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ABSTRACT

‘Hybrid Lead Halide Perovskite Thin Films and Solar
Cells by Chemical Vapour Deposition’

S. Nggoloda

PhD. Thesis, Department of Physics and Astronomy, University of the
Western Cape

The organic-inorganic hybrid perovskites such as methyl ammonium lead iodide (MAPDI3)
or mixed halide MAPDbI3«Clx (x is usually very small) have emerged as an interesting class of
semiconductor materials for their application in photovoltaic (PV) and other semiconducting
devices. A fast rise in PCE of this material observed in just under a decade from 3.8% in 2009
to over 25.2% recently is highly unique compared to other established PV technologies such
as c¢-Si, GaAs, and CdTe. The high efficiency of perovsKites solar cells has been attributed to
its excellent optical and electronic properties. Perovskites thin film solar cells are usually
deposited via spin coating, vacuum thermal evaporation, and chemical vapour deposition
(CVD). The spin-coating methods have some challenges, which include incomplete surface
coverage, use of solvents which promotes film instability, and lack of reproducibility. Thermal
evaporation on the other hand requires the use of dedicated ultrahigh vacuum systems and is
not easily scalable.

Here a sequential low-pressure CVD method was developed to prepare perovskites thin
films starting by optimising the deposition of lead halide (PbX2) thin films in the first step and
subsequently converting these to perovskite phase in the last step. The optimisation study was
carried out by investigating the effect of substrate temperature during the deposition of these
PbX> films, namely: lead iodide (Pbl2) and lead chloride (PbCl2), independently. Highly
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crystalline films were realised for both lead halide compounds with Pbl, films showing high
texture compared to reduced texture of the PbCl> films based on the X-ray diffraction results.
Large lateral grain sizes were observed for the Pbl> films with flat platelets grain morphology

compared to smaller columnar grain shapes of PbCl; films.

The Pbl> films were then converted to perovskite phase during their exposure to methyl-
ammonium iodide (MAI) vapour using the same reactor forming a methyl-ammonium lead
iodide (MAPbI3) perovskite films in second step of the process. Different exposure times were
investigated with complete conversion realized after 90 minutes of exposure forming a
perovskite with large grains. The coverage and quality of the perovskite thin films is controlled
by that of the pre-deposited Pbl. film. The absorbance measurements confirmed air stability of
the fully converted perovskite for 21 days, ascribed to its superior morphology and grain size
and a planar perovskite solar cell had a best power conversion efficiency of 11.7%. The solar
cell device maintains 85% of its performance up to 13 days in open-air with relative humidity

up to 80%.

Further, Cl-doped perovskite (MAPbIz.xCly) film solar cells were prepared by this facile
sequential chemical vapour deposition method where chlorine containing lead halides were
employed, i.e., lead chloride and lead chloride iodide (PbICI). The lead chloride iodide films
were prepared by depositing PbCl, and then Pbl, on top and these films reacted together
forming this new phase (PbICI). A complete substitution of Cl ions by iodine ions was realised
during the conversion of the PbCl> and PbICI films to perovskite phase. Cl doped perovskite
solar cell showed improved device efficiency of 10.87% compared to un-doped perovskite
solar cell which had PCE of 8.76% attributed to improved open circuit voltage of the Cl-doped

perovskites.
August 2021
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CHAPTER ONE

Background: Energy Mix and Photovoltaics

Solar cells

1.1 Introduction

Humanity’s survival, sustainability, and development requires electricity as a basic need for
cooking, lights, heat, transportation of goods, agriculture, communication, industrial evolution,
and any other survival necessities. Unfortunately, a vast amount of energy is required to meet
these basic human needs and that comes with great impact on the environment, such as the

emission of greenhouse gases to the atmosphere causing global climate change [1.1 — 1.5].

The major source of electricity generation globally is based on combustion of fossil fuels
such as coal, oil, and natural gas as shown in Figure 1.1. The combustion of fossil fuels results
in emission of carbon dioxide (COz), which rises to the atmosphere and in turn causes a rise in
earth’s surface temperature — a process known as global warming. Fossil fuels are a result from
plant and animal remains buried underground millions of years ago and as such they are
depleting and soon the world will be out of electricity generating sources. This depletion of
fossil fuels has resulted in high global sale competition causing a rise in their prices, with
developing countries bearing the brunt. Due to the depletion of fossil fuels and their global
warming effects, new sources of energy are required and must be environmentally benign,

sustainable, renewable, and have low CO; emission [1.1 — 1.5].

Clean and renewable energy generating technologies exist around the globe, but their
contribution to the global energy mix is still very low compared to energy generated from fossil

fuels, even in the well-developed regions such as the North America, Europe and East Asia
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CHAPTER ONE

(see Figure 1.1). With more research and development, the goal of using renewable energy
across the world will be achieved, depending on the economic stabilities of the respective
regions or countries. Indeed, a steady rise on the use of renewable energy have been observed
over the years as shown in Figure 1.1, even though this rise is in accordance with the increase

in fossil fuel uses and that is due to increasing global energy demand [1.1 — 1.5].

B Coal
B Renewables
W Hydroelectricity

B Nuclear energy
W Natural gas
m Oil

(2011x) 1ud[eAINDA 10 SouU0) WOIIIIA

Figure 1.1: Global energy consumption by fuel taken between 1993 and 2018 [1.3].

Renewable energy sources are naturally occurring sources that can be continuously
replenished in a short time scale and include biomass or bioenergy, geothermal energy, wind
energy, hydropower, solar energy, and oceanic energy. The application of these renewable
energy sources depends mainly on the suitability of the region or country. For example, wind
energy needs to be implemented in a region where the average wind speed per year is high
enough or solar energy implemented in a region with high solar radiation per year. The
economic stability and land availability are some of the major factors that need to be considered

when choosing an appropriate source of renewable energy. Solar energy is by far the cheapest

2
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CHAPTER ONE

and most available source of renewable energy. As such, the conversion of solar energy to

electricity is the leading research topic in renewable energy sources in the world [1.1 — 1.5].

A country like South Africa is the major electricity generating and consuming country in
Africa and depends mainly on coal generated electricity as shown in Figure 1.2. Therefore,
South Africa can utilise some of the renewable energy sources [1.3]. Alternative clean source
like hydroelectricity will not be suitable for South Africa due to the lack of water. Wind energy,
on the other hand, would require displacing humans as more land is required for this type of
renewable energy. This leaves solar energy as the most suitable source that should be
implemented and explored in South Africa, as this region receives high solar radiation per year

and solar power plants can be situated in desert lands.

The rate at which solar energy reach earth is about 10 000 times more than the rate at which
the world (humanity) consumes primary energy. If solar energy is converted to electricity
efficiently it could satisfy every human being in the entire world. Solar energy can be directly
converted to electricity using photovoltaic (PV) technology or indirectly using concentrated
solar power (CSP) systems. CSP systems concentrate the direct radiant energy towards a fluid
which is then used to generate electricity by means of turbines, like combustion of fossil fuels.
Photovoltaic technology on the other hand converts radiant energy directly to electricity by
means of photovoltaic effect, using solar panels (made up of solar cells). This converted energy
can be stored in batteries for later use when the sunlight is unavailable. Both technologies are
highly effective for clean energy generation suitable for developing countries like South Africa.

However, the cost of CSP surpass that of PV technology, making it undesirable [1.5].

3
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Nuclear Energy Renewables
Natural Gas 2% 2%
3%

Figure 1.2: Energy consumption in South Africa as in 2018, dominated by use of fossil fuel

(coal and oil) [1.3].

1.2  First Generation Solar Cells

The earth receives an abundant amount of solar energy per year and therefore it is sensible
to harvest this solar energy by converting it into electricity through photovoltaic technology.
Harvesting solar energy using photovoltaic technology will reduce the levels of CO, emission

to the atmosphere and hence reduce global warming effect.

Photovoltaic (PV) technology is based on the photovoltaic effect, which was first observed
by A.E. Becquerel in 1839. A deeper understanding of this phenomenon was only realised after
the development of quantum mechanics theory between 1900 and 1930 [1.6]. However, it was
only until 1954 that the first crystalline silicon (c-Si) based solar cell was reported with a power
conversion efficiency (PCE) of 6% [1.6]. Crystalline silicon has since been developed over the
years reaching a PCE above 24%; and now makes up over 90% of commercially available solar

cells and panels [1.6, 1.7].
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Crystalline Si includes mono-crystalline and polycrystalline silicon (Figure 1.3) and their
drawback is the indirect band gap of the material (band gap of ~1.1 eV), resulting in poor light
absorption in the near infrared [1.6 — 1.8]. Solar panels based on c-Si are called first generation
solar cells and have a high cost. This high cost is due to the expensive purification process to
produce single-crystal c-Si (through Czochralski process) and to the required thick wafers
(~500 um thick) to achieve better light absorption [1.8]. Despite the high-cost, these c-Si based
solar cells/panels have seen great achievements in terms of PCE, mainly due to improve light
trapping methods and optimised doping with boron or phosphorus to form extrinsic silicon [1.6
—1.8]. Since the global aim is to reduce the cost of photovoltaic technology, while maintaining
a high PCE, other generations of solar cells have been developed over the years that includes

thin films (second generation solar cells) and third generation solar cell technologies.

Monocrystalline Polycrystalline
silicon solar cell silicon solar cell

Figure 1.3: Photographs of Monocrystalline and polycrystalline silicon solar modules [1.8].

1.3 Second Generation Solar Cells

Thin film PV technologies are based on thin film semiconductors of few micrometres in
thickness compared to hundreds of micrometres of crystalline silicon. This technology was

developed as means to reduce the production cost of solar panels based on c-Si. Hydrogenated

5
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amorphous silicon (a-Si:H), cadmium telluride (CdTe), and copper indium gallium selenide
(CIGS) are the most studied thin film-based technologies and are available in the market [1.7,
1.9, 1.10]. Among these thin film semiconductors, a-Si offers better advantages such as thinner
optimum film thickness of about 1 um with an improved absorption coefficient. CdTe requires
between 3-5 um of film thickness and contains toxic cadmium and rare tellurium, whereas
CIGS require between 1-2 um film thickness with rare earth indium and gallium metals,

making this semiconductor expensive to produce and commercialise [1.7].

The other interesting property of these thin films is their direct band gap, implying that they
can absorb sufficient light while using a thin layer. The band gap of a-Si:H is tunable in the
region 1.2 - 1.8 eV depending on the hydrogen concentration. CdTe has a band gap of 1.4 eV
and CIGS has a tunable band gap ranging between 1.0 eV and 1.6 eV with varying chemical
composition [1.7]. Research in a-Si:H solar cells began in 1976 with an initial power
conversion efficiency (PCE) of 2.4%, which has risen to 13.6% for a triple junction solar cell
and a stabilised PCE of 14% [1.7, 1.11]. A typical solar cell structure of a-Si:H composes of a
transparent conductive oxide (TCO) layer, such as indium tin oxide (ITO), deposited on a glass
substrate. This is followed by the consecutive deposition of a p-type a-Si:H layer, an intrinsic
a-Si:H layer, and an n-type a-Si:H, forming a p-i-n junction cell, which is finally coated with

a Ag metal electrode [1.7].

CIGS on the other hand has a device structure composed of Mo layer deposited on glass
substrate followed by p-type CIGS (CulnGaSez), n-type CdS serving as a buffer layer, intrinsic
ZnO layer followed by aluminium doped ZnO layer as a transparent electrode. CIGS research
also dates to the same year as a-Si (1976) with first reported PCE of 4.5% which has reached
23.4% recently after further optimisation of the absorber layer including doping with alkali

elements [1.7, 1.11]. CdTe research started four years earlier than the two technologies in 1972

6
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where a PCE of 6% was first reported and now has reached 22.1% for lab scale cells [1.7, 1.11].
Different device structures of CdTe solar cells have been investigated over the years but a
typical structure is made of glass substrates coated with tin oxide layer, followed by CdS layer,

then a CdTe absorber and finally a metal back contact.

Even though these technologies are available in the market, they still face major problems
such as electronic issues with a-Si due to its structural short-range order and dangling bonds
which reduces minority charge carrier diffusion lengths resulting in poor device performances.
As noted before, CdTe solar cells poses treats due to toxicity of Cd in both the producers and
consumers of the final device, and tellurium is rare. Indium and gallium are both rare, toxic,
and expensive; making CIGS another undesired PV based technology. Other thin film-based
technologies are gallium arsenide (GaAs) and copper zinc tin sulphide/ selenide (CZTS/Se),

with the later derived from CIGS technology [1.7, 1.9].

1.4 Third Generation Solar Cells

In contrast to the thin film solar cells, third generation solar cells involve solution processed
semiconductors at lower temperatures and at low cost. These includes organic or polymers,
inorganic, hybrid, and some nanostructured solar cells [1.6, 1.12, 1.13]. Organic solar cells are
based on semiconducting polymer/fullerene blends as the photoactive layer of the device. The
first device efficiency of an organic solar cell was reported in 1986 with 1% PCE from a
semiconductor bilayer where PCE depended on the interface properties of the two materials

[1.7,1.9, 1.12, 1.13].

The widely studied polymer/fullerene is poly(3-hexylthiophene):phenyl C61-butyric acid
methylester (P3HT:PCBM) as an absorber often deposited on a hole transport layer and has
achieved PCE of more than 7% [1.7, 1.9, 1.12, 1.13]. Here, P3HT is a p-type polymer material

7
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and acts as donor material, whereas PCBM is an n-type fullerene acting as an accepter [1.7,
1.12, 1.13]. The conduction band of the organic semiconductor is referred to as the lowest
unoccupied molecular orbital (LUMO) and the valence band ss the highest occupied molecular
orbital (HOMO). During operation of the organic solar cell, light is absorbed by the photoactive
blend and an electron-hole pair called exciton is generated within the donor material (P3HT).
The photo-excited electron (after the generation) hops from the LUMO of the donor material
(P3HT) to the LUMO of the acceptor material (PCBM). This electron will then be collected on
the back metal contact usually aluminium and the hole is transferred to the transparent electrode

such as ITO through a hole transport layer [1.7, 1.12, 1.13].

The conventional architecture of organic solar cells can be fabricated at low temperatures
when employing solution processed charge transport layers. Metal oxides are also employed
as charge transport layers for the inverted structure of organic solar cells such as titanium
dioxide (TiO2), zinc oxide (ZnO), and tin oxide (SnO), but this architecture is undesirable due
to high temperatures required to prepare these metal oxides. Other different polymers and
fullerene derivatives have been tested in organic solar cells to improve on the device efficiency,
yielding the highest PCE of an organic solar cell at 16.5% [1.7, 1.9, 1.12, 1.13]. Even though
organic based cells can be deposited through solution methods at low temperatures and are
environmentally friendly; they produce low efficiencies and both commonly used P3HT and

PCBM fullerene are expensive due to their lengthy and complicated purification process.

Another interesting third generation based solar cell technology is the dye sensitised solar
cells (DSSC) or Gratzel cell named after its inventor Michael Gratzel [1.6, 1.12, 1.13]. DSSC
were developed in the early 1990’s as means of reducing photovoltaic technology cost based
on c¢-Si with initial PCE of around 7% [1.12, 1.13]. The solar cell usually composed of a

transparent conductive oxide substrate coated with a wide band gap semiconductor

8
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nanomaterial such as n-type TiO2 or ZnO, or a p-type nickel oxide. A sensitising dye e.g.,
iodine is coated on the semiconductor nanoparticles and acting as the photo absorber layer. An
electrolyte containing redox mediator is also required and the device is completed with a

counter electrode such as carbon or platinum [1.7, 1.12, 1.13].

During operation incident photons are absorbed by a dye sensitizer thereby photo exciting
electrons from the ground state to the excited state of the dye. The excited electrons are then
injected to the conduction band of the semiconductor nanomaterial in which this conduction
band lie below the excited state of the dye. These generated electrons are collected by the
electrode before they recombine with holes. Due to extensive research in DSSC with
optimisation of the dye around the nanomaterials highest device PCE of about 11.9% has been
achieved [1.12, 1.13]. The research in DSSC have further led to the discovery of organic-
inorganic hybrid perovskite solar cells, which have seen fast increase in record PCE since 2009

[1.12, 1.13].

1.5 Perovskites Solar Cells

151 Introduction

Organic-inorganic hybrid perovskite thin films are an emerging thin film based
semiconducting material competing for the next generation solar cell technologies. These
perovskite thin films have been widely investigated in the past few years for applications in
solar cells, lasing, light-emitting diodes, and photodetectors [1.14 — 1.16]. Perovskite, which
was named after Russian mineralogist L. A. Perovski, was at first referred to a calcium titanium
oxide mineral (CaTiOz) adopting a chemical formula of ABX3 format as shown in Figure 1.4(a)
[1.17, 1.18]. In hybrid organic-inorganic perovskites the structure is slightly altered with ‘A’

position commonly occupied by methyl-ammonium, MA (CH3NHs*) or formamidinium, FA

9
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(CH[NH:]2"), both organic; or inorganic caesium (Cs*) monovalent cations. This monovalent
cation is enclosed by an octahedral cage of metal cations such as lead (Pb?*) or tin (Sn?*) at ‘B’
position bonded to halide anions, iodine (I7), chlorine (CI7), bromine (Br~) or their mixtures,
occupying position ‘X’ as shown in Figure 1.4(b) [1.17, 1.18]. The common perovskite thin
films composition is methyl-ammonium lead iodide, MAPDbI3 (CH3sNH3Pbls), or mixed halide

perovskites such as MAPbI3—<Clx and MAPDI;—«Brx (x = 1-2) [1.14 — 1.18].

ABX;— CaTiO; ABX; - Hybrid
@) (b) Perovskites

Figure 1.4: (a) Schematic of the oxide-based perovskite (CaTiOz3), (b) the hybrid organic-
inorganic perovskite showing the octahedral cage surrounding the A site ion, e.g.,

MA* [1.17, 1.18].

The extensive interest in hybrid perovskites in these recent years, especially for their
application in PV technologies, is motivated by their high-absorption coefficients (i.e., high
absorption over visible spectrum), long-range balanced charge (electron and hole) transport,
low cost, and simple deposition techniques [1.14 — 1.18]. Other impressive properties of these
perovskites are their suitable direct bang gap that is tunable between 1.5 eV and 2.2 eV, high
carrier mobility, and long-range carrier diffusion lengths [1.17]. Single crystalline hybrid

perovskite in particular MAPbIs and mixed halides counterparts possess a remarkably low trap-
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state density and low recombination rates, which is comparable to high quality single

crystalline silicon solar cells [1.19].

The research in hybrid perovskite began in 2009 from a report by A. Kojima and co-workers
[1.20] where the perovskite compounds CH3NH3PbBrs and CHaNHzsPbls were used as visible-
light sensitizers in photo-electrochemical cells, achieving a PCE of 3.8%. Three years later, the
efficiency of perovskite based solar cell significantly increased to about 10.9%, as reported by
Snaith et al. [1.21]. Since then, the research has intensively progressed together with great
improvements in lab scale solar cell efficiencies with PCE surpassing 25% based on the data
provided by National Renewable Energy Laboratory (NREL) [1.11] as shown in Figure 1.5.
This clearly shows that perovskite films have opened doors for a new generation of solar cells,
and with further studies and an improved understanding of this material, the drawbacks related
to its operational stability will be rectified, allowing cheap and efficient solar cells.

Best Research-Cell Efficiencies EINREL
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Figure 1.5: National Renewable Energy Laboratory record efficiency chart of all the PV
technologies, insert shows a closer view to the recent efficiency records of

perovskites [1.11].
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152 Crystal Structure of Perovskites

Organic-inorganic hybrid perovskites are not new material but new in the photovoltaic field
[1.22, 1.23]. The structural properties are very important for thin films to assess their crystal
quality and X-ray diffraction (XRD) is one of the techniques that can be used for such
investigations [1.24, 1.25] Crystal structure properties of this material need thorough
investigation as there maybe impurities on the deposited films inhibiting device performances.

As showed in Figure 1.4(b) an ideal perovskite such as MAPDIs in cubic symmetry the Pb?*
is coordinated with six halide anions (I") forming eight corner sharing Pble octahedra. Each
octahedron is positioned in the corner of a unit cell at position (h k 1) = (0 0 0) and in this
arrangement one Pb?* ion is coordinated with four |- ions on the equatorial direction (in the
same horizontal plane) and two I~ ions on the epical direction (vertical plane) with Pb?*
occupying the centre of the octahedron. Further from this arrangement I~ ions are sitting on the
face centres of this ideal unit cell occupying the position (¥4 ¥4 ¥4). The octahedra cage encloses
the MA* (CH3NH3") ion, sitting at the centre of the unit cell at position (Y2 ¥ %) and further
coordinated with twelve I~ ions through hydrogen bonding thus forming a cuboctahedron [1.26,

1.27,1.28].

Discussed above is the ionic coordination in MAPDI3 perovskite structure according to the
cubic symmetry. There are criteria used to estimate the formation of perovskite materials and
those are Goldschmidt tolerance factor (t) and the octahedral factor (u) [1.27, 1.28]. These
factors are related to the bond lengths (r) between the MA™ (at site ‘A”) and the I” ions (at site
“X) given by 145 and between Pb?* (as ‘B’) and ‘X’ denoted by 7. The ions are assumed to
be touching each other and thus the bond lengths are the sum of the effective ionic radii, where

Tax =Ty+ 1y and rgy = 15 + 1y [1.27, 1.28].
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The Goldschmidt tolerance factor is thus given by:

t = rAx _ rag+ry
~ V2xrpx V2 x(rg+ry)

eq.(1.1)

And the octahedral factor is:

H = E eq.(1.2)

Cubic symmetry perovskites are estimated to exist if the Goldschmidt tolerance factor lies
between 0.76 and 1.13 but the stability is not guaranteed and thus the range have been lowered
to a more probable range between 0.8 and 0.9 based on the effective ionic radii of some of the
known perovskite material. Kim et al. [1.28] calculated the tolerance factor for the MAPbXs3,
where X again is I, Cl, or Br using 180 pm ionic radii for the MA*, 119 pm for Pb?* and ionic
radii for I, CI, Br~ being 220, 181, and 196 pm, respectively, (1 pm = 1x1072 m). The group
obtained tolerance factors of 0.83, 0.85, and 0.84 for X =1, Cl, and Br, respectively, which lies
within a good estimation range for perovskites structures [1.28]. To further verify whether the
perovskite will form, the octahedral factor must lie between 0.442 and 0.895. Based on the
ionic radii given for the previous halides the octahedral factors of 1", CI", and Br~ based
perovskites would be 0.54, 0.66, and 0.61, respectively, when using equation 1.2 which also
lies within the accepted range of possible perovskite formation. With good estimate of the ionic
radii of all the specific perovskite ionic composition, the perovskite formation may be

estimated from those two equations (eg. 1.1 and 1.2).

Organic-inorganic halide perovskite are known to crystallise in cubic symmetry (space
group Pm3m) which is the highest and most predictable form via the tolerance and octahedral
factor criterions. However, all the MAPbI3 perovskites tend to transform the crystal phase upon

changes in temperature. Cubic which is the highest symmetry phase forms at high temperatures
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(above 330 K), transforming into lower tetragonal phase (space group 14/mcm) which is stable
between 330 K and 161 K, and then lower symmetrical orthorhombic phase (space group
Pbnm) is stable at very low temperatures (below 161 K) [1.24, 1.26, 1.29, 1.30]. These phase
transformations suggest that MAPDI3 perovskites at room temperature exist in tetragonal phase
and may transform into cubic phase during normal operational conditions of the solar cell. The
phase transformation was found to influence the calculated band gaps, increasing from ~1.3
eV in cubic phase to ~1.43 eV in tetragonal and ~1.61 eV for the orthorhombic phase [1.24].
During synthesis, the organic-inorganic halide perovskite requires annealing at higher
temperature ca. 100 °C and that means the perovskite will crystallise into cubic then transform
into lower symmetrical tetragonal phase during cooling. The cubic MAPbIz perovskite have
lattice constant (a) =~ 6.3 A, tetragonal phase has a = b = 8.80 A and ¢ = 12.68 A, with

orthorhombic having a~ 8.84 A, b=8.56 A, and c = 12.58 A [1.24, 1.25].

It is known that during phase transition of MAPDhIz perovskite from cubic to lower
symmetries the octahedral is distorted and tilted by an angle causing the structural changes due
to reduction in temperatures [1.29, 1.30]. The lattice parameters show that there is a much
stretching of the c-axis during cubic-to-tetragonal phase transformation followed by a slight
reduction in this axis during tetragonal-to-orthorhombic phase. In the cubic phase there is a
disorder in the MA" cation and a slight disorder in the I™ halide in which the MA™ has a free
rotation about the C—N (from CHsNHB3) axis giving it a pseudo-spherical symmetry [1.29, 1.30].
Upon transformation, the I~ becomes ordered in tetragonal phase but the MA™ ion is still
disordered, with perfect order allowed in orthorhombic phase and the rotation of MA"
restricted. It is hence believed that the cause of the phase transformation in perovskites is due
to the disorder-to-order changes of the MA* cation and that of the I” halide [1.24, 1.26, 1.30].

The ordering of the MA™ cation and its C-N dipole alignment has also resulted into the
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orthorhombic phase being the only stable phase of the MAPbI3 perovskites and inducing some

ferroelectric properties [1.26].

The cause of more structural stability in the orthorhombic phase has also been attributed to
the strong bond interaction between the MA™ cation and the inorganic matrix more specifically
the halide. There are 12 H-I bonds (hydrogen from MA" cation and iodide in the octahedra)
for the orthorhombic phase compared to 6 H-I bonds in the tetragonal phase [1.30]. Similarly,
the weak interaction between the hydrogen and the iodide in the Pble octahedral may be the
trigger of the disorder and thus structural instability in the higher symmetrical MAPbI3 phases.
The reason for this weak interaction is that hydrogen bonds more strongly on the more
electronegative nitrogen and carbon and weaker on the less electronegative iodine. These
conditions are relaxed in the orthorhombic phase which may be due to the reorientation and

distortion on the structure.

Quarti et al. [1.29] however observed no major effects on the properties of MAPbI3z and
MAPbI;.xClx upon phase transition from cubic to tetragonal and visa-versa. They carried
through their investigations by means of UV-Vis absorption measurements and based on the
external quantum efficiency measurements. No major differences were observed on the
absorption spectra of the cubic as compared to that of tetragonal. They observed a slight gradual
change in band gap from about 1.62 to 1.65 eV over the change in temperature from 290 to 400
K which is the range of the tetragonal-to-cubic phase transformation. The results were based
on their calculation and experimental results [1.29]. It was mentioned somewhere [1.24] though
that the structural changes should influence the band gap of this material leading to an influence
on its photovoltaic performance. It is in essence important to investigate these structural phase
transformations especially for the iodide-based perovskite as its tetragonal to cubic phase

transformation temperature is within the operating temperatures of the PV devices.
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Crystal structure evolution and organic-metal halide perovskite conversion during synthesis
are mainly investigated by means of XRD technique without any distractions to the thin films.
In most reports the XRD diffraction peaks of the MAPbIs films are assigned to the tetragonal
(14/mcm) structure which exist at room temperature [1.20, 1.31 — 1.33] even though others
indexed their XRD patterns to the orthorhombic (Pbnm) phase [1.21, 1.34 — 1.36]. Mixed halide
perovskite (MAPbIs-Cly) also crystallises with either tetragonal or orthorhombic with similar
XRD diffraction patterns as the MAPbIs [1.37-1.39]. Bhachu and co-workers [1.40] reported
on the existence of cubic MAPbIs with XRD measurements taken after deposition and cooling
to room temperature of the thin film, but the tetragonal phase was realised after several days of

storage in a dry box as shown in Figure 1.6(a).

Baike et al. [1.25] also reported on calculated XRD patterns emphasising more on the
difference between cubic and tetragonal phases, Figure 1.6(b). The group elaborated that the
(211) XRD peak at about 23° 24 is inconsistent with cubic symmetry and thus shows the
existence of a tetragonal phase similar to XRD results reported by Bhachu et al. [1.40]. XRD
is also used to assess the peravskite conversion level during deposition by tracking the presence
of impurities on the final film such as lead iodide (Pbl.) or the existence of excessive methyl-

ammonium iodide (MAI) and MAPDbCIs on mixed halide perovskites [1.41, 1.42].

The absence of these impurities usually inferred to a good quality of the deposited perovskite
films; similarly, their presence either demonstrates incomplete conversion or poor film quality
[1.41]. The presence of these impurities in their respects has bad impact on solar cell device
performance even though presence of Pbl, has been demonstrated to be helpful in passivating
perovskites grain boundaries [1.35]. These impurity-based peaks especially Pbl> peak has also
been used to investigate the stability of the perovskite films where the appearance of this peak

on XRD data after storage of the films shows that the perovskite is degrading [1.43].
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Figure 1.6: (a) Measured X-ray diffraction of as-deposited MAPDbI3 perovskite film in cubic
phase (bottom pattern) and after transformation to tetragonal phase during storage
(top pattern) [1.40], (b) calculated XRD pattern showing existence of tetragonal

peaks, inconsistent with cubic symmetry [1.25].

Level of crystallinity and the size of crystal grains are usually investigated by means of
XRD where sharper peaks suggest increased grain size and higher intensities showing good
crystallinity with excellent orientation of grains [1.44]. These changes are usually traced on the
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full width at half maximum of the most intense peak in which for tetragonal MAPbIz would be
the (110) peak and the changes may be investigated upon change in annealing temperature or

during storage of thin film samples [1.44].

There are few publications in literature reporting on the use of transmission electron
microscopy (TEM) to investigate these organo-metal halide perovskite absorbers by means of
high resolution-TEM (HR-TEM). The limitations on the use of HR-TEM are due to the
difficulties in avoiding sample damages by an electron beam due to fragile and instability
nature of hybrid perovskites [1.45 — 1.50]. Extra attention is required when preparing samples
for TEM characterisation of MAPDI3 as the long-time exposure to high voltage electron beam
may destroy the thin film leading to its decomposition into Pbl. and MALI. Focused ion beam
milling employing gallium source has been used to obtain the cross sections of the thin films
which are also used to probe atomic scales of these thin films and the studies have been carried

through successfully without major damages on the thin films [1.45 — 1.50].

153 Optical Properties of Perovskites

Optical characteristics of semiconductors for photovoltaic application are of most
importance to investigate as optical properties describes the material interaction with light.
High light absorbance of a thin film can have a positive impact on the final device performance.
Optical band gap of the semiconductor may be estimated from the measured optical response
(absorbance, transmittance, or reflectance). Measurements of optical behaviour of hybrid
perovskites are as well important as they can be linked to the device performances. Optical
absorption measurements are usually conducted through UV-Vis spectroscopy, spectroscopic
ellispometry, and photo-thermal deflection spectroscopy. Light absorbance per film thickness
i.e., absorption coefficient is a proper optical parameter that can be used to quantify the

absorbance of the film. Other important optical measurement for hybrid perovskites is the light
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induced charge carrier emission and transfer, measured through photoluminescence (PL)

spectroscopy.

Organic-inorganic hybrid perovskites thin films have broad band absorption over the entire
visible range of the spectrum. This wide absorption range is accompanied by high absorption
coefficient as shown in Figure 1.7(a) with values ranging between 2.5 and 9 um* at about 2
eV varying according to different reports as compiled by Green et al. [1.51]. The absorption

coefficient increases significantly at higher energies (about 3.5 eV) with values around 40 to
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Figure 1.7: (a) A comparison of MAPDI3 perovskite film absorption coefficients as measured
by different groups [1.51], and (b) perovskite absorption coefficient compared to

other market related semiconductors materials [1.52].

These absorption coefficients spectrums (Figure 1.7(a)) show a common absorption band
edge of about 1.6 eV which is a common optical band gap of MAPDbIs perovskites [1.51].
Interestingly, MAPDI3 perovskite thin films are highly comparable to the high quality and
mature CIGS and CdTe thin films and possess higher absorption coefficient than GaAs, a-Si,

and c-Si for energies less than 2.25 eV as shown in Figure 1.7(b) [1.52]. The high absorption
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coefficient of perovskite thin films and the direct band gap nature shown by the sharp
absorption edge as seen in Figure 1.7(a) and (b) are some of the excellent properties that have

led to the high device performances reported for this class of material.

+

Even though MAPDIs perovskite is formed through the incorporation of the CH3NHs3
(MA™) ion within the Pbl, network, the band structure composes of the contributions from lead
and iodine electronic states [1.51 — 1.56]. The perovskite valence band maximum (VBM) is
associated with the in-plane 5p orbitals of iodine anti-bonded (out-of-phase) with Pb 6s
orbitals, whereas the conduction band minimum (CBM) is associated with Pb 6p orbitals
forming antibonding states with | 5p orbitals as shown schematically in Figure 1.8 [1.51, 1.54].
For clarity, valence band (VB) is the lowest occupied energy band level of a semiconductor

and conduction band (CB) is the highest partially occupied energy band level.

MAPDI,; electronic band formation
72
I —> [Kr]4d'® 5s?
Pb —> [Xe] 411* 5d'°
¥ .\\\\
4 N
IV Valence Band | Conduction Band

Figure 1.8: Schematic representation of the antibonding contributions between the iodine and

lead forming the MAPDI3 perovskite band gap [1.51, 1.54].

It has been shown via theoretical calculations that the VBM is dominated by | 5p states with

a small contribution from the Pb 6s states; similarly, the CBM is dominated by Pb 6p states

with small contribution from | 5p states [1.53, 1.54]. The contribution of Pb 6s states (with

angular momentum quantum number | = 0 for s orbital) in the VBM and Pb 6p states (I = 1) in
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the CBM shows a possibility of a strong optical transition between VBM and CBM with change
in I = 1, which may also be related to the strong optical absorption by this material [1.53].
These orbital contributions to the VBM and CBM also shows that an electron will be excited

from the | 5p orbital to the Pb 6p orbital during low energy transitions [1.51].

The organic cation (MA™) does not contribute directly to the electronic or optical properties
of MAPDI3 perovskite semiconductors but influence the size of the band gap [1.55]. This is
because the MA* electronic states are located far outside of the band gap (about 4 eV away
from the Fermi level, both below VB and above CB) hence no contribution [1.54, 1.55]. The
influence it provides towards band gap is distorting the octahedral network in result modifying
the Pb—1-Pb bond angles and lengths in which that alters the band gap [1.54]. It has been
reported that cations of different sizes can be used to tune the band gap as various cation sizes
will distort the lead halide octahedron differently [1.54]. For instance, the use of a bigger cation
FA" instead of MA" resulted into a reduced band gap, similarly the substitution with a smaller

cation Cs* lead to a wider band gap [1.56].

It has been shown via measurements that these organic-inorganic perovskites have a direct
band gap with a very sharp band edge [1.51]. The CBM and the VBM occur at the centre of
the Brillion zone, I'-point (0, 0, 0) for the room temperature stable tetragonal MAPbIs. For the
higher temperature cubic MAPbI3z phase the direct band gap is situated at the R-point (¥, Y2,
%) away from the Brillion zone centre [1.51, 1.53]. The knowledge and understanding of the
optical band gap and electronic structure can help in optimising perovskite composition for

different applications especially the metal and the halide composition.
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154 Deposition Methods of Perovskites Solar Cells
154.1 Introduction

Deposition technique for every material plays a huge role on the final properties of the
material. It is the same for perovskite thin films as the deposition conditions determine the film
quality and properties. Thus, it is highly important to gain in-depth understanding of these
deposition approaches to control film quality and properties. There are several deposition
techniques that have been developed and tested over the past few years for the preparation of
perovskite thin films dominated by spin coating from a precursor solution and vapour
deposition [1.14 — 1.18]. These deposition methods are employed as one-step deposition for its
ease or two-step sequential deposition for better control of film properties. In this section, spin
coating from a solution during one-step and two-step will be briefly discussed, followed by a
combined spin coating and vapour deposition, then thermal evaporation at high vacuum and

the use of chemical vapour deposition (CVD) systems will be discussed in detail.

The different perovskite solar cell device architectures and energy band alignment are
shown in Figure 1.9. In brief a hybrid perovskite solar cell is composed of a transparent
conducting oxide (TCO) electrode on glass followed by a charge (electron or hole) transport
layer, a perovskite absorbing layer, another charge transport layer, and finally a metal electrode
as back contact (Au, Ag, or Al). Similar to organic solar cells, hybrid perovskites have two
device structures, namely: n-i-p structure, Figure 1.9(a) and (b), and its inverted structure
counterpart, p-i-n, Figure 1.9(c). In this terminology, ‘n-i-p or p-i-n’, ‘n’ stands for n-type layer
(ETL), ‘1’ for intrinsic layer (absorber layer), ‘p’ for p-type layer (HTL). The n-i-p architecture
has a fluorine doped tin oxide (FTO) on glass, followed by an electron transport layer (ETL),
perovskite layer, hole transport layer (HTL), and finally metal contact. For the p-i-n, indium
tin oxide (ITO) is usually preferred followed by a HTL, then perovskite, ETL, and finally metal

back contact [1.14 — 1.18]. The name n-i-p is used when the light passes through the ETL
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before being absorbed by the perovskite; same for the p-i-n where light passes through the HTL

before absorption.

(@) n-i-p mesoscopic (b) n-i-p planar (©) p-i-n planar
structure structure structure
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Figure 1.9: (a)-(c) Different hybrid perovskite solar cells architectures including (a)
mesoscopic; (b) primary planar structure; (c) inverted planar structure. (d) and (e)
Energy band alignment of the n-i-p and p-i-n architectures, respectively [1.14 —

1.18].

High device performances have mainly been achieved from the use of mesoscopic electron
transport layer due to the enhancement of the perovskite/ETL interface area as shown in Figure
1.9(a) [1.16, 1.17]. Frequently used charge transport layers are also provided in Figure 1.9(a)
— (c) even though the use of titanium dioxide (TiO2) layer has dominated the research as both
a compact layer and a mesoscopic layer for n-i-p architectures [1.14 — 1.18, 1.57]. The mostly
used HTL for this structure is a small organic material called 2,2,7,7-tetrakis (N,N-di-methoxy-

phenyl amine)-9, 9-spiro-bifluorene (Spiro-MeOTAD). Likewise, for p-i-n frequently used
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ETL and HTL are organic materials such as [6,6]-phenyl-C61-butyric acid methyl ester
(PCBM) and poly(3,4-ethylene dioxythiophene):polystyrene sulfonic acid (PEDOT:PSS) [1.14

—1.18, 1.58, 1.59].

Figure 1.9(c) and (d) depicts the device energy band alignment and how the generated
charge carriers (electrons and holes) move towards the two electrodes (FTO/ITO and Au/Ag)
passing through the transport layers. These two figures summarise the perovskite device
physics where electrons (e”) and holes (h*), called electron-hole pairs, are generated on the
absorber layer during its exposure to light. These electron-hole pairs get separated and the
electron will be injected to the ETL (e.g. TiO2 or PCBM) due to the energy gradient between
this layer and the absorber layer as shown on the left hand side of Figure 1.9(d) or right hand
side of Figure 1.9(e) and collected by the electrodes (FTO or Ag). Similarly, generated holes
are injected to the HTL (such as Spiro-MeOTAD or PEDOT:PSS) and eventually collected by
the electrodes (ITO or Au). For efficient charge transport properties an excellent ETL needs to
be a good hole blocking layer and an excellent HTL is similarly required to be a good electron
blocking layer. Furthermore, an intimate contact between these transport layers and the
perovskite absorber is required to reduce charge accumulation at the interfaces [1.14 — 1.18,

1.57 - 1.59].

1.5.4.2  Spin Coating Deposition
Spin-coating from a solution deposition method is a primary and the most studied technique
for perovskite film deposition and most of the perovskite record device efficiencies have been
achieved through this method. The method has gained an increasing interest because of its
easiness to process at low cost allowing fast optimisation of the film and the final device.
Perovskite films can be prepared by one-step spin coating from a solution of metal halide e.g.,

Pbl2 and organic halide, MAI for example, both dissolved from a common solvent. For better
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control of film properties two-step sequential deposition method of Pbl, followed by MAI to

form MAPbDIs perovskite is used [1.16 — 1.20, 1.31, 1.57 — 1.63].

Figure 1.10(a) illustrates a typical one-step spin coating method of the perovskite precursor
solution [1.61, 1.64]. The metal halide powder (Pbl2) and organic halide salts (MAI) are
different compounds and as a result dissolve differently. To obtain high quality films
(continuous) these compounds need to be thoroughly dissolved in a solvent. Commonly used
solvents for perovskites includes but not limited to, are N,N-dimethylformamide (DMF),
dimethyl sulfoxide (DMSO), and y-butyrolactone (GBL) amongst others [1.60, 1.65]. The
perovskite precursor compounds may be dissolved in one of these solvents or in their mixtures
for the desired film control. The precursor solution is usually spin-coated on FTO coated with

either mesoporous or compact planar metal oxide layer (TiO2) substrates [1.60].

Mesoporous scaffolds are commonly employed in conjunction with compact ETL allowing
easy infiltration of the precursor solution, forming a continuous film with no pin-holes
compared to using a compact ETL alone. After spin coating, the semi-wet films are dried on a
hot plate at a temperatures range of 100-150 °C and standard room pressure for a varied time.
This annealing step is used to crystallise the film forming a dense and pin-hole free perovskite
phase. It was reported by Kojima et al. [1.20] that the spin-coated mixed precursor on the
substrate changed colour upon annealing becoming black which indicated a formation of a
perovskite thin film in a solid state. It is a standard procedure to use an equimolar ratio of
Pbl2:MAI i.e. (1:1) during one-step spin coating from a solution [1.65]. Due to high
crystallization rate of MAPDbIs during annealing the film usually results to poor surface

coverage and high roughness thus leading to limited device performances.
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Figure 1.10: (a) Schematic representation of one-step and (b) two-step sequential spin-coating

deposition from a solution of perovskite precursors [1.61, 1.64].

Different strategies have been proposed to solve the issue of poor coverage such as anti-
solvent annealing and deposition of mixed halide perovskites such as MAPbI3—Clx. The mixed
halide perovskite is usually prepared from a PbCl, precursor dissolved with an excess of MAI
in molar ratio of 1:3 for PbCIl2/MAI [1.65]. Mixed halide perovskite has been reported to
improve surface coverage and enhanced the device performances even though it is difficult to
quantify the composition of Cl dopant [1.61, 1.65]. Anti-solvent annealing does not only
improve on surface coverage but also increases grain size significantly compared to a standard
annealing procedure. Anti-solvent annealing is usually carried out by placing a solvent such as
DMF next to the perovskite thin films while heating on a hot plate, with the source of the
solvent and the samples covered by a petri-dish. This allows the precursor ions to diffuse further

into the film and hence increase grain size and crystallisation [1.61].
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The choice of solvent also plays a major role in perovskite film morphology. Heo et al.
[1.63] compared DMSO and DMF solubility in MAPbIsand found that DMF has less solubility
as compared to DMSO unless an additive was used. They mixed DMF with hydro iodic acid
(HI) to reduce pinholes in the perovskite film. The group further observed that a film prepared
using DMSO solvent had bigger crystalline domains compared to a film prepared from a mixed
DMF and HI which had no domains at all but continuous. This showed that an additive of HI
improved the film uniformity. It was also reported by this group that the spin-coated solution
spread out on the substrate due to centrifugal force and the perovskite crystallised from the
outer edges and towards the centre of the substrate due to evaporation of the solvent during

annealing [1.63].

To further gain control over the perovskite film morphology a two-step spin coating method
was initiated by Burschka et al. [1.66]. Morphological variations found in perovskite deposited
by one-step synthesis which limited cell efficiency forced researchers to look for an alternative
way of deposition. This is mainly because it is much easier to gain morphological control when
lead halide layer is pre-deposited. Further, marphology and crystal structure of this layer has
decisive impact on the final perovskite properties. In general, the PbX> (X =1, Cl, or Br)
dissolved in a solvent is first spin-coated on a substrate forming a thin layer of PbX; as shown
in Figure 1.10(b) [1.61, 1.66, 1.67]. Second step is to spin-coat or a dip the PbX; coated
substrate in MAI dissolved in isopropanol (IPA) for conversion to perovskite. Tang et al. [1.67]
spin coating Pbl; at 3000 rpm and 6000 rpm both for 5 sec and carried a two-step annealing at
70 °C and 100 °C both for 5 minutes. They then deposited MAI via spin-coating at 4000 rpm
for 25 secs and annealed at 100 °C for 5 minutes for a complete conversion to perovskite phase.
The conversion to perovskite happens as soon as the two components (PbX2 and MAI) come

into contact during their reaction. Crystal structure together with morphology evolves during
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annealing, and that make annealing one of the crucial post-deposition step for spin coating

method [1.61].

Type of solvent and additives again also plays an important role on improving the quality
of the pre-deposited lead halide layer and the final device performance. For example, Pbl
dissolved from DMSO resulted into an amorphous layer with uniform crystal grains but the
resulting perovskite performed poorly as compared to when the DMF was employed [1.67]. A
small amount of H20 (2% wt.) with DMF was used to dissolve Pbl. resulting on a dense and
pin-hole free, smooth Pbl> layer with high surface coverage (Figure 1.11(a)) leading to a dense
and homogeneous perovskite film with large grains as shown in Figure 1.11(b) [1.68]. This
was attributed to the fact that H.O mixed with DMF had a better solubility parameter allowing

a complete dissolution of Pbl> and hence improving perovskite crystallisation.

The PCE was improved from less than 1% without additive to about 18% with additive as
shown in Figure 1.11(c) demonstrating the importance of perovskite film morphology [1.68].
High external quantum efficiency was also measured showing efficient use of photo-generated
charge carriers as shown in Figure 1.11(d) [1.68]. Two-step sequential solution deposition has
been used to improve on the one-step deposition as it allows better film quality and uniformity.
However, this method requires a use of mesoporous or nanostructured metal oxide layers such
as TiOz, Al2Os, or ZrO> and there are few successes of this method on planar heterojunction
perovskite cells [1.34]. Due to these constraints in one-step and sequential deposition processes

further methods for the deposition of perovskite thin films need to be explored.
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Figure 1.11: SEM planar micrographs of (a) Pblz film and (b) perovskite layer through
modified two-step spin coating; (c) corresponding current density-voltage curve
of the best device, and (d) its external quantum efficiency and integrated current

density [1.68].

1543  Vapour-Assisted Solution Deposition
Vapour-assisted solution process (VASP) is a modified two-step spin coating method but
with the second step (conversion) performed through vaporised organic halide (MAI) [1.18,
1.34, 1.69 — 1.72]. This deposition method was developed by Chen et al. [1.34] where Pbl>
layers were deposited via spin coating on a compact TiO> layer followed by a conversion to
perovskite through MAI vapour in a glove box for the preparation of planar perovskite solar

cell devices as shown in Figure 1.12(a). Even though large grains (with micron size) of
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perovskites were obtained with full coverage and free of voids and pin holes, the conversion

required longer time (over 2 hours) to complete, compared to one-step and two-step spin

coating.
(@) Organic vapor
o4
Inorganic film Inorganic film
Substrate Substrate Substrate Substrate
(b) :
Spin coating
Mixed Pbl,/PbCl, Pbl2/PbCl:
Substrate 7 Substrate B

CHisNH:l vapor«
~0.3 Torr

Vapor annealing

120°C,2h CH:NH:Pbls.Cl.

Figure 1.12: (a) Schematic of the first vapour assisted solution process (VASP) [1.34] and (b)

low pressure derivative of VASP [1.70].

During this VASP process MAI powder was spread on the surface of the spin coated Pbl;
films and covered the samples with a glass petri dish and heated the sample at 150 °C in N2
atmosphere for different times (0 to 4 hours) for in-situ reaction [1.34]. No traces of Pbl>
impurities were observed confirming the full conversion of the layers to perovskite. Large grain
sizes up to a micron as shown in Figure 1.13(a) were realised and attributed to volume

expansion of the perovskite phase during transformation from pre-deposited Pbl,. The group
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achieved the best performance of a planar perovskite cell with PCE up to 12.1% [1.34]. Later,
Sheng and others [1.69] reported on their deposition of MAPbBrs perovskite via vapour
assisted method but they employed mesoporous TiO,. They argued that even though it was
possible to effectively deposit perovskite without the use of these meso-structures they are

beneficial on the performance of the perovskite-based cells as they enhance surface coverage.

The VASP method has also been adopted for the preparation of mixed halide perovskite
(MAPDI;-«Cly) but at relatively low pressure [1.70] compared to the first use which was done
at atmosphere [1.34]. Y. Li and co-workers [1.70] spin coated a mixture of Pbl> (0.8 M) and
PbCl2 (0.2 M) in DMF solution and converted the films under MAI vapour at 120 °C for 2
hours at a pressure of ~0.3 Torr [1.69] as shown in Figure 1.12(b). Again, longer conversion
time duration was required for the complete formation of perovskite. Nevertheless, improved
device performance was achieved with PCE of 16.8% attributed mainly to the incorporation of
chlorine on the film [1.70]. More recent advances on VASP method have seen record
efficiencies of 18-19%, Figure 1.13(b), for small device areas due to modification of the Pbl>

spin coated layer [1.71, 1.72].

Even though Chen and co-workers [1.34] managed to deposit perovskite without the use of
mesoporous metal oxides and achieved higher performances, this technique still faces some
problems. The problem is on the spin coated PbXz layer which require absolute dissolution of
the powder and spin coating method is not repeatable and that hinders upscaling and
commercialisation. The process time for VASP shows to be another obstacle as it requires more
than two hours of annealing for the formation of pure phase perovskites and that is another
problem that needs to be solved. So, it is vital to look for other ways that may avoid the use of

solution deposition but keep the growth price effective and allows for the up scaling.
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Figure 1.13: (a) Planar SEM of the first ever perovskite film by VASP [1.34], (b) current
density-voltage (J-V) curve of one of the best reported solar cell device

performance by VASP [1.71].

1544  Vacuum Thermal Evaporation

Vacuum thermal evaporation is a type of physical vapour deposition referring to a thermal
evaporation of precursor powders under vacuum pressures i.e., below 10~° mbar (102 Pa). The
generated vapour during evaporation moves away from the heated source boat and condenses
on cooler substrates and chamber walls. The low pressure elongates mean free path of the
evaporated source molecules allowing a continuous and uniform deposition on the substrates.
Thermal evaporation systems are usually equipped with film thickness monitors situated close
to the substrates, advantageous for film reproducibility. Vacuum deposition method has been
employed more in thin film depositions and has shown its throughput in perovskite thin film
depositions [1.16, 1.17]. There are two main methods that have been developed for perovskites

deposition, namely: co-evaporation and two-step sequential evaporation.

Liu et al. [1.37] deposited thin films of mixed halide perovskite for the first time using a

dual-source vapour deposition method obtaining a PCE of 15.4% as shown in Figure 1.14.
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They co-evaporated PbCl> and MAI from two different sources under ultrahigh vacuum of
about 10~ mbar, Figure 1.14(a). The group elucidated that this method offer control over film
thickness as this is one of the prerequisites of high performing perovskite solar cells. Inside the
vacuum chamber they placed two crucibles with PbCl> and MAI heated to above the sources
sublimation temperatures of 325 °C and 120 °C, respectively, as to remove residual impurities
before deposition. FTO glass substrate coated with a thin compact layer of TiO2 was position a
distance away from the sources and kept at room temperature, rotated for 5 minutes to form a
uniform film thickness. The group deposited flat, dense, and uniform perovskites with
complete surface coverage, shown in Figure 1.14(b) and compared that to a film deposited by
spin-coating method which was non-uniform with incomplete coverage as shown in planar

SEM micrograph of Figure 1.14(c) [1.37].

A group led by Graetzel [1.73] deposited MAPDIz via the same method through an
evaporation of Pbl> and MAI sources for the preparation of an inverted perovskite solar cell
with the use of organic transport layers. This group employed relatively low source
temperatures compared to Liu et al. [1.37] and they also scaled up the device to 0.98 cm? with
an efficiency of about 8%. In both reports there was no post deposition annealing performed to
crystallise the perovskites films even though the substrates were kept at room temperature
during deposition. This means during vacuum evaporation; intercalation reaction takes place
when the vapours condense on the substrate surface forming a perovskite phase. These non-
annealed films are usually smooth with low surface roughness, advantageous for the deposition
of charge transport layer on top of the perovskite layer. There have been many studies on the
co-evaporation of perovskite precursors and after many optimisations the PCE has reached

20% comparable to some of the spin-coated device performance [1.16, 1.17, 1.74].
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Vapour Deposited

Figure 1.14: (a) Schematic representation of a vacuum thermal co-evaporation from Pb halide
and MAI sources; (b) and (c) are the low magnification SEM micrographs of

thermally evaporated perovskite film and spin coated one, respectively [1.37].

The problem in co-evaporation of PbX> and MAI lies in the difficulty to control the quality
of the lead halide which affects the final quality of the perovskite. This difficulty arises from
the requirement to simultaneous and careful control of source evaporation rates to achieve
uniform and stoichiometric composition of the film. Two-step sequential evaporation of the
precursors is one way of avoiding such complications during vacuum evaporation. Chen et al.
[1.38] reported for the first time on the sequential deposition of perovskite via thermal

evaporation.
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This group evaporated PbCl, on a mesoporous free substrate followed by evaporation of
MAI source in the second step to prepare MAPbI3;—Clx perovskite films as shown in Figure
1.15(a) [1.38]. They deposited extremely smooth and uniform films of PbCl, with full coverage
and sublimated MAI on top which in-situ reacted with the pre-deposited metal halide forming
a uniform and dense perovskite film over large area, Figure 1.15(b). The substrate temperature
during PbCl> deposition was kept at room temperature but raised to 65, 75, and 85 °C during
MAI sublimation with post annealing performed at 100 °C under vacuum. Films deposited at
room substrate temperature had poor conversion and that resulted to poor device performance.

A best 15.4% device performance was realised for the substrate temperature of 75 °C [1.38].

! 1 1 1 1 lSubstrate heating
ITO/PEDOT:PSS PbCl,deposition CH3NH,| deposition

Figure 1.15: (a) Schematic diagram of the sequential thermal evaporation (vacuum deposition)
method, (b) SEM micrograph of the resulting perovskite film over large scale

[1.38].

This sequential deposition method has also been used to prepare MAPbI3 perovskite solar

cells with sequential sublimation of Pbl, and MAI sources. Ng et al. [1.75] deposited seven
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alternating stacks of Pbl (50 nm) and MAI (50 nm) achieving a final perovskite thickness of
~470 nm with surface roughness of ~20 nm. Post deposition annealing was also performed by
this group at 90 °C for an hour under nitrogen ambient and achieved best device performance
of 11.4% [1.75]. Even though the vacuum deposition technique offers good quality perovskites
with good uniformity and high surface coverage only few groups have reported on this method
compared to solution methods. The major drawback on this technique is the requirement of
ultrahigh vacuum systems which hinders large scale production of perovskite based solar cells
at low cost. Another drawback on this technique is the difficulty in controlling the diffusion of
MAI molecules inside the vacuum chamber due to their low molecular weight. This requires a
long-time optimization of the deposition parameters to obtain appropriate film thickness and
quality. Furthermore, co-evaporation of precursor sources during thermal evaporation makes it
difficult to control the stoichiometry of the inorganic-organic composition. Due to these
drawbacks, further search on different techniques is still widely required, to look for methods

that will allow cost effective deposition and upscaling of the photovoltaic cells.

1545  Chemical Vapour Deposition Method

Chemical vapour deposition (CVD) is one of the mature and scalable deposition methods
suitable for industrial use and allowing a wide variety of different materials. CVD is a vapour
deposition method which employs a tube furnace surrounded by heating elements. This system
allows independent control of source and substrate temperature, deposition pressure, inert gas
flow rates for vapour transport, and deposition times. CVD systems have been used in
perovskite absorber preparation during one-step deposition [1.36] and two-step deposition
from a pre-deposited Pb halide films either through spin coating [1.35, 1.43, 1.76 — 1.78], or
vacuum thermal evaporation [1.79 — 1.81]. Only few reports were both Pb halide (Pbly) layer

and the subsequent conversion were done on a CVD furnace [1.82, 1.83]. One other CVD based
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method researchers have not used the most is called aerosol assisted CVD [1.40, 1.84]. CVD
deposition is similar to VASP method except in CVD deposition method inert gas (Ar or Ny)
is employed for the transportation of sublimated vapours at low pressures circa (ca.) 0.001-200
mbar. These operating pressures are better in terms of cost than in vacuum thermal evaporation

where expensive systems are required.

D. Lewis and P. O’Brien [1.84] were one of the first groups to report on the synthesis of
perovskite thin films via the CVD technique started in 2014. The duo used an aerosol assisted
CVD (AACVD) to deposit MAPbBr3 based perovskites from a single precursor solution. They
describe their method as good for scaling up due to the processing under ambient pressure
conditions. The precursor solution of MAPbBrs; was mixed in a DMF solvent, transported as
an aerosol via inert gas towards a heated substrate to temperatures of ca. 250 °C and ran for 90
minutes. They observed a good uniformity of the perovskite thin film deposited on a glass
substrate with uniform distribution of the metal and halide over the substrate. Later, Bhachu
and co-workers [1.40] deposited MAPDbIs perovskites via the same AACVD method in which
they also observed uniform distribution over larger scales (3 cm by 3 cm). AACVD starts from
the precursor solution, transported by inert gas inside the CVD chamber using a frequency
generated aerosol and the vapour condenses and deposit on a heated substrate [1.40, 1.84]. Both

groups reported no performing solar cells from their respective reports.

In the same year (2014) another group of researchers managed to synthesise two-
dimensional perovskite nano-platelets at elevated pressures between 50 and 200 Torr (1 Torr
=1.33 mbar = 133.3 Pa) [1.82]. Ha and co-workers [1.82] employed the two-step CVD method
in which they deposited lead halide nano-platelets on muscovite mica substrates in the first step
utilising the van der Waals epitaxial growth of lead halide unto muscovite mica substrates. The

second step was the conversion to perovskites during the exposure of PbX; platelets to MAI
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vapour which reacted to form perovskites platelets. Lead halides (Pblz, PbBrz, and PbCly)
platelets were deposited at higher temperatures (between 350 and 510 °C) and higher chamber
pressures (between 75 and 200 Torr) compared to the conversion which was performed at
temperatures of 120 °C and at about 50 Torr pressure. The single zone furnace was employed
by this group with PbX; substrates placed about 5-6 cm downstream away from the centre of
the furnace which had MAI source to allow temperature gradient. A thickness increases by a
factor of 1.8 from pre-deposited Pbl, to MAPDIz platelets was observed by this group

suggesting an easy tuning of thickness by controlling the thickness of the pre-deposited Pbls.

Leyden et al. [1.79] were the first group to prepare perovskite solar cells through a two-step
CVD method and named this method hybrid CVD a name that has been adopted by many. In
this report, the group deposited PbCl> film by vacuum thermal evaporation on FTO coated with
compact TiO2 (c-TiO2) layer. PhCl> film was preferred due to its uniformity when deposited
through thermal evaporation compared to Pblo. The PbCl; coated substrates were subsequently
loaded to a two-zone CVD furnace as shown in Figure 1.16(a) with MAI source sublimated at
185 °C under pressure of 1 mbar and left for 1 hour under continuous flow of N gas; substrates

were ramped to 130 °C.

The MAI vapour diffused through the lead chloride film as gas and reacting to form solid
perovskite phase. An intermediate stage was observed where the PbCl; film converted to Pbl>
during exposure to MAI vapour and with prolonged time a stable perovskite phase was formed.
A post deposition annealing was performed in air and under N2 ambient with air annealed solar
cells performing better with a best PCE of 11.8% compared to N> ambient annealed devices
which produced a best PCE of 8.8% [1.79]. The solar cells showed an impressive stability when
stored under N2 environment showing unchanged PCE for up to 1100 hours of testing. The

stability was attributed to higher temperature processing of the films [1.79]. This hybrid CVD
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method depicts simplicity and does not require very low pressures, except during the pre-

deposition of lead halide which was done at high vacuum.

Figure 1.16: (a) Schematic illustration of a hybrid CVD method using a two-zone tube furnace
[1.79], (b) and (c) photographs of small FAPblz module devices fabricated by this

method [1.80].

This group has also deposited pure iodine perovskite solar cells following the same
procedure but more looking into the scaling up of CVD based perovskite cells [1.80]. In this
case a Pbl> was deposited through thermal evaporation and converted using a CVD furnace to
form MAPDI; perovskite with a champion PCE of 15.6% for small device area (0.09 cm?).
Larger solar modules with 12 cm? area were also prepared to investigate scaling up by CVD as
shown in Figure 1.16(b) and (c). Formamidinium iodide (FAI) vapour was used during

conversion to prepare formamidinium lead triiodide (FAPbI3) modules similar to MAPbI3
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achieving module device performance of 9% compared to solar cell of 1 cm? having best PCE

of 10.4%, for the same material (FAPDI3).

Effect of Pbl. deposition rate during thermal evaporation was investigated by loakeimidis
et al. [1.81] on the performance of converted MAPbDIs perovskite solar cells. Different
deposition rates were tested with 3.5, 4.5, and 5.5 A/s using the same substrate temperature of
55 °C. This group observed that slow deposition rates yielded larger grains of Pbl, which
resulted into insufficient conversion to perovskite during the exposure of these Pbl> films to
MAI vapour. These results showed the importance of optimisation in thermal evaporation
process which might be one of the disadvantages of this process even though when fully

optimised it yields good films.

Other hybrid CVD methods that have showed interest to researchers are the conversion of
spin coated Pbl> films using a CVD chamber. These methods are more similar to vapour
assisted solution process except here the MAI vapour is sublimated in one zone of the CVD
furnace at a higher temperature and transported towards cooler Pbl, substrates at a different
zone by inert gases. Large grain sizes, compact, and uniform films have been reported for the
hybrid perovskites with best device efficiencies ranging between 12.73% and 15.37% for small
devices [1.35, 1.43, 1.76 — 1.78]. Luo and co-workers [1.35] introduced this route and utilised
a slow reaction between MAI vapour and spin coated Pbl; films obtaining brownish perovskite
film (Figure 1.17(b)) from a yellow Pbl> film, shown in Figure 1.17(a). This group employed
a two-zone CVD furnace where MAI powder precursor was sublimated at higher temperature
of 180 °C and Pbl> films kept at 140 °C and reaction allowed for 100 minutes achieving large
grains (~500 nm average grain size) of perovskite as shown in a planar SEM micrograph in

Figure 1.17(c).
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HFU

Figure 1.17: (a) and (b) Photographs of the solution spin coated Pbl. film and the converted
perovskite film, respectively, prepared by hybrid CVD and (c) planar SEM
micrographs of the perovskite film [1.35]; (d) photographs of a small module

device by a typical hybrid CVD method [1.76].

Shen et al. [1.76] also converted spin coated Pbl> films to MAPbIs perovskite films on a
CVD furnace where a graphite box was used to hold substrates and MAI source. The graphite
box was used as a way of enhancing material yield, uniform heating environment, and up-
scaling capability. Indeed, this group successfully fabricated a small perovskite module device
with an area of 8.4 cm? as shown in Figure 1.17(d) and achieved 6.22% PCE compared to a
15.37% PCE for a smaller solar cell (0.24 cm?) [1.76]. Stable perovskite solar cell fabricated

through this solution-CVD hybrid method was demonstrated by B. Wang and T. Chen [1.43]
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maintaining 90% of its starting efficiency for up to 100 days; the device was stored at 40%
relative humidity between measurements. The highest PCE efficiency that have been achieved
through hybrid CVD for planar devices is 18.9% after extensive optimisation of the pre-

deposited Pbl> layer demonstrating future promises of this method [1.85].

A simplified one-step CVD process was demonstrated by Tavakoli and others [1.36] where
Pbl. or PbCl, were co-evaporated with MAI to prepare MAPbIz or MAPbI;—Cly, respectively.
During this facile method MAI source was placed at the start of the tube heated to 120 °C,
followed by Pbl> or PbCl; heated to 300 °C or 360 °C, respectively, placed at a distance away
from the MAI source and the substrate placed downstream on the second zone and heated to
80 °C. The operating pressure was maintained at about 10-2 mbar with optimisation of different
deposition parameters such as time, temperature, and post annealing undertaken to improve
film quality. The MAPbIs-Clx mixed halide perovskite performed better with PCE of 11.1%
compared to MAPDI3 perovskite with PCE of 9.2%. The high device performance of the mixed
halide perovskite was attributed to its longer diffusion lengths of charge carriers (709 nm for
electrons and 809 nm for holes) compared to MAPDbI3 counterpart (130 nm for electrons and

105 nm for holes) [1.36].

As far as literature goes there has only been one report on the use of two-step CVD process
where lead halide films are deposited in the first step using CVD followed by their conversion
during the second step [1.83]. The two-step CVD method offer unique advantages over these
different derivatives of CVD process and these include better control of the pre-deposited Pb
halide layers under relatively moderate pressures compared to vacuum thermal evaporation.
This lack of use of the two-step CVD by researchers stems from a claimed difficulty on the
deposition of Pb halide layer [1.17] which was proven to be easy by Tran et al. [1.83]. This

group demonstrated perovskite films with large grains (up to 2 um), free of pin holes, and high

42

http://etd.uwc.ac.za/



CHAPTER ONE

surface coverage; PCE of 11.5% was obtained for a similar architecture as other discussed

results above.

155 Challenges and Conclusions of Perovskites Solar Cells

The record perovskite solar cell efficiencies were all achieved through solution spin coating
method and are usually on a small lab scale, about 0.09 cm? area as a standard. To
commercialise perovskite based photovoltaic technology, the industrial upscaling challenge
needs to be addressed. To achieve this, some of the perovskite major problems will need to be
solved such as stability, high efficiency for large modules at low cost, and eradicate toxicity
based on lead. Environmental instability of the perovskite solar cell device is still one of the
major problems, where the hybrid perovskite solar cells devices are extrinsically unstable,
degrading when exposed to high humidity, high temperature, and operated under ultraviolet
light. The second issue is poor device performance for larger modules due to non-uniformity
when perovskite is deposited over large areas especially for the primary spin coating method.
And finally, the toxicity of lead (Pb?*) on these highly efficient devices is still a major drawback

for commercialisation.

The moisture instability of the hybrid perovskite stems from the hygroscopic nature of the
organic component, with MAPDbI3z absorber and its derivative decomposing to Pbl> when
exposed to high humidity levels (above 30%). One viable way of protecting the absorber layer
from moisture without changing the structure or composition, is encapsulation with
hydrophobic thin layers such as teflon, Al>O3 (aluminium oxide), poly (methyl methacrylate),
polycarbonate (PC), SiNx thin films. [1.15]. The toxicity of Pb will not be a problem if the
metal is contained within the device during its operation and can be recycled at the end of the
device lifetime. Substituting Pb with other metals such as tin (Sn?*) does not solve the problem

because Sn** oxidises to Sn**, which result to poorer device performance [1.17]. The film
43

http://etd.uwc.ac.za/



CHAPTER ONE

uniformity problem can be improved by employing more mature industrial techniques such as
the CVD method that has also showed highly stable small devices up to 155 days of tests for

FAPDI3 perovskite solar cells [1.86].

In conclusion, the vapour deposition methods are better for film control and do not require
any use of mesoscopic electron transport layers. The CVD based technique is more cost
effective than vacuum thermal evaporation and is suitable for industrial use as it does not
depend on ultra-high vacuum systems. Hybrid CVD methods where Pb halide films are
deposited by either spin coating or vacuum thermal evaporation are limited by the use of the
aforementioned methods to prepare these Pb halide layers. A one-step CVD on the other side
is facile but requires an exhausting optimisation of the co-evaporation conditions of the Pb

halide and organic halide composition and hence making this technique challenging.

A two-step CVD method where Pb halide (Pbl> or PhCly) layers are deposited in the first
step and conversion to perovskite done during the second step offers more control of the
perovskite film properties. The control of the pre-deposited Pb halide have been proven in both
spin coating and thermal evaporation method to be effective for high quality, uniform over
large scale, and large grain perovskite films. This thesis employs this two-step CVD method to

prepare perovskite films for photovoltaic application.

1.6  Aims and Outlines

Organic metal halides hybrid perovskites have shown tremendous interest to researchers
globally and the fabrication or deposition technique used has a direct effect on the properties
of perovskite films. High quality perovskites films allow better solar cell device performances
and better device stability. The overall aim of this study was to develop a novel and industrially
scalable sequential low-pressure chemical vapour deposition (CVD) technique for stable
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hybrid perovskites thin film preparation to be used in perovskites solar cells. To achieve this,

the following research objectives were posed:

1. Optimising the deposition of lead iodide (Pbl2) and lead chloride (PbCly) thin films on glass
during the first step of this sequential low-pressure CVD method.

2. Conversion of the Pbl> thin films into hybrid perovskite films by exposing the as-deposited
Pbl: films to methyl ammonium iodide (MAI) vapour as the second step of the low-pressure
CVD method forming MAPbI3 perovskites.

3. Fabrication of planar perovskite solar cells using the optimum MAPbI3 perovskite layer.
This stage included (a) optimising the deposition of a compact titanium dioxide (c-TiOy)
as electron transport layer on fluorine doped tin oxide (FTO), and (b) optimising the
deposition of a hole transport layer, namely, Spiro-MeOTAD. Both the c-TiO; and the
Spiro-MeOTAD layer are fabricated by spin coating from a solution in open air. The
perovskite is sandwiched between these two charge transport layers and the device is
finalised by the deposition of silver (Ag) electrode layer.

4. Deposition of a lead chloride iodide (PbICI) and PhClz on FTO/c-TiO3 to prepare Cl-doped
perovskites thin film solar cells (MAPDI3xClx) using the same sequential low-pressure
CVD.

These objectives were successfully achieved, and the results are presented in this thesis.
The outline of this thesis is as follows:

(i) Chapter 1 introduces the global energy status and further focus more into the energy status
of South Africa. The use of renewable energy sources as an alternative into the energy
crisis and how photovoltaic technology can play a role. The concept of photovoltaic is
briefly discussed leading into different solar cell generations such as c-Si solar cells, thin

film solar cells, and third generation solar cells are discussed. Literature review on hybrid
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(i)

organic-inorganic perovskite thin films focusing on the crystal structure, optical and
electronic properties is discussed in detail. Different primary deposition methods are
compared and briefly described, such as solution spin coating, vacuum thermal
evaporation, and CVD based methods. Different CVD methods are reviewed and
compared such as low-pressure CVD, hybrid CVD and one step CVD. This chapter is
concluded by elaborating in brief the challenges and problems hindering the
commercialisation of perovskite solar cell technology.

Chapter 2 provides a short background into CVD system, focusing more into thermal
CVD method. Detailed experimental procedures for the deposition of perovskite films
during the two-step low pressure CVD method used in this study starting with the
optimisation of lead iodide deposition and the subsequent conversion to perovskite.
Characterisation of the films and the solar cells is also discussed in detail in this chapter

even though a brief experimental section is included in each results chapter.

(iii) Chapter 3 presents the results on the deposition of lead halide (Pbl. and PbClI») thin films

during the first step of the perovskite preparations. In this chapter the effect of substrate
temperature on the deposition of these Pb halides films is compared, with two different

substrate temperatures used for Pbl, and for PbClo.

(iv) Chapter 4 provide results on the preparation of perovskite thin films and solar cells

(v)

starting with lead iodide thin films and discusses the conversion mechanism of these Pbl>
films to MAPbI3 perovskite phase at different conversion times. Optical stability of CVD
grown perovskites thin films on glass are discussed in this chapter. A solar cell
performance based on the optimum converted perovskite condition is discussed here
including the air stability of the solar cell.

Chapter 5 presents results on mixed halide perovskite solar cells (MAPbI3.«Cly), looking

into the conversion of different lead halide films into perovskites phase including lead
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chloride iodide, lead iodide, and lead chloride films. The performance of these perovskites
planar solar cell devices are compared in this chapter investigating the effect of chlorine
incorporation into the perovskite compared to without chlorine incorporation.

(vi) The final chapter gives an overall summary of the results chapters (chapter 3, 4, and 5)
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CHAPTER TWO

Experimental Procedure: Deposition
Optimization and Characterization

2.1 Introduction

This chapter provides the experimental procedures of this thesis, starting by introducing
chemical vapour deposition (CVD) methods, with a detailed description of thermal CVD and
its use for the preparation of organic-inorganic hybrid perovskite thin films. The focus with be
on the two-step sequential CVVD deposition of perovskites was used in this project. This will
be followed by the fabrication of perovskite solar cells. Finally, a brief description of the main
characterisation instruments will be introduced, which includes X-ray diffraction, scanning
electron microscopy, UV-Vis measurements and the solar cell current density and voltage

measurements.

2.2 Introduction to Chemical Vapour Deposition

Chemical Vapour Deposition (CVD) is a process whereby the dissociation and chemical
reactions of activated (heat, light, plasma) gas species deposit on a substrate to form a solid
material such as thin films or nanostructures at elevated temperatures [2.1, 2.2]. The application
of the CVD technique for material deposition started in 1893 by de Lodyguine, who deposited
tungsten on carbon lamp filaments during the reduction of WClg by H> [2.2]. CVD was further
exploited in the industry for other material productions such as Ti, Ni, Zr and Ta. This
technique only advanced over the last 50 years where it has been used for the manufacturing
of electronic semiconductor films and protective coatings such as C, B, Si, borides, carbides,

nitrides, oxides, silicides, sulphides, and group 111-V and 11-VI materials [2.2].
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There are different CVD systems aimed at achieving depositions of different materials
depending on the temperature requirements of the reactants. The common aspect of these CVD
systems is the requirement of the precursors, the CVD reactor and sometimes the pressure
control system. The role of the precursor is to generate the necessary vapour that is directed
towards the deposition substrates in the reactor. The role of the reactor is to complete the
reaction of the precursors at the surface of the substrate and thus forming films or
nanostructures. The final important component of a CVD system is a gas handling system,
which may control the pressure in the reactor and handle the exhaust gasses [2.2, 2.3]. For film
formation these steps are necessary: generation of gaseous (vapour) reactant species that are
transported towards the substrate (in the reactor zone). These reactant species are absorbed on
the surface of the substrate (which may be heated), forming deposit centres that crystallise and

form a thin film [2.1, 2.2].

The reaction zone is what determines the type of CVD system and is based on the energy
input of that CVD system. There is a plasma enhanced CVD (PECVD) system where the
reactant species are generated through pre-created plasma (often argon plasma) by an electric
discharge, and this plasma contains radicals, ions, and neutrals. Another system is hot filament
(wire) CVD (HWCVD), which relies on a heated tungsten or tantalum wire, to temperatures
above 1500 °C, to create reactive species. Then there is metal-organic CVD (MOCVD) to
deposit metal organics and the most straightforward thermal CVVD (TCVD) which uses heaters
surrounding an enclosed tube where the substrates are allocated [2.1, 2.2]. In this thesis, we
focus on thermal CVD, which is one of the advanced CVD systems for thin film deposition

and has a wide variation of applications.
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2.3  Thermal Chemical Vapour Deposition

The thermal chemical vapour deposition method is a conventional CVD process where
chemical reactive species are initiated by thermal heating, often in a quartz or ceramic tube
surrounded by resistive heaters. Precursors in the thermal CVD method are thermally
decomposed in a gas phase or at the substrate surface thereby forming a thin film. These
precursors are thermally sublimated, injected as liquid or gases into the heated tube and
transported towards the heated substrates depending on the desired deposition [2.1, 2.2, 2.4 —

2.6].

The thermal CVD method is further divided into different methods depending on the
deposition pressure employed. These methods include atmospheric pressure CVD (AP-CVD)
where deposition occurs at atmospheric pressure (~10° mbar); this is followed by low pressure
CVD (LP-CVD), and then ultrahigh vacuum CVD (UHV-CVD). LP-CVD involves deposition
pressure range of 0.1 - 500 mbar and deposition pressures for UHV-CVD are pressures below
0.001 mbar. AP-CVD is cheaper as no vacuum pumps are necessary, but the film quality is
relatively poor compared to LP-CVD where film uniformity is usually superior, and UHV-
CVD method has been developed to further improve film quality and uniformity [2.1, 2.2, 2.4

~2.6].

Low pressure thermal CVD have been widely used in recent times mainly for the deposition
of organic-inorganic halide hybrid perovskites for their application in photovoltaic [2.7 — 2.11].
During perovskite deposition, the thermal CVD furnace is used to sublimate perovskite
precursors such as metal halide or organic halides at moderate temperatures (120 — 500 °C) and
low pressures (0.01 mbar — 1.5 mbar) [2.7 — 2.11]. The general idea is that the film of hybrid
perovskite is formed during a reaction on the heated substrate surface and not during the gas
phase. This has also been validated by exposing thin films of lead halide pre-deposited by other
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means such as spin coating from solution or physical vapour deposition to a vapour of organic
halide thermally evaporated in a CVD reactor [2.9]. The formation of the resultant perovskite
film showed that the reaction happens at the substrate surface [2.11]. In this PhD project a
horizontal tube furnace, low pressure thermal CVD system was used to deposit hybrid

perovskite thin films following a two-step sequential method.

2.4  Thermal CVD System Setup

A home built low pressure thermal CVD system, used to deposit hybrid perovskite films
during a two-step sequential method, is composed of a three-zone heating furnace (Brother XD
1600MT), where each zone is 20 cm in length. The schematic of this system is shown in Figure
2.1(a) and the actual photograph in Figure 2.1(b), showing the major components. These
components include the actual horizontal furnace (CVD body), reactor tube (quartz or
ceramic), gas cylinder, mass flow controller (MFC), pressure regulating valve and gauge, rough
mechanical pump, and the exhaust. The gas used in this thesis is ultra-high purity nitrogen,
which pass through an MKS mass flow controller (MFC) to control the gas flow rate. From the
MFC, the gas is fed (purged) into the inlet of the CVD system as shown in the schematic (Figure

2.1(a)).

This CVD instrument has three heating zones shown in Figure 2.1(a), each zone is 20 cm
wide and zones are separated by a 4 cm insulating material, and can reach a continuous working
temperature of 1600 °C. The temperature of each heating zone is independently controlled, as

shown by the temperature controllers in Figure 2.1(b).
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@) Mass Flow Furnace
Manual Controller A

valve J _ -
l Reactor

‘r Pressure regulating
valve & gauge

/ Exhaust

> Tube
N, direction
/ \ Rotary Vacuum
N, Gas Precursor pump
Cylinder Source Substrates
(b)
. Mass Flow | s Horizontal Pressure regulator
Controller Furnace valve and gauge

To Rotary
Vacuum

pump

Temperature
Controls

Figure 2.1: (a) Schematic representation of the home build thermal CVD setup used for the
deposition of lead halides and their subsequent conversion to perovskites, (b)

photographs of the different parts assembled to form the thermal CVD system.

2.5 Optimizing Deposition Conditions

In this PhD project the aim was to deposit and fabricate organic-inorganic hybrid perovskite
solar cells where the perovskite thin films are prepared by a two-step sequential CVD method.
This method begins with the deposition of a lead (Pb) halide layer such as lead iodide (Pbl>) or
lead chloride (PbClIy>) thin films in the first step. This step is followed by an exposure of these
Pb halide films into a vapour of methyl ammonium iodine (MAI) thus forming a methyl

ammonium lead tri-halide (MAPbIs or MAPbIz«Clx in short, x is usually very small). It is
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therefore important to optimise the Pb halide layer deposition as it acts as a seed layer for

perovskite phase formation.

2.5.1 Lead Halide Deposition
Before any of the initial depositions, the ceramic and quartz tubes which are 120 cm in
length with an inner diameter of 6 cm were cleaned thoroughly in soapy hot water and rinsed
in hot clean water. The tubes were heated up in the CVD furnace where all the three zones were
ramped up to 1000 °C to evaporate any contamination present. To prepare for deposition,
corning glass substrates were cut into 1 x 1 cm? in size and cleaned in acetone, then
isopropanol, for 10 minutes each in ultrasonic bath. Thereafter the substrates were repeatedly

rinsed in hot deionised water. The substrates were dried using dry nitrogen.

After the substrates were cleaned, about 150 mg of yellow lead (I1) iodide powder (99%,
Sigma) was measured using a mass balance with the source contained in a clean ceramic boat
as shown in Figure 2.2(a). The ceramic source boat was placed at the centre of the first zone
(zone 1 in Figure 2.1(a)) and the glass substrates placed on the downstream of the tube onto
flat thick silicon wafer supports. The positioning of the sources and substrates is also illustrated

in Figure 2.1(a).

After the source and substrates were loaded into their respective positions, the reactor
ceramic tube was sealed with steel flanges in both the inlet and the outlet sides, then the rotary
vacuum pump was switched on to start pumping. The base pressure in the reactor amounts
about 102 mbar. The reactor was then purged with pure nitrogen gas (N2) at flow rate of 150
sccm (standard cubic centimetre per minute) to purge the system of any contamination. The
temperature profile of the thermal CVD system was then programmed to ramp up, dwell, and

cools down automatically. For Pbl; film deposition, the first zone with Pbl> source was ramped
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up to a nominal temperature of 380 °C, which is above the sublimation temperature of Pbl

[2.7] at 10 °C/min ramping rate.

A temperature profile for Pbl> deposition is shown in Figure 2.2(c) with three phases,
ramping up, dwelling, and cooling. The substrate temperature profile is also shown in Figure
2.2(c), which follows that of the source temperature profile. It should be noted that only the
first zone was heated during the deposition and therefore the substrate temperature is purely
dependent on the distance away from the first zone. A temperature profile at different substrate
positions from the source were measured with an external thermocouple inserted into the outlet
side of the furnace and these distances were 14, 15, 16 cm away, downstream. These

temperatures were 145 °C, 135 °C, and 125 °C for positions 14, 15, and 16 cm, away,

respectively. Only the 135 °C substrate temperature profile is shown in Figure 2.2(c).

The N2 gas flow of 100 sccm was initiated when the source temperature reached 380 °C and
the deposition pressure was fixed using the automated pressure regulating system. The
deposition was allowed to dwell for 40 minutes, after which the gas flow was shut and the
throttle valve opened to allow the pressure to drop to 102 mbar, while the furnace was cooling
down to room temperature. After the cooling stage, the substrates and source boat were
removed. Bright, yellow, and transparent or slightly opaque (depending on the film thickness)
Pbl> films on glass were successfully deposited as shown by a photograph in Figure 2.2(b); the
source boat was empty confirming a full evaporation of the Pbl, source powder. The initial

experiments in this project showed that a temperature of 300 °C at 1 mbar pressure was not

enough to evaporate or sublimate the Pbl, source and hence it was increased to 380 °C.
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Figure 2.2: (a) Lead iodide source on a ceramic boat and (b) photographs of the Pbl, films on

glass substrates; (c) temperature profiles for the deposition of Pbl; films.

Different deposition pressures of 1, 10, 100, 300, and 500 mbar were tested, and 300 mbar
was selected as the best condition based on the quality of the film. This conclusion was drawn
from the preliminary results showed by UV-Vis transmittance and X-ray diffraction (XRD)
measurements. Overlaid transmittance spectra of Pbl, films on corning glass obtained at
different deposition pressures in Figure 2.3(a) showed that all films were of Pbl, phase based
on the transmittance edge [2.7, 2.12, 2.13]. In comparison to the glass transmittance spectrum,
the films obtained at 10, 100, 300 mbar pressure showed higher transmittance compared to the

1 mbar and 500 mbar and this is linked to thinner film thickness of these samples.

The lead iodide film thickness is an important parameter that required monitoring during
sequential CVD method because perovskites solar cells (MAPbI3z) have optimum required
thickness [2.8]. Indeed, the Pbl; films obtained under these conditions (10, 100, 300 mbar) had
a relatively similar film thickness for samples deposited under the same substrate temperature;
this film thickness was about 250 nm as measured from a Veeco Dektak 6M Stylus

profilometer. A film deposited at 1 mbar was thick (about 700 nm) and rough, which assigned
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to the fast evaporation of the source at this low pressure, thereby resulting in fast deposition.
The 500 mbar sample also had a rough and opaque appearance with about 500 nm thickness,

which is due to increased amount of source vapour in the reactor.

XRD patterns in Figure 2.3(b) verified that improved quality of the moderate pressure
deposited samples (10, 100, 300 mbar) with the 300 mbar sample showing the most pronounced
(001) XRD peak (Figure 2.3(c)), which is correlated to a higher degree crystallinity. The XRD
results confirm the successful deposition of pure, highly crystalline Pbl. films, as evident by

the known Pbl, (001), (002), (003), and (004) diffraction peaks [2.12, 2.13].
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Figure 2.3: (a) Transmittance spectrums of Pbl> films deposited at various pressures on glass
substrates, (b) XRD patterns of the same Pbl, samples, and (c) zoomed (001) and

(003) XRD peaks of the Pbl; films.
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The final optimisation condition for the Pbl> deposition was the substrate temperature,
which depended on how far the substrates were placed with respect to the source zone centre
set to a temperature of 380 °C. The results above were based on the initial position tested,
which was 14 cm away from the source where the substrates were placed at 145 °C. It was
shown that placing substrates at positions 14, 15, 16 cm correspond to substrate temperatures

of 145, 135 and 125 °C, respectively, yielded different film thickness. These results are

discussed in detail in Chapter 3 and 4.

The lead chloride (PbCl.) film deposition is similar to that of the Pbl2 deposition, except
for the source temperature was changed to 450 °C. The temperature profile of PbCl, film

deposition in a thermal CVD system is shown in Figure 2.4(a), with a similar process as for

Pbl deposition.

(a) T V0 TGt T ENS YhN Y WAy S FAPF Y (b)
5004 = Source Profile —_— Q)
Source Dwelling —— Substrate Profile| g % > % :8_
L ), < ~
—~ 4004 i 2@ m?‘
e J . 5 e~ 0= =
o Ramping Cooling ) E 9‘ Q
2 3004 - % = 8 7 8"
o =h
‘é’_ | Substrate | % = 2 %
- ! Substrate ! i
|9 200 . Dwelling ! e; 8 % n
= oA Q)=LE
100 3 9 & C
A N Q. @ =
Cooling J 2 ‘.< o 9‘ ﬁ
LU AL A A DA DAL L f* — w (
0 20 40 60 80 100 120 140 160 180 a 6 H
— {

Time (minutes)

Figure 2.4: (a) Temperature profiles for the deposition of PbCl; films and (b) photographs of

the PbCl films on glass substrates.
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About 150 mg of lead (II) chloride powder (98%, Sigma) was used and contained in a
ceramic boat that was placed at the centre of zone 1. In this instance, the source temperature
was ramped to 450 °C and the substrates were placed 16 cm and 17 cm away from the source
at positions where temperature reached about 165 °C and 150 °C, respectively. The deposition
pressure, flow rate, and dwelling time were kept the same as for the Pbl, deposition. The result

was white transparent PbCl; films, as indicated in Figure 2.4(b).

2.5.2  Pb Halide Conversion to Perovskites
After the deposition of lead halides (Pbl, and PbCl;) was optimised, these films were
converted to perovskite phase as the second step of the two-step sequential low pressure CVD
method. In this step the Pb halide films were exposed to methyl ammonium iodide (MAI)
vapour in the same CVD reactor using a clean ceramic tube. Under favoured conditions the
MAI molecules react with the Pb halide films the instant these species reach the surface of the

films, thereby converting the Pb halide into a perovskite phase.

For the initial conversion experiments, pre-deposited Pbl, films were used instead of PbCl>
simply because of the simple structure of perovskite phase formed from the conversion of Pbl.
(i.e., MAPbIs). During this conversion step, about 300 mg of MAI (Dyesol) salt was placed in
a fresh ceramic boat (Figure 2.5(b)) and placed at the centre of the first zone. The Pbl> thin
films on corning glass substrates were placed downstream away from the source at distances
8, 12, and 16 cm. The purpose was to investigate the effect of substrate temperature on

conversion, which depends on the distance away from zone 1 centre.

Once the MAI source and the Pbl2 films were loaded into the reactor tube, it was then sealed
on both sides and was pumped down to a base pressure of 102 mbar. This was followed by the
N2 purging at 150 sccm for 2 minutes (as for the Pb halides). The temperature of the MAI
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source was then subsequently ramped up at 10 °C/min to a nominal temperature of 180 °C, as
shown in Figure 2.5(a). The temperature of the Pblz/glass substrate downstream at 8 cm away
from the source amounted to 130 °C, shown in Figure 2.5(a). When the source temperature
reached about 180 °C, N2 was allowed to flow at 100 sccm and the pressure was increased and
maintained at 50 mbar, using the pressure regulator. The exposure of the Pbl, films to MAI
vapour was allowed to dwell for different times of 15, 30, 60, 90 and 120 minutes. After the
set dwelling time was complete, the system was allowed to cool down and the samples were
removed for characterisation. These perovskite samples were stable for several days allowing
all the necessary characterisation. This stability aspect is one advantage of the CVD method
over solution processed perovskite films [2.7 — 2.11]. Only a maximum of about 140 mg MAI
salt was consumed during the 120 minutes conversion and as low as 57 mg of MAI after 15

minutes conversion.
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Figure 2.5: (a) Temperature profiles of the MAI sublimation during the conversion of Pb
halides films to perovskite, (b) MAI source in a clean ceramic boat, (c) photographs
MAPbDI3 perovskites films, and (d) MAPbIsxClx perovskites films on glass

substrates.
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It is worth noting in this stage that poor conversion of Pbl, to perovskite was realised at
substrate distances of 12 and 16 cm. The films were under-converted and as a result were
unstable due to low substrate temperatures of below 100 °C. Only samples that were placed at
a distance of 8 cm away were fully converted depending on the conversion time. The
conversion pressure was kept at 50 mbar. The results of the perovskite conversion from the
pre-deposited Pb halides are discussed in Chapters 4 and 5. Typical photographs of perovskite
films converted from Pbl are shown in Figure 2.5(c) and from PbCl in Figure 2.5(d). A similar
process was followed for the conversion of PbCl, to the perovskite phase. This was a first
confirmation of a successful deposition of high-quality perovskite through a two-step
sequential CVD method. These films are dark in colour showing a complete change in structure
from a yellow Pblz and white transparent PbCl. films to dark perovskite phase MAPbI3 and

MAPDI3«Clx, respectively.

2.6 Perovskites Solar Cell Fabrication

With the perovskite absorber layer optimised from the deposition of Pb halides to the
conversion stage, the project investigated the application of these CVD deposited perovskites
in solar cell devices. There are two main configurations or architectures of perovskite solar
cells, i.e., p-i-n and n-i-p, and here a planar n-i-p architecture was chosen with the n-type layer
used being a compact titanium dioxide layer (c-TiO.). The hole transport layer (HTL) or the p-
type layer used was a small organic molecule material, Spiro-MeOTAD (short for 2,2',7,7'-
tetrakis(N,N-di-p-methoxyphenylamine)-9,9-spirobifluorene), doped with 4-tert-butylpyridine
(tBP) and lithium bis-(trifluoromethylsulfonyl)imide (LiTSFI). The n-type layer or electron
transport layer (ETL) and the HTL sandwich the perovskite absorber layer. The solar cell
fabrication steps are shown in Figure 2.6(a) and the complete device architecture is shown as

the last step in Figure 2.6(a).
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The solar cell device fabrications were done under ambient conditions (temperature and
humidity) in air. All chemicals used here were purchased from Sigma-Aldrich and used as-
bought. Fluorine-doped tin oxide (FTO) coated on glass substrates (Techinstro, 10 Ohms/sg.)
were cut into 1.5 x 2 cm? sections and etched with Zn powder and 2 M hydrochloric acid (HCI)
patterned using a Kapton tape. These samples were sequentially cleaned with hellmanex
detergent (2%), followed by isopropanol in an ultrasonic bath each for 10 minutes, and then

followed by a thorough rinsing in hot deionized water and finally cleaned with UV ozone for

10 minutes.
a
o ’/ Spiro
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Figure 2.6: (a) Perovskites solar cell fabrication steps from the deposition of c-TiO2 to Ag
metal electrode, (b) Ossila spin coater used for c-TiO2 and Spiro-MeOTAD layer,
(c) CVD furnace used for annealing c-TiO2 layer and perovskite deposition, and

(d) vacuum thermal evaporator used for the deposition of the Ag metal electrode.
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A 365 pL of titanium isopropoxide was added into 2.5 mL of ethanol, and 35 pLL of HCI (2
M) also added into 2.5 mL of ethanol, mixed to form 5 mL solution, and stirred for an hour.
The prepared solution was spin coated on the etched FTO substrates at 2000 rpm for 30 seconds
to obtain a titanium containing film followed by 4000 rpm spin coating as a second coat, also
for 30 sec, to fill any voids left during the first spin coating step. The edges of the patterned
FTO substrate were covered with Kapton tape to leave them uncovered by the TiO; film and
the spin coating was done using an Ossila spin coater showed in Figure 2.6(b) employing a
static spin coating method (drop and spin). The samples were dried on a hot plate at 150 °C for
5 min and then annealed at 500 °C for 30 minutes using a tube furnace with a clean tube
dedicated for annealing. The spin coated samples were annealed at atmosphere with both ends

of the tube open for the formation of a compact TiO. film from the existing oxygen in the air.

The Glass/FTO/c-TiO> substrates were then placed in the CVD furnace for the deposition
of Pbl> films, which were then converted to perovskites as was discussed in section 2.5 using
the CVD furnace in Figure 2.6(c). The photographs of the Pbl, films (edges uncleaned) and the
converted MAPDI3 perovskite films (edges cleaned) on etched FTO are shown in Figure 2.7(a)
and (b). To finalize the devices, the hole transport layer (HTL) was spin coated on top of the
Glass/FTO/c-TiO2/perovskite film at spin speed of 2000 rpm for 30 s also using the Ossila spin
coater. The HTL solution was prepared by dissolving 80 mg of Spiro-MeOTAD in 1 mL of
chlorobenzene, to which 40 pL of 4-tert-butylpyridine (tBP) and 25 pL of lithium bis-
(trifluoromethanesulfonyl) imide (LiTSFI) solution (52 mg of LITSFI in 100 puL of acetonitrile)

were added to dope Spiro-MeOTAD and stirred for 30 minutes before spin coating.

The edges of the Glass/FTO/c-TiOz/perovskite/Spiro-MeOTAD samples were cleaned with
chlorobenzene and then dried on a hot plate at 100 °C for 2 minutes to evaporate any excess

solvents. These samples are then left in an open desiccator overnight (12 hour or more) to
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oxidise the Spiro-MeOTAD layer, thereby improving its conductivity. Finally, a 100 nm layer
of silver (Ag) electrode was deposited by thermal evaporation shown in Figure 2.6(d) at a
deposition pressure of about 10~ mbar through a shadow mask with device active area of 0.08
cm?. After the deposition of the Ag layer (with no encapsulation), the devices were taken for
measurements in open air and kept in a drawer between these measurements. The optimisation
results of these solar cell devices are given in Reference [2.14]. The full device architecture is
shown in Figure 2.7(c) including the method of measuring the device performance from the

two contacts (FTO and Ag metal) using a source metre.
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h*

Glass Substrate

£ A

| '\.j"' ] Light direction

Figure 2.7: (a) Photographs of Pbl films on patterned FTO and (b) photographs of converted
perovskite solar cells devices; (c) schematic of the n-i-p perovskite solar cell

architecture.
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2.7 Characterisation of Perovskites Thin Films

The phase composition and the crystal structure of the films were identified by X-ray
diffraction (XRD) using a Panalytical Empyrean X-ray diffractometer. Copper (Cu X-ray
source) was used with K-Alphal wavelength of 1.5406 A and K-Alpha2 wavelength of 1.5444
A and a K-Alpha2/K-Alphal ratio of 0.5. An acceleration voltage of 45 kV and a current of 40
mA were used and samples were scanned over the 20 range of 5-99° with a scan step of
0.02626° employing a continuous scan type. The XRD data was collected from thin films on
glass substrate without grinding the films into powder forms and a silicon standard was used
for every measurement. It is also worth mentioning that these samples were not measured
immediately after deposition as they had to be transferred over to the facility that hosts the

XRD instrument.

The morphology of the thin films was investigated using a Zeiss Cross Beam 540 Focused
lon Beam Scanning Electron Microscope (FIB-SEM) operated at an acceleration voltage of 1—
3 kV and equipped with energy dispersive X-ray spectroscopy (EDS) for elemental
composition. A Zeiss Auriga field-emission gun SEM (FEG-SEM) operated at acceleration
voltage of 1-5 kV also equipped with EDS facilities was also used. Samples were coated
slightly with a carbon prior to loading into the FEG-SEM instrument and this was done to
enhance the image quality and to reduce charging especially on the poorly conductive Pb halide
films. The cross-section samples were prepared by making a deep scratch on the back side of
the glass substrate with film protected. The glass substrate was then broken by applying a
pressure at the edge of the scratch to break the glass and then get a fresh cut of the film without

causing any film deformation.

X-ray photoelectron spectroscopy (XPS) was carried out on a Thermo Scientific ESCALAB

250 surface and depth analysis system equipped with a monochromatic Al Ko X-ray (1486.7
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eV) source. The data was collected for full XPS survey to detect all the chemical composition
present on the film plus high resolution scan of the most prominent elements were taken.
Atomic force microscopy (AFM) images of the surface of thin films were collected using a
NANOSURF Flex AFM operated in contact mode at ambient conditions. Images were acquired

with a size of 5x5 micron with 256 lines and 0.8 seconds per line.

Optical transmission spectra were measured from 250-1200 nm with a spectral resolution
of 0.5 nm, using an Ocean Optics UV-Visible spectrophotometer. Before measurements, a
black light absorbing (zero transmittance) reference sample was used and air was used to
calibrate for 100% transmittance. The transmittance data was converted into absorbance using
Beer—Lambert Law i.e. A = — log (T) ignoring the reflected light from the film surface; here A
is absorbance and T is transmission [2.15, 2.16]. The transmittance spectra were analyzed with

a SCOUT® simulation software (https://wtheiss.com), employing an iterative method using

Bruggeman Effective Medium Approximation [2.17] to mix quantities of Pbl, and MAPDbI3
perovskite optical functions, such as the refractive index and extinction coefficient [2.18, 2.19].
The experimental and modelled transmittance spectra of the Pblz> and converted perovskite
films are shown in Figure 2.8 with the fits depicting a good agreement between the experiments

and simulations.
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Figure 2.8: Experimental and simulated (modelied) transmittance spectrums of the Pbl; film
and the MAPbIs converted perovskites thin films on corning glass for different

conversion times.

2.8 Perovskite Solar Cell Performance Measurements

2.8.1 Basic Solar Cell Parameters

Solar cell performance testing is done by measuring current density (current per unit area)
while sweeping voltage across the device. These measurements are referred to as current
density (J)-voltage (V) measurements performed under light illumination and under dark as
shown in Figure 2.9(a) and (b). Under illumination the solar cell develops a photo-voltage and
when the terminals of the cell are isolated, i.e., infinite load resistance (no current is drawn),
this photo-voltage is termed open circuit voltage (Voc). When the terminals are connected under
illumination (zero applied voltage) the photo induced current is called short circuit current

density (Jsc). Under no illumination (dark) a very small or no current is generated across the
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device and the shape of the curve follows that of a diode. When light is incident on the device

the curve shifts down with an appropriate Jsc as shown in Figure 2.9(b) [2.20].

Under operational condition the device produce a certain maximum voltage (Vmax) and
current density (Jmax) and their product giving maximum power output density (Pmax) Of the
solar cell as shown in Figure 2.9(a). The ratio of the maximum power output density to the
product of Voc and Jsc gives another important parameter of the solar cell called the fill factor
(FF), equation 2.1; defined to be a squareness of the J-V curve, Figure 2.9(a). The closer the
Vmax t0 Voc and Jmax t0 Jsc the better the FF; high FF is one of the requirements for high

performing devices [2.20].

/4 X
pp = Vmax X Jmax (eq.2.1)
VOC X]SC

The power conversion efficiency (PCE) which is the main quantifying parameter for the solar
cell performance is defined by a ratio of the maximum power output density to power input
density (incident power). FF, Vo, and Jsc are typically the parameters used to define the PCE
as:

P |74 X FFXV,-X
PCE — Tmax _ Vmax Jmax = oc ]sc (eq. 2. 2)
Pin Pin Pin

The PCE is a ratio that is usually converted to percentages for comparison and the
measurements of the J-V curve require to be collected under normal standard tests. These
standard tests include solar (sun) simulated light intensity of 1000 W/m? (100 mW/cm?) as

power input density and measurements under room temperature conditions (25 °C) [2.20].
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Figure 2.9: (a) Typical current density-voltage curves showing all the important solar cell
parameters; (b) J-V curves of a working device under light illumination of 1000

W/m? (100 mW/cm?) and under dark [2.20].

2.8.2  Perovskite Solar Cell Measurements

The solar cell performances were characterized by measuring the current density (J) and
voltage (V) (3-V curves), recorded with a Keithley 2420 digital source meter where a bias
voltage was applied and the generated current from the solar cell measured by the Keithley.
The solar cells were measured under dark and with light illumination of 200 mW/cm?, AM1.5,
generated by a solar simulator (Sciencetech Inc.) equipped with a xenon lamp. Figure 2.10(a)
and (b) depicts the schematic and a photograph of the solar cell measurements setup,
respectively. Illustrated components are a Sciencetech power supply, Sciencetech solar
simulator with a xenon lamp, sample holder connected to a Keithley by a two-wire probe, and
the Keithley which feeds the readings to a computer. The solar simulator has an optical filter
to generate an AM1.5 spectrum and the lamp was adjusted to produce light intensity of 100

mW/cm? calibrated by a daystar light meter.

75

http://etd.uwc.ac.za/



CHAPTER TWO

The solar cells were illuminated through a metal mask that defined an aperture area 0.05
cm? and the cells were illuminated from the glass side and through the FTO and c-TiO2. The
solar cells were illuminated for 15 seconds before measurements with J—V curves recorded in
forward scan from -0.2 VV to 1 V and reverse scan 1 V to -0.2 V with a fixed step voltage of 12
mV. Scanning from both forward and reverse scans was to take into consideration the effect of
hysteresis in organic-inorganic hybrid perovskite solar cells [2.21, 2.22]. Some of the solar cell

devices were stored in a drawer and measured at different days to study the stability of the

devices.
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Figure 2.10: (a) Schematic of the J-V curve measurements in our lab showing all major

components, (b) the photograph of the measurement setup.
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CHAPTER THREE

Controlled Deposition of Lead lodide and Lead
Chloride Thin Films by Low-Pressure
Chemical VVapor Deposition

ABSTRACT:

Lead halide thin films, such as lead iodide (Pbl2) and lead chloride (PbCly), are used as
precursor films for perovskites preparation that are frequently achieved by vacuum thermal
evaporation, but rarely by the low-pressure chemical vapor deposition (CVD) method. Here
we report on the deposition of Pbl> and PbCls thin films on glass substrates employing the low-
pressure CVD method. The effect of the substrate temperature on the structure and morphology
of the lead halide films is investigated. Crystalline films were realized for both lead halides
with Pblz films showing high texture compared to the reduced texture of the PbCl; films. Large
lateral grain sizes were observed for the Pbl. films with flat platelets grain morphology and up
to 734.2 + 144.8 nm average grain size. PbCl, films have columnar grains with an average
grain size up to 386.7 + 119.5 nm. The Pblz films showed a band gap of about 2.4 eV
confirming its semiconducting properties and the PbCl> had a wide band gap of 4.3 eV, which

shows the insulating properties of this material.

The contents of this chapter were published in: MDPI Coatings 2020, 10, 1208. Modifications were made in
this chapter to suit thesis presentation and published supporting information has been included with

discussion.
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3.1 Introduction

Lead halide (PbX>) thin films have been studied extensively as precursors for the recently
discovered organic-inorganic halide perovskite thin film absorbers for photovoltaic application
[3.1—3.6]. The deposition of PbX> (X = iodine, chlorine, or bromine halide anions) is usually
performed in the first step of the sequential two-step deposition of the hybrid perovskite thin
films [3.3 — 3.6]. A primary hybrid perovskite compound is methyl ammonium (MA) lead
iodide (MAPbDI3), and the mixed halide perovskites are MAPbI;—«Clxand MAPDbI;«Brx (x =1

~3)[3.3-3.6].

Lead iodide (Pblz) is a semiconductor with a wide optical band gap (Eg > 2.3 eV) and a
hexagonal structure with a layer-by-layer growth of grains where lead ions are sandwiched
between two layers of iodine ions [3.7 — 3.9]. Due to the high atomic weight (Zpp = 82, Z, =
53) of Pbly, it is also applied as a good absorber of X-rays [3.7 —3.10]. It has also been used as
a stable nuclear radiation detector that is able to detect X-rays and Gamma rays [3.9, 3.10].
When Pbl; is used as a scintillation detector, electron-hole pairs are created and thermalized in
the conduction and valence bands of this semiconductor, upon the absorption of either an X-
ray or Gamma ray. Pbl, can further be used for printing, lithography, and X-ray imaging,

among other applications [3.9, 3.10].

There are various deposition methods that have been reported for the preparation of Pb
halide thin films or single crystals, such as spray pyrolysis, sol-gel, Brigdman’s method,
vacuum thermal evaporation [3.6, 3.7, 3.9 — 3.17], and, recently, solution method through spin
coating for perovskites thin film preparation [3.3 — 3.5]. Pb halides have poor solubility in
water and hence require dedicated solvents during spin coating, which makes this method of
deposition un-attractive for scaling up [3.3, 3.5]. In addition, spin coating from a solution often
results in smaller grains of Pbl, and non-uniform layers, which produces poor quality converted
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perovskite films [3.3 — 3.5]. Although vacuum thermal evaporation offers high control of the
PbX: film coverage and thickness; this method requires relatively expensive ultra-high vacuum

systems, thereby making low-pressure CVD a low-cost alternative [3.6, 3.9, 3.18, 3.19].

The deposition of Pbl> platelets through low-pressure CVD has been reported on muscovite
mica substrates [3.1, 3.13, 3.14]. However, reports on the deposition of Pbl thin films by the
aforementioned method on glass substrates are scarce. On the other hand, PbCl. deposition by
low-pressure CVD method has not been reported, except through high vacuum thermal
evaporation. Since the hybrid perovskite thin film solar cells require deposition on transparent
conductive oxides (TCO) substrates, it is important to study the deposition of Pb halides

precursor films on similar substrates as research is still lacking [3.20, 3.21].

Herein we report on the deposition Pbl, and PbCl; thin films on glass substrates through the
low-pressure CVD method. The novelty of this study is demaonstrated by the successful
deposition of these lead halide films on glass substrates, which has not been achieved before,
especially in the case of PbCl; thin films. The effect of the substrate temperature, which was
controlled by adjusting the position of the glass substrates with respect to the heated Pb halide
source zone in the tube furnace, is investigated. Highly crystalline thin films were obtained for
both lead halides, with the Pbl> films showing a high texture compared to the reduced texture
of the PbCl; films, as observed from the X-ray diffraction results. Large lateral grain sizes were
observed for the Pbl, films with up to 734.2 + 144.8 nm average grain size. The PbCl> films
on the other hand have columnar grain shape with an average grain size up to 386.7 + 119.5
nm. The band gap of the Pbl film amounts to 2.4 eV, confirming its semiconducting properties,
whereas the PbCl. film has a wide band gap of 4.3 eV that confirms the insulating property of

this material.
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3.2 Experimental Procedure and Characterisation

3.21 Lead Halide Film Deposition

Before deposition, small pieces (2 cm?) of corning glass substrates were cleaned in acetone
and isopropanol in an ultrasonic bath for 10 minutes each and then rinsed repeatedly with warm
deionized water. A three-zone chemical vapor deposition (CVD) system with a horizontal
ceramic tube (Zhengzhou Brother XD-1600MT Furnace Co., LTD, Zhengzhou City, China;
tube has 6 cm inner diameter, and each zone is 20 cm in length [3.22]) was used to deposit the
lead halides [3.20, 3.21]. The outlet side of the ceramic tube is connected to a rotary vacuum
pump, which achieves a base pressure of 0.05 mbar. An automated pressure regulator controls
the deposition pressure. The inlet side of the ceramic tube is connected to a nitrogen gas (N2)
line, which passes through a mass flow controller (MFC) from the N> cylinder. The schematic
representation of the CVD furnace system is shown in Figure 3.1(a), showing all the major

components.

About 150 mg of lead (I1) iodide (Cas No. 10101-63-0, yellow powder, purity, 99%, Sigma-
Aldrich Co., Saint Louis, MO, USA) or lead (1) chloride (Cas No. 7758-95-4, white powder,
purity, 98%, Sigma-Aldrich Co., Saint Louis, MO, USA) were used as vapor sources,
separately. During deposition, Pbl> or PbCl, powder source was contained in ceramic boats
and positioned at the centre of the first zone with substrates placed at the downstream of the
tube onto flat silicon wafer supports. The respective positions of the sources and substrates are
also illustrated in Figure 3.1(a). For the Pbl, film deposition, the first zone with Pbl, source
was ramped up to a nominal temperature of 380 °C for the source evaporation with a ramping
rate of 10 °C/minute [3.20, 3.21]. Substrates were placed at optimized distances of 15 cm or

16 cm away from the source, downstream, in positions that reach nominal substrate
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temperatures of 135 °C or 125 °C, respectively, as measured using an external thermocouple

prior to the deposition.

(a) Ceramic Zone CvD
Furnace

Reactor Insulator Pressure

Gas Tube body regulator
Lines / J / valve
\ ( - w l Exhaust

VA RN

Glass

Pb halide Y
Substrates Rotary Vacuum
source Pump

\Ml\ LASZ N IR = § L SN
SS e PbCl, onr G!dss

— S,

PbI, on Gla

(b)

Figure 3.1: (a) CVD system schematic employed here showing all the important components;
(b) Photographs of the as-deposited Pb halide films on glass at different deposition

temperatures as shown (Pbl; transparent yellow and PbCl; transparent white).

Similar conditions for PbCl, were followed except for the source sublimation temperature,
which was 450 °C, and the substrates placed at optimized distances of 16 cm or 17 cm away
from the source with nominal substrate temperatures of 165 °C or 150 °C, respectively. These
substrate temperatures were selected based on preliminary experiments during the deposition
optimization of Pb halide film thickness. Only the first zone was heated during these
depositions and the different substrate temperatures were due the temperature gradient from

the heated first zone towards the tube outlet. The depositions were allowed to dwell for 40
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minutes with pressure controlled and maintained at 300 mbar during this deposition under
continuous flow of N2 at 100 standard cubic centimetres per minute (sccm). Transparent
yellowish Pbl, and whitish PbCl> thin films were obtained and no post-deposition treatments
were performed on these thin films; the photographs of the films are shown in Figure 3.1(b).
The observed difference in colour in the Pbl> and PbCl> pairs is due to the thickness difference,
where the thicker films are deposited at the higher substrate temperatures (135 °C for Pbl, and

165 °C for PbCly).

3.2.2 Characterisation

To study phase composition and structure of these thin films, X-ray diffraction (XRD) was
employed using a Panalytical Empyrean X-ray diffractometer (Malvern Panalytical Ltd.
Malvern, Worcestershire, UK) with Cu Kal radiation (1.5406 A) and operated at an
acceleration voltage of 45 kV and 40 mA current. Samples were scanned over a 20 range of 5—
99° with a scan step of 0.02626°. The morphology (surface and cross-sectional views) of the
Pb halide layers was investigated using a Zeiss Auriga field-emission gun Scanning Electron
Microscope (FEG-SEM, Jena, Germany) operated at acceleration voltages of 3-5 kV and
equipped with energy dispersive X-ray spectroscopy (EDS) facilities to probe the elemental
composition. The samples were lightly coated with carbon to enhance image quality. The cross-
sectional samples were prepared by breaking the glass substrate after making a deep scratch on
the back side of the glass to break it easily. A Tecnai F20 FEG transmission electron
microscopy (FEG-TEM, Hillsboro, OR, USA) operated at 200 kV was used to examine the
internal structure of the Pbl> platelets and allows for electron diffraction measurements. The
samples for the TEM were obtained by scratching the surface of the film and dispersing the
flakes in an ethanol solution by sonication, followed by dropping it onto a Cu grid that was

dried under a lamp. For optical transmission measurements, an Ocean Optics UV-visible

84

http://etd.uwc.ac.za/



CHAPTER THREE

spectrophotometer (Ocean Insight, Orlando, FL, USA) was used with measurements taken
from 250-1000 nm with a spectral resolution of 0.5 nm. Thin film thicknesses were measured
using a Veeco Dektak 6M Stylus thickness profiler (Veeco Instruments, Inc. Tucson, Arizona,

USA).

3.3 Results and Discussion

3.3.1  Structural Properties of Lead lodide Films

The X-ray diffraction (XRD) patterns of the Pbl> thin films on glass substrates deposited at
substrate temperatures of 125 °C and 135 °C are shown in Figure 3.2(a). The observed peaks
(20) at 12.7°, 25.6°, 38.8°, and 52.5° are assigned to the (001), (002), (003), and (004)
diffraction planes, respectively, consistent with the results of previous reports [3.7, 3.8]. These
XRD patterns are indexed to the 2H hexagonal (P3m1) structure [3.7, 3.8] of crystalline Pbl,
phase. For both samples, the (001) peak is the most intense compared to other diffraction peaks,
as shown in Figure 3.2(a) and (b), indicating a preferential growth orientation along the [001]

direction that is parallel to the c—axis of the hexagonal Pbl> unit cell [3.7, 3.8].

This highly intense (001) peak demonstrates that these Pbl, films are highly textured as
there appears no other family of planes in the XRD pattern such as the (110) [3.8]. The
preferred growth orientation of Pbl> thin films is related to its growth mechanism that follows
a layer-by-layer growth through the Van der Waals bonding along the c-axis [3.1, 3.7].
Furthermore, the Pbl thin film deposited at the higher substrate temperature of 135 °C showed
a slightly higher (001) peak intensity, as demonstrated in Figure 3.2(b). This may be due to
improved crystallinity of the film due to higher substrate temperature deposition (135 °C), or
it could be due to a thicker film thickness compared to its low-substrate-temperature (125 °C)

counterpart.
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The XRD patterns were fitted to obtain peak information on its peak position and peak width
(full width at half maximum). The peak position in degrees was used to estimate the planar d-
spacing via Bragg’s diffraction equation: 2dnq sinf = A, where dnl is the planar spacing, 9 is
half the XRD peak position and / is the Cu Kal wavelength [3.23]. The planar d-spacing was
in turn used to estimate the lattice constants of these films, summarized in Table 3.1. The lattice
parameters are almost identical for the films and this is also indicated in Figure 3.2(b) where
there is no distinct shift in the XRD peak positions of the (001) and (003) planes. The sample
grown at the higher substrate temperature of 135 °C shows a slight lattice compression
compared to the low substrate temperature sample (125 °C), which may be due to the

compressive stress induced by the higher substrate temperature.

Table 3.1: Summary of X-ray diffraction information including lattice parameters (constants),

crystallite sizes and strain of the two Pbl. films deposited at different substrate

temperatures.
Sample Lattice Parameter = Lattice Parameter = Crystallite Size Strain
Conditions ‘¢’ (nm) ‘a’(nm) (hm) (x1073)
125°C 0.6959 0.4548 154.3 1.32
135°C 0.6956 0.4547 172.4 0.581

The vertical crystallite sizes of the films were also estimated using the Williamson-Hall (W-
H) method, which takes into consideration the effect of strain. The W-H equation relates the
peak broadening to the crystallites size via this relation: facos@ = 4esin@ + (kA/D), where D is
the crystallite size, k is a constant (0.94), 1 is the Cu Kal wavelength, fq is the full-width at
half-maximum in radians (as discussed in [3.23]), @ is the peak position and ¢ is the strain

parameter [3.23]. The W-H equation is explained and derived in [3.23] and the crystallite size
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and strain are obtained through a linear plot of facosé vs. 4sin6 as shown in Figure 3.2(c) and

(d). The crystallite sizes were calculated by equating the y-intercepts to kA/D and strain (¢) is

the slope of the linear fit, shown in Figure 3.2(c) and (d).
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Figure 3.2: (a) Full XRD patterns of Pbl> thin films on glass deposited at different substrate

temperatures; (b) zoomed XRD patterns showing the two intense (001) and (003)

peaks of the Pbl: films; (c, d) Williamson-Hall plots for crystallite size and strain

estimation of the two Pbl, films.

The estimated crystallite sizes of these samples are also included in Table 3.1. The sample

deposited at 125 °C substrate temperature had smaller crystallites size of about 154.3 nm

compared to the sample deposited at higher substrate temperature of 135 °C, which amounted

to about 172.4 nm. The increased crystallite size of the 135 °C sample is evident in the higher

XRD peak intensity (Figure 3.2(b)), indicating the superior crystallinity of this sample. The
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XRD data proves that the substrate temperature influences the crystallinity of the resulting Pbl.
films and therefore reiterates the importance of investigating the crystal structure of films
deposited at different substrate temperatures, which in this case is also position-dependent that

also has an effect on the film thickness, as will be discussed in the next section.

3.3.2  Morphology of Lead lodide Films

The scanning electron microscopy (SEM) micrographs of the as-deposited Pblz films
deposited at different substrate temperatures are provided in Figure 3.3(a) and (b). The film
morphology is similar for both deposition conditions and is characterized by flat and compact
grains, as shown by the higher magnification SEM micrographs in Figure 3.3(a) and (b). These
flat grains are formed from coalesced hexagonal platelet grains and this is a common
morphology of vapor deposited Pbl. films [3.1, 3.7, 3.8, 3.11]. Some of these hexagonal
platelet grains grow at angles with respect to the film surface with some lying perpendicular to

the film surface as shown by the selected area in Figure 3.3(a) and (b).

The concentration of these surface platelets was higher for the sample grown at a higher
substrate temperature, which is clearer in the lower magnification micrograph in Figure 3.3(d).
These films are uniform over large areas, as evident from the lower magnification SEM
micrographs in Figure 3.3(c) and (d). This is an indication of the suitability of the low-pressure
CVD method for the deposition of Pbl, films with tailored morphology at different substrate

temperatures.

The compactness of the grains is also evinced by the fact that there are no clear observable
grain boundaries between the grains. The histograms showing the distribution of the measured
lateral grain sizes are given in Figure 3.4(a) and (b). The Pbl. film deposited at 125 and 135 °C

has an average lateral grain size of 588.7 £ 117.6 nm and 734.2 + 144.8 nm, respectively. The
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lateral grain sizes are larger than the vertical crystallite sizes estimated from the XRD results.
This implies that these grains are composed of smaller crystallites. The flatness of the Pbl film
morphology was also depicted in the cross-sectional SEM micrographs shown in Figure 3.4(c)

and (d).

Pbl, -135°C

Figure 3.3: Planar SEM micrographs (high magnification) of Pbl, thin films deposited at
different substrate temperatures: (a) 125 °C, and (b) 135 °C; (c) and (d)

Corresponding lower SEM magnification micrographs.

These films show a homogeneous film thickness with minimal roughness that are attributed

to the surface platelets observed in the planar view SEM micrographs in Figure 3.4(c) and (d).
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The thickness of the Pbl> film deposited at 125 °C was measured to be about 150 nm from the
SEM micrograph (Figure 3.4(c)), which is thinner than the sample deposited at a substrate
temperature of 135 °C that has a thickness of about 290 nm (Figure 3.4(d)). These thickness
values agree with that measured by profilometry. The thicker film produced at higher substrate
temperature (135 °C) is due to the faster deposition rate and the fact that the substrates were
closer to the source than the lower substrate temperature (125 °C) position. This observation
confirms that the film thickness can be controlled by varying the substrate temperature and

distance between source and substrate.

~
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W="s
. H c XW

200 400 600 800 1000 1200

7‘7

™~
T

Frequency
Frequency
o2}

300 400 500 600 700 800 900

- — Grain Size (nm)
Grain Size (nm)

Pbl, - 125 °C PbL, -135°C

Figure 3.4: (a) and (b) Histograms showing measured lateral grain size distribution of the two
Pbl> thin film samples. Cross-sectional SEM micrographs of the Pbl, samples for

different substrate temperatures: (c) 125 °C, and (d) 135 °C.
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These films grow flat on the surface of the glass with no clear grain boundaries across the
film thickness. This again agrees with the compact grain nature observed in the planar SEM
micrographs. The film thickness is slightly less than the average grain size for both deposition
conditions, suggesting a faster lateral grain growth than vertical growth, which is ascribed to

the minimized surface energy of the crystalline facets [3.24].

This faster lateral grain growth is clearly shown in the longer lateral dimension of the surface
platelets in Figure 3.3(a) and (b) where a platelet grows longer than a micron (1 pum) size
compared to the film thickness. This is attributed to the growth mechanism of Pbl. platelet
grains. The growth follows a layer-by-layer pattern of repeating I-Pb—I monolayers that are
covalently bonded and separated by a weak Van der Waals bonding [3.20, 3.21, 3.24]. During
growth, these monolayers layers are stacked perpendicular to the c-axis and parallel to the
surface leading to a flat film surface. This flatness of the Pbl film was also realized due to the
flat surface of the glass substrate as a rough surface may lead to tilted grains of Pbl [3.24].
This implies that the choice of the substrate determines the resulting morphology of the Pbl>

film.

Transmission electron microscopy (TEM) was used to probe the morphology and crystal
structure of these platelet grains. The TEM samples were prepared by scraping off the surface
of the films to increase the possibility of getting platelets. A low-resolution TEM micrograph
of the platelets is shown in Figure 3.5(a) where a bundle of platelets is clearly visible. The high-
resolution TEM micrograph in Figure 3.5(b) shows that the platelets are highly crystalline, with
the measured inter planar spacing of 0.339 nm averaged over six atomic planes (Figure 3.5(b))
that belongs to the (101) family of plane of the hexagonal Pbl, structure [3.14, 3.25]. The
selected area electron diffraction (SAED) pattern in Figure 3.5(c) further proves that these

platelet grains are highly crystalline with diffraction spots that form hexagons, in which the
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spots forming the first hexagon are indexed to the (100) planes [3.14, 3.25]. The diffraction
spot patterns that lie on the second hexagon with respect to the centre are indexed to the (110)

planes. The hexagonal spot pattern of the SAED proves the crystalline nature of the Pbl; films,

in agreement with the XRD data.

(2)

-
-

e % 0,339 0m

-
-
-
-

Figure 3.5: (a) Low resolution TEM micrograph of Pbl. platelets scratched from the film
surface; (b) high resolution TEM micrograph of the platelet in (a) showing atomic
planes of Pbl,; (c) selected area electron diffraction pattern of the Pbl> platelet

showing single crystalline nature.
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Elemental composition was verified by energy dispersive X-ray spectroscopy (EDS) taken
at various positions of the two samples, with the spectra shown in Figure 3.6(a) and (b). The
Pb/I atomic concentration for the 125 °C deposited sample was about 0.681 and for the 135 °C
sample was 0.651, both higher than the stoichiometric Pbl, which has Pb/I value of 0.5. These
results show that there is an excess of lead in these films, which suggest the presence of metallic
lead (PbP) in these films, i.e., un-bonded lead atoms. These results demonstrate the successful
deposition of high quality and compact Pbl. films with controllable morphology and thickness,
which is beneficial for perovskite preparation, as the starting Pb halide layer determines the

final properties of the resulting perovskite film during the two-step perovskite deposition.

Pbl, — 125 °C

Pbl, - 135 °C

(a) 1si (b) 5

cps/eV
cpsfeV

Energy (keV) Energy (keV)

Figure 3.6: EDS spectrums of the Pbl film on glass substrates deposited at different substrate

temperatures: (a) 125 °C, and (b) 135 °C.

3.3.3  Structural Properties of Lead Chloride Films
Two different substrate temperatures were also investigated for the deposition of lead
chloride (PbCIy) films and were 150 °C and 165 °C. These substrate temperatures are higher
than those used during Pbl. deposition mainly because the sublimation temperature of PbCl;
was higher (450 °C) compared to that of Pbl, (380 °C). XRD patterns of the PbCl. reveal

crystalline films with intense peaks for both samples, as shown in Figure 3.7(a). The observed
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peak at 22.25°, 24.67°, 25.21°, 32.55°, 40.05°, and 46.63° 26 angle are assigned to the (101),
(020), (111), (121), (004) and (033) diffracting planes, respectively, based on the the
International Centre for Diffraction Data (ICDD), Data No. 00-001-0536 [3.26]. These patterns
are indexed to the orthorhombic crystal system, space group Pnma of polycrystalline PbCl,

films [3.27, 3.28].

Table 3.2: Summary of XRD data including lattice parameters (a, b, and c), crystallite sizes

and strain of the two orthorhombic PbClI> thin films deposited at different substrate

temperatures.
Sample a b c Crystallite Strain
Condition (nm) (nm) (nm) Size (nm) (x107%)
150 °C 0.4459 0.7575 0.9002 84.7 1.11
165 °C 0.4458 0.7575 0.9001 94.7 0.839

The (111) planes show high peak intensity for both samples (Figure 3.7(a)), but in general
these PbCl, films show poor texture compared to Pbl; films. Comparing the two PbCl,
deposition conditions in Figure 3.7(b), the samples show no significant peak shift where the
sample deposited at higher substrate temperature of 165 °C has a higher peak intensity that
suggests superior crystallinity. The summary of the lattice parameters is given in Table 3.2, as
calculated for the orthorhombic crystal phase. There is a slight lattice compression for the
sample deposited at the higher substrate temperature (165 °C) compared to the sample

deposited at 150 °C.

The crystallite sizes of these films were also estimated via the W—H method as discussed
for the Pbl; structure. The estimated crystallite sizes for the two samples are also provided in

Table 3.2 and the plots are shown in Figure 3.7(c) and (d). The PbCl. film deposited at 150 °C
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showed smaller crystallites with an average value of about 84.7 nm compared to the sample

deposited at 165 °C, with an average crystallite size of 94.7 nm.
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Figure 3.7: (a) Full XRD patterns of PbCl> thin films on glass, deposited at different substrate

temperatures; (b) Zoomed XRD patterns showing the two intense (101) and (111)

peaks of the PbCl: films; (c, d) Williamson-Hall plots for crystallite size and strain

estimation of the two PbCl- films.

The trend in these results is similar to those observed for Pbl, films with low substrate

temperature deposition (150 °C) resulting in a smaller crystallite size. This is related to

crystallite growth that is limited by the size of lateral grains and the film thickness, as it is the

case for PbCl> films where higher substrate temperature (165 °C) deposition resulted in thicker

films with larger lateral grains than low substrate temperature (150 °C) deposited films. The

sample deposited at 165 °C also show a low strain from the W-H estimation. These XRD results

http://etd.uwc.ac.za/
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confirm that highly crystalline PbCl; thin films can be achieved by the low-pressure CVD
method with control of crystallinity by tuning the substrate temperature. The success of
depositing high quality PbCl. films provides options for the preparation of Cl-doped hybrid

perovskite films.

3.34  Morphology of Lead Chloride Films

High magnification planar SEM micrographs of the PbCl; thin films deposited at substrate
temperatures of 150 °C and 165 °C are shown in Figure 3.8(a) and (b), respectively. The
morphology of these films is very distinct to that of the lead iodide films. These PbCl; films
have well defined semi-spherical grains forming a continuous compact film. Some of the grains
grew into scattered nanowires (selected regions in Figure 3.8(a) and (b)), with the nanowire
density dependent on the substrate temperature. The film morphology is uniform over large
areas, as shown on the lower magnification micrographs in Figure 3.8(c) and (d). The lateral
average grain size was estimated from the SEM micrographs and the respective grain size
distribution histograms are provided in Figure 3.9(a) and. (b). The average grain size of the
PbCl> thin film deposited at a lower substrate temperature (150 °C) is about 344.8 £ 111.4 nm
(Figure 3.9(a)), which is smaller than that of the PbCl> film deposited at 165 °C with an average
grain size of 386.7 + 119.5 nm (Figure 3.9(b)). These results are similar to the trend observed

for the Pbl; films.

This enlarged average grain size at a higher substrate temperature (165 °C) is consistent
with the increase in PbCl> nanowire density as shown in Figure 3.8(c) and (d). The high
substrate temperature could be providing sufficient energy to enlarge the grain sizes, which in
turn results in the growth of nanowires on the surface of the film. The reliance of the nanowire
growth on the substrate temperature has been reported before where catalysts were employed

[3.29 - 3.31].
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PbI, — 150 °C , PbI, — 165 °C ‘

Figure 3.8: Planar SEM micrographs (high magnification) of Pbl, thin films deposited at
different substrate temperatures: (a) 150 °C, and (b) 165 °C; (c) and (d)

Corresponding lower SEM magnification micrographs.

It is clearly visible in Figure 3.8(b) that these nanowires nucleate from larger PbCl; grains,
hence their higher density for the sample with larger average grain size. The formation
mechanism of these nanowire growths is unclear, but it can be supposed that the PbCl> grain
growth has a saturation stage in the lateral direction. At this saturation stage the PbCl. protrude
outwards where there may be free energy and hence forming the nanowires [3.29 — 3.32]. These
results confirm that with low-pressure CVD, different structures of lead halide can be formed

by tuning the substrate temperature.
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Figure 3.9: (a) and (b) Histograms showing measured lateral grain size distribution of the two

PbCI; thin film samples as measured from the planar SEM micrographs. Cross-

sectional SEM micrographs of the Pbl, samples for different substrate

temperatures: (c) 150 °C, and (d) 165 °C.

The cross-sectional SEM micrographs of the PbCl films are given in Figure 3.9(c) and (d),

where a homogeneous film thickness is observed for both samples. The PbCl. grains are more

columnar in shape and there are grains protruding out on the film surface, especially for the

film deposited at 165 °C (Figure 3.9(d)). These protruding grains are an indication of the

nanowire nucleation on the grains. The thickness of the PbCl> film deposited at 150 °C amounts

to approximately 160 nm (Figure 3.9(c)) and that of the film deposited at 165 °C was measured

to be about 210 nm (Figure 3.9(d)).
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EDS measurements taken on these two PbCl, samples for chemical composition confirmed
the presence of lead and chlorine in the films (Figure 3.10(a) and (b)). The EDS spectra were
acquired on large surface areas of the films for better statistics. The Pb/Cl atomic concentration
for the film deposited at a substrate temperature of 150 °C was found to be 0.579 and for the
film deposited at 165 °C was found to be 0.519. These values are closer to the stoichiometric
value of 0.5 for PbCl> compounds that is better than that obtained for Pbl, films, suggesting
less metallic lead in the PbCl; films. The EDS results further confirm the successful deposition

of high-quality lead chloride films by the low-pressure CVD method.

(@) - (b) 1
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Figure 3.10: EDS spectrums of the PbCl, film on glass substrates deposited at different

substrate temperatures: (a) 150 °C, and (b) 165 °C.

3.3.5  Optical Properties of the Lead Halide Films
The optical behaviour of the Pb halide thin films was evaluated from UV-Vis spectroscopy
in the region 250 — 900 nm. The transmittance spectra of the Pbl, and PbCl; films are shown
in Figure 3.11(a) and (b), respectively. The Pbl> films have high light transmittance at
wavelengths longer than 500 nm, Figure 3.11(a), whereas the PbCl> films transmit over the
entire visible range, i.e., wavelengths longer than 350 nm as shown in Figure 3.11(b). For both

compounds, the expected increased transmittance for the thinner films are evident.
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Furthermore, the increased film thickness is also accompanied with the observed increase in

the number of interference fringes for both compounds.
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Figure 3.11: (a) UV-Vis transmittance spectrums of Pbl, thin films on glass; (b) UV-Vis
transmittance spectrums of PbCl, thin films on glass; (c) Tauc plots of Pbl> films;

and (d) Tauc plots of PbCl; films.

The optical band gap (Eg) of the Pb-halide films was estimated from the Tauc relation: (ahv)?
= A(hv—Ey), assuming a direct band gap, where a is the absorption coefficient, 4v is the incident
photon energy in eV, and A is a constant [3.7]. The band gap is extracted from the linear part
of the plot of (ahv)? vs. hv, where it intercepts the x-axis (4v), in which (a/4v)? = 0 as shown in
Figure 3.11(c) and (d). The extracted optical band gaps were found to be similar at 2.43 eV and

2.41 eV for the Pbl> films deposited at 125 °C and 135 °C (Figure 3.11(c)), respectively, which
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is in the range of previously reported values for Pbl; thin films [3.1, 3.7]. The PbClI:> films has
a wide optical band gap with similar values of 4.26 eV and 4.25 eV for films deposited at 150
°C and 165 °C (Figure 3.11(d)), respectively. These results show that Pbl, films are wide band

gap semiconductors and PbCl; films are insulators.

3.4 Conclusion

In conclusion, the successful deposition of high-quality crystalline films of lead iodide and
lead chloride was realized through a low-pressure chemical vapor deposition method, offering
a low-cost alternative for the preparation of precursor films for hybrid perovskite thin films.
Highly textured Pbl. films with large crystallites size of 154.3 nm and 172.4 nm were achieved
for films deposited at substrate temperatures of 125 °C and 135 °C, respectively. Large lateral
grain sizes were also observed for these Pbl, films as measured from the SEM micrographs
with an average grain size of 588.7 + 117.6 nm for film deposited at 125 °C and 734.2 + 144.8
nm for a sample deposited at 125 °C. PbCl> showed a reduced texture in the XRD patterns with
smaller crystallite sizes than that of the Phl films, with values of 84.7 nm and 94.7 nm for the
films deposited at 150 °C and 165 °C, respectively. The PbCl; films have a columnar grain
shape, compared to flat platelet grains of the Pbl> films, with an average grain size of 344.8 +
111.4 nm and 386.7 + 119.5 nm for the films deposited at 150 °C and 165 °C, respectively.
These large grain sizes for these lead halides films are beneficial for the conversion to large-
grain perovskite films, which will be beneficial to the performance and stability of the
perovskite solar cells. Optically, the Pbl> films showed a band gap of about 2.4 eV, confirming
its semiconducting nature. The PbCl, has a wide band gap of 4.3 eV, which shows the

insulating properties of this material.
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CHAPTER FOUR
Air-stable Hybrid Perovskite Solar Cell by

Sequential Vapor Deposition in a Single

Reactor

ABSTRACT:

Here we demonstrate a facile two-step low-pressure vapour deposition of methyl-ammonium
lead iodide (MAPbDI3) perovskite films in a single reactor. Continuous, poly-crystalline lead
iodide (Pbl) films were deposited in the first step and successfully converted to high quality
perovskite films in the second step during exposure of Pbl. films to methyl-ammonium iodide
(MAI) vapour. A complete conversion was realized after 90 minutes of exposure with an
average grain size of 3.70 + 1.80 um. The perovskite conversion starts at the Pbl, surface
through the intercalation reaction of Pbl, and MAI vapour molecules and progresses towards
the Pbly/substrate interface. The coverage and quality of the perovskite thin film is controlled
by that of the pre-deposited Pbl> film. The absorbance measurements confirmed air stability of
the fully converted perovskite for 21 days, ascribed to its superior morphology and grain size.
Finally, a planar perovskite solar cell, with no additives or additional interfacial engineering,
was fabricated and tested under open-air conditions, yielding a best power conversion
efficiency of 11.7%. The solar cell device maintains 85% of its performance up to 13 days in

open-air with relative humidity up to 80%.

The contents of this chapter were published in: ACS Appl. Energy Mater. 2020, 3, 2350-2359. Modifications
were made in this chapter to suit thesis presentation and published supporting information has been included

here with discussion.
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4.1 Introduction

The organic-inorganic hybrid perovskites have emerged as an interesting class of
semiconductor materials for their application in photovoltaic (PV) and other semiconducting
devices [4.1 — 4.3]. The first application of perovskites in PV technology was in 2009 by
Kojima and co-workers [4.4], with measured power conversion efficiency (PCE) of about
3.8%, and in 2012 by Lee et al. [4.5] with improved PCE of about 10.9%. A fast rise in PCE
of this material observed in just under a decade from 3.8% to over 25.2% is highly unique
compared to other established PV technologies such as c-Si, GaAs, CdTe, and organic based
solar cells [4.6]. The high efficiency of these organic metal halides perovskites has been
attributed to its excellent optical and electronic properties. These include high optical
absorption coefficient (ca. 10* cm™) and wide range of visible absorption with tunable direct
band gap (1.5—-2.3 eV), long carrier diffusion lengths, ambipolar charge transport, low intrinsic
recombination rates due to weakly bounded excitons, high crystallinity, and low temperature
processing [4.3, 4.7]. However, hybrid perovskite absorbers still face the issue of chemical
instability as they degrade under continued exposure to moisture and UV light and are unstable

at high temperatures [4.1, 4.3, 4.7].

Perovskite thin films are usually deposited via three main routes: solution spin coating,
physical vapour deposition (vacuum thermal evaporation), and chemical vapour deposition
(CVD). All these methods are either single step, where the organic cation is deposited
simultaneously with the metal halide, or two-step sequential deposition, with the metal halide
pre-deposited and organic halide material introduced in the second step [4.8 — 4.14]. The spin-
coating methods have several challenges, which include incomplete surface coverage, use of
solvents that may promote high instability, processing in inert environments, and lack of

reproducibility. Thermal evaporation on the other hand requires the use of dedicated ultrahigh
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vacuum systems. In addition, these techniques are not easily scalable and are in most cases

incompatible with traditional deposition methods used in the semiconductor industry.

CVD has the advantage of being a well-established technique in the silicon processing
industry [4.15]. It allows for the deposition of uniform thin films onto large substrate sizes,
which aids in the scalability of the perovskite deposition process. CVD has been employed for
the deposition of hybrid perovskite thin films by various groups based on the one-step [4.16]
and two-step processes [4.14, 4.15, 4.17 — 4.26]. Although simpler, during one-step CVD it
may be difficult to control the co-evaporation of the sources resulting in poor conversion and
film quality. The two-step CVVD method, referred to as hybrid CVD (HCVD), requires the pre-
deposition of the Pb halide on substrates typically by spin coating or thermal evaporation [4.15,
4.17 — 4.26]. The pre-deposited Pb halide thin films are then placed inside the CVD furnace a
distance away from the methyl ammonium iodide (MAI) source that is vaporized by thermal
heating. The resultant MAI vapours are transported by the inert gas that diffuse through the
layered Pb halide structure forming a solid perovskite during a chemical reaction of the MAI

molecules with the layered Pb halide [4.15, 4.17].

HCVD still poses a challenge to scalability of the CVD technique, since the pre-deposited
Pb halide layers are dependent on the inherent constraints of the spin-coating or thermal
evaporation techniques. The highest PCE of perovskite fabricated by CVD method is 18.9%
but the Pbl> was also fabricated by spin coated method and converted to perovskite through
CVD [4.27]. Comparative studies of different CVD methods for perovskite deposition and
device performances have been given in review papers by Swartwout et al. [4.28] and Luo et

al. [4.29] with PCE ranging between 7.9 and 18.9%.

The major drawback of perovskites is its instability when exposed to humidity, particularly

for those grown by spin coating which requires the devices to be processed in a glove box.
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There is thus a need to improve the stability of perovskites by producing thin films with large
grain sizes, full surface coverage and improved morphology, while maintaining a high
throughput on large-area substrates. Several strategies such as interface engineering, addition
of interfacial coating layers to protect against moisture permeation, encapsulating layers to
shield against moisture, and doping of the perovskite absorber layer have been employed
Amongst solution processed films, the use of ionic additives degrades the performance of
encapsulated perovskite solar cells by only 5 % under continuous simulated full spectrum

sunlight for more than 75 days at elevated temperatures [4.30].

Air stability remains an issue and there are not many reports of stability tests found in the
literature from un-encapsulated CVD grown perovskite solar cells. Wang et al. [4.20]
investigated the stability of C\VVD perovskite devices, which remained stable for 100 days stored
in air at relative humidity of 40%. However, the group used a fresh hole transport layer and
metal contact for each measurement. Peng et al. [4.21] also reported on the stability of their
perovskite solar cell, which maintained 80% of initial performance after 31 days stored at
ambient environment with 30% relative humidity. Another study on CVD grown perovskite
device stability was reported by Tran et al. [4.26] where they employed single wall carbon
nanotubes as a counter electrode and their device maintained 80% of initial 7.9%-efficiency
for 500 hours of test under ambient atmosphere. Furthermore, Pammi et al. [4.31] investigated
long term stability of CVD grown perovskite films on glass but these investigations were not
conducted on a functioning device. Another recent study by Hoerantner et al. [4.32]
demonstrated a fast CVD technique for perovskite preparation achieving 6.9% efficiency but
did not discuss any long-term stability measurements. To reduce the production and installation
cost of MAPDI3 perovskite solar panels, the emphasis should be on addressing and improving
the chemical stability of the MAPDI3 perovskite absorber layer, as this will remove the costly

and stringent encapsulation process required to protect the perovskite solar cell from humidity.
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In this contribution, we report on the vapour deposition of a Pbl thin film ina CVD reactor,
followed by its conversion to a uniform, poly-crystalline MAPbIs perovskite thin film, using
the same CVD reactor. The novelty of this approach stems from the deposition of a uniform,
compact and crystalline Pbl layer in the same CVD reactor at low pressure, as opposed to
other hybrid CVD methods where the Pbl, layer is deposited by either spin-coating or high
vacuum thermal evaporation in a different reactor. As the CVD reactor allows for independent
control of deposition parameters, this technique aids in improving the reproducibility of the
perovskite thin films with enhanced morphology and stability. Moreover, since the deposition
of the uniform Pbl. layer is performed in the same CVD reactor in the first step, a scale-up

synthesis is facilitated.

We further investigate the perovskite conversion process by exposing Pbl films to the MAI
vapours in the second conversion step. The structural, morphological, and compositional
properties are probed by powder and grazing incidence X-ray diffraction (XRD), scanning
electron microscopy (SEM), and X-ray photoelectron spectroscopy (XPS), respectively.
Furthermore, the air stability of a fully converted perovskite thin film is investigated through
absorbance measurements for 21 days. The optimum converted perovskite film is applied in
planar solar cell architecture with the best PCE of 11.7%, measured in air. The solar cell
maintained 85% of its performance for 13 days of measurements under ambient conditions

with the temperature ranging from 15 — 22°C and the relative humidity ranging from 60 — 80%.

4.2  Experimental Methods
4.2.1  Perovskite Film Fabrication
Corning glass substrates were cut into 1 cm x 1 cm sizes and subsequently cleaned in

acetone and isopropanol for 10 minutes each in an ultrasonic bath and repeatedly rinsed with
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deionized water. The CVD system used in this study is composed of a horizontal ceramic-tube,
enclosed by a 3-zone ceramic tube furnace (Brother XD 1600MT manufactured by Zhengzhou
Brother Furnace Co., LTD), where each zone is 20 cm in length. The base pressure in the
system amounts to 102 mbar and the deposition pressure is maintained by an automated

pressure regulating system. A schematic of the CVD system is shown in Figure 4.1(a).

For the deposition of the lead iodide (Pbl2) thin films (Step 1), about 150 mg of lead (1)
iodide powder (99%, Sigma—Aldrich) in a ceramic boat was placed in the centre of the first
zone and the Corning glass substrates were placed downstream, 15 cm away from Pbl> source
mounted on a ceramic substrate holder. The first zone was subsequently ramped at 10 °C/min
up to a nominal temperature of 380 °C, which is above the known sublimation temperature of
Pbl,. The temperature of the Corning glass substrate (15 cm downstream from the source)
amounted to 145 °C. To transport the Pbl, vapours towards the substrates, a nitrogen gas (N>)
flow rate of 100 sccm was maintained at a deposition pressure of 300 mbar. The deposition
time amounted to 40 minutes for the complete consumption of the Pbl, powder. Thereafter the
N2 flow was interrupted and the samples were allowed to cool to room temperature. A
yellowish, compact Pbl> thin film was produced, and no post treatment was performed on the

Pbl> thin films (Figure 4.1(b)).

The perovskite conversion of the Pbl. thin films (Step 2) was performed in the afore-
mentioned CVD system. About 200 mg of methyl ammonium iodide (MAI) (Dyesol) salt was
placed in a fresh ceramic boat at also at the centre of the first zone and Pbl> thin films placed
8 cm downstream from the MAI. The temperature of the MAI boat was subsequently ramped
at 10 °C/min up to a nominal temperature of 180 °C. The temperature of the Pbl./glass substrate
(8 cm downstream from the source) amounted to 130 °C. The MAI vapours were transported

towards the Pbl> thin films by a N2 flow of 100 sccm at a constant pressure of 50 mbar. To
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investigate the perovskite conversion process, the conversion times for the MAPbIz samples
were fixed to 15, 30, 60, 90 and 120 minutes. Figure 4.1(b) displays photographs of the Pbl>

thin film and the converted MAPDbIs samples after various conversion times.

(a) Manual MFC Furnace Pressure
valve Saene S e regulating valve
" ~ il f
y MFC - — V
T—{><)———1><]—[ Reactor Exhaust
N, Gas Rough Vacuum
L pump
Pbl,/MAI Substrates
(b)
) 15 mins 30 mins 60 mins 90 mins 120 mins
Pbl, Film conversion conversion conversion conversion conversion

Figure 4.1: (a) Schematic illustration of the home-built chemical vapour deposition system,

(b) photographs of the deposited films with a yellow Pbl2 and the dark perovskites

after different conversion times as labelled.

4.2.2  Perovskite Solar Cell Fabrication
The device fabrication was done under ambient conditions (temperature and humidity) in
air. All chemicals used here were purchased from Sigma-Aldrich and used as bought. Fluorine-
doped tin oxide (FTO) coated glass substrates (10 Ohms/sg.) were cut into 1.5 cm x 2 cm
sections and etched with Zn powder and 2 M hydrochloric acid (HCI). These samples were
sequentially cleaned with hellmanex detergent (2%) and isopropanol in an ultrasonic bath
followed by a thorough rinsing in hot deionized water and finally cleaned with UV ozone for

10 minutes. A 365 pL of titanium isopropoxide was added into 2.5 mL of ethanol, and 35 pL
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of HCI (2 M) also added into 2.5 mL of ethanol, mixed to form 5 ml solution and stirred for an
hour. The prepared solution was spin coated on the etched FTO substrates at 2000 rpm for 30
seconds to obtain a titanium containing film followed by 4000 rpm spin coating as a second

coat, also for 30 sec, to fill any voids left during the first spin coating step.

The samples were dried on a hot plate at 150 °C for 5 min and then annealed at 500 °C for
30 minutes using a tube furnace at atmosphere to form a compact (c-)TiO> film. The fully
converted (90-minute) perovskite film was employed as the absorber layer onto the c-TiO>
layer. To finalize the device a hole transport layer (HTL) was spin coated on top of the
perovskite film at spin speed of 2000 rpm for 30 s. The HTL solution was prepared by
dissolving 80 mg of Spiro-MeOTAD in 1 mL of chlorobenzene, to which 40 uL of 4-tert-
butylpyridine (tBP) and 25 pL of lithium bis- (trifluoromethanesulfonyl) imide (LITSFI)
solution (52 mg of LITSFI in 100 pL of acetonitrile) were added and stirred for 30 minutes.
Finally, 100 nm of silver electrode was deposited by thermal evaporation at a deposition

pressure of 10° mbar through a shadow mask with device active area of 0.05 cm?.

4.2.3  Characterization
The phase composition and the crystal structure were identified by X-ray diffraction (XRD)
using a PANalytical Empyrean X-ray diffractometer with Cu Kal radiation (1.54 A) at an
acceleration voltage of 45 kV and current of 40 mA over the 20-range of 5-50° with a scan
step of 0.02°. The morphology of the thin films were investigated using a Zeiss Cross Beam
540 Focused lon Beam Scanning Electron Microscope (FIB-SEM) operated at an acceleration
voltages of 1-3 kV and equipped with energy dispersive X-ray spectroscopy (EDS) for

elemental composition.
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X-ray photoelectron spectroscopy (XPS) was carried out on a Thermo Scientific ESCALAB
250 surface and depth analysis system equipped with a monochromatic Al Ko X-ray (1486.7
eV) source. Optical transmission spectra were measured from 250-1000 nm with a spectral
resolution of 0.5 nm, using an Ocean Optics UV-visible spectrophotometer. Current density
(J)-voltage (V) characteristics were recorded with a Keithley 2420 source meter under
illumination of 100 mW/cm?, AM1.5, by a solar simulator (Sciencetech Inc.) in air. The cells
were illuminated for 15 seconds before measurements with J—V curves recorded in forward

scan (-0.2 to 1 V) and reverse scan (1 to -0.2 V) with a step voltage of 12 mV.

4.3 Results and Discussion

4.3.1  Thin Film Deposition
Crystalline Pbl> thin films were successfully deposited in the first step of the sequential low
pressure chemical vapour deposition (LPCVD method). Figure 4.2(a) shows the XRD pattern
of a pure, high quality Pbl thin film on glass substrate, depicting its poly-crystalline nature.
The observed peaks at ~12.74°, 25.59°, 38.76°, and 52.51° belongs to the (001), (002), (003),
and (004) diffracting planes, respectively, based on the Joint Committee on Powder Diffraction
Standards (JCPDS, data no. 07-0235). This XRD pattern is indexed to the hexagonal (P3m1)

structure [4.33, 4.34] of a highly crystalline Pbl, film.

A slight shift in 26-peak positions was observed as compared to the standard pattern, which
suggest a slight compression of the d-spacing (less than 1%) and hence compression of the c-
axis lattice constant that can be ascribed to the higher growth temperature (ca. 380° C) of the
Pbl. films. The (001) peak is the most intense, indicating a preferred growth orientation along
the [001] direction, which is parallel to the c-axis of the hexagonal crystal structure. This

preferred growth direction is linked to the growth mechanism of Pbl> thin films, which follows
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a layer-by-layer growth of repeating I-Pb-1 monolayers along the c-axis and separated by a van
der Waals gap [4.33 — 4.35]. This van der Waals gap allows an easy intercalation of foreign

molecules, such as MAI, during the conversion to perovskite.
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Figure 4.2: (a) XRD pattern, (b) planar SEM micrographs, (c) optical micrograph, and (d) an
AFM micrograph of the as-deposited Pbl> film during the first step of the

sequential low pressure CVD method.

A uniform, smooth Pbl, film is shown in the scanning electron microscopy (SEM)
micrograph in Figure 4.2(b) with large and compact visible grains and well-defined grain
boundaries. This successful growth of a Pblz film is achieved through evaporation of Pbl>
source that moves towards the substrate due to temperature gradient in the CVD tube assisted
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by N> flow. The growth begins with this layer-by-layer deposition on the substrate forming a
continuous film under the optimum conditions of temperature and pressure. The smooth surface
is related to the grain formation during deposition (layer-by-layer growth) and these flat grains
of Pbl are often referred to as platelets grains [4.14, 4.33 — 4.35]. The SEM micrograph also

confirms a full surface coverage with no pinholes present in the film.

Optical micrograph of this Pbl, film is also shown in Figure 4.2(c) depicting a larger area
of the film surface with few scratches due to sample handling. The root mean square (RMS)
roughness of about 8.5 nm was extracted from the Pbl, atomic force microscopy (AFM)
micrograph in Figure 4.2(d). The smooth surface of the Pbl> film is related to the platelet grain
formation during deposition as discussed earlier, i.e., layer-by-layer growth. The lateral grain
size amounts to 1.60 = 0.62 um (as measured from the SEM micrograph in Figure 4.2(b)).
There are, however, grains larger than 1.6 pm measured along their length. The Pbl. large grain
sizes are due to a fast-preferred grain growth along the lateral direction where there is a
minimized facet surface energy as opposed to along the c-axis (vertical direction) [4.35].
Hence, the grains are larger than the film thickness of 230 + 15 nm [4.35]. These larger grains
are favourable for conversion to perovskite phase and are expected to grow larger in size during
the perovskite conversion through the diffusion of methyl ammonium iodide (MAI) molecules

through the layered Pbl; structure.

The Pbl thin films were successfully converted into the MAPDbIs perovskite films during
their exposure to the MAI vapour in the second step. During conversion, the MAI vapour
diffuses towards the heated Pbl> films on glass substrates, which upon contact with the Pbl>
film surface, it diffuses through Pbl. layered framework. The proposed reaction mechanism is

an intercalation of the MAI into the layered Pblz, beginning at the surface (top) [4.10] or at the
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substrate interface (bottom) [4.17]. Here the deposition mechanism and conversion process are

investigated at different conversion times.

Figure 4.3(a) shows the XRD patterns of MAPDbI3z perovskites converted after 15, 30, 60, 90
and 120 minute exposure times. The MAPDI3 patterns show major diffraction peaks at 14.05°,
19.94°, 28.39°, 31.81°, and 40.61° 26, assigned to the (110), (112), (220), (310), and (224)
planes, respectively, of the tetragonal (I14/mcm) MAPDIs phase known to be stable at room
temperature [4.36, 4.37]. There are other smaller peaks at 23.44° (211), 24.42° (202), 34.91°
(204), and 43.09° (330); also indexed to tetragonal MAPDI3 perovskite [4.36, 4.37]. The small
peak at 23.44° is inconsistent with the cubic symmetry of MAPbIs, hence confirming a pure

tetragonal phase perovskite [4.36, 4.37].

The XRD pattern of the 15 minutes converted film shows sharp peaks belonging to the
hexagonal Pbl, phase (shown by solid diamond) that is more intense than the MAPbI;
perovskite peaks, which confirms the coexistence of the two phases. This demonstrates that the
conversion process is incomplete after 15 minutes exposure. A very small peak at 12.74° that
belongs to a low level Pbl, impurity appears for the 30 and 60 minute converted perovskites
(as seen in Figure 4.3(a)), suggesting that the majority of the Pbl. is converted to perovskite
with a small fraction of Pbl; still present. The Pbl, impurity peak disappears after 90 minutes
conversion time, confirming complete conversion of the Pbl. film into MAPbI3 perovskite after
this exposure time. Further exposure after 120 minutes does not induce an appreciable change
in the XRD pattern. These results show that the intercalating reaction begins the instant that

the Pbl coated substrate is exposed to the MAI vapour.
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Figure 4.3: (a) XRD pattern of perovskite films, (b—d) top view SEM micrographs of the
converted perovskite films after (b) 15 minutes, (c) 30 minutes, and (d) 60 minutes
exposure of Pbl films to MAI vapour during the second step of the sequential low

pressure CVD method.

The morphology of the poly-crystalline perovskite thin films was investigated by means of
SEM as shown in Figure 4.3(b—d) and Figure 4.4(a) and (b) for different conversion times. Low
surface coverage, pinholes and inhomogeneity of the perovskite thin film often results in poor
solar cell performance [4.13]. An advantage of a two-step deposition process, especially in this
instance, is that the pre-deposited Pbl, morphology can be controlled carefully, resulting in

high quality perovskite thin films.
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The yellow Pbl> film was converted into a dark brown/black perovskite upon exposure to
the MAI vapour during the second step of the sequential deposition where even the partially
converted 15 minutes sample appears dark (Figure 4.1(b)). The optical micrographs of the
converted perovskite films show uniform and continuous films with full surface coverage for
all conversion times, Figure 4.5(a)—(e). The perovskite film obtained after 90 minutes, which
is the fully converted sample, shows visible grains of sizes up to 6 um in the SEM micrograph

(Figure 4.4(a)) and in the optical micrograph (Figure 4.5(d)).

Figure 4.4: (a) Top view SEM micrographs of the converted perovskite films after 90 minutes,
and (b) after 120 minutes conversion; (c) a typical cross-sectional micrograph of a

perovskite film on glass showing continuous grains across film thickness.
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It is known that the grain sizes and shapes of Pbl. change after conversion to perovskites
due to the insertion of the MAI molecule within its layered structure [4.10, 4.15, 4.17]. The
lattice parameter along the c-axis expands upon conversion of the hexagonal Pblz (c = 6.95 A)
to tetragonal MAPbIs (c = 12.44 A); and hence the volume of the converted perovskite
increases as compared to that of Pbl, [4.14]. After 15 minutes conversion time, the grains
observed from the SEM micrograph (Figure 4.3(b)) are well defined with clear grain
boundaries, average grain size of 0.73 £ 0.24 um, and smaller in size compared to that observed
for the Pbl film. With prolonged conversion time up to 30 and 60 minutes, the grain size
increases to average values of 1.02 £ 0.58 um and 1.61 + 0.77 um, as shown in Figure 4.3(c)
and (d), respectively, and comparable to those measured for the Pbl; film. However, the grains
appear rougher and irregular. Larger and flatter grains are observed after 90 minutes conversion
with average size of 3.70 + 1.80 um (Figure 4.4(a)), followed by grain-coarsening and size
reduction after 120 minutes conversion to 2.36 + 1.03 um (Figure 4.4(b)). The grain size

evolution of these perovskite films is summarized in Table 4.1.

Table 4.1: Grain size, RMS roughness, thickness, and Pb/I ratio from EDS for different

conversion times.

Conversion Grain size RMS roughness Thickness Pb/I
time (min) (um) (nm) (nm) ratio
0 (Pbl> layer) 1.60 + 0.62 8.5 230 0.58
15 0.73+£0.24 45.7 405 0.43
30 1.02 +0.58 39.8 409 0.36
60 1.61+0.77 335 415 0.37
90 3.70+£1.80 32.7 450 0.36
120 2.36 £1.03 51.9 444 0.37
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The RMS roughness extracted from the AFM micrographs of the perovskite thin film
reduces from 45.7 nm after 15 minutes conversion to 32.7 nm after 90 minutes conversion,
followed by an increase to 51.9 nm after 120 minutes conversion (see Table 4.1 and Figure
4.5(f)—(j)). There is an inverse relationship between the grain size and roughness, which
suggest that the grain growth results in a continuous and smooth film. The increase in RMS
roughness from pre-deposited Pbl thin films to the perovskite films is due to the insertion of
the MAI molecule within the layered network of Pbl> where the perovskite grain formation
induces surface roughness. The difference in morphology was also observed in the SEM
micrographs with perovskites films depicting defined grains (Figure 4.3 and Figure 4.4) as

compared to the flat grains of Pbl, (Figure 4.2(b)).

The 90 minutes sample had a relatively lower roughness (32.7 nm) than the other perovskite
samples, which confirms the smoother and larger grains observed in the SEM micrographs
(Figure 4.4(a)). The larger grain size and smoother surface of the 90 minutes sample is
attributed to the complete conversion, presenting the saturation stage of this sequential
deposition process. It should be noted that the large grain size and low RMS roughness
observed after 90 minutes conversion was not observed for any CVD prepared perovskite and
without any post-deposition annealing. Pinholes and grain boundaries are defect centres that
impede the electron-hole transport, inducing carrier recombination sites and deteriorating
device performance [4.38, 4.39]. A typical cross-sectional SEM of our CVD grown perovskite
film shows continuous grains across the film thickness with no grain boundaries parallel to the
substrate (Figure 4.4(c)), advantageous for efficient charge transport. The superior grain sizes
reported here suggests a reduced defect density, which as we see later contribute towards the

improved stability and performance of the devices.
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The changes in the grain shapes and sizes are related to the deposition kinetics. The unit cell
volume of hexagonal Pbl; is about 0.1255 nm? at room temperature and that of cubic MAPbI3
is about 0.2475 nm?® at 85 °C [4.37], almost double that of Pbl, (MAPDbIs were deposited at 180
°C). This grain morphology evolution suggests that during the initial stages (15 minutes) of the
conversion process, the larger grains of Pbl. shrink and separate during the MAI intercalation
into the layered Pbly, resulting in smaller, partially converted perovskite grains. With further
MAI exposure and subsequent intercalation, the grain size increases due to volume expansion
as more Pbl. is converted to perovskite. The maximum grain size observed after 90 minutes of
conversion and the subsequent reduction thereof after 120 minutes suggest that the intercalation

stops, and that the saturation stage of the perovskite conversion is achieved after 90 minutes.
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Figure 4.5: (a—e) Optical microscopy micrographs (scale size is same in all) for different
conversion times 15-120 minutes, respectively, and (f—j) are the AFM micrographs
(scale size is same in all) of the converted perovskites films after different exposure

times 15-120 minutes, respectively.

With all the Pbl, converted to perovskite, the grain growth stops, and the films appear to
oversaturate after 120 minutes conversion, resulting in grain size reduction and coarsening.

The 120 minutes sample remained exposed to MAI vapour after the saturation stage, but no
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signature of MAI residue was observed in the XRD pattern (Figure 4.3(a)) in which MAI
diffraction peaks normally appears at 9.84°, 19.74°, and 29.79° [4.40]. The absence of excess
MAI and the fact that the 120-minute sample was not subjected to any post-deposition
treatment confirm that MAI absorption terminates upon complete conversion during vapour
deposition. Therefore, the reduction in the grain size may be attributed to the coarsening of the
grains due to unstable crystallization after full conversion. A similar effect was also observed
by first Chen et al. [4.10] and then by Shen et al. [4.19] attributed to thermodynamically stable
film formation with prolonged heat supply. The thickness of the Pbl. layer and the converted
perovskite samples are summarized in Table 4.1. The thickness of the fully converted sample
(90 minutes with 450 nm) is approximately double that of the Pbl> layer (230 nm), which agrees
with previous reports and accords with the expected volume changes induced during the

conversion process [4.37, 4.41].

The XRD pattern of the 15-minutes sample (Figure 4.3(a)) showed strong diffraction of the
(110), (220), and (224) peaks, as inferred from the peak intensities, suggesting a mixed
preferred orientation, which apparently arises from the volume expansion and the competing
steric constraints in the reacted film. Extending the conversion time to 30 minutes resulted in
the (110) and (220) being the preferred orientation with larger average grain size than the 15
minutes sample. The 60- and 120-minutes samples are highly orientated along the (310) planes
with even larger grain sizes and a similar morphology as seen from their SEM micrographs
(Figure 4.3(d) and Figure 4.4(b)). Lastly, the 90 minutes exposed sample has the largest grain
size and different orientation along the (224) planes with well suppressed (110) and (220)
orientations shown in Figure 4.3(a). These results suggest that larger grains of perovskites,
obtained after 90 minutes conversion, do not grow along the (110) and (220), which is preferred

orientation for grains < 1 um [4.10, 4.13, 4.17].

122

http://etd.uwc.ac.za/



CHAPTER FOUR

During the conversion process, the MAI intercalates slowly through the layered Pbl>
framework, chemically react with the Pbl, that subsequently transforms to solid MAPDIs.
However, this process is time dependent, as the reaction does not happen simultaneously
throughout the film thickness. As the exposure time is prolonged, more of the Pbl; is converted
to perovskite (30 and 60 minutes) until the entire film is completely converted (90 minutes). In
order to study the presence of Pbl through the thickness of the film, grazing incident XRD
(GIXRD) was performed on the 30 minutes sample, which had a small Pbl, peak during normal
XRD. GIXRD was probed at different grazing incident angles (0.2°, 0.3°, 0.4°, and 0.5°) as

shown in Figure 4.6(a) to investigate the conversion process.
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Figure 4.6: (a) Grazing incident XRD pattern of the 30 minutes converted sample at different
angles for the Pbl, peak position and (b) Schematic illustration of the perovskite

conversion mechanism.

As a note, low grazing incident angles probe the top surface and higher angles penetrate
deeper in the film. The low grazing angle (0.2°) shows no Pbl> peak, suggesting an absence of
Pbl. on the film surface compared to high grazing angles (0.4° and 0.5°) where the Pbl, peak
appears suggesting a presence of Pbl, towards the bottom of the perovskite film. These results

confirm that the perovskite conversion reaction starts at the Pbl, surface and continue
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downwards towards the substrate. This is in agreement with the proposed perovskite
conversion mechanism by Chen et al. [4.10]. The schematic illustration in Figure 4.6(b) shows
the different phases of conversion: phase one with a high concentration of Pbl, (15 min
conversion), phase two with a small amount of Pbl, at the bottom (30- and 60-minutes

conversion), and finally phase three with a full consumption of Pbl, (90 minutes).

X-ray photoelectron spectroscopy (XPS) measurements were conducted on the 90 minutes
sample to investigate the bonding information and atomic concentration depth-profile. Figure
4.7(a) presents the full XPS survey spectrum taken at the surface of the film showing
pronounced peaks of lead and iodide originating from MAPbI3. Figure 4.7(b) shows the high
resolution XPS spectrums of Pb(ll) 4f7»> and 4fs transitions (left hand side two peaks) with
binding energies of 138.3 eV and 143.2 eV, respectively. No metallic Pb (Pb°) was observed
on this film surface which is usually associated with small humps at 136.3 eV and 141.2 eV
[4.39]. This confirms the high phase lead (I1). Also shown in Figure 4.7(b) (right hand side
peaks) are high-resolution peaks of lodine 3ds;, and 3ds/, transitions with binding energies at
619.2 eV and 631.4 eV, respectively, which further confirms the presence of high phase

MAPDI3 perovskite.

The atomic concentration depth-profile was acquired during the sputtering of the 90 minutes
perovskite film with energetic argon ions and the profiles are shown in Figure 4.8(a). The Pb
and iodine concentrations are higher on the surface (as expected) and are relatively constant
throughout the film thickness. Pb and iodine concentrations decreased towards the glass
substrate-film interface, signified by the increased silicon and oxygen atomic concentrations.
This substrate-film interface is highlighted in Figure 4.8(a) and found between 200 and 300
seconds of sputtering based on the abrupt reduction of Pb and iodide, accompanied by an

increase in silicon and oxygen concentrations (from the substrate). The presence of oxygen and
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silicon on the surface is due to sample oxidation and contamination during handling and

storage.
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Figure 4.7: (a) XPS full survey spectrum taken at the surface of the 90 minutes converted
perovskite sample, (b) is the high-resolution spectrum with Pb and iodine peaks as

shown.

The Pb:l ratio-depth profile (Figure 4.8(b)) confirms a perovskite rich film throughout its
thickness (up to 300 s sputtering time), with ratio between 0.3 and 0.45, which is close to a
theoretical value of 0.333 for MAPDI3. The slight increase on the Pb:l ratio in Figure 4.8(b)
after longer sputtering time (40 sec) might be due to an iodine deficiency caused by perovskite
exposure to energetic Ar ions. This deficiency of iodine was also confirmed by an increase in
metallic Pb (Pb®) after longer sputtering time (255 sec) where the PbP® peak intensity increases
as shown in Figure 4.8(c) with Pb XPS spectrums taken after different sputtering times [4.39].
This increase in Pb® peak intensity was accompanied by a shift in Pb(I1) 4fz2 and 4fs;, peak
positions towards higher binding energies, Figure 4.8(c). The Pb:1 ratio obtained from energy
dispersive X-ray spectroscopy (EDS) of different samples including Pbl> is summarized in

Table 4.1. All conversion times, except for the 15 minutes sample, confirmed rich perovskite
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thin films. The 15 minutes sample had a higher Pb:l ratio of 0.46 closer to that of Pbl; (0.58),

confirming the mixed phase of this sample.
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Figure 4.8: (a) Atomic concentration profiles obtained from sputtering the 90 minutes sample,
(b) Pb/I atomic ratio profile at different sputtering times of the 90 min sample, XPS

high resolution profile of lead in the 90 min sample at different sputtering times.

4.3.2  Film Optical Properties and Stability
The optical properties of these perovskite films were measured by a UV-Vis spectroscopy
in transmittance mode, converted into absorbance and simulated to extract absorption
coefficient, refractive index and the band gap as was discussed in Chapter 3.7, the results are
shown in Figure 4.9. The perovskite films absorb throughout the visible range with a quick
drop at about 750 nm as shown in Figure 4.9(a). This wide absorption also confirms the high

quality of sequential vapour grown perovskite films. The 15 minutes converted sample showed
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a reduced absorbance due to its partial conversion nature, Figure 4.9(a). A true representation
of the absorbance of these films is illustrated in its calculated absorption coefficient spectra,
shown in Figure 4.9(b). The Pbl, thin film starts absorbing at energies above 2.4 eV as
compared to the converted perovskite films. The perovskite films in comparison start absorbing
just above 1.6 eV with absorption coefficients above 1.8 x 10* cm™* for the 15 mins sample and
above 3 x 10* cm™* for the 30-120 minutes samples at energy of 1.7 eV, as shown in the inset

of Figure 4.9(b).

The 15-minute converted sample shows similar absorption coefficient spectra to the Pbl>
with similar humps at about 2.5 and at 3.0 eV, confirming the mixed phase of this sample,
Figure 4.9(b). These features were not observed for the other perovskite films confirming the
low level Pblz impurity existing on these samples (especially the 30 mins and 60 mins samples).
The refractive index spectra of the Pblz and the perovskite films are presented in Figure 4.9(c);
showing a peak at about 1.6 eV for the perovskite films and a sharp peak at 2.4 eV for Pbl, and
the 15 minutes converted perovskite film. The peaks at 1.6 eV and 2.4 eV are attributed to the

perovskite absorption edge and the Pbl, absorption edge, respectively [4.42, 4.43].

The presence of Pbly in perovskite films increases the refractive index due to its high
crystallinity thus the enhanced refractive index of the 15 minutes sample compared to the other
perovskite samples [4.42, 4.43]. There are no refractive index peaks below the direct band gap
transition from both these respective films (Pbl., 2.4 eV and perovskites, 1.6 eV), which
suggests the absence of any in-gap defect trap states [4.42, 4.43]. The calculated band gaps of
the perovskite samples employing the Tauc function are provided in Figure 4.9(d). The
calculated band gaps agree with the known MAPbI3 perovskite optical band gap of 1.5-1.6 eV

[4.42, 4.43]. The steady state photoluminescence spectrum of the 90 mins sample shows an
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intense peak at about 775 nm (1.59 eV) as shown in Figure 4.10(a) and it agrees with the

estimated Tauc band gap in Figure 4.9(d).
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Figure 4.9: (a) Absorbance spectra of the converted perovskite films, (b) calculated absorption

coefficient spectra, (c) extracted refractive index, and (d) the calculated optical

band gap of the films.

After initial characterization (Figure 4.10(a)), the absorbance spectra were measured daily
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on the fully converted perovskite sample (90 minutes) to investigate the air stability of the
films. Samples were placed in the dark with uncontrolled ambient conditions (temperature and
humidity). Temperatures during the measured days ranged from 15-22 °C and relative
humidity from 60-80%. Figure 4.10(b) shows the evolution of the absorbance spectra of the

90 minutes perovskite sample. The film remained stable for 21 days of measurements, with
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slight changes in absorbance associated with the inhomogeneity of the sample thickness. The
stability of the fully converted sample is due to its superior grain size and crystalline quality
that is concomitant with a reduced defect density. Furthermore, the purity and compactness of
these CVD deposited films with no pin holes to trap moisture and the absence of solvents in

both deposition steps also contribute to its prolonged stability.
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Figure 4.10: (a) Absorbance and photoluminescence spectra of the 90-minutes converted
perovskite and (b) evolution of the absorbance spectra of the same sample

measured for 21 days at ambient room conditions to probe film air stability.

4.3.3  Device Performance and Stability
The 90 minutes converted sample with larger grain size was subsequently used as the
absorber layer in a planar perovskite solar cell. The corresponding cross section of the planar
perovskite solar cell device is shown in Figure 4.11(a) with FTO coated on glass followed by
a double spin coated c-TiO> film as an electron transport layer (ETL), then the MAPDI3
perovskite, and finally a layer of Spiro-MeOTAD as hole transport material (HTL). The device
was prepared in open air (without the use of a glove box) and finalized by depositing a 100 nm

Ag layer as back metal contact.
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Figure 4.11: (a) SEM cross sectional view of the 90-minute perovskite solar cell showing all
the layers except the metal contact. (b) J-V characteristic scanned in forward and

reverse also showing the respective device parameters and performance.

The solar cells were characterized by current and voltage measurements under simulated
AM 1.5G (100 mW/cm?) solar irradiation in air, scanning in both forward and reverse. The
current density (J)-voltage (V) curve is shown in Figure 4.11(b) for both forward and reverse
scans, indicated with arrows. As shown, the device had an open circuit voltage (Voc) of 0.869
V, short circuit current density (Jso) of 23.6 mA/cm?, fill factor (FF) of 0.426, and power
conversion efficiency (PCE) of 8.7% under forward scan. There is a hysteresis between forward
and reverse sweeps. The reverse scan showed a better performance: Voc = 0.877 V, Jsc = 22.4

mA/cm?, FF = 0.595, and PCE = 11.7%.

The most probable cause for hysteresis in our devices is due to ion migration, ferroelectric
polarization, and charge accumulation at the c-TiO2/perovskite interface [4.44 — 4.46]. Charge
trapping at this interface lowers both FF and V.. Doping of the c-TiO2 layer [4.47, 4.48] and
interface engineering [4.49] are normally employed as a means to increase the TiO:
conductivity, improving the performance, and reducing the hysteresis of the device. Here we
did not perform any c-TiO2 doping, as the objective was to determine the applicability of a

two-step CVD grown perovskite film for solar cell application. Future studies will entail the
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optimization of the individual non-perovskite layers and detailed quantum efficiency

measurements.
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Figure 4.12: Evolution of the normalized open circuit voltage (Voc), short circuit current
density (Jsc), fill factor (FF) and the power conversion efficiency (PCE) of the

device measured for 21 days in (a) reverse and (b) forward scan.

Although the device showed hysteresis, we tested its performance stability since the film
was stable under ambient room conditions. The devices were kept in the dark under ambient
room conditions with temperature ranging between 15-22 °C and relative humidity ranged
between 60-80%. Figure 4.12(a) and (b) shows the evolution of the Vo, Jsc, FF, and PCE in
reverse and forward scans as a function of time. These values were divided by the values
obtained on day 1, i.e., normalised to day 1 device characteristics. Vo remain above 90%

throughout the measured period under reverse scan and the minimum Jsc was 87%, fluctuating
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between this value and 99% (both in Figure 4.12(a)). A similar trend was observed at forward
scan, except for a fast drop in Vo during the final two days of measurements to about 80%
(Figure 4.12(b)). The FF and the corresponding PCE were maintained at above 85% of their
highest values for the first 13 days in the reverse sweep and then dropped significantly (Figure
4.12(a)). A steady drop in FF and PCE was observed for the forward sweep as shown in Figure
4.12(b). The corresponding J-V curves measured on consecutive days where the above values

were extracted are shown in Figure 4.13(a) and (b) for both reverse and forward scans.
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Figure 4.13: J-V characteristics curves of the perovskite solar cell measured at different days

for (a) reverse and (b) forward scan.

The drop in device performance is attributed to the possibility of ion migration, which
inhibits charge transport at the layer interfaces (electron and hole transport layers). Another
possible reason could be the corrosion of the Ag contacts, which appeared as early as day 9 of
measurements with a brownish colour around its edges and regions in contact with the FTO.
The corrosion of Ag metal reduces its conductivity and creates a high series resistance in the
device [4.9]. Even though the efficiency our device is poor it is comparable to some of the

CVD processed perovskite [4.28, 4.29].
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4.4 Conclusion

We have demonstrated the deposition of pure, highly crystalline, smooth, and compact
MAPbIz perovskite films on glass substrates using a sequential vapour deposition method at
low pressures in a single reactor. The as-deposited Pbl. films, grown in the first step were
successfully converted to MAPDI3 perovskite during their exposure to MAI vapour in the
second step using the same CVD reactor. The conversion begins at the surface and progresses
towards the glass substrate, resulting in tetragonal MAPbI3 perovskites. A growth in grain size
was realized as the conversion time increases up to 90 minutes, where conversion saturation
was observed with a grain size of 3.70 £ 1.80 um. A perovskite rich film was confirmed from
the XPS depth profile. The fully converted perovskite film (90 minutes) was found to be
optically stable in air with high relative humidity up to 80% for more than 21 days. This
stability is ascribed to its superior grain size, crystalline quality, high purity, and compactness
of the film. Air-processed planar perovskite solar cell devices under similar ambient room
conditions were achieved. The best device performance achieved was 11.7% achieved, albeit
with a hysteresis. After 13 days of exposure to high relative humidity, 85% of its initial PCE
was maintained. This work opens a path towards a low-cost, scalable deposition technique for

the manufacturing of air-stable hybrid alkali-halide perovskite solar panels.
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CHAPTER FIVE

Mixed-Halide Perovskites Solar Cells Through
PbICl and PbCl;, Precursor Films by Sequential
Chemical VVapor Deposition

ABSTRACT:

Mixed halide perovskites with chlorine (CI) content have received significant interest due to
better charge transport properties and longer diffusion length compared to pure iodine-based
perovskites. The superior properties of Cl-doped perovskites improve solar cell device
performance, although the quantification of ClI composition in the perovskite films remain
difficult to achieve. Hence, it is difficult to correlate the Cl-quantity with the improved device
performance. In this work, we deposited Cl-doped perovskite films through a facile three- and
two-step sequential chemical vapor deposition (CVD) where lead halide films were deposited
in the first steps of the process and subsequently converted to perovskites. No CI substitution
by iodine was observed during a sequential deposition of lead chloride and lead iodide films
which reacted to form a lead chloride iodide phase (PblICI). The substitution of ClI by iodine
ions only occurred during the conversion to perovskite phase. Large perovskite grains (greater
than 2 um) were realized when converting a Pbl> film to perovskite compared to chlorine
containing lead halide films, contradicting literature. However, Cl doped perovskite solar cells
showed improved device efficiencies as high as 10.87% compared to an un-doped perovskite

solar cell (8.76%).

The contents of this chapter were published in: Solar Energy 215 (2021) 179-188. Modifications were made
in this chapter to suit thesis presentation and published supporting information has been included here with

discussion.
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5.1 Introduction

Organic-inorganic hybrid perovskites are considered one of the most attractive
semiconductors owing to their excellent optical and electrical properties, such as suitable
optical bandgap, high absorption coefficient, low exciton binding energy, high charge mobility
of electrons and holes, long charge carrier diffusion lengths and facile deposition methods [5.1
—5.3]. Since their first application as light absorbing materials in photovoltaic technology [5.4],
perovskites based solar cells have achieved remarkable progress with certified record power

conversion efficiency (PCE) of over 25.2% in just a few years [5.5].

Hybrid perovskites are composed of an organic cation such as methyl ammonium (MA),
inorganic lead (Pb?*), and lastly halide anions (iodine (1), bromide (Br), chlorine (CI), or
mixed halides) [5.1 — 5.3].  There are other combinations that have been used such as
replacement of the MA cation with formamidinium, but the methyl ammonium lead iodide
(MAPDI3) or mixed halide MAPDbIz.«Clx perovskites have received wider attention [5.6]. Mixed
halide perovskites have longer charge carrier diffusion lengths of up to 3 um compared to its

pure iodide-based counterparts with diffusion lengths ranging between 0.1 and 1 pm [5.7].

Even though doping hybrid perovskites with chlorine (CI7) ions improves device
performance, its role has been largely debated and its incorporation within the perovskite
structure has also been doubted [5.6, 5.8]. It is known that enhanced crystallization of
perovskite films with improved grain size occurs when Cl is included in one of the perovskite
deposition precursors, such as lead chloride (PbCl2) of MA chloride (MACI) [5.8 —5.12]. The
improved crystallization of Cl-doped perovskites is achieved through slow crystal growth
compared to the pure iodine-based counterparts; this in return suppresses the defect density at
the grain boundaries [5.13 — 5.16]. These general conclusions mainly relate to perovskite films

where the solution method is used at either during single or two step synthesis [5.8 — 5.16].
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The uncertainty about the presence of Cl in perovskite films stems from the difficulty in
detecting it through elemental composition characterization techniques such as X-ray
photoelectron spectroscopy (XPS) and energy dispersive X-ray spectroscopy (EDS) [5.17,
5.18]. This difficulty arises because the ClI composition in the films is usually very low and
below the detection limit (0.1 at.%) of these characterization techniques [5.6]. This low CI
concentration in the films is due to an easy replacement of a smaller CI- ionic radius (1.67 A)

by a larger I ionic radius (2.07 A) during the perovskite intercalation reaction [5.9].

There are two main routes for perovskite deposition, namely solution methods where
perovskite precursors are dissolved in appropriate solvents, whereas the other method entails
vapour deposition from perovskite solid precursors (powders) [5.19 — 5.28]. During spin
coating of mixed halide perovskites it is usually required to have a molar ratio of 1:3 for
PbCl2:MALI in order to achieve better device performance [5.6, 5.8, 5.22]. Another challenge
with spin coating is the difficulty in dissolving PbCl2> in DMF (common solvent) making it
difficult to study the as-deposited PbCl, before conversion to perovskites [5.6, 5.12], as
investigated in a series of PbCl2:Pbl> molar ratios dissolved in a blend of DMF and dimethyl
sulfoxide (DMSO) during a two-step spin coating. The devices prepared from precursor
solution containing more PbCl> performed poorly due to poor conversion of thin films to

perovskites.

There have been a number of studies on the deposition of PbClI> films through high vacuum
thermal evaporation [5.17, 5.23 — 5.26], with few using low pressure (around 1 mbar) chemical
vapour deposition (CVD) [5.27, 5.28]. Furthermore, low pressure CVD has been used to
prepare perovskite films, but mainly during the conversion step from either solution deposited
Pbl> [5.29 — 5.33] or vacuum deposited (thermal evaporation) Pb halide films [5.26, 5.34, 5.35].

Preparation of perovskite films for solar cell devices using two step depositions where Pb
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halides and the conversion to perovskites are both done in the CVD chamber are very rare
[5.36, 5.37]. In essence, the two-step low pressure CVD method offers a simplified scalable

route for perovskite deposition through the use of a single CVD chamber.

Therefore, we explore a three-step deposition of mixed halide perovskites through the
deposition of PbCl> and Pbl> layers sequentially, using a low-pressure CVD method such that
a stable lead chloride iodide (PbICI) phase is formed. This route is compared to a two-step
deposition of perovskite films where separate layers of PbCl, and Pbl, are deposited
individually on separate substrates, These Pb halide films are exposed to MAI vapour as the
last step of the three- and two-step deposition for the conversion to perovskite phase where the
intercalation reaction takes place between the pre-deposited Pb halides and the MAI molecules.
According to available literature, this is a first study where perovskite solar cells are prepared
by exposing CVD grown PbICl and PhCl; films into MAI vapour for conversion to perovskites
using the same CVD furnace. It is observed here that during the Pb halide double layer
deposition at high substrate temperatures and relatively low pressure there was no substitution
of Cl by iodine; instead, a stable PblCl phase was formed. However, during the step whereby
the chlorine containing films were exposed to the MAI vapour, chlorine was completely
replaced by iodine according to our EDS and XPS results, similar to what has been reported

before [5.17, 5.18].

We observe that converting a Pbl. film yields large perovskite grains (average grain size of
1048 nm) compared to converting the PbCl, film, which produced perovskites with average
grain size of 937 nm. These results contradict the notion that Cl-doping in perovskite leads to
improved crystallization and larger grain size [5.13 — 5.16]. Our results suggest that the grain

size is not the only factor for improving the solar cell efficiency. Planar perovskite solar cell
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device performance was improved for Cl-doped perovskites with PCE as high as 10.87%

compared to its pure iodine-based counterparts with PCE = 8.76%.

5.2 Experimental Section

5.2.1  Fabrication of Perovskite Solar Cells

The perovskite solar cells fabrications were all done under fully open air and at ambient
room conditions (temperature and relative humidity). A similar fabrication procedure was
adopted from our previous report [5.37]. Chemicals employed here were purchased from
Sigma-Aldrich (unless stated) and used as bought. Fluorine-doped tin oxide (FTO) coated on
glass substrates (10 Ohms/sq.) were cut into 1.5 cm by 2 cm pieces and etched with Zn powder
and 2 M hydrochloric acid (HCI). Samples were cleaned with hellmanex detergent (2%) and
then isopropanol in an ultrasonic bath sequentially and followed by a thorough rinsing in hot
deionized water then treated under UV Ozone for 15 min. Then, 365 pL of titanium
isopropoxide was added into 2.5 ml of ethanol, and 35 puL of
HCI (2 M) was added into 2.5 ml of ethanol, mixed and stirred for an hour. The solution was
spin coated on etched FTO substrates at 2000 rpm for 30 s; the spin coating was repeated with
a 4000 rpm spin speed for 30 s and dried on a hot plate for 5 min. The films were then annealed
at 500 °C for 30 min to form a compact titanium dioxide (c-TiO,)

film [5.37].

Lead halide films were prepared by two-step sequential CVD to deposit double halide layers
of PbCl> and Pbl, for the formation of lead chloride iodide (PbICI), and one-step CVD to
deposit single halide layers (Pbl2 and PbCl>), respectively. For the deposition of these mixed
halides films, first PbCl, was deposited (~75 nm thickness) followed by Pbl> (also ~75 nm)

and the sample named PbClI./Pbl. For single halide layers, film thicknesses were about 150
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nm for both Pbl> and PbCl,. These deposition steps are shown schematically in Figure 5.1

together with the conversion to perovskites.

For the Pb halides (Pbl2 or PbCl>) deposition about 150 mg of lead (1) iodide powder (99%)
or lead (1) chloride powder (98%) was placed at the centre of the first zone inside a three-zone
tube furnace (Brother XD 1600MT) using ceramic boats [5.37]. Glass/FTO/c-TiO- substrates
were placed down-stream at optimized temperature dependent positions. The furnace was
pumped down to a base pressure of 0.08 mbar followed by ramping of the source (Pbl. or
PbCl2) zones to their respective sublimation temperatures, 380 °C for Pbl, and 450 °C for
PbCl,. To prepare the PbICI film, about 75 nm thick PbCl, was deposited with a substrate
temperature of 150 °C, placed downstream at 18 cm away from the source. The thin PbCl»
sample was exposed to Pbl, vapour employing substrates temperature of 125 °C (at 17 cm

downstream) which would give 75 nm of Pblz film; the two compounds reacted to form PbICI.

To achieve a 150 nm thick Pbl> layer a 135 °C nominal substrate temperature was employed
with substrates placed at about 16 cm downstream. And finally, for 150 nm thick PbCl; film
the samples were placed at about 17 cm away from the source at a substrate temperature of 160
°C. Pb halide vapours were transported towards the substrates by using nitrogen gas (N.) at a
flow rate of 100 standard cubic centimetres per minute (sccm) with deposition maintained at a
deposition pressure of 300 mbar controlled through an automated pressure regulating system.
Deposition was allowed to dwell for 40 minutes before the furnace was allowed to cool down

to room temperature.
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Figure 5.1: Schematic representation of the perovskite film deposition process during the two-

and three step sequential low pressure CVD method.

The perovskite conversion from the Pb halide thin films (last step) was performed in the
same CVD furnace with a fresh ceramic tube employing a modified method compared to our
previous publication [5.37]. Briefly, about 150 mg of methyl ammonium iodide (MAI)
(Dyesol) salt was placed on a fresh ceramic boat also at the centre of the first zone and Pb
halide films on Glass/FTO/c-TiO> substrates placed also downstream at a distance of 8 cm
away from the MAI source. The temperature of the MAI was subsequently ramped up to a
nominal temperature of 180 °C, and the substrate positioned at a nominal temperature of 130
°C. The conversion of Pb halides to perovskites was carried out at a controlled pressure of 10
mbar under a constant 100 sccm flow of N2 gas. The exposure was allowed for 60 minutes
which is our optimized conversion time where Pb halides fully convert to MAPDI3 or mixed

halide perovskites films. The low pressure (10 mbar) and shorter time (60 minutes) used in this
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work compared to our previous publication were based on the new optimum conditions for Cl

containing perovskites. The deposition steps schematic is shown in Figure 5.1.

To finalize the device a hole transport layer (HTL) was spin coated on top of the perovskite
film at different spin speeds of 2000 rpm 20 s. The HTL solution was prepared by dissolving
80 mg of 2,2°,7,7”’-tetrakis(N,N-di-p-methoxyphenylamine)-9,9-spirobifluorene (Spiro—
MeOTAD) in 1 mL of chlorobenzene, to which 40 L of 4-tert-butylpyridine (tBP) and 25 puL
of lithium bis- (trifluoromethanesulfonyl)imide (LITSFI) solution (52 mg of LITSFI in 100 pL
of acetonitrile) were added and stirred for 30 minutes. Finally, a 100 nm silver electrode was
deposited by vacuum thermal evaporation under a pressure of 1x10~° mbar through a shadow

mask made of ultrathin stainless steel, with device active area of 0.0512 cm?.

5.2.2  Characterization

The Panalytical Empyrean X-ray diffractometer with Cu Ka (1.54 A) was used to study the
phase composition and crystal structure of the films and was operated at an acceleration voltage
of 45 kV and a current of 40 mA, scanning over 26 range of 10—100° with a scan step of 0.02°.
A Zeiss Auriga field-emission gun Scanning Electron Microscope (FEGSEM) and a Zeiss
Cross Beam 540 focused ion beam scanning electron microscope (FIBSEM) operated at
acceleration voltages of 1-5 kV were used to investigate the morphology of the films. The
FIBSEM is equipped with energy dispersive X-ray spectroscopy (EDS) facilities to identify
the elemental composition of the samples. To investigate chemical composition of the
converted perovskites films, X-ray photoelectron spectroscopy (XPS) was employed, using a
Thermo Scientific ESCALAB 250Xi surface analysis instrument, equipped with a
monochromatic Al Ka Xray (1486.7 eV) source. Optical transmission measurements were
performed using an Ocean Optics UV-visible spectrophotometer and the spectra were

measured from 250 to 1000 nm with spectral resolution of 0.5 nm. Photoluminescence (PL)
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measurements were performed in reflection geometry using the 457 nm line of an Argon ion
laser as the excitation source with the laser power on the sample being <10 mW.
The PL spectra were collected with an Ocean Optics USB Flame Spectrometer. Current
density—voltage (J-V) curves were recorded using a Keithley 2420 source meter with an
illumination of 100 mW/cm?, AM1.5, employing a solar simulator (Sciencetech Inc.) in air.
The solar cells were illuminated for 15 s before measurements and were scanned in reverse

(from 1V to -0.2 V) and forward (-0.2 V to 1 V) with a step voltage of 12 mV.

5.3 Results and Discussion

5.3.1  Structural and Morphological Properties

The sequential CVD of perovskite films during the three-step and two-step processes is
shown schematically in Figure 5.1. Pb halide films were formed in the first steps of the
deposition process and these films were subsequently converted to perovskites in the final step.
Briefly, during the three-step sequential deposition about 75 nm PbClI, film was deposited first
followed by another 75 nm Pbl> layer (second step) for the sample named PbCl2/Pbl.. During
this route a stable lead chloride iodide film (PbICI) was formed with a total thickness of about
143 nm (measured with a thickness profilometer). For the two-step deposition, in the first step
single layers of Pbl. (sample Pblz) and PbCl, (sample PbCl,) were separately deposited with a
thickness of about 150 nm each. The successful deposition of these layers is validated by the
X-ray diffraction (XRD) patterns in Figure 5.2(a) deposited on fluorine doped tin oxide (FTO)
coated with a thin layer of compact titanium dioxide (c-TiO2) layer as described in the

experimental section.
Figure 5.2(a) shows a crystalline Pbl, indexed to a hexagonal (P3m1) structure [5.38, 5.39]
with peaks at ~12.74°, 25.59°, and 38.75°, assigned to the (001), (002), and (003) diffracting
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planes, respectively, based on the Joint Committee on Powder Diffraction Standards (JCPDS,

data no. 07-0235). The PbClI> film shows XRD peaks (Figure 5.2(a)) at 22.01°, 22.92°, 23.44°,

24.99°, 32.33°, and 40.0° indexed to the (101), (020), (210), (111), (121), and (004) diffracting

planes, respectively, (JCPDS, data no. 01-0536) and all belong to the orthorhombic (Pnma)

PbClIy structure [5.40].
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Figure 5.2: (a) XRD patterns of Pb halide films on FTO, (b) XRD patterns of converted

perovskite films; (c) selected XRD peaks of the converted perovskites (110), (220),

and (310) planes; (d) magnified (220) and (310) perovskite XRD peaks.

The double layered Pb halide film (PbCl./Pbl, sample) on the other hand showed a mixed

halide phase of PbICI through the reaction of PbCl2 and Pbl2. This phase is shown by diffraction

peaks at 18.47°, 21.51°, 23.68°, 28.70°, 30.02°, and 37.41° indexed to the (020), (120), (111),
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(121), (130), and (320) diffracting planes, Figure 5.2(a) top XRD pattern. These diffraction
peaks belong to the orthorhombic (Pnam) PbICI structure (JCPDS, data no. 73-0361) [5.12,
5.41,5.42]. These XRD patterns show a successful deposition of Pbl,, PbClz, and PbICI phases
with the low-pressure CVD method, providing a viable way of synthesizing Cl doped
perovskite films. The absence of peaks belonging to Pbl. or PbCl2 on the XRD patterns of the
PbCl2/Pbl> sample proves the existence of a pure PbICI phase during an in-situ reaction of

PbCl2 and Pbl> compounds.

These films were subsequently exposed to MAI vapour for the conversion to perovskite
films as the last step of the procedure, depicted in Figure 5.1 schematic. XRD patterns of the
converted perovskite are shown in Figure 5.2(b) for all the samples; the perovskite sample
naming is extended by adding MAI in front of the sample name used for Pb halides. The
patterns show the known peaks of the tetragonal hybrid perovskite structure with major peaks
at 14.05°, 28.54°, and 31.98° assigned to the (110), (220), and (310) planes, respectively [5.43].
Interestingly, the perovskite film converted from a Pbl> layer (sample MAI+Pbl,) has intense
(110) and (220) peaks compared to the Cl-doped perovskite samples (sample MAI+PbCl; and

MAI+PbCI./Pbly) as shown in Figure 5.2(b), and more clearly in Figure 5.2(c) and (d).

The higher intensity of these peaks is due to the preference of crystals along these planes
for the Pbl>-based perovskite sample. The intensity ratio of the (310) to the (220) peak is
enhanced for the Cl-doped perovskite samples, suggesting a reduced texture compared to the
pure iodine sample which showed more pronounced texture i.e. low (310)/(220) peak ratio
(Figure 5.2(d)). This reduced texture on the Cl-doped perovskite films is a first proof of a
chlorine inclusion in these samples (sample MAI+PbCl; and MAI+PbCl2/Pbl,) as has been
previously reported [5.41]. There were no impurities detected in these samples such as the Pbl;

impurity at 12.70°, while MAPDbCIs normally appears at 15.80° for chlorine containing
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perovskites [5.10 — 5.12]. The absence of these unwanted impurities confirms a successful
conversion of the pre-deposited Pb halide films to a high-quality perovskite phase through the
low-pressure CVD technique. This also indicates that there is no phase segregation in these
samples. There was no significant lattice reduction for the chlorine doped samples compared
to the Pbl,-based sample which indicates a negligible Cl content for these films [5.44, 5.45].

Calculated lattice parameters of a tetragonal perovskite phase are shown in Table 5.1.

Table 5.1: Calculated lattice parameters of the converted perovskite samples based on a

tetragonal phase using the XRD patterns.

Sample Lattice parameter ‘a’ (A) Lattice parameter ‘c’ (A)
MAI + PbCl2/Pbl> 8.831 12.50
MAI + Pbl, 8.829 12.50
MAI + PbCl> 8.834 12.51

Figure 5.3(a)—(c) shows the planar scanning electron microscopy (SEM) micrographs of the
Pb halide films on FTO/c-TiO2 substrates obtained during the low-pressure CVD process.
There is a clear difference in morphologies of the Pb halides films based on the different
deposition conditions. Sample PbCl2/Pbl> where the PbCl film was deposited first followed by
Pbl> showed rough columnar-like grains mixed with flatter grains and spaces in-between
(Figure 5.3(a)); the average grain size was calculated to be about 93 + 22 nm as given in Table

5.2.
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PbCL,/Pbl,

Figure 5.3: (a)—(c) Planar/surface SEM micrograph of pre-deposited Pb halide thin films with

sample numbering shown on the micrographs.

This difference in grain shape of the PbICI film is related to the distinct grain formation of
the Pbl> and PbCl> as also shown by these individual layers in Figure 5.3(b) and (c),
respectively. Pbl, grains form in a layer-by-layer pattern of hexagonal platelets (grains),
evidenced by their flat morphology in Figure 5.3(b) compared to the PbCl> film which forms
more spherical, well defined grains as shown in Figure 5.3(c). Starting with a film that has
spherical grains (PbCl>), the subsequent second step resulted into Pbl, platelets forming at
different angles and interconnecting with the PbCl; grains, and finally after reacting, columnar
PbICI grains were formed. This rough morphology of the PbICI phase was also identified by
L. Fan and co-workers [5.12] and suggested that it is beneficial for an easy conversion to
perovskite. The Pbl> film in Figure 5.3(b) had smooth and flat grains with an average grain size
of 288 + 86 nm compared to the PbCl, counterpart which has larger and more spherical grains
of about 366 + 89 nm in average as seen in Figure 5.3(c). The smaller average grain size of the
PbICI film is due to grain coarsening during the reaction of PbCl; and Pbl, compounds. Grain

size distribution of these Pb halides films is shown in Figure 5.3(a)—(c).
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Table 5.2: Summary of Pb halides and perovskites film thicknesses, grain size, and Pb:I:Cl

ratios obtained from EDS.

Sample Thickness (nm) Grain Size (nm)  Pb:I:Cl ratio (EDS)
PbCl./Pbl> 143+ 6 93+ 22 1:14:11
Pbl 150+ 8 288 + 86 1:26:0
PbCl; 150 £ 7 366 + 89 1:0:2

MAI + PbCl/Pbl; 355+5 578 + 167 1:38:0

MAI + Pbl; 295+4 1048 + 321 1:39:0

MAI + PbCl; 490+ 6 937 + 282 1:37:0
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Figure 5.4: (a)—(c) Pb halides grain size distribution plots with sample number shown

accordingly.
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The planar SEM micrographs of the converted perovskite films are shown in Figure 5.5(a)—
(c) depicting well-defined and compact grains, larger than those of the pre-deposited Pb halide
counterparts. The perovskite film converted from the PbICI film (sample MAI+PbCI./Pbl;)
shows smaller grains than the pure halide counterparts, but with larger than the grains of the
starting PbICI layer as shown Figure 5.5(a). The average lateral grain size of this sample was
estimated to be about 578 £ 167 nm, shown in Table 5.2. In contrast, sample MAI+Pbl; showed
very large, compact, and flat grains with an average grain size of 1048 + 321 nm even though

there were grains larger than 2 pum as shown in Figure 5.5(b).

" MAI + PbCl,

Perovskite
Tio, ™
FTO

Figure 5.5: (a)—(c) Planar/surface SEM micrographs of the converted perovskite thin films
during the last step of the sequential CVD process; (d)—(f) cross sectional view

SEM of the respective perovskite samples.

On the other hand, sample MAI+PbCl, also showed well-defined, compact, and rougher

grains with an average size of 937 + 282 nm as illustrated in Figure 5.5(c). Another sample that
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was compared in this study was under conditions where a film of Pbl, was deposited first
followed by a PbClI> film, forming a PbICI phase that was eventually converted to a perovskite,
yielding a similar morphology to the MAI+PbCl2/Pbl; film (Figure 5.6). The perovskite grain

size distributions are also included in the Figure 5.7(a)—(c).

Figure 5.6: Planar SEM micrographs of the samples of: (a) the lead halide, and (b) the
converted perovskite film. The Pb halide sample was deposited by starting with a

Pbl> film and followed by a deposition of PbCl, hence forming a PbICI phase.

The difference in grain sizes between these samples can be attributed to the morphology of
the starting Pb halides layers. The PbICI films had very small and rough grains and this might
have contributed to poor crystallization of the final perovskite film, with small grains of the
starting Pb halide yielding smaller perovskite grains after conversion. The porosity of the
starting PbICI film was shown to result into larger perovskite grains during solution method
[5.12] but our results prove otherwise for low pressure CVD. Instead, the porous nature of the
PbICI phase might have improved the conversion rate to perovskite but all these samples in
this study were converted for 60 minutes as it was an optimum conversion time for Pbl, and
PbClI; films.
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In comparison, the perovskite prepared from a PbCl, film had relatively larger grains
compared to the sample MAI+PbClI./Pbl; due to larger grains of the starting PbCl,. The sample
converted from a flat Pbl> film had very large grains and this is due to easy intercalation of the
MAI molecule into the layered structure of the Pbl2 [5.37]. These results contradict what have
been previously reported that Cl incorporation into the perovskite structure improves
crystallization leading to larger grains reported for perovskite films prepared by solution
methods [5.10 — 5.12, 5.28]. Our results further shows that low pressure CVD grown Pbl; film

leads to larger and smooth perovskite grains compared to starting with a Cl-containing

compound.
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Figure 5.7: (a)—(c) Converted perovskite film grain size distribution plots with sample number

shown on each plot.
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The respective cross-sectional SEM in Figure 5.5(d)—(f) shows continuous grains across the
film thickness, which is an advantage for efficient charge transport as there are less grain
boundaries and hence suppressed charge recombination in the device [5.9]. Further, these
cross-sectional SEM micrographs also illustrate an intimate contact between the perovskite
films and the underlying c-TiO> layer. These perovskite films have a uniform thickness over
large areas (Figure 5.8(a)—(c)), demonstrating the scalable advantage of employing the

sequential CVD method.

MAI + PbCl,/Pbl,

Figure 5.8: (a)—(c) Low magnification cross sectional view SEM micrographs of the perovskite
films showing a uniform thickness; next to each cross section are the photographs

of the respective samples before and after conversion.

155

http://etd.uwc.ac.za/



CHAPTER FIVE

The perovskite film converted from the Pbl. film had thickness of about 295 + 4 nm, almost
double that of the starting Pbl> and thinner than the other two samples. Perovskite sample
MAI+PbCl./Pbl; resulted in a thickness of 355 + 5 nm from a thickness about 143 nm starting
PbICI film, and finally sample MAI+PbCl> had a thickness of 490 £ 6 nm that is more than 3
times the starting PbCl, film. The film thickness increase for these converted perovskites is
consistent with the known volume expansion of Pb halide films when converted to perovskite
phase [5.23, 5.26, 5.27, 5.46]. Furthermore, the lateral grain sizes of these films are larger than
the film thickness especially for sample MAI+Pbl, and MAI+PbClIy, and this is also beneficial
for better device performance compared to solution processed perovskites [5.9, 5.28, 5.41,

5.46]. The summary of film thicknesses and grain sizes are provided in Table 5.2.

Energy dispersive X-ray spectroscopy (EDS) was used to assess the elemental composition
of both Pb halide films and the converted perovskite films. The summary of the atomic ratio of
Pb/I/Cl is given in Table 5.2 for all the samples studied here. Firstly, there was more iodine
detected in all the samples with Pb:1 ratio of 1:2.6 for the Pbl> which theoretically should be
1:2. The PbICI film had a Pb:1:Cl ratio of 1:1.7:1 and the PbCl> film had a Pb:Cl ratio of 1:2
agreeing well with the theoretical value of 1:2. These results were important in this study to
show that Cl ions remained in the PbICI films even though these films were formed under high

temperatures and low pressures.

The converted perovskites on the other hand showed no Cl composition in the EDS analysis,
which also confirms the limitation of EDS for detecting low atomic composition (detection
limit of 0.1-1 atomic %) [5.6]. The conversion to perovskites here was achieved at nominal
substrate temperatures of 130 °C comparable to that of PbICI phase formation (125 °C). The
Cl was not replaced by the iodine during PbICI phase formation, but this did occur during

conversion to perovskite where no Cl could be detected. Comparing the two conditions it shows
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that the smaller ionic radii of Cl cause it to be easily replaced by larger ionic radii of iodine
only during perovskite phase formation in the presence of methyl ammonium. This means the
Clions on the perovskite structure are weakly bonded to the Pb whereas they are tightly bonded

on the PbICI structure.

The formation of a perovskite phase with the presence of the MA molecule further facilitates
the replacement of Cl ions by the iodine. The EDS results also show that the chlorine was
completely replaced by iodine during conversion to perovskites, even when we started with the
pure PbCl, film (sample MAI+PbCly). To study the elemental composition in detail, X-ray
photoelectron spectroscopy (XPS) was employed on the converted perovskite films. The XPS
full survey spectra of the surface of the perovskites films are shown in Figure 5.9(a), showing
the elements in the films [5.19]. The absence of the ClI 2p peak between 196 eV and 202 eV
[5.12,5.19] in the XPS spectra (Figure 5.9(b)) confirms that Cl is not present in these perovskite
films, which is in agreement with the EDS data. The possible scenario is that during the
conversion of PbCl> or PbICI to the perovskite phase, these compounds dissociates and ClI~

escapes in gaseous phase as MACI with Pb or iodine remaining in the perovskites [5.9].

Also shown in Figure 5.9(c) and (d) are the high resolution XPS core level spectra of | 3d
and Pb 4f, respectively, of the perovskite films. There are no observable shifts in peak positions
for the | 3d and Pb 4f binding energies with respect to different samples, suggesting a similar
chemical environment on all three perovskite samples. The similar binding energies for | 3d
and Pb 4f in all these perovskites films is consistent with the absence of Cl in the films. Further,
there is no indication of metallic lead (Pb°) in these perovskite samples (Figure 5.9(d)), which
usually has a small hump at about 137 eV and 141 eV binding energies that are associated with
unbonded Pb [5.47, 5.48]. The presence of Pb® in the perovskites act as a defect site and

therefore undesirable. Lastly, the calculated atomic composition from the high resolution XPS
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spectra of iodine and lead showed similar results to that of the EDS results. The Pb:I:Cl ratio
from XPS were: 1:4.0:0 (sample MAI+Pblz), 1:3.9:0 (sample MAI+PbCl;), and 1:3.9:0
(sample MAI+PbCI,/Pbly). Again, this excessive iodine content is consistent with the absence

of unbonded metallic lead, which confirms the high-quality perovskite films.
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Figure 5.9: (a) XPS full survey spectra of the top surface of converted perovskites films; (b)
Zoomed XPS spectra from (a) showing the region of Cl 2p peak. (c) and (d) High

resolution XPS core level spectra of | 3d, and Pb 4f, respectively.

5.3.2  Optical Properties and Device Characterization
The absorbance spectra of the converted perovskite films are all identical with high
absorption over the visible range as shown in Figure 5.10(a). Sample MAI+PbCl, showed a

slightly higher absorbance in this region (visible) and this is attributed to the higher film
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thickness of this sample compared to the other two samples. Similar optical band gaps of 1.59
eV for all the samples was estimated by analysing Tauc plots for a direct band gap perovskite
as shown in Figure 5.10(b) [5.41]. The estimated band gaps also lie within reported values of
tetragonal MAPbI3 perovskites [5.49, 5.50] with no indication of a band gap shift for Cl doped

perovskites compared to the pure iodine-based counterparts [5.8, 5.44, 5.45].
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Figure 5.10: (a) Absorbance spectrums of the converted perovskite films on FTO/c-TiO, and

(b) Tauc plots of the perovskite films showing their estimated optical direct band

gaps.

The absorbance spectra of the perovskites were also simulated near the band-edge using the
Elliott model to extract the band gap and exciton binding energies, shown in Figure 5.11(a)—
(c). The fitting details using the Elliott model are provided in Appendix A. The band gap
energies are almost the same for all three samples ranging between 1.70 eV and 1.72 eV; larger
than the Tauc based band gaps as expected [5.49]. The excitonic binding energies of the three
samples lie between 45 and 54 meV, further suggesting low trap densities for these perovskite

samples.
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Figure 5.11: (a)—(c) Simulated and experimental optical absorption spectra. (d) Normalized
steady state PL spectra of the perovskites thin films on glass substrates

(Glass/Perovskites).

The photoluminescence (PL) spectra of the perovskites films are shown in Figure 5.11(d),
where an emission peak centered at about 777 nm (1.596 eV) is observed for the
MAI+PbCI./Pbl> and MAI+Pbl, samples. The emission peak for the MAI+PbCl> perovskites
sample is centered at 773 (1.604 eV) nm displaying a slight blue shift (4 nm) compared to the
other perovskite samples. These PL emission peaks are consistent with the Tauc plots for the
band gap (~1.60 eV) and agrees with literature [5.9, 5.22, 5.41]. The slight blue shift of the
MAI+PbCl, sample may be due to the minute presence of the Cl, although it was not detected

by XPS and EDS [5.9, 5.22].
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The planar perovskite solar cell devices were completed by a deposition of a Spiro—
MeOTAD layer which acts as a hole transport material (HTM), and finally a thin layer (100
nm) of silver metal (Ag) as a back contact was deposited. The complete device had
Glass/FTO/c-TiO2/perovskite/Spiro-MeOTAD/Ag sequence. The deposition of the HTM and
the device characterization was done in ambient air (20 °C and 55% relative humidity) without
any use of a glove box. The device performance was then characterized by current and voltage
measurements under simulated AM 1.5G (100 mW/cm?) solar irradiation in air. The best
current density (J)-voltage (V) curves of all the samples are shown in Figure 5.12(a) for reverse
scan and in Figure 5.12(b) for forward scan. Device parameters (best and average) are
summarized in Table 5.3 with open circuit voltage (Voc), short circuit current density (Jsc), fill
factor (FF), and power conversion efficiency (PCE) provided for reverse scans. The device

parameters for the forward scan are summarised in Table 5.4 only showing the best parameters.

Interestingly, the chlorine doped perovskite devices showed well-improved Vo of 0.907 V
for sample MAI+PbCl2/Pbl; and 0.938 V for sample MAI+PbCl,; compared to the pure iodine-
based device (MAI+Pblz) with Vo = 0.862 V (Figure 5.12(a)). The Cl doped perovskite
samples also showed improved fill factor with 0.545 for sample MAI+PbCl./Pbl> and 0.562 for
sample MAI+PbCl, when compared to MAI+Pbl> sample which has a fill factor of 0.517. The
measured current density of these samples was 20.55 mA/cm? for sample MAI+PbCl2/Pbly,
20.64 mA/cm? for sample MAI+PbCl, and 19.65 mA/cm? for sample MAI+Pbl, (Figure
5.12(a)). The highest PCE of 10.87% was from the sample MAI+PbCl> followed by 10.14% for
sample MAI+PbCI2/Pblz, and lastly 8.76% for sample MAI+Pbl,. These devices had lower
PCE compared to our previous publication [5.37] and even worse for the MAI+Pbl, sample.
This was because the deposition conditions were altered for best optimum film conditions of

the Cl-doped samples.
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Figure 5.12: (a) J-V characteristic curves of the best perovskite solar cell devices under 100
mW/cm? illumination at reverse scan, (b) forward scan J-V curves of the same

solar cell devices.

Table 5.3: Solar cell device performances of different samples (4 devices each) extracted from
the J-V curves; Voc (open circuit voltage), Jsc (short circuit current density), FF

(fill factor), and PCE (power conversion efficiency).

Sample Voc (V) Jsc (MA/cm?) FF PCE (%)
MAI + Best 0.907 20.55 0.545 10.14
PbCIl2/Pbl,  Average 0.903 £ 0.012 19.52 £0.37 - 0.528 £ 0.009 9.57+0.11
MAI + Best 0.862 19.65 0.517 8.76
Pbl; Average 0.830 + 0.02 1845+0.66 0.485%0.016 7.43 £0.50
MAI + Best 0.938 20.64 0.562 10.87
PbCl, Average  0.936 £ 0.008 19.73+£0.46 0536+0.014 9.86+0.42

Since the MAI+Pbl, sample had larger grains it is expected to have a reduced density of
trap states at the grain boundaries compared to smaller grain size Cl-doped samples [5.51,
5.52], which should ideally improve the device performance. However, this is contradictory to

our observed results, which shows that the device performance is not solely dependent on the
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perovskite grain size. The low concentration of Cl present in the doped samples demonstrates
that Cl passivates the dangling bond defects at grain boundaries and on the film surface,
resulting in reduced charge trap states and the suppression of charge recombination [5.12, 5.51,
5.52]. This leads to an improved charge injection towards the transport layers, leading to an
increased Voc, FF and ultimately their performance [5.10, 5.12, 5.44, 5.53, 5.54]. In addition to
this, the expected longer carrier diffusion length in the Cl-doped perovskite thin films plays a
crucial role in improving the solar cell performance [5.55]. In general, these perovskite devices
suffer from relatively poor fill factor and Voc mainly due to poor charge transport at the

perovskite/c-TiO- interface resulting in poor device performances [5.56, 5.57].

Table 5.4: Solar cell device performances of different samples extracted from the J-V curves

during forward scan (-0.2 to 1 V).

Sample Voc (V) Jsc (MA/cm?) FF PCE (%)
MAI + PbClI2/Pbl; 0.914 19.33 0.385 6.80
MAI + Pbl; 0.791 18.86 0.376 5.61
MAI + PbCl» 0.928 Y5 0.359 6.57

The forward scan J-V curves are shown in Figure 5.12(b) and all showed poor FF compared
to the reverse scans, which demonstrates high device hysteresis. Hysteresis is a norm in planar
heterojunction perovskite devices that result from poor charge transport at the electron
transport layer, i.e., compact TiO [5.11, 5.56, 5.57]. A similar trend was observed during the
forward scans with higher Vo for Cl doped perovskite films (Vo higher than 0.9 V) compared
to the Pbl>-based perovskite device with Voc = 0.791 V shown in Table 5.4. These device
performances prove that the incorporation of chlorine in the perovskite structure improves the

performance of organic-inorganic perovskite solar cells. It is shown here (based on the reverse
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scan) that by starting with a pure PbCl; layer and its exposure to MAI vapour improves Voc by

76 mV compared to the pure iodine-based counterparts.

5.4 Conclusion

A low-pressure CVD method was used to successfully deposit Cl-doped perovskite solar
cell devices via three- and two-step routes from chlorine-containing Pb halide films and
compared to pure iodine-based perovskite. It is demonstrated here for the first time that Cl is
not substituted by iodine during the high temperature sequential C\VD of PbCl; and Pbl; layers;
instead, the compounds reacted to form a stable lead chloride iodide phase. It is further shown
that Cl is easily substituted by iodine during the perovskite formation under similar substrate
temperatures as the Pb halide deposition, though different deposition pressures were used. We
also showed that the presence of CI in the Pb halide films does not necessarily improve the
grain size of the final perovskite films compared to its pure iodine counterparts, but its presence
is still beneficial to the device performance. Lastly, the open circuit voltage (Voc) was improved
significantly for perovskites prepared from Ci-containing Pb halides, thereby increasing the
device efficiencies. The highest device performance of 10.87% (Voc = 0.938 V) was achieved
for the perovskite converted from PbCl, compared to just 8.76% (Voc = 0.862 V) for Pbl.-based
perovskite. This improved Vo and efficiency were attributed to the low trap density at grain
boundaries and at film surface for Cl-doped perovskites allowing easy injection of charge
carriers to the respective charge transport layers. This work will aid in the development of a
scalable, low-cost synthesis technique for the manufacturing of mixed-halide hybrid perovskite

solar panels.
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SUMMARY

Organic-inorganic hybrid perovskites are considered one of the most attractive
semiconductors owing to their excellent optical and electrical properties, such as suitable
optical bandgap, high absorption coefficient, low exciton binding energy, high charge mobility
of electrons and holes, long charge carrier diffusion lengths and facile deposition methods.
Since their first application as light absorbing materials in photovoltaic technology in 2009,
perovskites based solar cells have achieved remarkable progress with certified record power

conversion efficiency (PCE) of over 25.2% in just a few years.

This thesis reports on the deposition of perovskite thin films solar cells such as methyl
ammonium lead iodide (MAPbIz) or mixed halide MAPbIz«Clx (x is usually very small)
through a low pressure sequential chemical vapour deposition (CVD) method. This method
involved a deposition of lead halides (lead iodide, lead chloride, or lead chloride iodide) in the
step(s) of the process and thereby converting these lead halides films into a perovskite phase
during the second/last step. A CVD tube furnace was used for both the deposition of lead

halides and their subsequent conversion to perovskite phase.

The first phase of this project was to optimise the deposition of lead halide films i.e., lead
iodide (Pbl2) and lead chloride (PbCl.). A successful deposition of high-quality crystalline
films of Pbl, and PbCl> were realised through this low-pressure CVD method. Highly textured
Pbl, films with crystallite sizes of 154.3 nm and 172.4 nm for films deposited at substrate
temperatures of 125 °C and 135 °C, respectively, were obtained. Large lateral grain sizes were
also observed for these Pbl> films as measured from the SEM micrographs with average grain
size of 588.7 + 117.6 nm for film deposited at 125 °C and 734.2 + 144.8 nm for a sample

deposited at 125 °C substrate temperature.
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PbClI> films showed reduced texture on the XRD patterns with smaller crystallite sizes than
those of Pbl, samples with values of 84.7 nm for the sample deposited at 150 °C and 94.7 nm
for the sample deposited at 165 °C substrate temperatures. The PbCl, films have columnar
grain shape compared to flat platelet grains of the Pbl, films with average grain size of about
344.8 £ 111.4 nm and 386.7 £ 119.5 nm for the 150 °C and 165 °C substrate temperatures,
respectively. These large grain sizes for these lead halides films are beneficial for conversion
to perovskite films. It is expected that a fully converted perovskite film from a pre-deposited
lead halide will have even larger grains than the pre-deposited Pb halides. Optically, the Pbl>
films showed a band gap of about 2.4 eV confirming the material semiconducting properties.
The PbCl on the other side had a wide band gap of 4.3 eV which shows insulating properties

of this material.

After the successful optimisation of the Ph halides, then the Pbl, films were converted to
perovskite phase at different times (15, 30, 60, 90, 120 minutes) to study the conversion
mechanism. The as-deposited Pbl; films with lateral grain size of about 1.60 + 0.62 pm, grown
in the first step were successfully converted to highly crystalline, smooth, and compact MAPbI3
perovskite. The conversion was achieved by exposing the pre-deposited Pbl, to methyl
ammonium iodide (MAI) vapour in the second step using the same CVD reactor. It was
observed that the conversion begins at the surface of the Pbl, and progresses towards the glass

substrate, resulting in tetragonal MAPbDI3 perovskites.

A growth in grain size was realized as the conversion time increases from 15 minutes up to
90 minutes, where conversion saturation was observed with a grain size of 3.70 £ 1.80 um for
the sample converted for 90 minutes. A perovskite rich film was confirmed from the XPS depth
profile. It was observed that the 15 minutes converted sample had mixed phases of Pbl, and
that of MAPDI3 perovskites as deduced from the XRD results; but after 30 minutes conversion
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a small Pbl> impurity remained suggesting a more perovskite phase. The fully converted
perovskite film (90 minutes) was found to be optically stable in air with high relative humidity
up to 80% for more than 21 days. This stability is ascribed to its superior grain size, crystalline

quality, high purity, and compactness of the film.

Air-processed planar perovskite solar cell devices under similar ambient room conditions as
perovskite thin films on glass were achieved. The planar solar cell composed of glass substrate
followed by fluorine doped tin oxide, thin compact titanium dioxide as electron transport layer,
perovskite absorber layer, doped Spiro-MeOTAD as hole transport layer, and then silver metal
contact. The best device performance achieved was 11.7% achieved at 100 mW/cm?
illumination, albeit with a hysteresis. The device maintained 85% of its initial PCE for 13 days

of measurements while stored at high humidity conditions.

The final phase of this project looked into the preparation Cl-doped perovskite solar cell
devices via three- and two-step sequential CVD method using chlorine-containing Pb halide
films and compared to pure iodine-based perovskite. It was observed that Cl was not substituted
by iodine during high temperature sequential CVD of PbCl, and Pbl, layers; instead, the
compounds reacted to form a stable lead chloride iodide phase. It was shown that Cl was easily
substituted by iodine during the perovskite formation under similar substrate temperatures as
the Pb halide deposition, though different deposition pressures were used. It was also observed
that the presence of Cl in the Pb halide films does not necessarily improve the grain size of the
final perovskite films compared to its pure iodine counterparts, but its presence is still

beneficial to device performance.

Lastly, the open circuit voltage (Voc) was improved significantly for planar perovskites solar
cells prepared from Cl-containing Pb halides, hence increasing device efficiencies. The highest

device performance of 10.87% (Voc = 0.938 V) was achieved for the perovskite converted from
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PbCl> compared to just 8.76% (Voc = 0.862 V) for Pbl,-based perovskite. This improved Voc
and efficiency was attributed to the low trap density at grain boundaries and at film surface for
Cl-doped perovskites allowing easy injection of charge carriers to the respective charge
transport layers. This work will aid in the development of a scalable, low-cost synthesis

technique for the manufacturing of mixed-halide hybrid perovskite solar panels.

This study demonstrated the successful deployment of a sequential CVD method to prepare
perovskite thin films with both the deposition of Pb halides and their subsequent conversion to
perovskite phase done in the same CVD reactor, thereby simplifying the deposition process.
The solar cells performed relatively poor compared to previous studies where CVD method
was employed and this stems from poor charge transport layers used such as compact TiO. and

the Spiro-MeOTAD layer.

As recommendation, an extensive study to improve the device performance is necessary
such as further optimisation of the Spiro-MeOTAD layer deposition. Interface engineering
between the perovskite absorber layer and the c-TiO2 has been shown to improve charge
transport from the perovskite to the c-TiO- such as inserting a thin layer of PCBM fullerene.
Replacing the c-TiOz layer altogether with tin oxide (SnOx) layer may also improve the device

performances and reduce hysteresis.
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APPENDIX A

Simulation of optical absorption near band-edge.

We simulate the absorption spectrums (Figure 5.11(a)—(c), CH 5.3.2) near the band-edge using
the Elliott formalism [B1]. The absorption coefficient (o) is directly proportional to the
imaginary part of the dielectric function (¢") and is given by:

w

a(w) = &"(w). (D

n(w)c

If the refractive index (n) is only weakly dependent on the frequency,

1) 1)
a(a))=@8"(w) = @X"(w)' (2)

where ny is the background refractive index and x" is the imaginary part of the susceptibility.

The resonant part of the optical susceptibility for a 3D semiconductor is given by [B2]

o 2]dg,|? Z 1 E, +1fd hid™ E, 3
2(@) = nEya} [ n3h(w +i6) — E; — E, 2 xsinh(n/x) h(w+i8) — E5 — onz]' ®

Using Eq. (3) in (2), and using the Dirac identity, one obtains the band-edge absorption as [B2]:
e /A
sinh (/D)

op R0 O 4T 1
a) = a3’ 7 [Z —S6(8+—3) +0(8)
n=1

NG

The first and second term in (4) represent the excitonic state and the continuum, respectively.
In Eq.(4), & = &2

, Where Egq is the band gap energy and Eo is the excitonic binding energy.
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