic properties of single and mixed halide perovskite thin films.

Chapter 1, will provide an introduction to the structure and compo-
sition of what perovskite is, before discussing the archetypal forms
of perovskite and the issues associated with this class of materials.

Chapter 2 will provide a theoretical description of thin film for-
mation before elaborating on the various methods of synthesis and
deposition commonly used within the scientific community and is-
sues/results associated with these methods. Subsections of this
chapter explore the excitation and recombination dynamics of charge
carriers, applications of perovskite technology and provide a strong
theoretical understanding of the characterisation methods used to
analyse samples within this study.

Chapter 3 will provide the bulk of experimental work carried out
in this project from substrate choice and preparation to the syn-
thesis and deposition of multiple sample series’. While chapter 4
contains the results and discussion corresponding to each analytical
technique used in this thesis.

A prominent issue in this study (and many others) is the detec-
tion of chlorine within treated samples of perovskite, despite clear
optical and morphological influence due to the introduction of Cl.
Elemental identifcation techniques such as X-ray Fluorescence Spec-
troscopy (XRF), Energy Dispersive X-ray Spectroscopy (EDX) and
X-ray Photoelectron Spectroscopy (XPS) all failed in detecting a Cl
signal, though potential explanations as to why have been offered
within the relevant chapters.
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5.2 Perovskite

The name perovskite describes the structure of a mineral named af-
ter Russian mineralogist Count Lev Von Perovski, following the dis-
covery of naturally occurring perovskite, calcium titanate CaTiO3

by Gustav Rose in 1839 [9]. Compounds with a Perovskite struc-
ture typically have the formula (ABX3), where A and B represent
the two larger cations and X corresponds to the negatively charged
anion. In this study, lead halide perovskites will be studied ( X =
I�; Cl�; Br�).
Candidates for the cations and anion can be suggested by employing
the use of the Goldschmidt tolerance factor (t) [10]

t =
RX +RA

�2(RX +RB)
(1)

Where RX , RA and RB are the accepted values for the ionic radii
of the A, B and X ions.
The tolerance factor provides a rough estimate of the stability and
the distortion from the cubic phase. It is worth noting that assump-
tions are made regarding the precise ionic radii of the cations and
anions, thereby reducing the reliability of this method for predict-
ing novel perovskite structures. Despite this, it is generally well ac-
cepted that the values for the tolerance factor for halide perovskites
are between 0:85 < t < 1:11 [11].
As mentioned above, distortions away from the ideal cubic phase
are sensitive to the ionic radii, it can be observed that smaller X
anions can lead to a more stable cubic phase [12].The table below
summarises the geometry corresponding to tolerance factor.
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Figure 1 - Ideal cubic phase structure of ABX3 perovskite [13].

Table 1: Goldschmidt tolerance factor and the corresponding perovskite structure
variations. RX , RA and RB correspond to the effective ionic radii of the anion, organic
cation and inorganic cation, respectively. [14]

Tolerance factor Structure

> 1 Hexagonal structure
0.9 - 1.0 (ideal) cubic perovskites
0.71 - 0.9 orthorhombic + variants
< 0:71 disordered arrangement of cations

An additional consideration to the formability of stable perovskite
structures is the octahedral factor[15]:

� =
RB

RX

(2)

Where RB and RX are the ionic radii of the B cation and X anion,
respectively. An optimum ratio exists between 0:442 < � < 0:895
[15].
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5.2.1 A Cation

It is well established that structure directly influences the electronic
properties of a material and even slight changes in lattice parameters
can lead to significant changes in properties. The body-centered A
cation (the larger of the two, consistent with ABX3 structure) has
large influence on the optical properties as varying sizes of this cation
can expand or contract the entire lattice, changes in bond lengths
between the B cation and X anion (B - X) have been attributed to
changes in band gap energy.[16]

The polarisation of the A cation in Methylammonium lead iodide
(MAPI) (MA = CH3NH

+
3 ) is reported to be 2.29 D (where D is the

dipole moment) [17] and a low polarity associated with the organic
cation has been reported to enhance carrier lifetimes [5]. This has
a polarizing effect on it’s non-polar octahedral neighbours where
by, interactions between charge carriers and other lattice ions in a
polar environment result in strong electron-phonon coupling which
is known to influence charge carrier separation, improved carrier
lifetimes[18] [5] and high open circuit voltages[19].
A larger cation has exhibited a reduction in band gap for organic-
inorganic perovskites (see table 2).

Table 2: Table illustrating how variation in A cation ionic radius affects the
energy gap. Energy gap determined via photoluminescence (PL) measurements.

Perovskite Ionic radius (pm) Energy gap (eV)

FAPbI3 253[20] 1.531[21]
MAPbI3 217[20] 1.604[21]

More evidence [22] has shown that modifying the A cation does
not directly influence the valence band edge as it is only sensitive
to halide substitution. So A-site modification may have a large
influence on the conduction band.

5.2.2 B Cation

The effective radius of the B cation has been reported in detail to
increase the tolerance factor,[23] since the inorganic component of
the perovskite is typically smaller than the A-site cation there is
less disturbance to the bond lengths often providing enhanced sta-
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bility. For the ideal cubic perovskite to exist, the tolerance factor
mentioned earlier must be 0:9 � t � 1:0 and thus extending this
range will influence stability. Stability is an important factor as
photo and moisture induced degradation are well known issues sur-
rounding lead halide perovskites [24]. The choice of B-site cation
has shown to improve stability, the further down the periodic table
we go[17]. A summary of the influence of A-site and B-site cations
on the energy gap is shown below:

Figure 2. Illustrating influence of A-site cation (left) and B-site
cation (right) substitution on the energy gap. [17]

5.2.3 X Anion

Changing the stochiometry of the X anion in perovskite can finely
tune the band gap, evidence in literature has seen that doping with
chlorine, bromine and iodine yields a reduction in the valence band
energies[25]. Finely tuning the valence band can improve charge
carrier transport properties and electron/hole mobility as well as
improving stability due to changes in ionic size of halides.
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Figure 3. Illustrating the influence of X-site anion substitution on
the band gap energy. [17]

5.2.4 Jahn-Teller Distortion

A Jahn-Teller Distortion (JTD) is a change in crystal geometry in
order to improve stability. JTDs occur when ligands in a molecular
system undergo contractions or elongations in order to lift electron
degeneracy. In organo-metallic perovskites, the PbX framework can
distort due to JTD of ligands with a z-component, as shown on the
next page:
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Figure 4. Basic illustration of a Jahn-Teller Distortion (JTD).
Image 1 (left) illustrates un-changed structure while image 2

(Right) shows an elongation in z-ligands due to JTD.

The distortion of the octahedral geomerty results in a more en-
ergetically favourable state, leading to a more stable system. In
perovskite structures, these distortions often result in elongations in
ligands with a z-component; as much as 25% from favourable ge-
ometry [26]. An elongation results in weaker interactions with the
inorganic cation and results in a more stable molecule.
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5.3 Methylammonium Lead Iodide (MAPI)

There are many catalogued hybrid organic-inorganic perovskites
(HOIPs) but among the most studied are methylammonium lead
iodide (CH3NH3PbI3) where CH3NH3 (methylammonium) repre-
sents the organic A cation, Lead corresponds to the inorganic B
cation andX3 the halide anion. Other examples include CH3NH3PbI2Cl,
CH3NH3PbI3�xClx, CH3NH3PbI3�xBrx, and CH3NH3PbBr3.

Previous theoretical studies on the affect of halides on stability [22]
show that halide substitution changes the Pb - X bond lengths, af-
fecting structure. Below are the calculated and experimental lattice
parameters for different halide perovskites.

Table 3: Table illustrating the theoretical lattice parameters and experimental pa-
rameters. Results show good agreement between theory and experiment. At room
temperature (T=300K) Br and Cl perovskites adopt the cubic structure, while I per-
ovskite adopts a tetragonal structure.

Perovskite calculated bond lengths [22] (Å) Experimental bond lengths (Å)

MAPbI3 a = 6.33, b = 6.29, c = 6.39 a = b = c 6.39[27]
MAPbBr3 a = 5.99, b = 5.96, c = 6.10 a = b= c 5.91[28]
MAPbCl3 a = 5.71, b = 5.69, c = 5.85 a = b = c 5.68[28]

Research into alternative cation and multi-cation perovskite sys-
tems is also an active area of research. Mixed binary cation per-
voskites using Formamindinium (FA) and Methylammonium (MA)
MAxFA1�xPbX3 have shown to affect morphology, optical and elec-
tronic properties resulting in a red shifted absorption edge and a
higher short circuit current (Jsc) [29]. It has also been reported in
ref [29] that FA has a passivating effect thus, increasing carrier life-
times.

These molecular systems possess very interesting optoelectronic prop-
erties that are well suited to the enhancement of photovoltaic tech-
nology such as: long charge carrier lifetimes [30], large diffusion
lengths [31], high charge carrier mobility, band gap tunability [4] and
low exciton binding energies. Unfortunately though, the perovskites
mentioned have been reported to be highly sensitive to light, mois-
ture, heat and oxygen degradation [32] [24] so care must be taken
in the synthesis and handling of the perovskite.
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The decay chain of MAPI has been rigorously investigated, accord-
ing to a review of the thermal stability of methylammonium lead
halide pervoskites[33] the degradation pathway of MAPI by ther-
mal channels is as follows:

CH3NH3PbI3 �! NH3 + CH3 + PbI2 (3)

Other sources [34] suggest there are two main decomposition path-
ways for lead halide perovskites:

CH3NH3PbX3 �! PbX2(s) +HX(g) + CH3NH2(g) (4)

and

CH3NH3PbX3 �! PbX2(s) + CH3X(g) +NH3(g) (5)

Where X corresponds to halide (I, Cl, Br).

5.4 CH3NH3PbI3�xClx

The effect of Chloride treatment in Lead Halide Perovskites (LHPK)
has also been widely studied and known to influence morphology [11]
and improve charge transfer mechanisms [35]. However, studies have
shown that Cl incorporation is only allowed at a few atomic percent
[35]. Previous X-ray Photoelectron Spectroscopy (XPS) studies have
consistently found thin films of MAPbI3�xClx to show no presence
of Cl, even at high Cl concentrations, or only observe a very weak
signal. [35], [36]. The studies mentioned that the lack of Cl 2p sig-
nal is due to the limit of detection of the instrument, while ref [35]
provided evidence that Cl is preferentially located towards the TiO2

- PK interface. However, other sources [37] have suggested that or-
ganic Cl compounds such as MACl evaporate during the deposition
process reducing the amount present in the sample.

probing depth is the main limiting factor of XPS due to the mean
free path of the liberated electron and to circumvent this, the sam-
ple surface can be ablated by argon atoms revealing greater sample
depths, which in itself alters the surface chemistry and morphology
of the sample. But even after ablation the presence of Cl in mixed
halide perovskites still evades detection for many [35].
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Despite often undetectable presence, the role of Cl in perovskite has
been thoroughly investigated[8] and the influence of chlorine on the
electronic properties of MAPI are summarised in the table below:

Table 4. Summarising the effects of Chlorine doping on charge
dynamics.

Table 4 above shows significant enhancement of charge mobility and
diffusion length and thus charge carrier lifetime. A concentration of
less than 4% (atomic) can have significant effects on the passivation
of defects within LHPK [37] and Cl treatment of CdTe/Se quantum
dots also exhibits enhanced charge dynamics due to the passivation
effects of Cl on trap states. [5].

Cl incorporation, albeit in low concentration still has a dramatic
effect on the PCE of perovskite solar cells [8], [37]. This is at-
tributed to a number of factors including enhanced initial charge
separation [38] and suppression of unwanted cooling pathways, re-
sulting in a higher PCE. While higher and higher PCEs are being
achieved, scalability and sensitivity to environment still remain a
major limiting factor in the deployment of enhanced PV technology.
However, mixed halide treatment such as Bromine doped MAPI
(CH3NH3PbI3�xBrx) is known to improve stability and increase
grain size [39] [40]. This can be further improved by the addition
of Micro Gels (MGs) and capping agents [41]. Therefore, continued
research is necessary to understand how to fix and improve these
issues in order to unlock the full potential of perovskite enhanced
PV technology.

6 Chapter 2

6.1 Synthesis and Deposition

So far there are two distinct approaches to synthesising perovskite
and they are solution-based methods and vapour-based methods.
Typically vapour phase methods have been reported to produce high
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quality, pin-hole free, reproducible films but are disadvantaged by
the cost to do such things. Factors such as high temperature and
high vacuum add to the capital of vapour-based methods, though
reliability to produce pristine thin-films have greatly assisted in the
development of our understanding of perovskite.

Large scale fabrication of perovskite solar cells is an area of ac-
tive research [42] [43] with different challenges to face. A couple
issues with large scale fabrication are cost of materials, environmen-
tal sensitivity of product and reproducible pristine films. Aside from
physical challenges, large scale also introduces device performance
challenges as an increased surface area introduces bulk defects and
an increased number of grain boundaries that act as recombination
centers. These losses in photocurrent reduce open circuit voltage
(Voc), short circuit current Jsc and thus the maximum obtainable
power from the device, quantified by the Fill factor (FF). This of
course is not very good for the efficiency of solar cells. One study
[43] managed to fabricate a perovskite solar cell close to 2m2 area,
but with an efficiency of 6%. A few suggested methods for improving
large scale efficiency are by changing chemical composition, deposi-
tion technique, or modify interfaces.

Various deposition techniques have resulted in varying degrees of
control of the resultant film, below we discuss various synthesis tech-
niques and their advantages and limiting factors.

6.2 CVD

Chemical vapour deposition (CVD) is a low cost, facile method of
reacting gaseous chemical precursors to form a solid product. CVD
is an attractive option as processing lines already exist within indus-
try, is scalable and allows for simple mixing of multiple precursors.
A typical CVD set-up consists of a variable inert carrier gas flow,
a reaction/deposition chamber and an exhaust to ventilate unre-
acted products. Many variants of CVD have been developed such
as: Atmospheric Pressure CVD (APCVD), Low-Pressure (LPCVD),
Ultra-High Vacuum (UHVCVD), Plasma Enhanced (PECVD), Aerosol
Assisted (AACVD). The method employed within this study is AACVD.
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6.3 AACVD

AACVD uses an ultrasonic humidifier to atomise a liquid precursor
solution which is then transported to the reaction zone via carrier
gas (in this case N2), the temperature inside the reaction zone causes
rapid evaporation/decomposition forming vapours which then react
and decompose onto the substrate.

Figure 5. A very basic schematic of Aerosol Assisted Chemical
Vapour Deposition (gas flow from right to left).

AACVD can undergo two kinds of reaction; the first, a heteroge-
neous reaction where by the vaporised precursor decomposes to form
an intermediate species which then adsorbs onto a substrate and
further reactions result in the film formation. On the other hand,
a homogeneous reaction happens when the precursor mist decom-
poses early (gas-phase nucleation) and results in the deposition of a
slightly porous film, this typically occurs at higher temperatures.
AACVD allows excellent control over surface density, film thick-
ness, structural, morphological and optical properties due to the
wide range of variable parameters like deposition time, tempera-
ture, carrier gas flow rate, substrate and pressure.

Early cases depositing MAPI via AACVD performed by Bhachu
et al [44] resulted in powdery deposits but were compositionally
uniform. Investigations into the effect of the critical parameters
on the resultant film have been extensively studied, however differ-
ent groups report different optimum deposition temperatures. for
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example, Bhachu et al [44] reported the optimum deposition tem-
perature to be 200�C and previous work by Yates et al [45] reported
a set-point deposition temperature of 250�C, though thermocouple
measurements for this study suggest the actual substrate tempera-
ture was closer to 230�C. This is attributed to the method used to
heat the substrate, the latter using a hot wall rather than a cold
wall furnace.

6.3.1 Film Growth

The substrate choice can be a range of materials including glass,
plastic, or metal. The choice of substrate has a very strong influence
on the resultant film morphology and adhesion. Any oil or surface
contaminants can prevent material settling on the substrates sur-
face and introduce unnecessary thermal stresses resulting in cracked
films and pin-holes.

The interfacial morphology of the substrate can play a key role in
the formation of thin films and the the substrate has been reported
to influence bulk properties of perovskite, such as lattice parame-
ters, grain orientation and grain size [46]. It has been found that
substrates require passivation before perovskite film can start form-
ing; depending on substrate this can be between 3 and 30 nm of
deposited material before full substrate passivation [47]. Film for-
mation can be broken down into several steps [48].

6.3.2 Surface Di�usion

Surface diffusion refers to the motion of the adsorbant atoms at the
substrate surface moving from higher concentration to lower concen-
tration and there are a few mechanisms for this depending on the
amount of surface coverage. However, the most generic is hopping
and or jumping in which the adsorbed species ’hops’ to its nearest
neighbour adsorbing site or jumps to its non-nearest neighbour site.
This allows for clusters of the adsorber species to form and if the
clusters are stable, leads to film formation.
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6.3.3 Nucleation

Nucleation describes the local formation of a distinct thermody-
namic phase and there are two distinct types of nucleation reactions,
heterogeneous and homogeneous, as mentioned earlier. Heteroge-
neous nucleation is the most common form of reaction as compared
to homogeneous and requires a nucleation site in order to undergo
phase transformation. At these sites, the surfaces energy is lower
and thus reduces the energy barrier allowing nucleation. This allows
the formation of a spherical cap, analogous to a water drop (known
as the capillarity model).

The preferable reaction in this situation is heterogeneous, as ho-
mogeneous reactions tend to result in gas phase nucleation which
produces typically powdery deposits [44] using AACVD. However,
efforts were concentrated on improving surface coverage and overall
morphology by introducing more cleaning steps and modifying the
choice of substrate, this can be seen in section 10.1.1.

Figure 6. Illustration of the assumed spherical cap upon a sub-
strate, where vf is the surface energy between the vapour and film,
fs is the surface energy between the film and substrate.

The substrate or surface promotes nucleation due to wetting - the
ability for a liquid to keep in contact with the substrate. For this,
there are two factors that are in competition, the volumetric free
energy (from the drop) and the surface energy of the substrate.
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This can be expressed mathematically as follows:

∆G(r) = Vf∆G(v) + vfAvf + (fs � vs)Afs (6)

Where ∆G(r) is the Gibbs free energy of the system, Vf is the vol-
umetric free energy, vf is the surface energy between vapour and
film, Avf is the interfacial area between vapour and film, fs is the
surface energy between the film and substrate and vs is surface
energy between vapour and substrate. By substituting in the com-
ponents of volumetric and surface energy, yields:

∆G(r) =
�r3

3
[2� 3cos(�) + cos3(�)]∆Gv + vf�r

2[1� cos(�)] (7)

Calculus derives the free energy for heterogeneous nucleation and is
set equal to the energy required for homogeneous nucleation multi-
plied by a function of the contact angle � called the wetting factor.

∆Ghet(r) = ∆Ghom(r) � f(�) (8)

where

f(�) =
2� 3cos(�) + cos3(�)

4
(9)

and

sv = fs + vfCos(�) (10)

From this, by differentiating equation 8 we yield an expression for
the critical radius r�

r� = � 2vf
∆Gv

(11)

below the critical radius, the nucleus is more likely to disintegrate
into gas phase, while above the r� the nucleus is more likely to lead
to further growth by reducing the free energy leading to a stable
cluster forming.
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6.3.4 Island Growth

The relative surface energies strongly influence nucleation leading
to three main types of crystal growth: a) Frank van der Merwe
(Layer by layer), b) Volmer-Weber (island growth) and c) Stranski-
Krastanov (a combination of both).

Figure 7. Illustration of the three described growth processes a)
Frank van der Merwe, b) Volmer-Weber and c) Stranski-Krastanov.
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The table below summarises the growth mechanisms mentioned on
the previous page.

Table 5. Growth mechanism as a function of contact angle.
Growth mechanism Theta value Result

Frank van der Merwe � = 0 Particles bond more strongly with substrate than each other.
Volmer-Weber 0 < � < 90 Particles more tightly bound to each other than substrate.

Stranski-Krastanov Subsequent growth of monolayer to form islands.

The growth mechanism for MAPI perovskite depends on the method
used to synthesise the film. Epitaxial methods such as thermal evap-
oration have successfully synthesised layer-by-layer perovskites[49].
However, these techniques usually require high vacuum and high
capital in order to produce such pristine films. This study has ob-
served distinct island formation as a result of AACVD synthesis.

6.4 Colloidal Synthesis and Quantum Dots

Colloidal Quantum Dots (CQDs) are nanometre sized crystals of a
semiconductor material, the terms nanocrystals and quantum dots
are often used interchangeably. Colloidal synthesis is a solution
based technique and the archetypal methods are: hot injection, non
injection heating and decomposition of a single source precursor.
Due to the nano scale nature of QDs, (rB < 4nm) quantum size
effects start to manifest as a separation of valence band and con-
duction band energy states into discrete values for electrons and
holes. The band gap can be tuned by controlling the size of the QD
and the size can be controlled by isolating nucleation and growth
processes such as reaction time, temperature and concentration[5].
Lead halide perovskite QDs have been synthesised via the Ligand
Assisted Reprecipitation Technique (LARP) displaying full spectral
tunability by controlling size and halide substitution [50]. LARP
involves mixing CH3NH3PbX3 precursors with DMF and the addi-
tion of a passivating organic ligand such as oleic acid and mixing it
vigorously with a poor solvent such as toluene or hexane. The long
chain ligands assist in the passivation of the QDs and have shown to
dramatically improve PLQY in LHPK from 0.1% to approximately
70% [50] enhancing PL emission and stability.

However, even procedurally identical synthesis can result in varied
size distributions, trap density and trap energy distributions within
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the ensemble of QDs. Geometry, size and degree of passivaiton
heavily influence electronic properties. So, further research into the
ability to control the synthesis of QDs with a great deal of accuracy
is vital to the development of these exotic materials.

6.5 Spin Coating

Spin coating seems to be the archetypal lab method for the synthesis
of perovskite films, with at least 24 groups publishing papers with
”spin coating” in the title between 2018 and 2020. Compared with
other publications possessing ”CVD” or ”casting” in the title.
Typically, a small substrate approximately 2cm2 is placed into the
centre of a stage (see figure 8) and is then spun at a few thousand
rpm for a short time (� 1min). As the substrate spins, the precur-
sor solution is added drop-wise to the centre of the substrate and
is uniformly spread across the surface due to the reaction of the
centripetal force. The thickness of the resultant film does depend
on the nature of the precursor (viscosity, concentration and surface
tension) but the critical parameters of this process are the substrate
dimensions and spin speed/duration.
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