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Abstract

Organic-inorganic halide Perovskite Solar Cells (PSCs) are the leading third-generation solar
cells with the possibility to provide a fraction of green and affordable energy in the next
technological era of solar energy. This type of photovoltaic cell is still new and has recently
gained interest due to its low production cost, easy fabrication and rapidly improving power
conversion efficiency (PCE). The performance of PSCs depends on the metal oxide/perovskite
interface. This work focuses on improving the intermediate contact between the light-active
perovskite layer and the electron transport layer (ETL) in a fully ambient PSC by annealing
titanium dioxide (TiO.) ETL at extreme temperatures. The TiO2 semiconducting material was
successfully synthesized using the hydrothermal method due to the method’s ability to produce
pure and crystalline nanoparticles at low temperatures. With the future application of TiO>
projected to flexible conductive substrates, the as-synthesized TiO> nanopowders were
preheated from 200 to 1200 °C temperature range prior to deposition to avoid substrate
deformation. To investigate the effect of annealing on the synthesized TiO> nanopowders X-ray
diffraction (XRD), transmission electron microscopy (TEM), Scanning electron microscopy
(SEM), Energy dispersive x-ray (EDX) spectroscopy, Fourier transform infrared spectroscopy
(FT-IR), and Ultraviolet-visible spectroscopy (UV-Vis) techniques were employed to study the
structural, morphological, and opto-chemical property changes according to the temperature
range described. From the crystal and morphology analysis, the as-synthesized TiO:
nanomaterial appears to be a crystalline multiphase material showing coexistence of anatase and
rutile phases. Annealing increases the metal oxide crystallinity, porosity, and particle dispersion.
The optical analysis of TiO> material reveals successful bandgap tuning of the metal oxide wide-
bandgap structure. The perovskite active layer was formed through the two-step spin coating of
lead iodide (Pbl2) and methylammonium iodide (CH3NHsl) respectively. To investigate the
morphological structure, thermal and optical properties of TiO2/CH3NH3Pblz SEM,
Thermogravimetric analysis (TGA), Photoluminescence spectroscopy (PL), and UV-Vis
techniques were used. Finally, perovskite solar cells of device structure ITO/c-TiO2/m-
TiO2/MAPDI3/Spiro-MeoTAD/Conductive Ag ink/ITO were fabricated and their performance
was evaluated using the Keithley solar simulator.
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Chapter 1

Introduction.

1.1 Overview

The supply of energy is a driving factor that encourages economic growth and without the
supply of energy in the form of electricity, there would be no changes in the world. This
includes the industrialization of poor and developing countries. Concerning South Africa, the
current energy resources are coal, petroleum, natural gas, nuclear, and renewables. With coal
and oil being the leading energy resources [1]. According to the sustainable development goals,
the shift to developing a greener energy supply is important to secure a future with the
minimum negative impact caused by present actions [2]. Therefore, the use of renewable
energy such as solar energy is an ongoing global scientific innovation with a target set to reach
a 50% supply of energy in the next coming decades [3].

Photovoltaic (PV) technology is a promising alternative for green and affordable energy
generation. This technology uses semiconducting materials to generate electricity from the
abundant sunlight radiation. The major drawback in PV technology affecting its wide use in
applications arises from the manufacturing cost and design of the commercially available
silicon solar cells. Silicon-based solar cells are heavy and consume high capital during
manufacturing causing silicon solar panels to be expensive in the niche market [4]. With the
overarching aim to manufacture green and affordable solar energy new emerging perovskite
solar cell (PSC) technology is underway. This emerging solar technology uses extremely thin
perovskite light active semiconducting materials, producing efficiencies higher than any
commercial solar panels [5]. PSCs are interesting PV devices, from the first component to the
final device structure the device is fabricated from relatively easy low-temperature methods
and affordable organic, inorganic, and transition metal oxide nanomaterials [6]. Similar to any
solar technology PSCs are layered devices that consist of a perovskite material sandwiched
between n-type and p-type semiconductors known to act as electron transporter and hole
transporter respectively. Figure 1.1 shows a simplified schematic representing the PSC device
structure.

As represented in Figure 1.1, the nature of the n-type semiconductor and perovskite interface
is similar to traditional PN-junction solar cells. Therefore, the performance of PSC devices
depends on the electron collection from the light-active perovskite material by the n-type
semiconductor [7]. Transition metal oxides such as TiO2, ZnO, NiO, and Cu.O are compatible
n-type semiconductors due to their high surface area. maximum electron collection, easy
synthesis methods, environmental friendliness, and less expensive nature. Among others, the



mesoporous nanostructure in TiO2 renders TiO an efficient n-type semiconductor in PSCs
[8,9].
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Figure 1.1: Simplifies representation of a PSC device structure.

1.2 Problem statement

The energy demand is an increasing global crisis. To meet the high energy demands the use of
fossil fuels is constantly rising. However, the use of fossil fuels is risky as this means of energy
generation produces toxic greenhouse gas emissions and also questions the sustainability, as
fossils are constantly becoming depleted. While PV technology provides a sustainable and
environmentally friendly means of energy generation there are still issues that need to be
addressed to maximize PV solar cells globally. The new emerging PSCs are promising high
efficiency and cost-effective devices. This type of PV solar cell is still new and lab-based, with
only a decade in research and development. The issue of stability in PSCs is a major problem,
with device lifespan approximated to be a few hours, days, weeks, and months depending on
the fabrication laboratories with the necessary expensive equipment [10]. However, the PSC
performance does not only depend on the light active materials only but it also depends on the
intermediate contact with the electron transport layer (ETL). TiO; is a unique wide bandgap
(3.0-3.2 eV) ETL. Successfully tuning TiO2 nano-properties such as structure, morphology,
optical properties is effective for improving the metal oxide/perovskite interaction.

1.3 Motivation statement

Green and affordable energy is essentially important to secure a future with sustainable
electricity generated from the interaction of solar radiation/photons and electrons. Of course,
the stability in the emerging PSCs is a major setback hindering the commercialization of the
device currently. However, studies on the device performance such as the outstanding power
conversion efficiencies motivate further development of the device. TiO2 is a good photoanode



(or ETL) across many types of solar cells, to name a few dye-sensitized solar cells (DSSCs)
and quantum dot solar cells (QDSCs). The TiO2 photoanode can be synthesized into a variety
of excellent nanostructures for solar cell applications ranging from nanorods, nanowires, and
nanoparticles. Annealing of TiO2 has been proven to alter the TiO, crystalline structure,
morphology, and optical properties by encouraging phase transitions, increasing surface area,
porous nature, and further decreasing the 3.0-3.2 eV wide-bandgap structure [11,12]. Such
properties improve the nature contact of metal oxide ETL/perovskite interface contact reducing
the electron recombination from the small bandgap perovskite (~1.5 eV).

1.4 Aims and objectives

1.4.1 Aims

This study aimed to fabricate a functional ambient perovskite solar cell based on the traditional
CH3NHsPblz light active material and indirectly optimize the device performance by
investigating the effect of annealing titanium dioxide (TiO2) metal-oxide electron transport
layer.

1.4.2 objectives

The objectives of this study are as outlined as follows:

1. Synthesize titanium dioxide (TiO2) nanoparticles by hydrothermal preparation method.

2. Investigate the effect of annealing on TiO- structural, morphological, and optical properties
for solar cell applications.

3. Fabricate an open-air perovskite solar cell and characterize the influence of annealed TiO>
nanoparticles on the device performance.

1.5 Thesis outline

1. Chapter 1: This chapter raises awareness of the current state of energy production and
the impact it has on the environment and introduces the use of renewable energy as a
sustainable development to secure a continuous supply of green and affordable energy.

2. Chapter 2: This chapter provides a literature review on perovskite solar cell theoretical
background, the principle of operation, device architecture and fabrication techniques.

3. Chapter 3: This chapter gives detailed information on the preparation methods of TiO>
nanoparticles, fabrication of the ambient perovskite solar cells, and characterization
techniques used in this study.

4. Chapter 4: This chapter investigates the effect of annealing TiO2 on the structural,
morphological, and optical properties of TiO2 nanoparticles.



5. Chapter 5: This chapter investigates the influence of annealed TiO2 nanoparticles

electron transport layer on perovskite solar cell performance.
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2.1 Overview

This review provides detailed information on perovskite solar cell device background and
monitors stepwise scientific efforts applied on improving the device performance with time.
The work reviews previous studies and latest developments in the perovskite crystal structure,
electronic structure, device architecture, fabrication methods and challenges. Advantages such
as easy bandgap tunability, low charge recombination rates and low fabrication cost are
amongst those discussed. One of the most important elements highlighted in this review are
concerns regarding commercialization and prototyping. By the way, perovskite solar cells
(PSCs) are generally still lab-based devices suffering from drawbacks such as device intrinsic
and extrinsic instabilities and also the rising environmental concerns due to the use of the toxic
inorganic lead (Pb) element in the perovskite (ABXz) light active material. Some interesting
recommendations and possible future perspectives are well articulated.

Keywords: Perovskite solar cells, Chemical stability, Material toxicity, Device structure,
Efficiency



2.2 Introduction.

PSCs are photovoltaic (PV) solar cells able to convert absorbed sunlight radiation to electricity.
The cell operates similarly as a p-n junction, with the perovskite material producing electron-
hole pairs for electricity generation. The PV solar cell is novel and has gained attention recently
due to mainly its low production cost and easy fabrication [1-5]. PSCs offers a shift from
overusing the earth non-renewable resources to harvesting the infinite sunlight supply. The
world is in great demand of energy in the form of electricity, as it contributes to economic
growth [6]. However, depending on burning fossil fuel for this purpose is consequential, as
fossils are slowly becoming depleted and emit harmful toxins in the atmosphere [7,8].
Therefore, resorting to renewable energy such as solar energy offers the advantage to
counteract both issues of energy supply and negative impact on the environment. Hence
resources that generate electrons for the above purposes are promising alternative sources of
energy.

2.3 Perovskite Solar Cells (PSCs).

PSCs belong to the 3 generation of photovoltaic cells, with their device structure
integrated from the dye-sensitized solar cells (DSSCs) configuration [9,10]. Because of the low
absorption coefficient of organic sensitizers in DSSCs, this limits the light-harvesting ability
of the cell hence DSSCs are low-efficiency cells. Kojima [2009] studied the PV effect in a
photoelectrochemical (PEC) dye-sensitized cell by replacing the dye organic molecules with
organic-inorganic halide perovskite molecules such as CH3NHsPbBrs (MAPbBr3) and
CHsNHsPblz (MAPDI3) and registered power conversion efficiencies (PCE) of 3.1% and 3.8%
respectively [2]. Although the perovskites show good PV properties including optical,
excitonic and electrical conductivity the above unfavourable low efficiencies are due to the
dissolution of the perovskite material by the liquid electrolyte [11].

Attempts have been made to stabilize the crystalline perovskite material in DSSCs. Lee [2009]
reported an increase in PCE of lead halide perovskites while many researchers focused on
guantum dot sensitized solar cells (QDSSCs) using inorganic metal chalcogenides sensitizers
such as PbS, CdSe, and CdS as light-absorbing materials exhibiting intense bandgap light
absorption [12-14]. However, the quantum dot cells suffered from low efficiencies between
1.2-6.4% due to charge recombination at the interface and chemical instability. To overcome
the challenges, the MAPDI3 perovskite materials were explored as quantum dots in PECs and
an increase to 6.5% in PCE was achieved [15]. To further increase the efficiencies in PECs
Fujishima [2005] proposed the use of hole transport materials (HTMs) in DSSCs to eliminate
the drawbacks caused by the liquid electrolytes. In a later study, Lee [2012] developed a 10%



PCE solid-state perovskite solar device using Spiro-MeOTAD HTM in a dye-sensitized
perovskite cell [16,17].

Device fabrication of a solid-state PSC consists of a perovskite precursor solution deposition
between spaces of mesoporous titanium dioxide (TiO) thin-film on a transparent conductive
oxide (TCO) substrate forming a ABXz perovskite layer by an ordered ion agglomeration
process then followed by Spiro-MeOTAD (HTM) deposition resulting in device reaching
efficiencies of up to 9.7% (See Figure 2.1 (a) and (b)). The use of mixed halide perovskite
crystals such as MAPbIsxClx helps avoid the dissolution of the perovskite material by the
Spiro-MeOTAD dissolving solvents during the deposition [18,19]. It is further found that the
use of insulating mesoporous aluminium oxide (Al.Oz3) instead of mesoporous TiO> results in
better PCE. The Al>O3 appears to act as a structural scaffold in the perovskite material
demonstrating that the ABX3 perovskite crystal structure contributes to the electron transport,
hence demonstrating devices with high charge collection (see Figure 2.1 (c)) [20-22]. The
reduction in device thickness shown in Figure 2.1 (d) to (g) from the sensitized cell structure
to the mesoporous structure, leading to meso-superstructure, and lastly the planar cell structure
has also contributed to achieving high photon to electron efficient thin-films.
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Figure2.1: (a) Schematic representation of a solid state perovskite sensitized device structure.
SEM cross-sectional images of PSCs based on mesoporous, (b) TiO2, and (c) Al>Os. Progress
in PSC efficiency with the cell structure (n): (d) sensitized PSC n=9.7%, (e) mesoporous PSC
n=10.9%, (f) meso-superstructure PSC n=15%, and (g) planar heterojunction thin-film PSC
n=15.4% [9,10,20,22].



The developments in designing the ABX3 crystal structure and advances in device structure is
of topical research, attracting the interest of many chemists and physicists across the world.
This has attributed a rapid increase in PSC efficiencies towards its theoretical Shockley-
Queisser limit of ~27% and efficiencies above the traditional inorganic solar cells [23,24].
However, PSCs are still lab-based devices and have not reached commercialization due to the
device instabilities and the current use of the harmful inorganic lead (Pb) element. Factors
affecting the PSC’s stability include environmental variations such as oxygen, light, moisture,
temperature, and UV [25-27]. Thus, the major challenge in manufacturing PSCs is achieving
a device with a high-performance, environmentally friendly, and a life span approaching 25
years.

The perovskite active layer together with the counter electron and hole transporting layer (HTL
and ETL) are key components in the solar cell device [28]. Therefore, this work provides
comprehensive literature on perovskite crystal structure modelling, perovskite (ABX3)
compositional engineering, and maps out the road towards establishing the perfect required
ETL/perovskite and perovskite/HTM intermediate contacts [29,30]. Interesting
recommendations and possible future perspectives are also outlined.

2.4 Modelling the perovskite crystal structure.

In perovskite solar cells MAPbI3, FAPbBrs and CsPbCls are standard ABXs light-
absorbing layers [31]. The arrangement of ions in the absorber crystal structure varies in space
around the unit cell depending on temperature (T), pressure (P) and tolerance factor (t). The
shape of the crystal structure ranges from orthorhombic, tetragonal and cubic in order of
increasing crystal perfection, respectively [32]. The tolerance factor (t) predicts stability in
perovskite crystal systems. In a perfect cubic structure (t) factor equals 1.0, whereas in a non-
ideal case the cubic structure is within 0.8 to 1.0 (t) factor. Less ordered crystal structures such
as orthorhombic and tetragonal are obtained at low (t) factor [19,26]. FA™ containing perovskite
layers have a high (t) factor. Metal alloys of MA* and Cs™ multi-cation perovskites result in
materials with properties comparable to FA™ alone. This concluding that FA* containing
perovskites are more stable than individual MA* and Cs* containing perovskite materials [33].
Figure 2.2 shows MAPbIs phase transitions with an increase in temperature. The (t) factor

equation is given as follows.
rat Ix

= (-1 @
where ra, rs and rx represent the ionic radii for the organic cation A, inorganic cation B and the
halide anion X, respectively [31].



: . b
Figure 2.2: MAPDIz phase transitions arranged in order of increasing temperature (a)
orthorhombic, (b) tetragonal and (c) cubic perovskite phases [26].

2.5 Modelling the perovskite electronic structure.

Methylammonium lead iodide (MAPDI3) is the simplest and well-studied perovskite
absorber compound. Its crystal structure consists of an organic MA™ molecule surrounded by
a 3-dimensional inorganic Pb-l1 molecule. Figure 2.3 (a) to (c) and (d) to (f) represent the
electronic structure of MAPbI3 showing the effect of 001-, 110- and 111-MA" ion orientations
in a cubic and tetragonal MAPbIs crystal system respectively. It is observed that the conduction
(CB) and valence (VB) band of the MAPbI3 electronic structure vary with MA™ orientation
however the overall electronic bandgap remains the same throughout 001-, 110- and 111-MA*
orientations. This leads to the suggestion that the material’s bandgap energy (Egap) depends on
the 3D Pb-I system surrounding the MA* ion and not on the MA" ion [17,33-35]. In an
additional study on MAPbIs electronic structure, Yin [2014] studies on the density of states
(DOSs) emphasizes more on the above suggestion. Figure 2.3 (g) to (j) illustrates MAPDbI3
total and partial DOSs. It is observed from the DOS positions of lead (Pb) and iodide (1) p-
orbitals in Figure 2.3 (i) and (j) occupy the CB and VB respectively indicating that MAPDbI3
optical transitions rely on Pb and | p-p transitions (see Figure 2.3 (g)) [34,36].
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Figure 2.3: Band gap structure of a cubic (a) to (c) and tetragonal (d) to (f) MAPbI;z crystal
structure. Total and partial density of states of MAPbI3 and ions (g) to (j) [34,35].

2.6 Perovskite solar cell device architecture.

PSCs were first reported by Kojima [2009] whereby the perovskite ABXs organic-
inorganic lead halide material was used as a light absorber in sensitized solar cells. In this
study, the perovskite device structure preserved the same cell structure as DSSCs. Hence
assumed that PSCs operate similar to DSSCs. However, as knowledge developed in this field,
it is found that the fundamental basis of operation in PSCs is distinctive to DSSCs [15,17]. In
a PSC device, the perovskite material (ABX3) is deposited onto a conductive glass substrate
bearing an n-type (compact or mesoporous) electron transport material (ETM) which is
followed by the deposition of a p-type hole transport material (HTM). When light is absorbed
by the perovskite material, electrons are excited to the LUMO leaving behind holes in the
perovskite HOMO generating excitons that diffuse within the perovskite layer towards the
opposite ETM and HTM contacts. At the interface with the perovskite material, the ETM and
HTM selectively transport charge carriers. Electrons then travel from the anode electrode
(TCO) to the external circuit generating electricity across an electrical load. The perovskite
absorber regenerates as electrons recombine with holes at the cathode electrode (e.g., Au, Ag,
Pt, and Al) minimizing charge imbalance at opposite electrodes [37].
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A conventional PSC has a device architecture similar to a p-n junction solar cell with the
perovskite intrinsic (i) absorber sandwiched between n-type and p-type semiconducting
materials as illustrated in Figure 2.4 (a) referred to as the mesoscopic-(n-i-p) device
architecture. The realization that the perovskite on its own is dominant in transporting electrons
and holes and the rearrangement in device architecture has also led to enhanced device
performance [38]. Figure 2.4 (b) to (d) illustrates schematic images of such devices which are
referred to as planar-(n-i-p), planar-(p-i-n), and mesoscopic-(p-i-n) respectively. The planar-
(n-i-p) architecture results from PSC devices without the mesoscopic metal oxide required in
DSSCs as a structural scaffold. A planar architecture is a promising architecture for large
surface area manufacturing on flexible substrates because they are fabricated from low-
temperature preparation methods [39]. The planar-(n-i-p) devices are reported to reach high
efficiencies of up to 23.6% slowly approaching the 25.5% of mesoscopic-(n-i-p) architecture.
Although the (n-i-p)-devices demonstrate high PCE, their stability still suffers due to negative
impacts (e.g., degradation) imposed on the perovskite layer by the acidic and hydrophilic nature
of the traditional Spiro-MeOTAD and PEDOT:PSS HTMs [26,40,41]. The (p-i-n)-planar and
mesoscopic architecture are inverted architectures of the conventional-(n-i-p) whereby the
sequence of deposition is reversed. The inverted architecture partially overcomes the above-
stated instability issues by reducing the corrosive effect of the HTMs on the device active layer.

(a) n-i-p mesoscopic (b) n-i-p planar (c) p-i-n planar (d) p-i-n mesoscopic
Metal Cathode (Al) Metal Cathode (Al)
HTM (Spim-MeOTAD) HTM (Smro-MeOTAD) ETM (PCBM) ETM (PCBM)
ETM (TiO,) HTM (PEDOT:PSS) HTM (NiO)
_  Transparent cathode (FT0) | Transparentanode (IT0)  Transparentanode (IT0)
Glass Glass Glass Glass

Sunlight
Figure 2.4: (a) and (b) represent a simplified image of a PSC conventional n-i-p device
architecture. (c) and (d) represent an inverted p-i-n PSC device architecture [38].

Optimizing the device thickness by removing the mesoporous ETM and the change in device
architecture has shown to be efficient for high-performance PSCs. Another significant route
for improving the device PCE and operational stability lies in designing the perovskite ABX3
composition using simple chemical approaches. Over the past years of research in PSCs,
significant milestones have been reached through the ABX3 design. Figure 2.5 shows the basis
of ABX3 designing. Figure 2.5 (a) and (b) presents the initial IPCE and |-V characteristic
performance based on MAPDbIz and MAPDBrs single halide perovskites, the distinctive
difference in the iodide and bromide performance presented sufficient motivation in achieving
hybrid materials of organic-inorganic perovskite materials through ABX3 designing [2]. From
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the IPCE curve, MAPbBTr3 (solid line) shows a photon to current conversion ratio of 62- 65%
at wavelengths less than 550 nm however change behaviour at higher wavelengths indicating
that MAPbBIr3 is most active at lower wavelengths. Whereas MAPDI3 (dash line) shows a 45%
conversion rate over a wide wavelength range of 450- 750 nm. The good short circuit current
of 10.8 mAcm-2 in MAPDIs and open-circuit voltage of 0.94 V in MAPbBr3 in the
corresponding I-V curve is attributed to the long-wavelength IPCE ratio in MAPbI3z and good
electron transfer between the active layer’s LUMO and ETM’s conduction band in MAPbBTrs3,
respectively. This study paved a path for a multitude of ideas in varying the perovskite ABX3
crystal structure resulting in hybrid mixed halide, mixed cation. all organic, all-inorganic
perovskite light active thin-films.

70
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Figure 2.5: (a) IPCE and (b) I-V curve for MAPbBr3 (solid line) and MAPbIs (solid line) [2].

Hybrids of mixed halide PSCs result in synergistic properties not obtained in single halide
PSCs. Docampo [2013] compared the optical and PV properties of planar MAPDI3 single halide
and planar MAPbI;xClx mixed halide PSCs prepared via solution dip coating of Pbl. thin-films
into precursor solutions containing MAI plus the addition of MACI at a controlled
concentration ratio (wt%) as shown in Figure 2.6 (a). It is observed that the PSC performance
increases in mixed halide perovskite systems. In the time-resolved photoluminescence results
reported in Figure 2.6 (b) the planar MAPbIs device exhibit a short photoexcitation lifetime
minimizing the charge carrier diffusion length in the relatively thick MAPbIs film. Remarkably
it is observed that the inclusion of Cl at small wt% into the MAPbIz composition increases the
charge carrier lifetime resulting in diffusion lengths that are a few nanometers greater than the
resulting MAPDI3.xClyx thickness. Corresponding I-V results are reported in Figure 2.6 (c), the
mixed halide MAPbIzxClx PSC reaches maximum short circuit current (Jsc) and efficiency (1)
values of 22.9 mAcm™ and 15.41% in comparison to the low PV parameters in single halide
MAPDI3. This improved PSC performance is suggested to be attributed to the small average
crystal sizes and minimum grain boundaries within the mixed halide, promoting higher
diffusion lengths. This study indicates that further addition of the second halide component
(CI) slightly decreases the device short circuit current and open-circuit voltage from maximum
therefore optimization in the preparation method is required for optimum device performance
[21].
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Figure 2.6: (a) Solution dip-coating preparation method for the perovskite films and the
corresponding surface morphologies in Pbl2, MAPbI3xClx, and/or MAPbI3 thin-films. (b)
Time-resolved photoluminescence spectrum and (c) photovoltaic performance in planar
heterojunction solar cells of MAPbI; and MAPbI3.xClx at various wt% addition of MACI

[21].
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Table 1.1: Types PSCs with device architecture “TCO/ETM/Perovskite layer/HTM/metal

contact” varied by the perovskite layer, ETM and HTM [2,21,30,41-50].
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Further to the ABXz designing, processing conditions such as thermal annealing, ageing,
doping, moisture and solvent treatment are strategies used to optimize device performance
during PSC fabrication. Adhyaksa [2016] studied the effect of ageing (a device placed in the
dark at room temperature) on the diffusion length and bandgap energy of mixed
MAPb(1:-xBrx)s halide perovskite. Figure 2.7 (a) shows a plot of the mixed perovskite
diffusion length L (nm) against bandgap energy (eV) values, the insert images are the aged
PSC thin-films arranged according to their bandgap energies, the white and black dots present
corresponding diffusion length and bandgap values for aged and non-aged PSCs films,
respectively. It is noted in both cases that the bandgap structure is tuned by varying the bromine
(Br) and iodide (1) weight fractions. Bandgap values in the thin films increase with increasing
Br content. A distinctive phase change is observed by colour change towards high bandgap
values from black to yellow, indicating that the devices can be optimized to absorb specific
regions in the solar spectrum. The aged film at ~1.8 eV recorded the highest diffusion length,
double of the non-aged films. This study, therefore, shows that the application of processing
conditions on either single or mixed halide perovskite thin films offers the ability to fine-tune
the resulting perovskite optical properties for better and desired performances [28,51].

Br fraction
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Figure 2.7:(a) A plot of diffusion length (L nm) against bandgap energies of aged and non-
aged MAPD(11.xBrx)s perovskite thin films, (b) Absorption spectra of mixed halide perovskite
film, (c) I-V curve in a hybrid mixed halide PSC [28,45].
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In a similar study Suarez [2014] characterized the effect of halogen (x%= 1, Br, and ClI)
composition in mixed halide PSCs optical and PV properties. In Figure 2.7 (b) a shift towards
lower wavelengths is observed in the absorption spectra as indicated by the arrow. This
absorption behaviour further confirms the successful bandgap tunability in Figure 2.7 (a)
reported above with an increase in Br(%) ratio [45]. In Figure 2.7 (c)*1 a significant reduction
in device performance is observed due to the low Jsc and Voc values. This is attributed to the
shift towards lower wavelengths observed from the reported absorption spectra. Figure 2.7
(c)*2 shows an appreciable increase in Jsc and Vo with the introduction of a third halogen (CI)
component. However, the shift in absorption further persists to decrease the device
performance in the triple halide PSCs.

The complex perovskite crystal structure ABX3z offers the advantage off composition modelling
the resulting absorber layer by stochiometric solution preparation methods [52,53]. Singh
[2017] studied cell properties of a mixed cation (Cs/[FA/MA) perovskite device and obtained
characteristic results of a PSC with the device configuration FTO/TiO2/Meso-
TiO2/Cs/FA/MA/Spiro-MeOTAD/Au as shown by the cross-sectional image in Figure 2.8 (d)
[46]. In previous studies of MA/FA perovskite thin-films, it is reported that the MA™ cation at
small ratiosratio acts as a FA" nucleating site, increasing the degree of crystallinity in the FA
photoactive film. Thus, also enhancing the light sensitivity of thein FA film." thin-films.
However, MA/FA system showed traces of small phase impurities that eventually affect the
overall morphology and stability. It is reported that the incorporation of cesium (Cs) inorganic
cation improves MA/FA intrinsic properties [54,55].
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Figure 2.8: Characteristic performance of triple cation perovskite solar cell. (a-d) SEM
micrographs images, (a) CsSO/MA/FA, (b) Cs5/MA/FA, (c) Cs10/MA/FA and (d) cross-
sectional area at Cs5/MAV/F, (e) characteristic perovskite absorption spectrum, (f) XRD
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pattern of Cs/MA/FA at 0, 5 to 10 wt% Cs addition, (g) I-V curve of the best Cs10/MA/FA
device and the insert represents the device corresponding IPCE, and (h) J-V hysteresis effect
on I-V scans [46].

Figure 2.8 (a) shows SEM micrograph image of a neat MA/FA system with a bumpy
distribution of grains and the presence of surface grooves indicating a low level of adhesion
between grain interfaces, in Figure 2.8 (b) at 5wt% addition of Cs the crystal grains increase
in size and the surface boundary between the grain becomes diluted, this might suggest an
improved surface adhesion between grains and hence high degree of crystallinity. However, at
high additions of 10wt% Cs indicated in Figure 2.8 (c) the surface adhesion disappears, and
grains are reduced to smaller particle size increasing the possibility of crystal defects. Figure
2.8 (e) shows characteristic absorption band of a perovskite absorber layer with absorption over
UV-vis spectrum. Figure 2.8 (f) shows XRD patterns at 0, 5 to 10wt% Cs addition all showing
perovskite characteristic peak at ~14° diffraction angle corresponding to the (110) plane. Defect
peaks at diffraction angels lower than 14" are seen for the neat MA/FA system, this might be
assigned to the groove boundaries between grains. At 5wt% Cs addition the defect peaks
disappear and a significant increase in perovskite peak intensity at 14° diffraction angle
suggesting an increase in crystallinity. This behaviour is however not favoured for higher
concentrations of Cs addition. The inorganic Cs metal encourages crystallization and increases
the device stability as shown in Figure 2.8 (f) and (h) by the occurrence of little to no J-V
hysteresis effect between forward and reverse bias connections.

Electricity is generated by the direct absorption of sunlight in a PV solar cell. The absorbed
light creates electron-hole pairs (excitons) in the absorber layer, electrons are then collected at
the anode electrode to the external circuit and through an electrical load. Electrons are
thereafter reinjected into the absorber layer by a cathode counter electrode where
recombination with holes occurs. The energy difference of the electron at the anode and
cathode is used to determine the open-circuit voltage (Voc) [56]. Figure 2.9 (a) underlines the
basic cell operation of a perovskite solar cell. Nagarjuna [2015] studied the effect of
transporting materials in a perovskite solar cell and reports that the correct choice of cell
transporting material is at most necessary for better PCE, FF and Vo [57]. A compatible
transporting material should have high charge extraction, high mobility and proper energy
alignment with the absorber layer at their interface as indicated in Figure 2.9 (b). The
traditional materials used as ETM and HTM in PSCs include titanium dioxide-(TiO2) and
Spiro-MeOTAD. Other common alternatives such as aluminium oxide (Al>Oz), zinc oxide
(Zn0), and PCBM are used as ETMs while copper iodide (Cul), nickel oxide (NiO), PEDOT:
PSS, poly(triarylamine) (PTAA) materials are common alternative HTMs.
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Figure 2.9: (a) Schematic diagram showing the basic device operation in a PSC. (b)
Simplified energy alignment of possible ETM and HTM materials in PSC applications
[19,30].

2.7 Fabrication methods

As already discussed PSCs has taken many routes to achieve high performances such as the
device transition from sensitized solar cells to the recent planar thin-film solar cells, preparation
of hybrid perovskite light active materials, the use of processing conditions and lastly the use
of different charge ETMs and HTMs. In addition, PSC fabrication methods play a role in high-
quality perovskite materials.

2.7.1 One-step method

The one-step deposition method involves spin-coating a perovskite precursor solution
onto a pre-treated transparent conductive oxide (TCO) substrate followed by annealing to form
the perovskite active layer as shown in Figure 2.10 (a). This is the widely used deposition
method due to its simplicity and low production cost for small lab-based PSCs and is not
suitable for large surface area device fabrications. To form a perovskite layer of crystal
structure ABX3, organic (e.g., MAI/FAI) and inorganic (e.g., PbX2/SnX>) halides are dissolved
into a common dipolar aprotic solvent such as dimethyl sulfoxide (DMSO),
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dimethylformamide (DMF), and y-butyrolactone (GBL) then spin-coated on an ETM bearing
conductive substrate. The early PSC fabrication that triggered research interest was achieved
through one-step spin-coating solutions of organic salts (MABr and MAI) and inorganic salts
(PbBr2 and PbCl) reporting efficiencies of 3.31% and 3.81% in the resulting MAPbBr3 and
MAPDI3 PSCs, respectively [2]. In a later study, Miyasaka [2012] reported PCE of up to 10.9%
by spin-coating a solution of mixed halide perovskite precursor over a mesoporous Al,O3
scaffold [4].
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Figure 2.10: Schematic representation of perovskite solar cell fabrication methods. (a) One-
step method, (b) Two-step method, (c) Vapour assisted solution method and (d) Thermal
vapour deposition method. Precursor concentrations, dipping coating time, spin coating time,
and spinning rates are perovskite film quality and morphology controlling parameters during
fabrication [38].

In one step deposition method, the solution ionic strength and post-annealing improve the
perovskite crystal formation [58]. However, drawbacks such as lack of control over film
uniformity and morphology are observed. Chen [2015] fabricated a p-i-n perovskite device
with 210nm perovskite thickness by spin coating and acquired PCE= 11.99%, Vo, = 0.81V and
Jse= 21.9mAcm™2. Figure 2.11 (a) shows XRD peaks at diffraction angles 28.39° and 31.86°
indicating the perovskite crystal formation and further suggesting that the depositing solvent
did not destroy the perovskite crystal structure [59]. Despite observed good device efficiency
of 3.8 to 11.99% Figure 2.11 (b) shows perovskite film FESEM surface image with the
presence of pinholes due to the incomplete crystallization and distribution of non-uniform
grains along the film morphology.

20



.
—— TOFEDOT PaS/Porovskia FCEM
AM220) A(310) b TO/PEDOTPSS/Perovskile

l / — ITOIPEDOT:PSS
ez #(400) A peravskite
#ITO

i i i i i
20 an 40 50 a0 m an

~
QD
N~

INTENSITY {arb.units)

10.0 um

0.0 Height  10.0 um 0.0 " Height 10.0 um 0.0 Height
Figure 2.11: (a) X-ray diffraction patterns, (b) SEM micrograph, (c)-(d) AFM images
[37,59].

Zhang [2019] worked on improving the perovskite surface morphology by using binary solvent
engineering systems during the perovskite film deposition. The technique offers control over
the perovskite crystal formation allowing complete and well oriented homogeneous perovskite
films [37]. This unique control over morphologies is achieved by a mixture of solvents such as
the above mentioned DMF, DMSO, and GBL [37,60]. Figure 2.11 (c)-(e) shows AFM images
at different DMF/DMSO solvent ratios of 1:0, 3:1, and 1:3 denoted as FO10, FO31 and FO13
respectively. At the presence of only the DMF solvent in Figure 2.11 (c¢) the AFM image
reveals similar results reported in Figure 2.11 (b). The addition of a second solvent at a solvent
ratio of 3:1 and 1:3 assists the film to eliminate the observed morphology cracks, pinholes and
incomplete crystallization defects. The volatile DMF solvent activates a homogeneous
perovskite crystal nucleation and the presence of DMSO helps with crystal growth in an
ordered orientation. Hence the observed large, smooth and closely packed perovskite grain
morphologies in Figure 2.11 (e). In a similar study using a solvent mixture of GBL/DMSO at
a ratio of 7:3, Jeon [2014] acquired an increased PCE of ~16.2% with no hysteresis in forward
and reverse bias 1-V measurements [60].
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2.7.2 Two-step method

The two-step fabrication or sequential fabrication method involves the spin coating of
individual organic (MAI/FAI) and inorganic (PbX2/SnXz) precursor solutions. This method
offers the advantage to control the surface morphology and film quality by optimizing
precursor concentrations, dip coating or spin coating time, and spinning rates during the
deposition of either organic or inorganic halide precursors. In the two-step method, the first
step of deposition is spin coating of the inorganic halide (PbX2) on a substrate then the second
step of deposition follows by either (i) dipping PbX> coated substrate into the MAI solution or
(i) spin coating the MAI solution over the Pb Xz substrate (see Figure 2.10 (b)) [61]. Burschka
[2013] used the two-step method to fabricate a PSC with PCE= 15.0% the study confirms a
better control of device morphology by the X-ray diffraction (XRD) patterns and SEM cross-
sectional micrographs of the device [62]. The reported cross-sectional SEM images show
firstly, the introduction of Pbl into the nanoporous TiO2 film. This is confirmed by the
formation of a single layer of TiO2/Pbl> with complete Pbl, crystal absorption indicating
successful Pbl, deposition onto TiO2 nanopores. The XRD pattern shows a characteristic
perovskite peak at 14° diffraction angle confirming the formation of the perovskite absorber
layer upon second step deposition of MAI by (i) dip coating the TiO2/Pbl, bearing substrate.

The presence of Pbl; residuals reduces the solar cell light-harvesting ability and charge carrier
transport hence reducing the overall PSC performance [63,64]. Similar to the one-step
deposition method above, solvent engineering and the use of additives may be applied to
overcome this fabrication drawback in the two-step method. Li [2015] reported a solvent
mixture based on DMF and DMSO for Pbl> powder dissolution. In which the DMSO in the
solvent mixture prevents early Pbl, crystallization and further acting as an intermolecular
intermediate exchanging agent with MAI during MAPDIs film formation. Low temperature and
low spinning time of MAI during the second step of deposition results in perovskite crystal
formation only at the Pbl surface which blocks further MAI infiltration into Pbl lattice. Such
mass infiltration forms a rough surface with the presence of voids and pinholes [65,66].

2.7.3 Vapour assisted solution method

Vapour assisted solution deposition method is considered as a modification of the two-
step method which improves the infiltration of the precursor solutions. The only difference
between vapour assisted solution and two-step method is that during the second step of
deposition a vapour phase of either MAI/FAL is reacted with the Pbl film (see Figure 2.10 (c))
[61,67]. Chen [2015] investigated the performance of PSCs prepared by two-step and vapour
assisted solution methods and highlighted that perovskites fabricated with different techniques
result in different properties. Flat films fabricated through vapour assisted deposition show
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high surface coverage and pore filling of the mesoporous TiO2. The device performance
records a high Vo of 0.96V and an IPCE value of 81% over a wide wavelength range of 400-
740nm. Photoluminescence (PL) spectra showed an intense peak in the two-step fabricated
film confirming defect densities caused by poor surface coverage [68]. Vapour assisted solution
method is promising as PSC efficiencies continue to increase as different approaches are
designed. The disadvantage of vapour assisted method is hours of device fabrication [69,70].

2.7.4 Thermal vapour deposition method

The thermal vapour deposition method involves simultaneous deposition of the organic
(e.g., MAI or FAI) and inorganic (e.g., Pbl2/PbCl>) halides in the vapour phase on a rotating
substrate (see Figure 2.10 (d)). This method offers a uniform surface morphology due to ease
of control over precursor depositing parameters and the speed of rotating substrate [29]. Liu
[2013] reported a planar mixed halide PSC recording efficiencies of up to 15.4%. The
perovskite MAPbI;xClx thin films were prepared by vapour deposition of MAI and PbCl;
precursor powder materials at a 4:1 deposition ratio [71]. In an attempt to produce a large
surface area PSC device, Liang [2018] reported a large-scale PSC with a surface area of 100cm?
(see Figure 2.12 (a)) [72]. The device showed a PCE equal to 7.73%. This study serves as a
benchmark for the fabrication of commercial PSC through thermal vapour deposition. The
device maintained a uniform composition throughout the film with no presence of impurities
and subsequently high solar cell performance. Figure 2.12 (c) depicts consistent XRD patterns
at different regions of the solar cell marked A, B, C, E and D as shown in Figure 2.12 (b).
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Figure 2.12: Low-(a) and (b) Low-resolution images (a) and (b)of the 100cm2 PSC prepared
by the thermal vapour-deposited method. (c) XRD patterns at the marked regions A, B, C, D,
and E [72].

2.8 Device challenges

2.8.1 Perovskite solar cell device stability

The development of the PSCs in the past decade has shown massive improvement in
efficiency over a short period in comparison with other existing solar cells. PSCs have already
surpassed the performance of commercially available silicon-based PVs making them the
future in solar energy. However, the device lifespan is below the required 25 years for a normal
PV cell, ranging from days to months. The degradation of PSCs performance suggests that the
device instability stands in the way of commercialization [73]. Therefore, it is necessary to
understand PSC degradation mechanics to improve on the device flaws. In the characterization
of perovskite cell stability, the device is subjected to harsh environments in order to obtain
superior performance at normal conditions. The degradation response results from failure of
device components caused by external factors (moisture, oxygen, temperature, and UV
radiation), internal factors (crystal structure, ion migration, interfacial contact), the constituting
materials, device architecture, and fabrication process. Therefore, it is important to note that
PSC stability is affected by a handful of factors. Suggesting that it is necessary to further study
PSCs thoroughly, develop standard procedures and protocols towards building a fully
functional and stable device.
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2.8.2 Stability in the perovskite crystal structure (ABX3)

The stability of the perovskite crystal structure is determined using the Goldschmidt
tolerance factor (t), shown by equation (1) above. The cubic (o) phase is the most stable crystal
structure followed by the tetragonal (B) phase and the least stable crystal structure is the
orthorhombic (y) phase. In any crystal structure, the tolerance factor depends on the ABX3
constituting organic (e.g., MA*= ra), inorganic (e.g., Pb?*= rg) and halogen (e.g., I'= ro) ionic
radius [74]. Further research has relieved that the crystal structure stability is also affected by
changes in temperature and pressure. In the study to investigate the effect of temperature on
perovskite crystal structure Cojocaru [2015] reported a MAPDbIz phase transition from
tetragonal to cubic at temperatures greater than 55°C. In Figure 2.13 (a) the XRD results
confirm a tetragonal phase at perovskite characteristic diffraction angles of 14.1°, 28.5°, and
43.3" associated with the (110), (220) and (330) planes, respectively [75]. An increase in sample
temperature affects the crystal shape as illustrated in Figure 2.13 (b)-(d), the diffraction peaks
shift to lower diffraction angles as the temperature is increased. The observed shift in the XRD
peaks suggests the rearrangement of the crystal lattice. Figure 2.13 (b)-(d) shows the phase
transition from a tetragonal phase to a lower diffraction angle cubic phase for samples heated
in a temperature range of -95 to 100°C. In another study, Gratzel [1998] reported the thermal
stability of FAPDbIs. The FAPDI3 has higher thermal stability than MAPDI3 due to its tetragonal-
cubic phase transition occurring at a high temperature of 150°C [76]. Therefore, in conclusion,
a stable perovskite crystal structure is found at high temperatures and also depends on the
perovskite material in question.
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Figure 2.13: X-ray diffraction pattern of a perovskite sample (a) heated at 25°C, (b-d)
magnified perovskite CH3NH3PbI3 characteristic peaks heating at temperature range -95-C
to 100-C [75].
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The perovskite crystal structure response mechanism to pressure remains a mystery, as there is
an unusual sequence of phase transition with an increase in pressure. For example, tetragonal-
cubic-orthorhombic, orthorhombic-tetragonal-cubic, and vice versa phase transitions are
observed [77,78]. Jaffe [2016] conducted a study to understand MAPbX3 (X= Br and I)
perovskite crystal structure response to compression. Single crystal and powder X-ray
Diffraction (SCXRD and PXRD) techniques were used to characterize material crystal
structure at ambient pressure and during high-pressure conditions [79]. The applied pressure
had a significant effect on Pb-X (X= Br and I) bond lengths, volume and a-B phase transition.
Figure 2.14 (a) and (b) shows MAPbX3 SCXRD crystal structure model at ambient and high
pressure. Figure 2.14 (c) and (d) shows MAPbXs PXRD diffraction patterns under a
continuous increase in pressure (compression). At ambient pressure, Pb-X-Pb bond angles are
at 180" as shown in Figure 2.14 (a) and (b), compression results in the Pb-X-Pb bond angle
contraction to angles < 180°, reduction in Pb-X bong length, and subsequently the occurrence
of a-PB phase transitions at pressures greater than 1.7 and 0.7 GPa for MAPbBr3 and MAPbI3
perovskite crystal structures, respectively. Further compression in the § phase results in further
bond length and volume reductions. Strong intermolecular interactions develop due to the tight
conformation in the ABXsz unit cell. The XRD patterns in Figure 2.14 (c) and (d) shows
changes in MAPbBr3 and MAPDI3 crystal structure as pressure is continuously increased up to
a maximum pressure of 9 GPa. In both perovskite materials MAPbX3 (X= Br and I) a normal
perovskite behaviour is expected at low pressures as indicated by arrow 1. An increase in
pressure destroys the normal perovskite crystal structure behaviour hence the disappearance of
perovskite characteristic peaks indicated by arrow 2. Arrow 3 shows that the perovskite
materials can restore their initial configuration or normal behaviour upon decompression.
Therefore, in conclusion, the perovskite crystal structure does respond to pressure. Subjecting
the material to high pressures suppresses or reduces the perovskite structural features.
Therefore, a stable perovskite crystal structure (o phase) is obtained at relatively low pressures.
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Figure 2.14: SCXRD schematic representation of crystal structure for (a) MAPbBr3 and (b)
MAPDI3 at ambient and high pressures of 1.7 and 0.7GPa. Changes PXRD patterns for (c)
MAPDIBr3 and (d) MAPDI3 in response to the applied pressure [79].

2.8.3 Environmental stability.

The perovskite ABX3 materials are chemically active in environmental conditions. A
series of chemical reactions occur which slowly break down the ABXs material into its
constituents and additional by-products. Installation of PSCs exposes the device to
environmental contaminants. Oxygen, moisture and UV radiation constantly wear off the PV
perovskite active layer. The chemical reactions below suggest possible perovskite degradation.
Moisture breaks down the perovskite layer by dissolving the organic cation (MA™) to yield Pbl>
and HI. This degradation mechanism is an irreversible process as the presence of oxygen and
UV radiation further breaks down the hydroiodic acid (HI) producing water (H20), hydrogen
(H2) and iodine (I2) gas as by-products (see chemical reactions (2)-(5)) [80]. The chemical
reactions (2)-(5) and (6)-(9) are proposed degradation reactions initiated by the presence of
sunlight and moisture. In a study to investigate the degradation of MAPDbI3 material exposed to
a humid environment Shirayama [2016] reported a rapid decomposition in the perovskite
material at low relative humidity of 40% caused by either or both of the following: formation
of Pbl, phase from the desorption of the volatile organic MAI cation or formation of perovskite
hydrate phase resulting from the interaction of H.O molecules and the absorber N-H bond [81].
In asimilar study, Yang [2015] suggested that proper selection of a hydrophobic HTM stabilize
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the perovskite layer deterioration, however, the effort only shifts the perovskite lifespan to a
few more hours before it begins degrading [82].

CH3NH3Pbls(s) <> Pbla(s) + CHaNHsl(aq) )
CHsNHzsl(ag) <~ CHsNH2(aq) + HI(aq) )
4Hl(aq) + O2 < 212+ 2H20(1) 4)

2HI(aqg) <> Hz(g) + 12(s) (%)

CH3NH3Pbls(s) <> Pbla(s) + CHaNH2 1 + HI 1 (6)

21 1y + 2 (7)
3CH3NH3" <> 3CH3NH, 1 + 3H* (8)
I+ I, +3H" +2¢” <> 3HI 1 9)

In Figure 2.15 (a)-(c) SEM surface images reveal perovskite film morphology exposed to 40%
relative humidity (RH) at various exposure times. Figure 2.15 (a) reports a smooth surface at
20 min exposure with a high level of surface coverage, Figure 2.15 (b) reports SEM surface
morphology at 24 hours of exposure showing the formation of evenly distributed holes
reducing surface homogeneity (indicated by arrow 1). The generation of holes results from the
Pbl. phase structure coalescence as the MAI organic cation dissolves in moisture, in Figure
2.15 (c) the SEM image at 48 hours of exposure shows well defined rod-like Pbl, structures
(indicated arrow 2) and the extend of hole formation in film [82]. Many attempts focus on
eliminating the effect of moisture on PSCs by encapsulation of the device, Many attempts focus
on eliminating the effect of moisture on PSCs by designing new architectures, encapsulating
the device using polymers, proposing new ETM and HTM materials and among others
modifying the ABX3 materials.
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In order to eliminate the effect of moisture and investigate the effect on UV radiation alone,
Lee [2016] studied the degradation of PSCs in an inert atmosphere (glove box) by exposing
the PSC devices to UV light. The effect of UV exposure on the device was characterized
through XRD and I-V techniques as shown in Figure 2.15 (d) and (e), respectively. From both
characterizations, it is observed that UV degradation is slightly reversible via light soaking the
devices. From Figure 2.15 (d) the XRD patterns show the development of Pbl, peak at 12.6°
diffraction angle accompanied by a fading perovskite characteristic peak at 14.1° with an
increase in UV exposure time. These results are comparable to that of perovskite moisture
decomposition. . In Figure 2.15 (e) the I-V curves show that the occurrence of degradation
constantly weakens the device performance after 210 hours of exposure to UV radiation (blue
curve). However light soaking of the device works against the degradation process partially
restoring the device performance.
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2.9 Other challenges.

2.9.1 Toxicity.

The toxicity in perovskite devices comes from the presence of the toxic lead (Pd)
element. This raises environmental concerns for the upcoming device scaleup for
commercialization. The lack of device stability provides a possible way for toxic lead (Pb)
leakage from the installed solar panels to the environment [29] Due to the high demand for
energy globally, a rising number of studies encourage the use of Pb containing devices as
pollution from these devices will be insignificantly small in comparison with other lead
polluting sources around the world [84]. However, there is several promising alternatives for
lead replacement with environmentally friendly elements. Noel [2015] worked on replacing
the Pb component and devised a tin (Sn) based perovskite device (MASnX3s) with a promising
PCE of 6%. Later studies reported that Sn-based perovskites suffer from instability due to the
easy 2+ oxidation of Sn element in moisture to 4+ states. Hoshi [2016] proposed the use of
additives for stability. This effort showed significant improvement however the efficiencies
achieved were not certifying [85,86]. To reinstate the purpose of perovskites which is high
efficiency and stability, a hybrid of Sn-Pb perovskite film was proposed and achieved
efficiencies of up to 15.2% [87].

2.10 Future research

Future work will focus on revising and designing new methods to improve the PSC
performance. We will in particular investigate the effect of annealing and doping of trivalent
and pentavalent dopants on synthesized nanoparticles and nanotubes metal oxides such as
titanium and zinc oxide (TiO2 and ZnO) for enhanced electron extraction in PSCs. For
environmental concerns, further research work will focus more on replacing the highly toxic
lead (Pb) element with Tin (Sn) due to their similar chemical properties. The widely used hole
transporting material to date is the Spiro-MeOTAD, to fabricate cost-effective devices cheaper
p-type hole-transporting materials such as Cu.O and NiO will be explored. As a reference or
benchmark in our research group, a well thought fabrication method will be proposed from
where we can build towards achieving a fully functional highly efficient and stable perovskite
device. Aspects to be evaluated in the fabrication method include the effect of precursor
concentration, annealing temperatures, annealing time, synthesis period, annealing at various
gaseous environments, and exploration of different device architectures.
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Chapter 3

Preparation methods and Characterization
techniques

3.1 Overview

This chapter presents the experimental methods used in the preparation of titanium dioxide
(TiO2) nanoparticles and the fabrication of the perovskite solar cell (PSC) device. The research
characterization techniques and setup used in this study are also discussed.

3.2 Experimental methods

3.2.1 Synthesis of titanium dioxide nanoparticles

The TiO2 nanoparticles were synthesized using the hydrothermal method. Chemical reagents
used during preparation were used as supplied from the manufacture without any further
purification. The gel was prepared by mixing 45 mL of deionized water with 15 mL of
hydrochloric acid (Sigma-Aldrich) under constant stirring for 5 min in a fume hood. 2 mL of
titanium (1V) isopropoxide (Sigma-Aldrich) was added to the solution under a constant stirring
for 10 min. The mixture was transferred into a preheated Teflon-lined stainless steel autoclave
oven at 100 °C for 2 hours (hrs) and then allowed to cool at room temperature before
centrifugation. The collected white particles were washed several times using deionized water
and finally vacuum dried. The as-prepared nano-powders were divided into five samples,
placed in a furnace, and annealed for 2 hrs in an open-air atmosphere at different Ta of 200,
400, 800, 1000, and 1200 °C. Figure 3.1 shows a schematic diagram of TiO2 nano-powder
hydrothermal preparation.
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Figure 3.1: Schematic representation of TiO2 hydrothermal preparation method.

3.2.2 Perovskite solar cell device fabrication

The solar cells were fabricated on a transparent glass substrate by a simple doctor blade and
two-step spin coating methods. ITO glass substrates (Sigma-Aldrich) were first cleaned with a
detergent and ultrasonicated three times using water, isopropanol, and ethanol for 20 minutes
separately. The glass substrates were later allowed to dry at ambient atmosphere thereafter
subjected to UV-Ozone cleaning for a period of 15 minutes. To form a dense compact TiO>
blocking layer, the UV-Ozone cleaned substrates were coated with a 0.15 M titanium
diisopropoxide bis(acetylacetonate) (75% in isopropanol, Sigma-Aldrich) in 1-butanol by spin-
coating at 2000 rpm for 20s which were then heated at 100 °C for 5 min. After the coated glass
substrates were allowed to cool at room temperature the process was repeated two times using
a 0.3 M titanium diisopropoxide bis(acetylacetonate). Following the three-times coating of
titanium diisopropoxide bis(acetylacetonate) the glass substrates were then heated at 250 °C
for 15 minutes and allowed to cool at room temperature. A few micrometer thick layer of
mesoporous-TiOz photoelectrode was formed from a paste of the synthesized TiO». Pastes of
TiO2 were obtained by dissolving the synthesized and annealed TiO> nanopowders in ethanol
(Sigma-Aldrich). The micrometer thick layers were coated over the compact layer using the
doctor blade technique thereafter the substrates were heated at 250 °C for 45 minutes. From
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here the substrates/photoelectrodes were treated with a 0.02 M TiCls (98%, Sigma-Aldrich)
solution maintained at 80 °C for 10 minutes, washed with deionized water, and dried at 100 °C
in an open atmosphere. A single halide perovskite layer of CHsNH3Pbls-(MAPbI3) was formed
by two-step spin coating of Pbl, and MAI at ambient conditions (relative humidity= 45-60%)
to form TiO2/MAPbI3 heterogeneous thin films. Firstly, a solution of 0.02 ml of 1 M Pbl;
(4.61g) in a solvent mixture of DMF: DMSO (3:1) prepared at 70 °C was spin-coated over the
mesoporous TiO2 layers at 3000 rpm for 10s without loading time. The ITO/c-TiO2/m-
TiO2/Pbl, glass substrates were then dried at 100 °C for 10 minutes and allowed to cool to
room temperature. The perovskite layer was completed by spin-coating 0.2 ml of 0.038 M
CH3sNHzsl at 4000 rpm for 20s with a loading time of 20s. The ITO/c-TiO2/m-TiO2/MAPbI3
glass substrates were then dried at 100 °C for 10 minutes. A 0.02 ml solution of spiro-MeOTAD
was spin-coated over the perovskite bearing substrated at 3500 rpm for 35s. The spiro-
MeOTAD deposited solution was obtained by dissolving 0.072g of spiro-MeOTAD (Sigma-
Aldrich) in 1 ml chlorobenzene (Sigma-Aldrich) solvent. This was followed by the addition of
0.029 ml 4-tert-butyl pyridine (Sigma-Aldrich) and 0.018 ml (0.52g) lithium
bis(trifluoromethanesulfonyl)imide in 1 ml acetonitrile (Sigma-Aldrich) solutions. The counter
electrode was obtained by using silver (Ag) ink on an opposite ITO substrate. Approximately
80 % of the ITO substrate was covered with a deposition mask and a conductive Ag ink (Sigma-
Aldrich) was deposited over the exposed area via doctor blade technique. The solar cells were
assembled by preheating the TiO2 coated substrates at 100 °C for 5 minutes thereafter clamped
with the opposite Ag coated electrodes. The fabricated cells were then heated at 100 °C for 15
minutes to form solar cells with device architecture of ITO/c-TiO2/m-TiO2/MAPbI3/Ag/ITO.
Figure 3.2 shows a schematic diagram of the final devices.

vA¢
I
74
% » ITO glass
substrate
Conductive Silver
ink 4—_.::.:.:.::- » Spiro-MeOTAD
| | > MAPbI,
m-TiO, < I
ITOglass » c-TiO,
substrate e

| -)

Figure 3.2: Schematic representation of the fabricated solar cell with device architecture
ITO/c-TiO2/m-TiO2/MAPDI3/Spiro-MeoTAD/Conductive Ag ink/ITO.

3.3 Characterization techniques

3.3.1 X-ray diffraction (XRD
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X-ray diffraction (XRD) is a non-destructive technique used to characterize the crystal
structure of either crystalline or amorphous thin film and powder samples. From the collected
XRD data the characteristic structural parameters such as phase structure, purity, crystalline
size, crystallinity, orientations, crystal stress, strain, defects, and lattice parameters can be
determined [1]. At first, the XRD probes the crystal structure of the sample with an X-ray beam
of a single wavelength (1). The crystal structure of a sample consists of a periodic array of
atoms forming atomic planes separated by a distance (d). When the incident beam strikes the
atomic planes, X-rays are elastically scattered at a specific diffraction angle (0) by electron
clouds around atoms in each atomic plane as shown in Figure 3.3. The diffractometer measures
the scattered X-rays as a function of diffraction angle. Sharp prominent X-ray diffraction peaks
occur at specific diffraction angles due to constructive interference from the periodic crystal
structure of a crystalline sample whereas amorphous samples do not produce any diffraction
peaks due to the randomly orientated crystal structure. Diffractions from the atomic planes are
observed only when the scattered monochromatic beam satisfy Bragg’s law given by equation
1 below:

nA = 2dsin(0) 1)

Bragg's law defined the relationship between X-ray wavelength, the distance between planes,
and diffraction angle. Whereby n- represents integer numbers, A- X-ray diffraction wavelength,
d- the distance between the atomic planes, and 6- diffraction angle.

Incident

X-rays Scattered
X-rays

Figure 3.3: Schematic representation of Bragg’s law for X-ray diffraction [2].

The resulting diffractogram is a characteristic diffraction pattern to the unknown sample crystal
structure. Therefore, the diffractogram is compared with standard diffraction lines from the
XRD database. With the knowledge of d-values, relative peak intensity, full width at half
maximum (FWHM). The percentage purity of a sample can be determined from the proportion
of impurities, the degree of crystallinity can be determined from the peak broadness and peak
intensities, the lattice parameter a, b and ¢ can be determined from the d-spacing, and the
material average crystallin size can be calculated from and FWHM using equations 2, called
the Debye-Scherrer equation:

D= —kk 2
~ PBCos(0) (2)
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From the Scherrer equation, D represents the crystalline size, K- Scherrer constant (K = 0.9),
A- x-ray wavelength, g represents the full width at half maximum (FWHM) of a diffraction
peak located at angle 26 diffraction angle.

Experimental setup

The crystal structure and crystalline size of the synthesized TiO2 nanoparticles were determined
using a Bruker-AXS D8 Advance XRD diffractometer (Bruker Corporation of Germany)
operating at 40 kV/4 Ma and Cu Ko = 0.15406 nm with a 20 diffraction angle in the range of
20 to 80°.

3.3.2 Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) is a powerful characterization technique used for
microscopic surface imaging of samples. It produces high-resolution images revealing features
of up to 5 to 1 nanometer on the surface of a sample. SEM is very useful in studying the surface
structure of nanomaterials [3,4]. Its principal basis of operation uses an electron beam
generated from a tungsten (W) or lanthanum hexaboride (LaBe) filament to probe the surface
of a sample. Figure 3.4 demonstrates the SEM basis of operation up to data acquisition. The
instrument is equipped with an electromagnetic condenser and objective lenses which focus
the high-energy electron beam into a fine probe over the near-surface region [5,6].

The interactions between the electron beam and sample emit low-energy secondary electrons
(SE), backscattered electrons (BSE), and x-ray radiations. The emitted signals are collected by
the detector, amplified, and fed to a computer that displays microscopic images of the surface
structure giving insight information on the sample’s topography, morphology, crystalline
structure, and chemical composition [7,8]. The SE are excited electrons released from the
surface of the sample and BSE are the incident electrons reflected of the nuclei of atoms making
up the sample. Therefore, SE micrographs determine the surface topography, morphology
(surface texture), and crystalline structure of the analyzed sample, whereas BSE determines
elemental chemical composition making the material. X-ray radiations (discussed in EDX
below) are also important emissions from the sample used for analytical chemical analysis.
These emissions are not detected or form part of SEM surface imaging.
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Figure 3.4: Schematic representation of scanning electron microscope instrument setup [6].

Experimental setup

In this study, two different SEM instruments were used in the analysis of TiO2 nanoparticles
and the prepared TiO2/MAPbI3 heterogeneous thin films: (1) The morphologies and chemical
compositions of TiO, nanoparticles were obtained using a field emission SEM (FE-SEM)
coupled with EDX, Zeiss SEM-Microscopes Crossbeam 540. (2) The surface structure and
analytical analysis of TiO2/MAPbIs heterogeneous thin-films were studied using a TESCAN
VEGANS scanning electron microscopy (OXFORD X-MAXN) coupled with EDX operated at
20 kv. The surface of the samples was sputter-coated with carbon to produce conductive
coating onto the samples.

3.3.3 Energy-dispersive X-ray spectroscopy (EDX)

X-ray or photon radiations introduced in scanning electron microscopy (see Figure 5) form the
basis of energy-dispersive x-ray spectroscopy (EDX). EDX characterization tool is in
conjunction with SEM providing qualitative and quantitative analysis of elements present in a
sample. X-ray emissions result from electronic transitions from higher to lower shells of atoms
making up a material. In EDX, the high-energy incident electron beam excites electrons around
the K, L, and M shells of atoms making the sample, leaving behind holes. As electrons from
outer/higher atomic shells transition to fill the open vacancies in the inner/lower atomic shells
x-ray radiations are emitted from the sample. These electronic transitions are characteristic
fingerprints for every element making up the sample. An x-ray spectrum is generated providing
guantitative and qualitative details of each chemical element present in a given sample [9].
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3.3.4 Fourier-Transform Infrared spectroscopy (FT-IR)

Fourier transform infrared spectroscopy (FT-IR) uses vibrational modes from chemical bonds
and functional groups present in organic and inorganic molecules to identify the unknown
molecular structure of gaseous, liquid, and solid samples. The technique uses the basis that
molecules have unique bond strength, length, and geometries which causes unique stretching
and bending vibrational modes characteristic fingerprint to a molecule when infrared radiation
is absorption. During sample analysis, IR radiation is directed to a sample by mirrors and
lenses, the sample produces an IR spectrum between a region 4000 to 400 cm™ wavenumber,
from here the characteristic absorption bands are observed and associated with the
corresponding bonds and functional groups. Figure 3.5 represents FT-IR instrumental setup.
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Figure 3.5: Schematic representation of FT-IR instrument setup [10].

Experimental setup

A Perkin-Elmer Spectrum 100 Fourier-transform infrared (FT-IR) spectroscope fitted with an
attenuated total reflection (ATR) detector, FT-IR spectrometer was used in this study to
identify functional groups.
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3.3.5 Ultraviolet-visible spectroscopy (UV-vis)

Ultraviolet-visible spectroscopy (UV-vis) is a non-destructive quantitative characterization
technique used to investigate optical properties of a sample such as absorption, transmittance,
and reflectance. UV-vis spectroscopy further determines the bandgap energy of
semiconducting materials. The technique uses the fact that a sample absorbs a specific
wavelength of light in the UV-vis region to excite electrons from the highest occupied
molecular orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO). This is
interpreted by comparing the light intensity through a sample and reference cell giving rise to
the Beer-Lambert law described by equation 3. Figure 3.6 demonstrates the instrument set and
working principle. The spectrophotometer consists of a deuterium and tungsten light source, a
monochromator, a beam splitter, a sample cell, reference cells, and detectors. The deuterium
and tungsten light sources emit UV (100-400nm) and visible (400-700nm) radiations,
respectively. The radiations are directed towards the monochromator. The first monochromator
slit ensures that the emitted UV-vis radiations travel parallel towards the diffraction grating.
The orientation of the diffraction grating separates the light radiation into several discrete
monochromatic beams. The second monochromatic slit allows only one wavelength beam to
pass. The beam splitter divides the monochromatic beam into two identical beams of equal
intensities. The identical beams are then transmitted through a sample cell and a reference cell.
After the beams pass through the sample and reference cells, semiconducting photodetectors
(e.g., photodiodes or charge couple devices) covert the light intensities into current signals. The
signals are thereafter displayed as a spectrum of percentage transmittance/absorbance against
wavelength.

a_ A
e = (1—) (3)
0
Equation 3 represents Beer-Lambert law whereby A represents ab
_Mirror
N
Reference
(o) Gzid) _ Photodetector
Mirror
...ﬂ_/ A1 ——@ Output
Tungsten D2 Lamp j .
Lamp ‘ Data
— Entrance . £
; Processing| 2
Slit I 2
’ < Wavelength
—\—'T EX.lt AI.Bea.m 0
| Slit 4 Splitter | )
Monochromator Sample Photodetector

Figure 3.6: Schematic representation of Ultraviolet-visible spectroscope instrument setup [11].
Experimental setup

The optical properties were studied using the Perkin-Elmer Lambda 950 UV-Vis spectrometer.
To obtain the UV absorption spectra from UV-Vis spectroscopy analysis, dilute solutions of
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TiO2 nanoparticles were prepared by dispersing TiO2 nanopowder samples into an ethanol
solvent via sonication. A cuvette filled with ethanol was used as a reference cell.

3.3.6 Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) belongs to a family of thermal analysis techniques. The
technique is normally used in polymers, polymer blends, and composites to characterize the
thermal behavior and degradation mechanism of a sample at controlled temperatures and
atmospheres. During characterization, the mass of the sample is measured as a function of
temperature or time at a constant heating rate to high temperatures. TGA analysis can be carried
out under a range of atmospheres such as inert atmosphere (N2) and oxidation atmosphere (Oz).
The degradation steps observed in the TGA curve can further be used to quantify constituting
materials within a multicomponent sample. Figure 3.7 demonstrates TGA experimental setup.
The heart of the instrument is equipped with a furnace, thermocouple, sample pan (basket)
suspended by a wire and connected to a microbalance located above the furnace. During
characterization, a computer is connected to a thermocouple and microbalance collects data
displaying a TGA curve of mass percentage as a function of temperature or time. Instrument
mass calibration is frequently performed to provide reproducible results. Standard metals such
as silver and aluminum are supplied along with the instrument for calibration.
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Figure 3.7: Schematic representation of thermogravimetric analyzer instrument set [12].

H

Experimental setup

To characterize the thermal behavior of the samples Perkin-Elmer STA6000 thermogravimetric
analyzer (TGA) was used. 20-25 mg of the photoanode/perovskite was obtained by scraping
the TiO2/MAPbDI3 heterogeneous thin films off the ITO conductive substrate. The samples were
heated at 10 °Cmin™ from ambient to 800 °C under 20 mLminnitrogen flow.
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3.3.7 Photoluminescence spectroscopy (PL)

Photoluminescence spectroscopy (PL) is a non-destructive characterization technique used to
probe the electronic structure of materials, more importantly in semiconductor physics. From
the obtained PL spectrum, material properties such as bandgap energy, impurity levels, defect
states, and recombination pathways are determined. At first, a sample is illuminated with a
light source. Photons with sufficient energy from the light source are absorbed by the sample
material. The absorbed photon energy causes the excitation of electrons from the valence band
to the conduction band. Generally, photoexcited electrons have excess energy which is
subsequently lost occupying the lowest energy level from the conduction band. These electrons
eventually fall back to the highest energy level in the valence band. The energy released during
the conduction band to valence band interband transitions is directly related to the material’s
bandgap energy also referred to as the forbidden gap, this results in the emission of
luminescence photons from the sample. Hence the process of photoexcitation and emission in
a sample is referred to as photoluminescence. It is worth noting that at normal conditions
electrons are not allowed in the forbidden gap. Intraband transitions are observed from defect
levels within the forbidden gap. In metal oxide semiconductors, the bandgap structure can be
modified for specific end-use by induction of defect levels such as impurities and oxygen
vacancies. This is achieved through doping, alloying, and annealing metal oxides.

Experimental setup

Photoluminescence spectroscopy (PL) characterization was performed on as-prepared TiO>
nanopowder, annealed TiO2 nanopowder, and TiO2/MAPbIs heterogeneous films under a
Carry Eclipse Fluorescence spectrophotometer with a 150W xenon lamp (Aex= 238 nm).

3.3.8 Solar simulator

The solar simulator is a versatile research and industrial instrument used to characterize the
performance of different solar devices such as photovoltaic cells, photochemical batteries, and
thermal power generators. The instrument can further be used in research fields studying the
behavior of materials under light exposure such as cosmetic products, paints, plastics, and
textiles. The instrument is equipped with a xenon light source (150 W) coupled with an AM1.5
filter that produces radiation that is closely related to natural solar radiation. In this study for
small lab-based solar cells a Newport Oriel LCS-100 solar simulator, Keithley source meter,
and computer software were used to characterize the fabricated device performances. A
standard silicon solar cell supplied with the solar simulator was used to calibrate the software,
solar simulator, and Keithley source meter. During characterization important electrical
parameters such as short circuit current (Jsc), open-circuit voltage (Voc), fill factor (FF), shunt
resistance (Rsn), and series resistance (Rs) data are acquired. The power conversion efficiency
is calculated from equation 3 below, whereby “Pi,” represents power provided by the solar
simulator and “A” represents the solar cell active area.
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Figure 3.8 and equation 4 represent a theoretical single diode model, equivalent to a
photovoltaic device used in the electrical parameter analyses.
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Figure 3.8: Schematic diagram of a single diode model demonstrating the basic operation and
origin of photovoltaic parameters.
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Experimental setup

The electrical properties of the final devices with an active area of 3 cm? = 3x10™* m? were
measured using Newport Oriel LCS-100 solar simulator and Keithley source meter (Keithley
2450) under AM1.5G and 1000 W/m? standard irradiation test conditions calibrated from a
standard Si-based solar cell.
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Chapter 4

Investigation on structural, morphological,
and optical studies of multiphase titanium
dioxide nanoparticles
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4.1 Overview

Multiphase titanium dioxide (TiO2) nanoparticles were successfully synthesized using the
hydrothermal method. The as-prepared nanoparticles were subjected to different annealing
temperatures (Ta) to investigate their effects on the structural, morphological, and opto-
chemical properties using X-ray diffraction (XRD), transmission electron microscopy (TEM),
Scanning electron microscopy (SEM), Energy dispersive x-ray (EDX) spectroscopy, Fourier
transform infrared spectroscopy (FT-IR), and Ultraviolet-visible spectrometry (UV-Vis)
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techniques. As Ta is increased from 200 to 1200 °C, the TiO2 nanoparticles appear to have a
stable tetragonal crystal structure throughout the various T.. XRD measurements indicate an
extended presence of mixed anatase-rutile phase composition with a slow phase transformation
mechanism. The crystalline size of both the anatase and rutile phase increases from 19 to 38
nm and 18 -57 nm, respectively. The behaviour in the lattice parameter indicates that increasing
Ta forces the crystalline structure in both phases to expand. Images from TEM and SEM
micrographs reveal a similar morphology in agreement with XRD measurements. The
micrographs reveal that increasing Ta increases material porosity and the dispersion of well-
defined TiO2 nanostructure. The EDX spectroscopy confirms the successful synthesis of TiO>
nanoparticles with the absence of impurities after annealing. FT-IR confirms vibrational modes
and bond behaviour associated with the expected titanium and oxygen elements with Ta. The
UV-Vis spectroscopy characterizes changes in the multiphase TiO2 optical properties as the Ta
is increased. An intense UV absorption is reported in the results section and its importance in
solar cell applications is stated in the conclusion.

Keywords: hydrothermal, nanoparticles, porosity, morphology, annealing, impurities, and
bandgap, absorption.

4.2 Introduction

Titanium dioxide (TiO2), commonly known as titania, is one of the extensively studied metal
oxides as it occurs naturally and fortunately available in the three most abundant crystalline
phases: rutile, anatase, and brookite [1,2]. Material scientists cannot get over its use in
application primarily due to its non-toxicity and compatibility with the environment [3]. There
are various synthetic routes applied in an attempt to maximise its applications [4,5]. Those
routes lead to well-known nanostructures that include nanosheets, nanoparticles, nanowires,
nanorods, and nanotubes [6,7]. Common popular applications of TiO2 nanostructures include
coatings, biosensors, photocatalysis, and photovoltaics (PVs) as semiconducting material [8—
10].

TiO2 is a promising n-type semiconductor responsible for charge selection and transport [11].
Large surface coverage of TiO2 nanomaterials (NMs) results in high-performance devices due
to the material’s photostability, slow degradation mechanism, excellent electronic properties
and efficiency. The morphology and structure in the NMs differ with the type of TiO:
polymorph [12,13]. Among the three abundant phases, the low-temperature brookite phase is
limited to practical applications and increases the difficulty to study TiO. at extreme
temperatures. This indicates that brookite is a less ordered crystallographic phase. In contrast
to the brookite phase, rutile is the most studied and thermodynamically stable phase, whereas
the anatase phase is metastable with an ease phase transition to the thermodynamically stable
rutile phase by thermal treatment [14-16]. Table 4.1 summarises the variation of lattice
parameters with the phase and space groups.
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Table 4.1: Properties of brookite, anatase, and rutile titanium dioxide (TiO2) polymorphic states.

Phase Space Crystal Thermal Ref
groups Lattice parameters (A) systems stability
A b C
Brookite Pbca 9.18 5.45 5.15  Orthorhombic Low [16]
Anatase  144/amd 3.78 - 9.52 Tetragonal low [16]
Rutile  P42/mnm  4.59 - 2.96 Tetragonal High [17]

The metastable anatase phase is the most preferred in PVs due to its balance in surface area
and crystallinity which results in unique properties such as the low recombination rates, high
conductivity, and in particular excellent morphologies required for solar cell applications [17—
20]. In PVs such as dye-sensitized solar cells (DSSCs), organic solar cells (OSCs), and the
emerging hybrid perovskite solar cells (PSCs) TiO. photoanodes are widely fabricated and
reported in a porous structure on transparent conductive oxide (TCO) substrates as structural
support for light active materials for a proper charge selection, reduction in diffusion length
and maximum electron transfer to the external circuit [21-23].

To improve PV performance, studies on TiO2 NMs have focused on what effect does extreme
conditions such as temperature, pressure, and pH have on TiO2 nanoparticles (NPs). Short- and
long-range phase transitions are reported in response to the type and magnitude of condition
the material is subjected to [15,20]. New interesting physical and chemical properties
materialize as the particle size of TiO:z is substantially reduced to nanometre scales. This is
accompanied by changes in the crystal structure, morphology, and optical properties. Recently
annealing (Ta) of synthesized TiO> is the leading approach in altering its nanostructure and
subsequently changing its functional chemical and physical properties such as surface free
energy, phase composition, crystallinity, lattice structure, crystalline size, particle size, pore
size, material purity, bandgap structure, and photocatalytic properties [24-26].

Therefore, optimizing TiO2 NPs optical, crystal, and morphological properties is required to
intensify and extend the material’s application as a photoanode in solar cell devices. In a recent
study, Muthee et al [27] investigated the effect of T. on TiO2 NPs in a temperature range of
450-750 °C prepared by sol-gel technique. The synthesized TiO2 NPs appears to be amorphous.
Lower Ta encourages anatase-phase formation at 450 °C. Further annealing initiates TiO:
anatase to rutile phase transition with a complete rutile-phase formation at 650 °C.
Characterization of the material shows Ta increases the NPs degree of crystallinity, crystalline,
and particle size, and decreases the material-specific surface area and bandgap structure. Bakri
et al [28] reported a similar trend in TiO- thin films prepared by sol-gel dip coating. Hossain et
al [29] prepared mixed-phase anatase: rutile-TiO> thin-films via the low-temperature sol-gel
method of mixing two titanium precursors. Their reported surface morphology reveals a high
level of spherical NP agglomeration. In another study, Sarode et al [30] reported that annealing
of the spherical TiO2 NP morphology results in a less agglomerated surface structure, forming
spaces of pores within the material’s nanocrystalline morphology. Such nanoporous
morphologies are required in photoanodes of TiO2 NPs to increase the surface contact area and
also act as a structural scaffold for light-active materials in solar cell devices [31]. In addition,
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it is observed that increasing Ta alters the TiO2 bandgap structure by decreasing the bandgap
energy, this behaviour is further associated with the increase in crystalline size and a decrease
in specific surface area. The effect of annealing TiO> thin films has mainly been reported on
sol-gel techniques with a subsequent end-use in applications in either anatase or rutile-phase
[32,33]. Synergistic properties are reported in applications (e.g., photocatalytic reactions and
PVs) using mixed-phase anatase: rutile TiO2 NPs [34,35]. However high efficiencies in PV
cells are subjected to a careful optimization of TiO> phase composition/phase content [36,37].
In this study, mixed-phase TiO2, nanopowder was synthesized by hydrothermal technique and
annealed at temperatures from 200 to 1200 °C. A similar preparation route has already been
reported for solar cell applications by Malevu et al [38] and Ntsikelelo et al [39].

In the hydrothermal preparation method, TiO: results in well crystalline anatase: rutile mixed-
phase material at a relative ratio. Despite the difference in phases, post-Ta treatment of TiO>
NPs from hydrothermal increases crystallinity and improves surface morphology by inducing
particle aggregation and growth similar to reports in sol-gel technique [40,41]. However, the
hydrothermal method is advantageous due to the production of particles that are superior in
crystal perfection and grain boundaries with an effective anatase/rutile-(A/R) interface electron
transfer for solar energy conversion [42]. In literature studies, there is limited research effort
on the effect of Ta on mixed (A: R) phase TiO2 NPs prepared from hydrothermal. Among the
studies of TiOz synthesis, it is apparent that phase existence in TiO2, NPs depends on the
preparation technique, preparation conditions, titanium precursor, alkoxide precursor solvent,
and/or the inorganic acid catalyst [43]. Although in each preparation technique, the first
formation of nanocrystalline A-phase from the amorphous state is evident, this is attributed to
the TiO2 NPs to favour the less constrained crystal structure and the low surface energy A-
phase [26]. Subsequently followed by (A to R)-phase transition at high temperatures. In the
sol-gel technique (uses titanium + alkoxide precursor), R-phase is only found at elevated
temperatures (Ta) [27]. Apart from Ta TiO2 NPs from sol-gel preparation, R-phase formation
can occur at low-temperature conditions in the hydrothermal method (uses titanium + inorganic
acid catalyst). In this case, the immense pressure in the hydrothermal preparation of crystalline
TiO2 NPs promotes rutile crystal formation by precipitating the material from the sol [44]. In
a work done by Wu et al [12] a small fraction of the brookite (B)-phase is reported to occur in
hydrothermal preparation in the absence of the inorganic acid catalyst and low concentrations
of the strong acids encourages A, B, and R-phase coexistence. However, the B-phase is
substantially reduced to null at higher concentrations of the acid catalyst.

This study, therefore, investigates the effect of Ta on structural, morphological, and optical
properties of multiphase (A: R) TiO2 nanopowder synthesized by hydrothermal method for
solar cell applications. The obtained nanocrystals were annealed at various temperatures to
evaluate the effect of Ta on nanostructure crystallinity, crystallite size, phase composition,
morphology, and optical properties. The hydrothermal synthesis results in a pure multiphase
TiO2 NM with anatase and rutile-phase competing phenomenon. The material shows a tunable
wide-bandgap structure and extended anatase (A) to rutile (R) phase transition. The degree of
crystallinity increased due to the induced crystal growth. The surface morphology shows that
Ta tailers the multiphase TiO. nanoparticles surface structure by increasing the porosity
required for PV applications.
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4.3 Methods

The TiO2 nanoparticles were synthesized using the hydrothermal method. Chemical reagents
used during preparation were used as supplied from the manufacture without any further
purification. The gel was prepared by mixing 45 mL of deionized water with 15 mL of
hydrochloric acid (Sigma-Aldrich) under constant stirring for 5 min in a fume hood. 2 mL of
titanium (1V) isopropoxide (Sigma-Aldrich) was added to the solution under a constant stirring
for 10 min. The mixture was transferred into a preheated Teflon lined stainless steel autoclave
oven at 100 °C for 2 hours (hrs) and then allowed to cool at room temperature before
centrifugation. The collected white particles were washed several times using deionized water
and finally vacuum dried. The as-prepared nano-powders were divided into five samples,
placed in a furnace and annealed for 2 hrs in an open-air atmosphere at different T. of 200, 400,
800, 1000, and 1200 °C. Thereafter the samples were placed under characterization using
various techniques described below.

4.4 Characterization

The crystal structure and crystalline size were determined using a Bruker-AXS D8 Advance
XRD diffractometer (Bruker Corporation of Germany) operating at 40 kV/4 Ma and Cu Ka =
0.15406 nm with a 20 diffraction angle in the range of 20 to 80°. TEM (TEM, JEOL JEM-
2100) was used to examine the average particle size of the nanocrystalline TiO,. Before TEM
analyses, TiO2 NPs were uniformly dispersed in ethanol using a sonicator for 30 min. This was
followed by drop-casting onto a carbon-coated copper grid and drying at room temperature
(RT) before loading in the chamber. The morphologies and chemical compositions were
obtained using a field emission SEM (FE-SEM) coupled with EDX, Zeiss SEM-Microscopes
Crossbeam 540. FT-IR spectroscopy using a Perkin-Elmer spectrum 100 FTIR
spectrophotometer was used to determine functional groups from powder TiO2 nanomaterial.
The optical properties were studied using the Perkin-Elmer Lambda 950 UV-Vis spectrometer.

4.5 Results and Discussion

4.5.1 X-ray diffraction (XRD)

Figure 4.1 shows the XRD characteristic pattern of the as-prepared TiO2 NPs. The NPs are
identified to have multiple nanophases at a relative ratio [45,46]. Both rutile (R) (indicated by
*) and anatase (A) (indicated by #) phases are present in the as-prepared TiO2 sample in Figure
4.1 (a). The diffraction peaks corresponding to the A-phase as per JCPDS no. 21-1272 are
assigned to (101), (103), (004), (210), (200), (105), (215), (204), (116), and (220)
crystallographic planes [47,48]. The presence of R-phase at a small peak ratio is observed at
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peaks associated with the (110), (200), (211) and (310) crystallographic planes as per JCPDS
no. 21-1276 [49,50]. The peak ratio of A relative to R present in the as-prepared TiO2 sample
is determined to be 3:1 using peaks associated with the planes described above. No additional

phases are observed from the diffraction pattern.
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Figure 4.1: XRD pattern of the as-prepared TiO2 NPs with crystal structure matched from
standard JCPDS database. (a) XRD pattern of as-prepared TiO2 sample, (b). anatase standard
JCPDS no. 21-1272, and (c) rutile standard JCPDS no. 21-1276.

The XRD patterns in Figure 4.2 show the crystal phase behaviour of the as-prepared TiO2 NPs
at various T, ranging from 200 - 1200 °C. No generation of new peaks associated with other
TiO, phases (e.g., brookite phase) is observed throughout various Ta. This suggests that the
TiO2 NPs retain a tetragonal crystal structure throughout different T.. Moreover, this outcome
further justifies the good stability in the TiO: lattice structure [14]. The lattice parameter (for
A-phase) a, b, and ¢ in which a = b, were calculated using equation (1) [47]. The equation
allows the use of any (hkl) values in the lattice parameter determination. The results are

presented in Table 4.2.
1 h? + k%  [?
dt, a2 c?

(1

Herein, the complex (103) and (105) crystal planes with d-spacing of dios = 2.462 A and dios
=1.677 A are used, which represent the intense and characteristic peaks of the more dominant
A-phase in the multiphase TiO2 NPs. Also considering that calculations that use complex miller
indices can cater for simple miller indices such as (hkQ) and (00I). Substitution of the above
(hkl) values and d-spacing in equation (1), both unknown a and ¢ remain as shown in equations

(2) and (3) respectively.
For the (103) plane with dios = 2.462 A spacing,
1 1 1 3y

2 72 2 2 2
a hios + kips dips €

) (2)
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and for the (105) plane with dios = 1.678 A spacing,

l%ﬁ_i_i(hZ + k2,0) (3)
=2 105 105

c? dips a?

Substitution of equation (2) into (3) and solving the resulting expression leads to:

1 1 | hios + kfos
1 By B iy + K “
CZ lZ _ lZ (h%OS + k%OS
105 03 h20s + kios

Equation (4) applies to any miller indices in the XRD patterns and results in approximately
equal a and c values with negligible standard deviation. Using the (103) and (105) planes the
lattice constants are obtained as shown in Table 4.2 with results that are comparable to those
previously reported in the literature [51,52]. A similar approach is undertaken in lattice
parameter determination for the R-phase using peaks associated with R (110) and R (211)
crystal planes.

As illustrated in Figure 4.2 and Table 4.2, the observed decrease in peak broadness (FWHM)
of the A (105) and R (110) dominate peaks indicates that the degree of crystallinity in the TiO>
NPs increases with an increase in Ta [53]. Additionally, the rise and fall in peak intensities
indicate that T initiates phase transition in the multiphase TiO, samples with the onset of A to
R-phase transition occurring at Ta > 400 °C. A similar phase transition behaviour is reported
by Byrne et al in traditional single-phase TiO2 NPs. [54]. Furthermore, the NPs experience
induced crystal growth as Ta is increased above 400 °C [52,55].
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Figure 4.2: XRD patterns of the as-prepared TiO. (black) and annealed TiO> samples at 200
°C (red), 400 °C (blue), 800 °C (pink), 1000 °C (green), and 1200 °C (dark blue).
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Table 4.2: Tabulated XRD results showing the effect of Toon A (105) and R (110) crystallographic
planes.

A (105) R (110)
FWHM D Lattice FWHM D Lattice
Sample (s) 2(0) O (nm) _parameter 2(0) @) (nm) _ parameter
a C a C
A A A A&

As-prepared 54.7  0.42 19 416 09.16 27.9 043 18 453 2.68
200 °C 546 0.38 21 421 9.16 277 041 19 455 2.66
400 °C 545 0.35 22 421 9.8 276  0.26 31 457 265
800 °C 545 0.37 21 420 9.17 27.7  0.46 17 456 2.65
1000 °C 545  0.27 29 422 9.18 276 029 27 457 2.66
1200 °C 544  0.21 38 425 9.19 275 0.14 57 458 2.66

As presented in Table 4.2, the average crystalline size (D) estimated using Scherrer equation
(5) increases with an increase in Ta for both A and R-phases. This justifies the increase in peak
intensities observed in Figure 4.2. Literature studies report that TiO, samples at T, greater than
600 °C display a decrease in A and an increase in R lattice parameter, similarly a decrease in
A crystalline size and an increase in R crystalline size, followed by end of phase transition at
800 °C [56,57]. However, the experimental data reported in Table 4.2 in this work does not
correlate with the previous literature. The unusual TiO> lattice behaviour is explained by that
the nanocrystalline A-phase is highly stable and therefore results in a slow A to R-phase
transition with the R-phase becoming more dominant at T.= 1200 °C as confirmed by the
appearance of R (101) peak [39,58].

D KA
~ Bcos6

(5)

From the Scherrer equation (5) K represents Scherrer constant (K = 0.9), / represents Xx-ray
wavelength, S represents full width at half maximum (FWHM) in units of radians, and 6
represents Bragg’s diffraction angle in units of degrees. To further characterize the crystal
phase behaviour in the multiphase TiO2 NPs the XRD patterns in Figure 4.2 were utilized to
give better insights into phase transition with changes in Ta. The impact of Ta on phase
composition is more pronounced at A (105) and R (110) characteristic peaks. The phase ratio
of A to R in the multiphase TiO2 NPs at various Tx is calculated from equations (6) and (7),
given by [59]:

fa= ! —X 100 (6)
1+1.26(F)
fr=100—- f, (7)

Whereby the calculated f,, and f represents phase composition of anatase and rutile, respective
and their corresponding peak intensities at various Ta are given by I, and I,. Figure 4.3 shows
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the graphical effect of Ta on TiO2 phase composition. Figure 4.3 depicts a similar trend in TiO2
(A to R)-phase composition previously reported in the literature [29]. Initially, the A-phase
ratio is higher than the R-phase. In this study increasing Ta shows a pronounced inverse phase

ratio behaviour (fz < fi) throughout the various T, indicating that the A to R-phase transition
A

is a nucleation and growth process. Increasing Tato 200 °C substantially decreases the A-phase
content. However, a noticeable change in phase behaviour is observed at Ta= 400 °C confirming
the proposed onset of phase transition reported in Figure 4.2. At this point (Ta> 400 °C), the
phase composition shows an irregular trend with a slight increase in A-phase content followed
by R-phase formation becoming more dominant at To= 800 to 1200 °C. This observed slight
increase in the A-phase and the R-phase formation has been previously reported in the literature
by Ding et al [60] as a TiO2 A and R-phase competing phenomenon.
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Figure 4.4 (a) and (b) illustrates magnified XRD patterns at selected R (110) and A (105)
crystallographic planes, respectively. In both magnified parts a distinctive shift in peak position
to lower diffraction angles is observed with increasing Ta. This signifies that there are changes
in lattice parameters in both the A and R-phase. This is in good agreement with results reported
in Table 4.2, that the increase in Ta increases lattice parameters in both A and R-phases and
also indicates that the increase in material crystalline size (D) in both phases is due to thermal
expansion [61].
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Figure 4.4: Magnified XRD patterns at peaks assigned to the (a) R (110), (b) A (105)
crystallographic planes.

4.5.2 Transmission Electron Microscopy

Figure 4.5 shows magnified TEM images used to investigate the effect of T, on the as-prepared
TiO> particle size. From literature studies, the observed contrast in colour and non-uniform
particle size in microscopic imaging of the multiphase TiO2 samples are distinctive features
demonstrating A and R-phase identification [45,62]. From Figure 4.5 (a) and (b), the TiO>
NPs annealed at 200 °C in Figure 4.5 (b) show the same morphology as the as-prepared TiO>
in Figure 4.5 (a). A similar trend is noted from the XRD spectra indicating that the as-prepared
and annealed TiOz at 200 °C samples have the same degree of crystallinity indicated by the
comparable peak intensities. Additionally, the increase in particle size with the increasing Ta is
consistent with the increase in crystalline size determined from XRD analysis. The as-prepared
TiO2 sample shows a high particle agglomeration at a relatively small surface area which
reduces particle size. In a similar study Pal et al [57] reported that at low Ta, particles with
undefined shape and size in the TiO2 NMs are loosely packed together forming thermally
unstable particle agglomerates in the TiO2 NM. Following careful interpretation from the TEM
images, such unstable morphology is also observed in this study and annealing of the TiO2 NM
allows the cluster to separate and grow into well-defined nanostructures as shown in Figure
4.5 (f). The measured average particle size from the as-prepared and annealed TiO, samples is
shown to increase from 188 to 489 nm, respectively.
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200 nm

Figure 4.5: TEM images of as-prepared and ar;meakled TiO2 powder samples. (a), As-prepred
TiOz, (b) 200 °C, (c) 400 °C, (d) 800 °C, () 1000 °C and (f) 1200 °C.

4.5.3 Scanning Electron Microscopy (SEM)

Figure 4.6 shows SEM micrographs of the prepared samples. Imaging in SEM reveals a similar
nanostructure reported in TEM. At low Ta, SEM micrographs show a surface structure with a
uniform particle distribution of unevenly shaped NPs from the multiphase TiO> NM. The as-
prepared and annealed TiO. sample at Ta =200 °C shows a similar morphology. Increasing Ta
to 400 °C, the morphology in the NM appears to coarsen indicating the onset of phase transition
described in XRD analysis. The effect of Ta has significant changes in the morphology as it
leads to the development of nanosphere structures as marked (with cycles) in Figure 4.6 (f)
and the development of dark regions for TiO2 NPs annealed at 800 to 1200 °C indicating
porosity [63,64]. This suggests that the increase in T, assist the TiO> material to overcome
internal stresses and other forces in the nanostructure as a result of the occurrence of phase
transition [15]. The increasing porosity in the surface morphology is attributed to the separation
in the TiO2 NP cluster with the increase in Ta discussed in the TEM analysis. The surface
structure attained in the TiO2 at high Ta is unique for solar cells applications, as there are
appreciable spatial gaps (high porosity) between the NPs indicating a mesoporous scaffold
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morphology widely reported, that in turn will increase the interfacial contact with the
photoactive layer. Similar results have been reported by Malevu et al [38].

(a)As-preparedH A - ' (b) 200 °C,

N ———— =000 pp— T —— o e
Figure 4.6: SEM micrographs showing arrangement of morphology in the as-prepared and
annealed TiO2 samples. (a) As-prepared TiOz, (b) 200 °C, (c) 400 °C, (d) 800 °C, (e¢) 1000 °C
and (f) 1200 °C.

4.5.4 Energy dispersive x-ray (EDX) spectroscopy

Figure 4.7 and Table 4.3 represents the TiO> energy dispersive x-ray (EDX) spectroscopy
results. The EDX analysis revealed successful synthesis of TiO2 samples composed mainly of
expected titanium (Ti) and oxygen (O) elements in their innermost energy level, with zero
presence of impurities. The EDX spectrum shows the presence of carbon (C) element attributed
to carbon coating before sample characterization.
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Figure 4.7: EDX spectrum of as-prepared TiO».

Table 4.3: Tabulated TiO; elemental composition.
As-prepared-TiO> O Ti Total
wt%o 42.93 57.07 100.00

4.5.5 Fourier Transform Infrared (FT-IR) spectroscopy

FT-IR spectroscopy was used to identify functional groups from the hydrothermally prepared
TiO2 powder samples. The activity of the FT-IR spectra for the as-prepared and annealed TiO>
samples was recorded in the wavenumber range of 250 to 4000 cm™ as shown in Figure 4.8.
Regions of interest from the multiphase TiO2 NPs are identified at 414.94 to 860.07, 1220.97,
1367.80, 1745.57, and 2924.79 cm™*. The characteristic broadband indicated by dotted lines
from 414.94 to 860.07 cm™ is associated with bond stretching and bending vibrations of the
Ti-O-Ti framework in the TiOs tetragonal chemical structure [65]. The vibrational band that
appears at 1745.57 cm is attributed to the bond stretching mode from the hydroxyl (-OH)
group and absorbed water (H-O-H) molecules on the TiO> surface during sample preparation
[66,67]. Peaks centred at 1220.97 and 1367.80 cm™ are assigned to Ti-O-Ti bending modes
associated with rutile (R) and anatase (A)-phase respectively. The presence of organic residue
is observed by the absorption band centred at 2924.79 cm™ [68]. It is observed that the broad
absorption peak centred at 414.94 to 860.07 cm™ decreases in intensity and increases in peak
broadness as Ta is gradually increased indicating the presence of phase change in the material
[39].
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Figure 4.8: FT-IR response of powder TiO. samples with various Ta.

4.5.6 Ultraviolet-visible (UV-Vis) spectroscopy

UV-Vis spectroscopy was used to characterize the effect of Ta on TiO2 optical properties.
Figure 4.9 (a) shows the absorption spectra of the as-prepared and annealed TiO> samples
measured from 200 to 700 nm wavelengths. The samples exhibit a slight red shift in absorption
edge at various Ta with strong absorption in the UV region. Furthermore, it is observed from
the absorption spectra that there is a slight increase followed by an apparent decrease in optical
absorption with increasing Ta. The TiO2 absorption is enhanced by T. with a maximum
absorbance recorded for the sample annealed at 800 °C. From literature studies, it is reported
that the A-phase is more photoactive than the R-phase [69]. Therefore, the trend in absorption
spectra reported above indicates that the absorption coefficient of the multiphase (A: R) TiO2
is significantly changed by Ta. due to phase transition in the material towards the less
photoactive R-phase. Similar results have been reported by Ntsikelelo et al [39]. In addition to
the optical property studies, bandgap energies (Eg) of the as-prepared and annealed TiO>
samples were determined by the Tauc plot in Figure 4.9 (b) given by equation (6) which plots
the material’s absorption coefficient (athv)" against photon energy (hv) [63]:

(ahv)™ = A(hv — E,) (6)
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Where « is the absorption coefficient, hv is the photon energy, A is a constant, and n can either
be 0.5 or 2 for a direct or indirect bandgap transition, respectively.

Table 4.4 summarises Eg values obtained from the linear fit in Figure 4.9 (b). The as-prepared
TiO, sample presents a direct bandgap energy of 3.03 eV [70]. Annealing of the as-prepared
TiO2 samples at 200, 400, 800, 1000, and 1200 °C reduces Egq significantly. This decrease in
optical bandgap structure with the increase in Ta is associated with the expanding crystal
structure discussed in XRD measurements. Thus, annealing of the multiphase TiO, samples
shows successful tunability in metal oxide wide-bandgap structure.
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Figure 4.9: (a) Uv-vis absorption spectra and (b) bandgap energy estimates from a direct
bandgap transition.

Table 4.4: Summary of bandgap energy determined from Figure 4.9 for the as-prepared and
annealed TiO, samples.

Temperature Bandgap Egq
°O) (eV)
As-prepared TiO; 3.03
200 3.02
400 3.01
800 3.00
1000 3.01
1200 2.98
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4.6 Conclusion

In this study mixed-phase, TiO2 NPs which are termed multiphase TiO2 NPs were synthesized
by the hydrothermal preparation method. It is reported from literature studies that multiphase
TiO2 NPs that consist of a mixture of A and R-phase present inherent properties resulting in
synergy. The obtained TiO2 NPs were annealed at a temperature (Ta) range of 200 to 1200 °C.
The samples were later placed under XRD, TEM, FE-SEM, EDX, FT-IR, and UV-Vis
spectroscopy characterization to investigate the effect of T, on structural, morphological, and
optical properties in the multiphase TiO> material. The XRD analysis of the multiphase
material exhibit good structural stability due to elevated A-R phase transition. TEM and SEM
microscopic images show an excellent morphology with a promising interfacial contact point
needed in solar cell applications. The microscopic images agree with XRD analysis showing
an increase in crystallinity and porosity as Ta is increased. FT-IR and EDX confirmed
successful synthesis. UV-Vis spectroscopy determines the optical properties of the multiphase
TiO2 material. It is observed that the material shows a UV absorption centred at 350 nm with
an indirect wide-bandgap structure similar to rutile. This indicates that the multiphase TiO>
material can be used as a blocking layer in photovoltaic (PV) devices that are susceptible to
degradation by UV radiation. In addition, Ta tunes the material wide-bandgap which will, in
turn, reduce recombination rates from narrow bandgap photoactive layers and thus increase PV
efficiencies.
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Chapter 5

Investigating the Morphology, Optical, and Thermal
properties of Multiphase-TiO,/MAPDbI; Heterogeneous
Thin-Films for Solar Cell Applications.

5.1 Overview

In this chapter multiphase TiO2 nanoparticles were used in the fabrication of perovskite solar
cells to investigate the effect of annealing TiO2/phase composition on device performance. The
TiO2 nanopowders were synthesized by hydrothermal and annealed from 200 to 1200 °C as
described in the previous chapter. The calculated anatase and rutile phase ratio in the
multiphase TiO2 nanoparticles is estimated to be 68/32, 65/35, 46/54, 60/40, 36/64, 34/66 for
the as-prepared TiO2 and annealed TiO2 samples at 200, 400, 800, 1000, and 1200 °C,
respectively. The nanoparticles possess a mesoporous surface structure. Increasing the
annealing temperature brings about changes in material merit properties such as porosity,
particle size, crystallinity, and optical properties. Without any further treatment, heterogeneous
thin films of TiO2/MAPDI3 were fabricated and characterized by scanning electron microscopy
(SEM), fourier transform infrared spectroscopy (FT-IR), thermogravimetric analysis (TGA),
and Photoluminescence spectroscopy (PL). The final devices were assembled by a simple and
unique technique using conductive silver ink as a counter electrode. SEM micrographs and
corresponding EDX images investigate MAPbIs crystal formation on the mesoporous TiO>
surface structure. EDX spectra reveal excellent qualitative and quantitative analysis
corresponding to the SEM images in the TiO2/MAPbIz heterogeneous thin films. TGA
characterization reveals that the TiO./MAPbIs thin films are thermally stable recording a
maximum of 15.7 % mass loss at 800 °C elevated temperatures. PL characterizes the effect of
multiphase TiO. phase transformation on the TiO2/MAPbDIz recombination efficiencies. A
maximum of 6% power conversion efficiency is achieved for devices with an active area of
3x10~* m? demonstrating that the synthesized multiphase TiO2 nanoparticles are promising
for large surface area manufacturing.

5.2 Introduction

P and N-type semiconducting transition metal oxides are extensively studied and put in use in
third-generation solar cells ranging from dye-sensitized solar cells (DSSCs), quantum dot solar
cells (QDSCs), organic solar cells (OSCs), and perovskite solar cells (PSCs) [1-3]. Thin films
of TiO2, ZnO, V20s, M0oO, CuO, NiO; are used due to their nanostructural properties to
facilitate charge extraction and transport from photoactive hybrid materials [4—7]. The
mesoporous structure in titanium dioxide (TiO2) makes TiO2 a successful n-type photoanode
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electrode in photovoltaics (PVs). This unique TiO2 morphology appears to serve as a
host/absorber matrix for light active materials on its surface in DSSCs, QDSCs, and PSCs
which increases the metal oxide/light active material intermediate contact [8,9]. Tailoring the
structure, morphology, and optical properties of metal oxides is key to optimizing the
performance of solar cell devices [10-12]. Changes in TiO2 merit properties such as phase
composition, degree of crystallinity, porosity, crystalline size, particle size, and bandgap
structure are significant to improve hybrid solar cell's photocurrent, open-circuit voltage, and
energy conversion efficiencies.

Similar to DSSCs, TiO- thin films are coated over conductive glass substrates, annealed, and
stained with a light-sensitive ABX3 perovskite material in PSCs. The annealing process is
known to transform TiO- into a crystalline and conductive electron transport layer (ETL),
remove residual impurities, precursor solvents, and encourage brookite, anatase, and rutile
phase formation. In addition, significant research has demonstrated that annealing alters TiO>
merit properties which subsequently influence the metal oxide/light active interface properties
[13,14]. In PVs anatase TiOz is the most preferred phase due to its higher open-circuit voltage,
photoactivity, and surface area than rutile-based PV cells [15]. An important concept that has
not received much attention is the use of mixed-phase (anatase: rutile) TiO2 nanoparticles (NPs)
in PSCs. Extensive research on mixed-phase TiO2 photoanode has been carried out in DSSCs.
The majority of these studies observe synergy at less than 20% rutile phase formation [16,17].
Material characterization results reveal that changes in phase composition bring about changes
in TiO2 merit properties such as crystallinity, morphology, and optical properties of the
photoanode [18]. Similar changes in this work are already discussed in chapter 4 and are
included in chapter 5 to demonstrate the influence of multiphase-TiO, ETL on PSCs
performance. Existing studies on mixed-phase TiO. achieve phase composition through a
mixture of two-phase different titanium precursors (e.g., P25 and P90), the addition of phase
controlling agents/additives (e.g., CHsCOOH, EDTA, and (NH4).SO), and annealing TiO2 NPs
[16,17,19-21]. Li et al [17] fabricated mixed-phase TiO2 photoelectrodes based on phase pure
anatase and rutile TiO2. The author's results demonstrate that the addition of small rutile phase
content into anatase enhances the photoelectrode absorption coefficient improving the
photocurrent density and efficiency in comparison to the phase pure PV cells. In an additional
study, Yun et al [16] prepared mixed-phase TiO2 NPs by (NH4).SO2 hydrolysis. The
concentration of the sulfate ion successfully tunes anatase and rutile phase composition. The
author’s characterization results indicate that the improved photocurrent and efficiencies in
comparison to pure phase devices are attributed to high light scattering by large rutile particles.
However, large amounts of rutile phase content decrease surface area and as a consequence
dramatically reduce the device's performance. In a similar research work, Ruan et al [19]
supplement the explanation of synergy in mixed-phase TiO2 by symbiosis in anatase and rutile
surface morphologies which facilitates maximum interparticle charge transfer.

The above synthesis of mixed-phase TiO2 NPs results in two distinctive rod-like and spherical
morphologies associated with rutile and anatase phases, respectively, with rutile morphology
relative to anatase decreasing solar cell performances due to its low surface area and packing
structure both phenomena decreasing the electron collection in the devices. Therefore, in this
study mesoporous multiphase-TiO2 NPs are used to investigate the influence of phase
composition on PSC performance. The phase transformation is achieved through annealing
TiO2 NPs from 200 to 1200 °C. Scanning electron microscopy coupled with energy-dispersive
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x-ray spectroscopy (SEM-EDX) was used to investigate the perovskite MAPDIz crystal
formation and interaction with TiO2 ETL. Fourier transform infrared spectroscopy (FT-IR) was
used to confirm functional groups within the multiphase-TiO2/MAPbI; heterogeneous thin
films. Thermogravimetric analysis (TGA) was used to determine the thermal behavior and
confirm the existence of heterogeneous TiO2 and MAPDbIz mixture from the TGA degradations
steps within a temperature range of 0 to 800 °C. Photoluminescence spectroscopy (PL) was
used to study recombination efficiencies. The increasing TiO2 particle size and rutile phase
increase photoexcitation and efficient electron extraction from the MAPDI3z light active
material. A detailed explanation on the effect of annealing/phase composition on the PSC IV
performance is given. Maximum efficiency of up to 6.7% is reported, attributed to factors
discussed in SEM and PL.

5.3 Methods
5.3.1 Perovskite solar cell (PSCs) device fabrication

ITO glass substrates (Sigma-Aldrich) were first cleaned with a detergent and ultrasonicated
three times using water, isopropanol, and ethanol for 20 minutes separately. The glass
substrates were later allowed to dry at ambient atmosphere thereafter subjected to UV-Ozone
cleaning for a period of 15 minutes. To form a dense compact TiO> blocking layer, the UV-
Ozone cleaned substrates were coated with a 0.15 M titanium diisopropoxide
bis(acetylacetonate) (75% in isopropanol, Sigma-Aldrich) in 1-butanol by spin-coating at 2000
rpm for 20s which were then heated at 100 °C for 5 min. After the coated glass substrates were
allowed to cool at room temperature the process was repeated two times using a 0.3 M titanium
diisopropoxide bis(acetylacetonate). Following the three-times coating of titanium
diisopropoxide bis(acetylacetonate) the glass substrates were then heated at 250 °C for 15
minutes and allowed to cool at room temperature. A few micrometer thick layer of mesoporous-
TiO, photoelectrode was formed from a paste of the synthesized TiO, from the previous
chapter. Pastes of TiO, were obtained by dissolving the synthesized and annealed TiO>
nanopowders in ethanol (Sigma-Aldrich). The micrometer thick layers were coated over the
compact layer using the doctor blade technique thereafter the substrates were heated at 250 °C
for 45 minutes. From here the substrates/photoelectrodes were treated with a 0.02 M TiCl,4
(98%, Sigma-Aldrich) solution maintained at 80 °C for 10 minutes, washed with deionized
water, and dried at 100 °C in an open atmosphere. A single halide perovskite layer of
CHsNH3Pblz-(MAPbI3) was formed by two-step spin coating of Pbl; and MAI at ambient
conditions (relative humidity= 45-60%) to form TiO2/MAPDIz heterogeneous thin films.
Firstly, a solution of 0.02 ml of 1 M Pbl> (4.61g) in a solvent mixture of DMF: DMSO (3:1)
prepared at 70 °C was spin-coated over the mesoporous TiO> layers at 3000 rpm for 10s without
loading time. The ITO/c-TiO2/m-TiO2/Pbl2 glass substrates were then dried at 100 °C for 10
minutes and allowed to cool to room temperature. The perovskite layer was completed by spin-
coating 0.2 ml of 0.038 M CH3NHzsl at 4000 rpm for 20s with a loading time of 20s. The ITO/c-
TiO2/m-TiO2/MAPDI3 glass substrates were then dried at 100 °C for 10 minutes. A 0.02 ml
solution of spiro-MeOTAD was spin-coated over the perovskite bearing substrated at 3500 rpm
for 35s. The spiro-MeOTAD deposited solution was obtained by dissolving 0.072g of spiro-
MeOTAD (Sigma-Aldrich) in 1 ml chlorobenzene (Sigma-Aldrich) solvent. This was followed
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by the addition of 0.029 ml 4-tert-butyl pyridine (Sigma-Aldrich) and 0.018 ml (0.529g) lithium
bis(trifluoromethanesulfonyl)imide in 1 ml acetonitrile (Sigma-Aldrich) solutions. The counter
electrode was obtained by using silver (Ag) ink on an opposite ITO substrate. Approximately
80 % of the ITO substrate was covered with a deposition mask and a conductive Ag ink (Sigma-
Aldrich) was deposited over the exposed area via doctor blade technique. The solar cells were
assembled by preheating the TiO> coated substrates at 100 °C for 5 minutes thereafter clamped
with the opposite Ag coated electrodes. The fabricated cells were then heated at 100 °C for 15
minutes to form solar cells with device architecture of ITO/c-TiO2/m-TiO2/MAPbIs/Ag/ITO.
A total of six (6) devices are reported by varying only the mesoporous TiO> electron transport
layer and remaining layers are kept constant. For consistency the resulting devices were
designated as follows:

Table 5.1: Solar cell naming.

Devices
As-prep TiO2/MAPDI3
200 °C/MAPDI3
400 °C/MAPbI3
800 °C/MAPDI3
1000 °C/MAPbI3
1200 °C/MAPDbI3

5.4 Characterization

To determine the surface morphology of TiO2/MAPbI3z heterogeneous thin-films, a TESCAN
VEGANS scanning electron microscopy (OXFORD X-MAXN) coupled with EDX operated at
20 kv was used and the analysis was done at room temperature. The surface of the samples was
sputter-coated with carbon for 9.9s to produce conductive coating onto the samples. To
characterize the thermal behavior of the samples Perkin-Elmer STA6000 thermogravimetric
analyzer (TGA) was used. 20-25 mg of the photoanode/perovskite was obtained by scraping
the TiO2/MAPbI3 heterogeneous thin films off the ITO conductive substrate. The samples were
heated at 10 °Cmin* from ambient to 800 °C under 20 mLminnitrogen flow. A Perkin-Elmer
Spectrum 100 Fourier-transform infrared (FT-IR) spectroscope fitted with an attenuated total
reflection (ATR) detector, FT-IR spectrometer was used in this study to identify functional
groups in the TiO2/MAPbI3 heterogeneous thin films. The infrared (IR) spectra were recorded
between 4000 and 650 cm™ at a resolution of 4 cm™. Photoluminescence spectroscopy (PL)
characterization was performed on as-prepared TiO2 nanopowder, annealed TiO> nanopowder,
and TiO2/MAPDbI3 heterogeneous films under a Carry Eclipse Fluorescence spectrophotometer
with a 150W xenon lamp (Aex= 238 nm). The electrical properties of the final devices with an
active area of 3 cm? = 3x10* m? were measured using Newport Oriel LCS-100 solar simulator
and Keithley source meter (Keithley 2450) under AM1.5G and 1000 W/m? standard irradiation
test conditions calibrated from a standard Si-based solar cell.
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5.5 Results and discussion

5.5.1 Scanning Electron Microscopy

Figure 5.1 (a) to (f) shows low magnification SEM surface morphology of the as-prep
TiO2/MAPDI3 and annealed heterogeneous thin films, respectively. The two-step method
results in the formation of perovskite crystals. The surface images depict that annealing the
multiphase-TiO2 nanopowder has a strong influence on MAPDI3 crystals formation over the
TiO> surface structure. The images show two distinctive morphologies; (1) nanometer-sized
TiO2 NPs and (2) relatively large MAPDI3 crystals. Similar perovskite crystal morphology is
reported by Christians et al [22] from the two-step MAPbI3 deposition method. It is observed
that the increased annealing temperature in the multiphase-TiO2 NPs encourages a non-uniform
MAPDI3 crystal dispersion increasing the distribution over the nanoporous TiO; surface. Im et
al [23] demonstrated comparable perovskite crystal growth. From all the SEM images the
MAPbI; crystals are of the same size due to the consistent preparation method.

nting the surface morphology of the
(@) As-prep TiO2/MAPDI3, (b) 200°C/MAPDIz (c) 400°C/MAPDI3, (d) 800°C/MAPDI3, (e)
1000°C/MAPDI3, and (f) 1200°C/MAPDI3 heterogeneous thin-films..
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Figure 5.2 shows high magnification SEM micrographs and the corresponding SEM-EDX
micrographs of TiO2/MAPbIs heterogeneous thin-films used to investigate MAPbI3 crystal
formation onto the mesoporous TiO2> NPs on a particular/selected region marked by white
dotted squares in Figure 5.1 (a). The observed morphology from the magnified SEM image in
Figure 5.2 (a) shows an incomplete or initial stage of perovskite crystal formation. This is
confirmed by the corresponding SEM-EDX micrograph presented in Figure 5.2 (b)
demonstrating the presence of C, Pb, and | perovskite main elements. The EDX image
illustrates that the MAPDI3 precursor solutions successfully penetrated TiO> pores subsequently
crystallizing towards the mesoporous TiO, surface during the evaporation of the deposition
solvents, charging up TiO2 NPs at localized sites. A similar ETL and light active material
interaction have been previously reported for low light absorption coefficient dye molecules
over nanoporous TiO> photoanode by Hossain et al [24]. It is anticipated in this study that the
TiO. surface charging leads to possible perovskite nucleating (or crystallization) sites
depending on the MAPDI3 surface charging density leading to the heterogeneous morphology
shown in Figure 5.2 (c) illustrating a cluster of crystals emerging from the surface of the TiO>
nanoporous host material. Based on the observed MAPDI3 crystal morphology it is noted that
there exists a preferred MAPbI3 orientated crystal growth that propagates away from a fixed
point source justifying the proposed localized nucleating sites discussed above.
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Figure 5.2: High magnification SEM micrographs illustrating (a) surface morphology of As-
prep TiO2/MAPDI3 interaction on ITO substrate, corresponding (b) SEM-EDX mapping image,
(c) heterogeneous morphology interaction of MAPbDI3 nanocrystals embedded within TiO>
nanopores, and corresponding (d) SEM-EDX image.
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The EDX peak position (keV) and intensities (cps/eV) values provide excellent qualitative and
quantitative analysis of the elements present in the TiO2/MAPbIs heterogeneous thin films
respectively consistent with SEM surface analysis.
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Figure 5.3: EDX spectra for the as prep TiO,/MAPDI; (a), 200°C/MAPDI; (b), 400°C/MAPDI; (C),
800°C/MAPDIz (b), 1000°C/MAPDI;3 (b), and 1200°C/MAPDI; heterogeneous thin films.
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5.5.2 Fourier Transform Infrared Spectroscopy

FT-IR spectroscopy was used to investigate the compatibility between the TiO> NPs and
MAPbDI3 crystal in the heterogeneous thin films. The activity of the IR-spectra was recorded
between 4000 to 500 wavenumber regions. Vibrational modes from the heterogeneous thin
films centered at 2902, 2804, 1703, and 709 cm™ were identified and correlated with SEM
surface images in Figure 5.1. The large absorption bands located at low annealing temperatures
at 2902, 2804, and 1703 cm™ are associated with low compatibility between the TiO, NPs and
MAPDI3 crystals. However, these vibrational bands systematically decrease with increasing
TiO2 annealing temperature, indicating that the interface contact compatibility in the
heterogeneous thin films is improved, this can be successfully correlated with the increase in
surface coverage from the SEM images. The appearance of a new vibrational mode located at
709 cm™! substantiates enhanced compatibility indicating that a good interface contact has been
established.
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Figure 5.4: FT-IR spectra of the heterogeneous TiO2/MAPbIs thin films.
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5.5.3 Thermogravimetric Analysis

To understand the thermal behavior and determine the degradation steps from the
TiO2/MAPDI3 perovskite heterogeneous thin films TGA analysis was performed by heating the
samples from ambient temperature to 800 °C in triplicate, average values are reported in Table
5.2. From the percentage mass loss in Figure 5.5 (a) it is apparent that all the heterogeneous
thin films are thermally stable, recording a maximum mass loss percentage of 15.7% at high
temperatures of up to 800 °C. The as-prep TiO2/MAPDI3 heterogeneous thin films experience
the highest mass loss, recording a final residual mass % at 84.3%. The remaining heterogeneous
thin films increase systematically with increasing annealing temperature, exhibiting mass
residues greater than 84.3%. A minimum of 2.2% mass loss is recorded for the 1200
°C/MAPbI; heterogeneous thin films. This shows that annealing of the TiO, nanopowder
removes temperature-initiated degrading agents, resulting in thermally stable heterogeneous
films. This observation is further depicted by the decreasing peak intensities in the DTGA
graphs of Figure 5.5 (b). This systematic increase in the residual mass % in the heterogeneous
films is further correlated to the TiO. phase transformation. TiO> NPs are naturally
characterized by thermal transitions from the metastable phases to the stable rutile phase.
Therefore, samples annealed at higher temperatures possess the thermodynamically stable
rutile phase, whereas samples at lower annealing temperature are metastable anatase phase.
Hence the 2.2% mass loss belongs to the heterogeneous samples bearing more stable-TiO2 NPs.
In Figure 5.5 (a) (TGA) and (b) (DTGA), TiO/MAPbI3 heterogeneous thin films decompose
through three degradation mechanisms located at temperatures > 106, 438, and 513 °C. The
first and small degradation step located at ~106 °C is associated with the evaporation of
absorbed water molecules on the surface of TiO> NPs, the second degradation step
approximated at 438 °C is associated with the characteristic TiO2 anatase to rutile phase
transition [25]. As expected in both events, the mass loss % is significantly reduced with
increasing annealing temperature as outlined above and summarized in Table 5.2. The third
degradation step results from the decomposition of the MAPDbI3 perovskite by desorption of
volatile MAI organic group [26].

Table 5.2: Presents DTGA peak temperatures, TGA degradation steps, and total mass loss
from the TiO2/MAPbI3 heterogeneous thin films.

Degradation steps Total
Samples H20 A-R phase MAI Average mass (%)
evaporation transition volatilization loss
DTGA
Temperatures >106.2 >437.5 >512.5 -
O
- O’?f,\'/mblg 1.7% 9.5% 4.5% 15.7%
200/MAPDI3 0.5% 8.3% 4.4% 13.2%
400/MAPDI3 0% 6.9% 2.8% 9.7%
800/MAPDI3 0% 4.5% 1.9% 6.4%
1000/MAPDbI3 0% 3.5% 1.2% 4.7%
1200/MAPbI3 0% 1.8% 0.4% 2.2%

79



Mass loss (%)

As-prep TiO / MAPDI,

——— 200°C/ MAPbI,

1 — ao00°cr maPwI

88 . :
—— 800°C/ MAPbI,

864 —— 1000°C/ MAPbDI,

{ —— 1200°c/ maAPbBI,

90 o

84

T T T v T v T v T v T v T v
100 200 300 400 500 600 700 800

Temperature (°C)

(b)oo]
£
€ 0,54
%
w
1723
2
3
& -1.0
£
‘s As-prep TiO,/ MAPbDI,
2 1 ——200°c/ MmAPDI,
= 4
S 454 ———400°C/ MAPbI,
g 1 ——800°c/ MAPDI,

1 ——1000°c/ mAPBI,

{ ——1200°c/ MAPDI,

2,0

—————————————
100 200 300 400 500 600 700 800
Temperature (°C)

Figure 5.5: (a) TGA and (b) DTGA graphs present the effect of annealing TiO2 NPs on the
thermal degradation behavior of the resulting TiO2/MAPbI3 heterogeneous thin films.

5.5.4 Photoluminescence Spectroscopy

Photoluminescence (PL) is used to characterize photogenerated recombination pathways
caused by defect levels within the bandgap structure of a semiconductor and the resulting PL
peak emissions indicate the recombination of excitons, electrons, and holes between the
conduction band and valence band. TiO2 NPs are characterized by PL peak emissions caused
by oxygen vacancies, surface states, free and bound exciton recombinations [20,21,27]. The
emission spectra in Figure 5.6 (a), (b), and (c) present PL peak emissions in 300-700 nm range
obtained from the excitation wavelength of Aex= 238 nm for the a-prep TiO2 nanopowder (a),
annealed TiO2 nanopowders (b), and as-prep TiO2/MAPDI3z and annealed heterogeneous thin
films (c). The peak emissions were analyzed to investigate the effect of annealing/phase
transformation on the recombination efficiencies. The deconvoluted gaussian fit for the as-prep
TiO2 nanopowder in Figure 5.6 (a) shows characteristic peak emissions centered at Aem= 426,
466, 501, and 537 nm, a similar PL spectrum has previously been reported by Tsega et al [27]
and Acchutharaman et al [21]. The prominent emissions located at 426 and 466 nm are
associated with the oxygen vacancy and surface state dominant defect levels in the TiO>
forbidden gap, whereas the shoulder peak emissions at high wavelengths of 501 and 537 nm
are associated with the free edge and bound exciton minority recombinations. Figure 5.6 (b)
demonstrates the effect of annealing multiphase-TiO2 on the material’s recombination rates,
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insert of Figure 5.6 (b) (normalized peak intensities) presents similar peak emissions reported
in Figure 5.6 (a) indicating that throughout the annealing process the peak emissions result
from intrinsic trapping sites within the forbidden gap of multiphase-TiO.. From Figure 5.6 (b)
it is observed that by increasing annealing temperature, the multiphase-TiO> NPs undergo PL
quenching. This is observed by the decreasing trend in peak intensities determined as follows
from the samples: as-prep TiO2 — 200 °C — 400 °C indicating that the intrinsic recombination
rates (or concentration of defect levels) from oxygen vacancies, surface states, and excitons are
significantly reduced, similar observation has been reported by Fan et al [20] in mixed-phase
TiO2 NPs and is ascribed to the increase in TiO. degree of crystallinity and the desorption of
oxygen molecules reducing TiO2 dominant defect levels. However, with a further increase in
annealing temperature, a counteractive phenomenon emerges substantially increasing the peak
intensities dramatically. This apparent change in behavior from the PL peak emissions is
attributed to the multiphase-TiO, phase transition and an increase in TiO. particle size.
Comparable results are reported by Yun et al [16] and Ruan et al [19] demonstrating that more
rutile phase formation and large particle size results in a low electron mobile phase and
increased light-scattering, respectively. Providing an efficient charge carrier recombination
pathway.

Figure 5.6 (c) depicts PL peak emissions from the as-prep TiO2/MAPbI; and annealed
heterogeneous thin films. A new dominant peak emission in all the heterogeneous films located
at 540 nm appears, this shows that an intermediate contact is established between the ETLs and
the light active material, therefore such recombination rate is attributed to TiO> ETL and
MAPDI3 interface electron decaying pathway. For comparison, it is observed that all the
maximum peak intensities of the TiO2/MAPDI3 heterogeneous thin films are significantly
reduced when compared to the maximum peak intensity of the as-prep TiO. nanopowder
reported in Figure 5.6 (a) indicating that the incorporation of the light active MAPDI3
perovskite material encourages maximum electron collection as a result of minimum photon
emissions. A systematic decrease in TiO2/MAPbI3 PL peak emission is observed with
increasing annealing temperature/rutile phase content. This unusual trend highlights synergy
from the multiphase-TiO> material influencing the overall photogenerated electron collection.
The synergy results from the large photon scattering caused by the large particle size which
contributes to large photoexcitation in the perovskite material.
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Figure 5.6: Presents PL peak emissions of the (a) as-prep TiO2 nanopowder, (b) annealed TiO>

nanopowders, and (c) as-prep TiO2/MAPDI3 and annealed heterogeneous thin films at Aex= 238
nm excitation wavelength.

5.5.5 Electrical Characterization

Figure 5.7 depicts a simplified schematic image of the devices. Figure 5.8 shows IV
characterization curves measured under AM1.5G and 1000 W/m? standard illumination
conditions. Table 5.3 summarizes electrical average parameter values with standard deviations
from the three best cells for each sample. The power conversion efficiency of the devices given
in Table 5.3 is calculated from equation 1. From the IV curves in Figure 5.8 and Table 5.3,
it is observed that there is a prominent increase in current density (Jsc) and power conversion
efficiency (n) from the PSCs with increasing rutile phase content and annealing temperature.
This observation is correlated with the increasing MAPDbI3 surface coverage morphology
(SEM) over the large multiphase-TiO2 NPs, and the evident decrease in photoluminescence
emissions (PL) in Figure 5.6 (c), resulting in enhanced Jsc and n. This indicates that the increase
in the rutile phase establishes an efficient electron transfer from the photoexcited perovskite
material into the conduction band of the anatase phase. A maximum of 6.7% efficiency is
achieved for the solar cells fabricated from the 1000 °C/MAPbI3 heterogeneous thin films.
Therefore the 1V characterization demonstrates that although the rutile phase is characterized
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by slow electron mobility resulting in increased multiphase-TiO2 recombination rates as shown
in Figure 5.6 (b) the increasing PSC performance with increasing rutile content demonstrates
that rutile is a high electron harvesting phase that extracts maximum photogenerated electrons
from the perovskite material into the more electron mobile anatase phase decreasing the
recombinations as shown by Figure 5.6 (c). This is followed by a significant decrease to 5.1%
efficiencies as rutile becomes the more dominant phase indicating that phase optimization in
the multiphase-TiO2 NPs is required for optimal PSC performances.

_ VoeJoe: FF _ Voo Jse. FF n
P A.1000 W/m

Equation 1 is used in the calculation of the power conversion efficiency (n), whereby Voc
represents open-circuit voltage, Jsc represents short circuit current density, FF represents the
fill factor, A represents the active area of the solar cells, and Pin represents the maximum power
from the solar simulator lamp.
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Figure 5.7: Schematic representation of the fabricated solar cell with device architecture
ITO/c-TiO2/m-TiO2/MAPDIs/Spiro-MeoTAD/Conductive Ag ink/ITO.
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Table 5.3: Photovoltaic parameters for the PSCs with device architecture ITO/c-TiO2/m-
TiO2/MAPDI3/Spiro-MeoTAD/Conductive Ag ink/ITO.

Device Phase Voc Jsc FF n
composition V) (mA.cm) (%) (%)
(A/R)

_As-pre 053 1.57 65.7 1.82
TiO/MAPDI3 68/32 +0.02 +0.15 +0.028 +0.55
200/MAPbI3 65/35 0.54 1.86 66.5 2.22

+0.02 +0.13 +0.015 +0.42
400/MAPDI; 46/54 0.56 231 66.8 2.88
+0.02 +0.11 +0.023 +0.58
800/MAPbI3 60/40 0.57 2.08 67.4 3.82
+0.02 +0.18 +0.021 +0.72
1000/MAPbI3 36/64 0.59 5.02 68.1 6.72
+0.02 +0.16 +0.025 +0.68
1200/MAPbI; 34/66 0.58 3.89 68.0 5.11
+0.02 +0.17 +0.018 +0.64
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5.6 Conclusion

In this study, the use of multiphase TiO2 nanoparticles proved to be an excellent mediator for
maximum electron collection of the light-active MAPDI3z perovskite material to the ITO glass
substrate. Heterogeneous thin films of TiO> and MAPDIz for solar cells were successfully
fabricated from doctor blade and two-step spin coating methods. The morphology,
compatibility, thermal, and optical properties of the multiphase TiO2/MAPDI3 thin films were
carefully characterized by scanning electron microscopy (SEM), Fourier transform infrared
spectroscopy (FT-IR), thermogravimetric analysis (TGA), and photoluminescence
spectroscopy (PL). SEM surface imaging indicates that the increase in annealing temperature
from the multiphase-TiO2 NPs encourages a non-uniform MAPbI;3 crystal dispersion increasing
the surface coverage over the nanoporous TiO2. SEM-EDX micrographs of TiO2/MAPbDI3
heterogeneous thin-films were further used to study the MAPbIz crystal formation onto the
mesoporous TiO2 NPs. The SEM-EDX micrographs reveal that the MAPbIs crystal formation
mechanism involved TiO: pore filling (nucleation) followed by crystallization (growth) during
the evaporation of the deposition solvents. FT-IR spectroscopy was used to study the interface
compatibility between TiO2 NPs and MAPbDIs crystals. A good correlation is observed between
FT-IR vibrational modes and MAPbDIs surface coverage discussed in SEM surface images.
Increasing annealing enhances the interface contact between TiO2 NPs and MAPDI; crystals.
TGA was used to determine the thermal behavior in the TiO2/MAPbI3 perovskite
heterogeneous thin films. The thermal analysis reveals that the TiO2/MAPDI3 thin films are
thermally stable recording a maximum of 15.7 % mass loss at elevated temperatures. PL
spectroscopy was used to study the effect of annealing on recombination efficiencies of TiO-
NPs and the fabricated TiO2/MAPbIs heterogeneous thin films. The formation of an interface
contact between the TiO, and perovskite was further observed by the formation of a new
dominant PL peak emission in all the heterogeneous films. A systematic decrease in
TiO2/MAPDI3 PL peak emission is observed with increasing annealing temperature/rutile phase
content. This unusual trend highlights synergy from the multiphase-TiO> material influencing
the overall photogenerated electron collection. Finally, perovskite solar cells of device structure
ITO/c-TiO2/m-TiO2/MAPDI3s/Spiro-MeoTAD/Conductive Ag ink/ITO were fabricated and
their performance was evaluated using the Keithley solar simulator. A maximum of 6.7%
efficiency is achieved for the solar cells fabricated from the 1000 °C/MAPbI3 heterogeneous
thin films.
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