

































































































































































































































































the substrates were spin-coated at 2000 rpm for 30 s. The as-coated perovskite films were then

annealed at 70 °C for 20 min.

3.2.2.4 Spiro-OMeTAD

3.2.2.4.1 Solution processing

The precursor solution was prepared by mixing 73 mg of spiro-OMeTAD into 1ml of
chlorobenzene with additives consisting of 17.5 mL LiTFSl/acetonitrile (520 mg/mL) and 28.8

mL of 4-tert-butylpyridine.

3.2.2.4.2 Spin coating procedure and parameters
The HTM layer prepared spin-coating 60 pL of the spiro-OMeTAD solution onto the FTO/c-

TiO,/p-TiO2/MAPDI; substrate at 2000 rpm for 45 s.

3.2.2.5 Evaporation of Silver electrode

The samples were allowed to dry in open air for a few minutes then put in a masked holder for
the substrates to only get the evaporated metal on the wanted area that was at the center of the
substrate as previously displayed in Figure 3.3 and then placed in the evaporator (Leybold
vacuum, Univex 350). The metal evaporated metal was Silver (Ag). The evaporation began by
lowering the amount of pressure pressure inside the evaporator and when the pressure reached
vacuum of < 3.5x10°® mbar the current within the holder was manually increased. At ~165 A the
evaporation of the silver started and the voltage was changed to get an evaporation speed of 0.02
nm. s until a layer of thickness of 10 nm had been evaporated. The reason for the slow
evaporation speed at the start was to avoid the Ag particles from penetrating the spiro-OMeTAD
and be in direct contact with the perovskite layer. Then the evaporation speed was increased to
0.2 nm. s by changing the current. One pellet of Ag resulted in a layer approximately 70 nm

thick.
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3.3 Characterization of interfaces and devices

3.3.1 Film characterization techniques

3.3.1.1 Surface profilorimery

Veeco Dektak profilometers was used for the measurement of layer thicknesses. Samples were
scratched with a scalpel and then cleaned with compressed nitrogen in order to remove any
remaining debris. The stylus of the Dektak was then passed above the sample, going across the
scratch in the film, permitting a thickness measurement to be taken as shown in Figure 3. 4 (a).
At least 4 readings from different scratches were taken for each sample individually and the
average of those thicknesses was used. In the case of uneven films the height was averaged over

a range of positions in order to guarantee a more accurate reading (see Figure 3. 4 (b)).
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Figure 3. 4: A schematic of the profilometry equipment (a) and an example scan showing the use of

a range in order to ensure a more accurate height reading when measuring rough films (b).
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3.3.1.2 Microscopic characterization

Microscopy is a specialized field of characterization techniques that uses microscopes to inspect
objects and the surface of objects that would normally be difficult to see with the naked eye
(objects that are not within the resolution range of the normal eye) [1]. There are three types of
microscopy: optical, electron, and scanning probe microscopy. Figure 3.5 shows cross sectional
diagram of imaging modes for the three types of microscopes regularly employed for materials
characterization: the light microscope (left), the transmission electron microscope (TEM, center),

and the scanning electron microscope (SEM, right).

Light Transmission Electron Scanning Electron
Microscope Microscope Microscope
(LM) (TEM) (SEM)
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Objective lens
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Figure 3.5: Schematic cross-sections of imaging modes in the light microscope, the TEM, and the

SEM [2].

Frequent elements include a source of illumination (visible light source or an electron gun) and a
condenser lens over the specimen to center the light or electron beam. After the condenser lens,
the structure of the SEM diverges from that of the light microscope and the TEM. In the latter

two, the objective lens that produce the image is positioned below the specimen, and a static,
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near-parallel beam of illumination is projected onto a viewing point or onto a camera for
recording. Though the TEM includes some additional lenses, the overall method by which the
image is obtained and projected for viewing and recording is the same as that of the light

microscope.

The SEM is significantly different in that the objective lens sits over the specimen or sample, and
the beam is created into a fine, centered probe that is passed across the specimen using scanning
coils, producing an image point by point. The image can be recorded on various detectors placed

above the specimen.

These types of microscopes give complementary information over diverse size ranges. The
unaided human eye resolution features down to about 100 um in size, and the best performing
light microscopes allow us to see features as small as 1 um. Because SEMs and TEMs utilize
electrons, which have higher energies and shorter wavelengths than visible light, much smaller
objects can be seen as well from its use. The highest-resolution SEMs can allow users to see
objects with only a few nanometers in size, while aberration-corrected TEMs allow for imaging
and analysis of objects and substance at the atomic level. All three types of microscope can be
used complementarily to provide fundamental information about size, morphology, and texture
of materials or objects. Although the SEM and TEM are usually classified as electron optical

instruments, the TEM and the light microscope share a similar mechanism for image formation.

3.3.1.2.1 Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) is a characterization technique that utilizes electrons to
investigate a sample’s surface in order to imaging easier at higher resolution than is possible with
the normal optical microscope. Given that the resolution is only limited to around half the

wavelength of the probe, it is possible to obtain much higher resolution with electron microscopy
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than optical microscopy. Additionally, SEMs offer the ability to obtain better ‘3D’ image than

optical microscopes due to the larger depth of focus resulting from the lower aperture angle.
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Q Secondary electron detector

Sample

Figure 3.6: A basic schematic of a scanning electron microscope.

In Figure 3.6 is shown a simplified image/schematic diagram of the SEM instrument. In order to
avoid interactions between the electron beam and the air, the electron gun, optics and sample
chamber are held under vacuum, which reduces the image quality and could cause the sample to
be damaged. The electron beam in a SEM is generated by either a thermionic emission gun
(heating a filament to release electrons) or field emission gun (using a strong electric field to
extract electrons from a tungsten crystal). A field emission gun SEM (FEGSEM or FESEM)
offers better resolution than its thermionic counterpart due to the production of narrower beams
of electrons with smaller spread in energy. In this work the field emission gun SEMs has been
used. Electrons are emmited and allowed to travel in a helical path down the microscope column

under the influence of magnetic fields from the electromagnetic lenses. To control the spot size
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of the beam on the sample, the condenser lens(es) and aperture(s) act in tandem. A decreased
spot size increases the resolution but reduce the clarity of the image and results in ‘graininess’ as
less electrons invade on the sample. Scanning coils are used to deploy the electron beam across
the sample in order to produce an image, whilst electron beam is focused onto the sample by the
objective lens. Increasing the accelerating voltage reduces the diameter of electron probe,
therefore the improving resolution of the output images obtained from the sample analysis. This
also, however, reduces the clarity of surface structures, because the penetration of the beam into
the sample is augmented. In addition the charging is increased together with any sample damage
which may occur. When the electron beam strikes the sample it causes both electrons and X-rays
to be ejected from the material. The ejected electrons-are usually distributed into two types —
secondary and backscattered, with imaging most of the time achieved using the secondary
electrons (SEs). These have a shallow generation region (~10 nm) since those generated deeper
in the sample will be unable to escape due to their, fairly low energy (~50 eV or less). Secondary
electron detectors have a scintillator (fluorescent material) over which a voltage is applied. In
front of the detector is also a collector, through which a high voltage is applied to attract the
secondary electrons discharged from the sample. These impact on the scintillator and generate
light which is allowed to pass through a photomultiplier before being transformed into an
electrical signal. When the electron beam attains the sample at an angle, more secondary
electrons are generated than when it is normal to the surface, implying that SE images appear
particularly topographical. Backscattered electrons have a higher energy than secondary
electrons, having a range of energies up to that of the incident beam. The increased energy of the
backscattered electrons implies that they are less impacted by charging and specimen

contamination than SEs, and that their generation region is considerably larger. While this
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decreases resolution, it does allow for detection of electrons from deeper into the sample.
Backscattered electron intensity is dependent on atomic number, and thus backscattered images

can provide a composition contrast as well as a topographic one.

It is important to note that the sample under examination is conductive enough, or coated and
stuck to the sample stub with a conductive material to avoid charging. This happens when
electrons from the probe beam build up on the specimen, interfering with secondary electron

emission and thus adversely affecting the image quality and resolution.

For the purpose of this research project the instrument used for this specific analysis was the

ZEISS ULTRA scanning electron microscope with acceleration voltage of 5.0 kV.

3.3.1.2.2 Transmission electron microscope

Transmission electron microscopy (TEM) is a microscopy technique in which a beam of
electrons is transmitted across an ultrathin sample or.specimen, interacting with the sample as it
passes through. An image is produced from the interaction of the electrons transmitted through
the sample; the image is enlarged and focused onto an imaging device, such as a fluorescent

screen, on a layer of photographic film, or to be detected by a sensor such as a CCD camera.

TEM in essence is used to reveal sub-micrometer, internal fine structure in solids. The amount
of information which can be extracted by TEM depends critically on four very important
parameters; the resolving power of the microscope (usually smaller than 0.3 nm); the energy
spread of the electron beam (often several eV); the thickness of the specimen (almost always

significantly less than 1um), and; the composition and stability of the specimen [3].
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Figure 3.7: General layout of a TEM describing the path of electron beam in a TEM. (Image taken

from JEOL 2000FX Handbook).

In order to obtain the TEM images needed for a sample, the beam of electrons from the electron
gun is focused into a small, thin, clear beam by the use of the condenser lens as shown in Figure
3.7. The beam is limited by the condenser aperture, which eliminates high angle electrons. The
beam then collides with the sample and parts of it are diffused depending upon the thickness and
electron translucence of the specimen. This transmitted portion is focused by the objective lens
into an image on phosphor screen or charge coupled device (CCD) camera. Optional objective
apertures can be utilized to increase the contrast by blocking out high-angle diffracted electrons.
The image is then passed down the column across the intermediate and projector lenses, is
broadened all the way. The image strikes the phosphor screen and light is produced, allowing the
user to see the image. The darker areas of the image characterize those areas of the sample that
fewer electrons are transmitted across while the brighter areas of the image characterize those

areas of the sample that more electrons were transmitted across.
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For the purpose of this research project the TEM instrument used for this analysis is the TECNAI
G2 F20 X-TWIN MAT 200 kV field emission, where nickel grid was used to coat the material

for better conductivity.

3.3.1.3 Spectroscopic characterization

Spectroscopy is the study of the properties of matter and its interaction with different frequency
components of the electromagnetic spectrum [4]. Spectroscopy is a common technique that can
be used in many ways to obtain information needed about a substance such as electronic
energies, vibrational energies, rotational states, structure and symmetry of molecules, and finally

dynamic information.

3.3.1.3.1 Energy-Dispersive X-ray spectroscopy (EDS or EDX)

Energy dispersive X-ray spectroscopy (EDS) is a typical technique for element detection in
material analysis. EDS systems are mounted on scanning electron microscopes (SEM) and use
the primary beam of the microscope to produce characteristic X-rays. The composition of the
sample is found by analyzing the energy of the characteristic X-rays that are emitted from the
sample after the incoming radiation [5]. The spatial (lateral + vertical) resolution of EDS
depends on the sample material and the energy of the primary beam of the SEM as shown in

Figure 3.8.
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Figure 3.8: Working principle of EDS.

The instrument used is the EDS analyzer coupled into the High-Resolution Scanning Electron

Microscope used for SEM analysis.

3.3.1.3.2 Ultraviolet-Visible spectroscopy (UV-Vis)

UV/Vis spectroscopy is a measurement technique in which the recording of the absorption
spectra of different samples using ultraviolet (UV) and visible (Vis) light is achieved by a
spectrophotometer, i.e. an instrument able to measure the spectrum of a sample in the UV/Vis
range [6]. A UV/Vis spectrophotometer determines the intensity of light passing through a
sample solution in a cuvette, and evaluates it against the intensity of the light before it passes
through the sample. The light should also be passed though the cuvette or sample holder in order
to account for any absorption by them. The major components of a UV/Vis spectrophotometer
are a light source, a sample holder, a dispersive device to separate the different wavelengths of

the light (e.g. a monochromator), and a suitable detector as shown in Figure 3.9.
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Figure 3.9: Measurement principle in UV/VIS spectroscopy [6].

The UV-Vis absorption spectra were obtained by wusing UV-Vis Double beam

Spectrophotometer from ThermoFisher Scientific.

3.3.1.4 Electrochemical characterization

Electrochemistry is a vast and interdisciplinary field of research and development activity, that
deals the interrelation of electrical and chemical effects [7]. A significant aspect of this field is
the study of chemical changes caused by the movement of an electric current and the generation
of electrical energy by chemical reactions, which include an array of diverse phenomena (e.g.,
electrophoresis and corrosion), devices (electrochromic displays, electroanalytical sensors, etc.),
and technologies (the electroplating of metals and the large-scale production of aluminum and

chlorine) [8].
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Figure 3.10:lustration depicting the simplicity of a three-electrode electrochemical cell system that

would form part of an electrochemical workstation.

Although largely based on conventional electrochemical characterization methods developed for
bulk materials, including potentiometric, polarography, voltammetry, cyclic voltammetry (CV),
chrono-potentiometry, chrono-amperometry, linear sweep; and pulsed methods, the “nanoscale”
concept has initiated a new scenario in which physicochemical principles, laws, and properties
which can be quite different from those of the macro and micro worlds. Electrochemical
characterization of nanomaterials necessitates not only sensitivity and selectivity but also

accuracy.

Deciding on the best technique for a particular situation needs knowledge of the analyzed
particles or materials, the ultimate application of the particles, and the restrictions of the
considered techniques. Therefore, a rational choice of technique(s) and methodology(ies) is

essential.
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The basis of electrochemical investigation is electrode surface reaction. Because the working
electrode (WE) substrates can strongly influence the efficiency of the reactions, the properties of
electrode substrates and ionic substance at the electrode surface are of great significance for
successful electrochemical characterization. Different researchers, including David Harvey et al.
in 2012, have shown that there are six basic and interrelated concepts of note in the study of
electrochemistry: (1) the electrode’s potential determines the analyte’s form at the electrode’s
surface; (2) the electrochemical cell design; (3) the concentration of analyte at the electrode’s
surface may not be the same as its concentration in bulk solution; (4) the analyte may not be
restricted from participating in other reactions; (5) the current as a measure of the rate of the
analyte’s oxidation or reduction; and (6) current and potential cannot be controlled

simultaneously.

3.3.1.4 Electrochemical Characterization

3.3.1.4.1 Cyclic Voltammetry

CV is a technique used to study the electrochemical properties associated with surfaces that are
electroactive. CV is a very multipurpose electrochemical method that enables understanding of
the mechanisms of redox reactions, reversibility of a reaction, and electron transfer kinetics of an
electroactive species in solution [9,10]. CV offers rapid information on thermodynamic redox
processes, on the kinetics of heterogeneous electron-transfer reactions, and on coupled chemical
reactions or adsorption processes [9]. It is the foremost electrochemical experiment performed to

characterize electrode material for every type of application [9].
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3.3.2 Device characterization

3.3.2.1 Solar Cells Current-Voltage measurements

The main characteristic of a solar cell is its aptitude to convert light into electricity. This is
known as the power conversion efficiency (PCE) and is the ratio of incident light power to
output electrical power. To determine the PCE, and other helpful metrics, current density-voltage
(1-V) measurements are performed. A series of voltages are applied to the solar cell while it is
under illumination. The output current is quantified at each voltage step, resulting in the
characteristic 'l-V curve' seen in many research papers. An example of this can be seen below in
Figure 3.11, along with some significant properties that can be determined from the I-V
measurement. It should be noted that generally, current density (J) is used instead of current
when characterizing solar cells, as the area of the cell will have an effect on the magnitude of the

output current (the larger the cell, the more current).

~
>
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Fill Factor = ToVor

Current Density

~Voltage

Figure 3.11: Typical I-V curve of a solar cell plotted using current density, highlighting the short-
circuit current density (Js), open-circuit voltage (V,.), current and voltage at maximum power (Jyp

and Ve respectively), maximum power point (Pwax), and fill factor.
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3.3.3. Other characterization

3.3.3.1 X-ray diffractometry (XRD)

X-ray diffraction (XRD) is one of the most important non-destructive tools to analyze diverse
classes of matter, ranging from fluids, to powders and crystals. From research to production and
engineering, XRD is a crucial method for structural materials characterization and quality control
which makes use of the Debye-Scherrer method. This technique uses X-ray (or neutron)
diffraction on powder or microcrystalline samples, where preferably every possible crystalline
orientation is characterized equally. In the so called diffractogram the diffracted intensity is
shown as function either of the scattering angle 20 or as a function of the scattering vector q
which makes it autonomous from_the used X-ray wavelength. The diffractogram is like a

distinctive “fingerprint” of materials.

X-ray diffractometry is a characterization technigue that bases its working principle solely onit
ability to diffracts X-rays from crystals in a characteristic manner allowing a precise study of the
structure of crystalline phases. The recorded diffraction patterns contain additive contributions of
several micro- and macro-structural characteristics of a sample. With the peak position, lattice
parameters, space group, chemical composition, macro-stresses, or qualitative phase analysis can
be examined. Based on the peak intensity, knowledge about crystal structure (atomic positions,
temperature factor, or occupancy) as well as texture and quantitative phase analyses can be
obtained. Finally, the peak shape gives information about sample broadening contributions

(micro-strains and crystallite size) [11].
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Figure 3.12: Schematic representation of the working principle of X-ray diffraction [11].

The SAED micrograph as seen from the example in Figure 4.4 is the diffraction pattern obtained
in the reverse space of the lattice planes. It is used in order to find the d-spacing of the crystal
planes. The SAED pattern can be used to see if the sample is amorphous, i.e. diffuse rings,
crystalline (bright spots), polycrystalline (small spots making up rings, each spot arising from
Bragg reflection from an individual crystallite. The results obtained from XRD can be used in
conjunction with the SAED micrograph to corroborate specific information obtained from the

sample.

The XRD data were collected with the help of the BRUKER AXS DS Advance diffractometer
with 20 values ranging from 20-90 °, with a step size of 0.028 ° operating at 45 kV and 40mA

form the Ithemba Labs.

3.3.3.2 Fourier Transform Infrared Spectroscopy (FTIR)

FTIR analysis measures the intensity of absorption at a range of wavelengths in the infrared
region that are captured by a material as seen. The application of infrared radiation (IR) to
samples of a material allows for this to be accomplished. The sample’s absorbance of the
infrared light’s energy at diverse wavelengths is measured to determine the material’s molecular

composition and structure [12].
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This technique also allow for the identification of unknown materials by comparing the spectrum
against a spectra in the reference database. Materials can be quantified using the FTIR materials
characterization technique as long as a standard curve of known concentrations of the component

of interest can be created.

FTIR analysis can be used to identify new materials, additives within polymers, surface
contamination on a material, and more. The results of the tests can identify a sample’s molecular

composition and structure.
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Figure 3.13: Working principle of the Fourier transform infra-red spectrometer Infra-red (IR)

spectrometer [14].

The instrument used for the analysis was Perkin Elmer spectrum Two FTIR spectrometer. FTIR
Spectra were recorded in the range of 4000-400 cm™ using the substrates coated with the

different layers of materials being studied.
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Chapter 4 Results and Discussions

This chapter introduces the results gotten from the different characterization techniques
performed, their analysis and discussion. The techniques used comprised HR-SEM, HR-TEM,
XRD, EDS, FTIR, UV-Vis, CV and I-V curve measurements. The most important deductions
and conclusionsare based on calculated photovoltaic parameters. The majority of the samples
were fabricated in air with relative humidity of about 60 %. Because of the moisture in air and
other atmospheric effects, the perovskite fabrication is not totally reproducible and the degree of
degradation varies. Thus, the photovoltaic parameters of the prepared solar cell series are not

fully comparable to each other.
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4.1 Interface characterization
4.1.1 Surface morphology

High Resolution Scanning Electron Microscope (HR-SEM)
The morphology of the surface of the prepared pristine TiO, and Ag-TiO, thin films were

studied using a scanning electron microscope.

EHT = 5.00kv Signal A= InLens Date 30 Oct 2019
EHT = 600 kV Signal A = InLens Date ‘3 Oct 2018 WO = 5.9 mm Mg = 10.00 KX Thme 1$1.0640
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Figure 4.1: SEM images of a) Pristine compact-TiO, and b) 2.5 % Ag-TiO, composite films.

Figure 4.1 a) and b) shows the SEM images of the undoped (compact pristine TiO, layer) and
Ag doped TiO, films formed on the ITO substrates via the spin-coating method. The images of
the pure TiO, film in Figure 4.1 shows the surface morphologies of compact TiO, layers which
was fabricated on ITO substrates using spin-coating methods. As can be seen in Figure 4.1 a)
the TiO, is extremely smooth and dense with very good surface coverage, showing no
observable defects. The surface doesn’t show any discontinuities, cracks, pinholes, and pores. As
is well-known, ITO substrates are based on In-doped SnO; grains with sizes fluctuating between
tens to hundreds of nanometers, and due to the grain boundaries, the substrate surface is uneven.
The spin- coating-based compact TiO, layer did not alter the surface topography of the ITO

grains as the layer was very thin (45-60 nm thick across the surface of the substrate). Relatively
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large TiO, particles (>10 nm) fill up the gaps between the ITO grains and makes the surface
much smoother on the micron scale. This means that, the TiO, layer’s thickness the is not
perfectly uniform across the surface of the substrate, and this theoretically should be problematic
in when it comes to the charge collection through the blocking layer. These affirmations will
further be confirmed by the cyclic voltammetry study which was done to both test for defects in

the TiO, compact blocking layer and test for the ability of the material to reduce recombination.

The microstructure of the Ag-TiO, films was made up of several mud-crack shaped layers. These
defects could be due to the heat treatment regime to which the Ag-TiO, films were exposed.
Thermal shock may be the principal reason for the mud cracks on the surface of the films. These
cracks on the layer surface are very noticeable when the Ag concentration was augmented as was
the case in Figure 4.1 b) above; the larger Ag particles were observed on the mud-crack-shaped
layers. Even with these apparent defects at the surface of the layer the Ag nanoparticles helped in
increasing the conductivity of the TiO, layer as will once again be observed in the results of the

cyclic voltammetry study explained later in this chapter.

4.1.2 Internal structure

1.1.1.1 High Resolution Transmission Electron Microscope (HR-TEM)
The internal structure of the synthesized nanoparticles was evaluated using transmission electron

microscope (TEM).

108



Figure 4.2:TEM micrograph of a) Pristine compact-TiO, and b) 2.5 % Ag-TiO, solutions.

The TEM images of the pristine compact-TiO;, and 2.5 % Ag-doped TiO; particles are shown in
Figure 4.2 a) and b) respectively. The micrograph obtained for the nanoparticles shows the poly-
disperse nature of the nanoparticles in both cases. The micrograph shows some sphere-like
structure for both the pristine TiO, and Ag-TiO, as can be seen in Figure 4.2 a) and b) above.
The internal structure of the synthesized nanoparticles also revealed some agglomerations as well
as the presence of nanoparticles of smaller sizes. Although the observed TiO, nanoparticles have
a spherical shape with a diameter of about 25 nm, most of the TiO, nanoparticles appeared to be
agglomerated and formed large particle with a diameter as large as 50 nm, which might be due to
their large surface area and high interface energy. Compared with TiO, nanoparticles, Ag-TiO,
nanoparticles showed much more agglomeration with a diameter around 30 nm for the smaller
nanoparticles and up to about 90 nanometers for the larger nanoparticles as depicted in Figure
4.2 b). Although, the micrograph obtained did show sporadic agglomeration of nanoparticles in

some areas for both the pristine and Ag-doped nanoparticles, distinct information about the
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internal structure could still be extracted to determine the particle size of the nanoparticles and

lattice fringes spacing as will be seen later.

4.1.3 Phase composition

1.1.1.2 X-Ray Diffraction (XRD)

The phase composition and crystalline structure of the synthesized nanoparticles were
investigated through powder X-ray diffraction (XRD). The XRD results obtained were refined
with crystal-impact software called MATCH to remove the noise and obtain only the available

peaks from the diffraction pattern of the sample analyzed.
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Figure 4.3: XRD patterns of the a) pristine TiO, and b) 2.5 % Ag-TiO, composites films with

substracted 1TO substrates peaks.

The XRD patterns of the pristine TiO, and the Ag/nano-TiO, composite compact film are
presented in Figure 4.3 a) and b). The spiky and intense peaks in spectra are an sign of the
presence of crystalline films. Most of the main diffraction peaks at 25.29 ° (101), 37.69 ° (004),
51.97 ° (105) and 54.91 ° (211) agree with the JCPDS values (PDF Card No: 00-021-1272)
which match to the crystal structure of anatase phase of TiO; [1]. As opposed to the diffraction
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peaks of the pristine TiO,, the peaks of the Ag-TiO, composite compact film in (26 = 38°) and
(26 = 45°) are considerably larger, while the other peaks stay almost the same as in the pristine
which was expected as seen in Figure 4.3 b). One very important aspect to note is the fact that
the peaks of the Ag-TiO, composite compact film in (20 = 38°) and (26 = 45°) are not observed
at all in the pristine compact-TiO, films. The peaks at diffraction angles (20 = 38°) and (20 =
45°) are attributed to the specific diffraction peaks of the (111) and (200) crystal planes of Ag
with the standard anatase PDF card, respectively. Additionally, there is no clear shift in any of
the diffraction peaks, suggesting that no trace of the Ag oxide phase was found in the prepared
samples. It is possible to observe that all the distinctive diffraction peaks of the anatase TiO;
phase (101), (004), and (105) are seen-in Figure 4.3 a) and b). The full-width at half-maximum
is similar for the most intense peak of the anatase diffraction phase (101)of both the pristine TiO,
compact film and the Ag-TiO, composite compact film. This is an indication that the crystal

structure of TiO; barely changes with the development of the Ag-TiO, composites.
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Figure 4.4: SAED micrograph of the a) pristine TiO,, and b) Ag-TiO, nanoparticles confirming the

hkl miller index (planes) found inthe XRD spectra.

Selected Area Electron Diffraction (SAED) was obtained from HR-TEM which revealed and
confirmed that the nanoparticles were crystalline as seen in Figure 4.4 a) and b). The planes
found in XRD plot in Figure 4.3 above were also observed in the SAED image obtained, which
confirms the anatase phase composition of the synthesized nanoparticles. The images obtained
from SAED analysis, shows that both the pristine TiO, and Ag-TiO, were crystalline. The higher
crystallinity displayed by Ag-TiO, translated into a high electro-activity which was the expected
outcome with improved photocatalytic property as seen from the discussions of electrochemistry
of the thin films and their optical properties which leads to a possible correlation between high
crystallinity and electro-activity as the least crystalline of the nanoparticles TiO, displayed a

lower electro-activity when compared to Ag-TiO, which was more crystalline.
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Figure 4.5: HR-TEM image of a) pristine compact-TiO,, b) Ag-TiO, showing the lattice fringe and
d-spacing values of the lattice.

The lattice fringe images obtained for the synthesized nanoparticles further confirms that the
nanoparticles were crystalline and the d-spacing value of the lattice fringes were

assigned as can be seen in Figure 4.5 a) and b) above.
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4.1.4 Elemental composition

1.1.1.3 Energy Dispersive Spectroscopy (EDS)
The elemental composition of the prepared thin films was evaluated using Energy Dispersive X-

ray spectroscopy (EDS) as shown in figure 4.11.
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Figure 4.6: EDS images of a) Pristine TiO,and b) Ag-TiO, composite films with substracted ITO

substrates peaks.

Figure 4.6 a) and b) displays the EDS results obtained for both the pristine TiO, and Ag-TiO,
films surface with subtracted ITO substrate peaks. The EDS spectra of the prepared thin films
showed all the elements expected for the samples analyzed. Figure 4.5 a) shows the pristine
TiO, spectra, where the presence of titanium, oxygen and carbon can be observed. The same can
be seen in Figure 4.5 b) which shows the Ag-doped TiO, spectra, where the presence of
titanium, oxygen and carbon can be observed, however silver is present as well. Silver particles
were spotted in different points. Carbon grids were used for SEM analysis, hence the presence of
carbon in the spectra. Overall the EDS analysis provided a semi-quantitative elemental analysis

of the surface showing that Ti and Ag appeared on the surface.
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1.1.1.4 Fourier Transform Infra-red Spectroscopy (FTIR)
Fourier transform infra-red spectroscopy (FTIR) was used to identify the functional groups in the

prepared pristine TiO, and Ag-TiO; thin films.
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Figure 4.7: FTIR spectra of a) pristine TiO,, b) 0.5% Ag-doped TiO,, ¢) 1.5% Ag-doped TiO, and

d) 2.5 % Ag-doped TiO, thin films on ITO substrates recorded at room temperature.

Figure 4.7 a), b), ¢) and d) shows the FTIR spectra of the pristine TiO, and Ag-TiO, thin films
prepared at different percentage doping. From the vibration bands obtained from the spectra of

each of the analyzed films, we can notice the presence of a broad band appearing in the range of
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3330-3400 cm™ which is attributed to the O-H stretching vibration and band in the range of
1630-1640 cm™ attributed to Ti-O-H bending vibration which is present as a result of the
chemically adsorbed water molecules. The broad band at 450-850 cm™ represents the Ti-O

bending mode of vibrations which corroborates the presence of metal oxygen bonding [2].

4.1.5 Optical Absorption

1.1.1.5 UV-Visible Spectroscopy (UV-Vis)

1.4 20
pristine TIO —— pristi
2] A ) 2 b pristine TiO,
——0.5 % Ag-TiO, —— 0.5 % Ag-TiO,
— 10 1.5 % Ag-TiO, 154 1.5 % Ag-TiO,
2 ——2.5% Ag-TiO, o ——2.5% Ag-TiO,
L o8 e
8 >
g 0.6 2z
S 2
a 0.4 4 E
<
0.2 4
0.0 4 0 11
-0.2 T T T T T T T T / T T
300 400 500 600 700 800 22 24 2.6 2.8 3.0 3.2 3.4 3.6
Wavelength (nm) Energy (eV)

Figure 4.8: a) UV-Vis absorption spectra of pristine TiO, and Ag-TiO, composite compact films b)

Tauc plot for bandgap calculation of the pristine TiO, and Ag-TiO, composite compact films.

The UV-Vis absorption spectra results are shown in Figure 4.8 a). By doing a comparison of
the optical absorption curves of the Ag-TiO, composite compact film, it is clear that, as the
percentage of Ag augments, the absorption is progressively enhanced; the 2.5% Ag/nano-TiO,
composite compact film shows the highest amount of absorption. The Ag-TiO, composite
samples have higher absorption than the samples that do not contain Ag in the visible light
region, which is mostly attributed to the surface plasmon resonance (SPR) of the metallic Ag

nanoparticles in the Ag-TiO, composite compact film [3-6].
Figure 4.8 b) shows the Tauc plot obtained from the absorption of the undoped and Ag doped

TiO; films. The graph was rescaled on the x-axis so it starts from 2.2 eV and ends at 3.6 to make
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sure the area of interest was highlighted and clearly visible. As the ratio of Ag doping rises from
0% mol to 2.5 % mol, the band gap values are reduced. It can be observed that the band gap and
absorbance spectra corroborate each other. These observed findings demonstrate that doping can
potentially decrease the width of the forbidden band of TiO, thin films. The range of values
found in the literature for the band gaps of anatase lie between 3.20 and about 3.56 eV [7]. In our
specific study, though the band gap of undoped TiO, film is 3.23 eV, it obviously decreased to
3.04 for 2.5 % mol Ag doped TiO, film. A potential process behind the decreasing band gap of
Ag-doped TiO; films could be that lattice distortion occurred with doping Ag ions in TiO, and
produced the contamination level in the forbidden band of TiO,. Adsitionaly, it can be speculated
that fermi level of TiO, is higher than that of loaded silver. Silver deposits behave as
buildup/accumulation sites for photo-generated electrons transferred from TiO, [8]. Effective
separation of electrons and holes can therefore be reached by raising the silver content up to the

optimum proportion.

The trend observed with the reduction in band gap as the Ag percentage doping is increased is
indicative that the impact of silver within a perovskite solar cell device would be that of
increasing the the light absorption of the electron transport layer (ETL) therefore allowing the
absorbing layer to use the light received much more efficiently, which in turn could ultimately

result in an improvement of the overall power conversion efficiency of the device.

Table 4.1: Band gap values of the undoped TiO, and Ag doped TiO..

Film Eg (eV)
0 % Ag-TiO, 3.23
0.5 % Ag-TiO, 3.18
1.5% Ag-TiO, 3.11
2.5 % Ag-TiO, 3.04
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4.1.6 Electrochemistry

1.1.1.6 Cyclic Voltammetry (CV)

In order to evaluate the electronic behavior of the blocking layer, cyclic voltammetry study was
done. The electro-activity of the prepared thin films was investigated using a 5 mM KsFe(CN)g
in 0.1 M KNO;s electrolyte. The potential window used for the investigation was -1.0 V to +1.0
V. The precursor materials that were investigated were bare ITO, pristine TiO, coated ITO, 0.5
% Ag-TiO, coated ITO, 1.5 % Ag-TiO, coated ITO and 2.5 % Ag-TiO, coated ITO. It is
important to note that the bare ITO was also studied to clearly observe the trends in changes in
conductivity of the coated layers by comparison. Scan rates of 10 mV/s, 50 mV/s and 100 mV/s
were studied for each of the layers studied, but 50 mV//s was chosen as the optimal scan rate

which was used ultimately used for the study.

A three-electrode system comprising of working electrode, counter electrode and reference
electrode was used. The working electrode used was ITO coated glass substrate coated with the
materials while the counter electrode was a platinum electrode and the reference electrode used
was a Ag/AgCI reference electrode in 3 M KCI. As scan rate was initiated, potential was applied
to the material within the potential window, at a characteristic potential value the materials
responded with a current peak assuming they exhibit electrochemical behavior within that
window. The voltammograms of the precursor materials that showed cathodic and anodic peaks

are summarized in Figure 4.8 a) to d).
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Figure 4. 9: Cyclic voltammograms of a) bare and TiO, coated ITO b) bare and 0.5 Ag-TiO, coated
ITO ¢) bare and 1.5 % Ag-TiO, coated ITO and d) bare and 2.5 % Ag-TiO,-coated ITO. The

analyses are recorded at scan rate of 50 mV. s in a5 mM of K;Fe(CN)s with 0.1 M KNOs.

As seen in Figure 4. 9 a), the presence of the spin-coated pristine TiO; slightly decreases the
anodic and cathodic currents with respect to a bare 1TO electrode which is in this case very good
as it confirms the assumption we made in the morphological analysis that there were no
observable pinholes on the surface of the layer. However the shape of the curves, the peaks shift
and the current variations, do suggest some substantial change of the electrode surface as already

confirmed by the morphological analysis.
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Compared to Figure 4. 9 a), the behavior of the 0.5% Ag-TiO, is much different as seen in the
cyclic voltammogram shown in Figure 4. 9 b). Here, what is observed is that there is a much
larger decrease the anodic and cathodic currents with respect to the bare ITO electrode not at
very negative potentials. This decrease is accompanied by the appearance of much smaller
cathodic and anodic peak which are quasi inexistent at -0.1 and 0.4 V, which in this case would
be associated to the influence of the Ag nanoparticles. However the trend observed with the
increase in Ag percentage observed in Figure 4. 9 b) through to d) is that there is once again an
increase in anodic and cathodic peak currents. This is an indication that even though the TiO; is
acting as a blocking layer limiting the interaction between the electrolyte and the ITO electrode,
the presence of the Ag within the TiO, layer makes the substrate more conductive. This trend
alone is indicative that the impact of silver within a perovskite solar cell device would be that of
increasing the electron charge transfer to the electron transport layer (ETL) and which could

ultimately result in an improvement of the.overall power conversion efficiency of the device.
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4.2 Device characterization

4.2.1 1-V measurements
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Figure 4.10: 1-V characteristics of PSC devices based on different contents of Ag-TiO, composites

compact films under AM 1.5G irradiation (100 mW.cm™).

The PSC devices’ performance was evaluated under AM 1.5G irradiation (100 mW cm). Each
Each step involved in the fabrication the PSC device was done in ambient air and at a moisture
level of about 60%. Humidity was one big issue that had to be addressed as the device
degradation was accelerated by it. Then, the PSC devices were kept in a drying box. The |-V
curves of the PSCs with the pristine compact film and the 0.5, 1.5, and 2.5 % Ag-TiO, composite
compact films are shown in Figure 4.10 and the corresponding photovoltaic parameters are

listed in Table 4.2.
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The data in Table 4.2 demonstrate that Jsc improves progressively with the increase Ag amount
except for the 2.5% Ag-TiO,; the PSC device with the 1.5% Ag-TiO, composite compact film
has the highest Jsc and achieves 0.36 mA.cm™. However, with the increase in the content of Ag,
the PSC device with the 2.5% Ag/nano-TiO, composite compact film has the lowest Jsc and
PCE, because a high content of Ag lowers the electron conducting role of the TiO, and the Ag

impurities also act as a recombination center, resulting in lower Jsc and PCE values [9].

Table 4.2: Summarized parameters of PSC devices based on 0-2.5 % Ag-TiO2 composite compact

film.
Samples Ve (V) Jsc (MA.cm™) FF (%) PCE (%)
0 % Ag-TiO, 0.17 0.15 0.36 0.01
0.5 % Ag-TiO,  0.60 0.30 0.50 0.09
1.5% Ag-TiO,  0.73 0.36 0.51 0.14
2.5 % Ag-TiO,  0.70 0.25 0.48 0.08

It can also be observed from Table 4.2 that the open-circuit voltage (Voc) difference is quite
important for the PSC devices with different contents of the Ag-TiO, composite compact film. It
is known that Voc is determined by the CB of TiO, and the perovskite in the PSC device, which
means that the addition of Ag into the TiO, nanocrystal has had a significant impact on the CB of
TiO,. In general, the perovskite solar cell with the 1.5% Ag-TiO, composite compact film
exhibits the highest PCE of 0.14 % and Jsc of 0.36 mA cm™, representing a 140 and 130 %
increase compared to the PSC device without Ag. The percentage increase is extremely high, so
one reason for this could be whether the layers were compact enough and well deposited on top
of each other during the fabrication process as any irregularities during that process could

potentially affect these parameters which may results in situation such as this.
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Chapter 5 Conclusions and Future work

This chapter gives a summary of the outcome of the research done in this thesis. It also gives
recommendations with regards to some of the objectives that were not met and the way forward

in order to improve and the results obtained from the J-V measurements of the solar cells.
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5.1 Conclusions

Perovskite solar cells have had a substantial progression in terms of power conversion efficiency
going from 3.8% to over 22% since 2012. Tandem perovskite-based solar cells have had an even
better increase with PCEs reaching as high as 26.7%, setting a new record in the history of
photovoltaic technology. A lot of research efforts have been put in place in order to both improve
PSCs efficiency and attain a much deeper understanding of the perovskite materials’ outstanding
electrical and optical properties, such as largely-tunable band gaps for light absorption, high
absorption coefficients, large carrier diffusion lengths, great carrier mobility, have been
established during the past few years. The PSCs currently researched on already have combined
structural advantages of both DSSCs and thin film P\ ever since the discovery of perovskite and
have become one of the main contenders to Si-based PV dominant market share, not only owing
to its record 22.1% efficiency for small area but also for comparable larger-area device

efficiency.

With the above mentioned facts in mind, the aim of this project was to develop efficient and
cost-effective solar cells through the process of synthesis, fabrication, optical and
electrochemical characterization of Ag-TiO,/Perovskite/ Spiro-OMeTAD-based PSCs. The PSCs
were fabricated with different doping percentages of Ag in the electron transport layer which in
this case was TiO, to form Ag-TiO, composite films. The addition of the Ag to the TiO,
drastically improved the light absorption of the TiO, in the visible light region as was confirmed
by the UV-Vis results and band gap values obtained from it. This same trend was also seen in
the built PSCs devices. This improvement was due to the resonance plasmon effect of the
metallic Ag nanoparticles present in the Ag-TiO, composite compact films. Due to the addition

of the Ag nanoparticles, an improvement in the conductivity was observed as seen with CV
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results which in turn decreased the charge transfer resistance of the PSC device and the cells
performances clearly improved. However compared to the TiO, without Ag, only one device

containing 1.5 % Ag-TiO; achieved higher PCE of 0.14%.

5.2 Recommendations

The above research project indicated that there is truly a great potential for PSCs if the stability
the cells as well as fabrication process and conditions is improved. In this work as was observed
in the results obtained from the J-V measurements very low current output was obtained leading
to the overall efficiencies of the devices being very low. Therefore, in order to remediate to this
issue, very careful attention needs to be put first of all on the layer deposition techniques used.
We know form literature that the devices with the good and even layer homogeneity obtain in
most cases the best efficiencies. Secondly careful attention needs to be put on the monitoring of
the layer thickness as it is also a very critical parameter that needs to be taken into account if

higher efficiencies are going to be achieved.
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