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LEAD-FREE ORGANOMETALLIC PEROVSKITE
CHARACTERIZATION FOR ENVIRONMENTALLY FRIENDLY
SOLAR CELLS

Solar energy is rapidly emerging to take place of the conventional energy sources due
to its cheap and clean energy advantages. It is very important to obtain energy from solar
cells for Turkey as well, since Turkey’s nearly half of the energy sources are imported. One

of the best way to accomplish this is using lead-free Perovskites in solar cells.

The goal of this study was to investigate the preparation and the material
characterization methods of the lead-free organometallic Perovskite layers, which were
obtained from the reaction of methyl ammonium iodide and various tin halide salts with the
help of different polar-aprotic solvents. Applying this kind of Perovskite material prevents
the lead-Perovskite’s lead-originated environmental harms, which can show up when the
solar panels complete their commercial lifetimes. It is very well known that the potential
lead (Pb) exposure can cause decreased fertility, nerve disorders, high blood pressure and
memory or concentration problems in human beings. In addition, replacement of DMF,
which is usually used in literature with DMSO, prevents potential carcinogen effects of the
solvent by inhalation, which may occur in the preparation phase of Perovskite layer.

In order to acquire homogenized lead-free perovskite layer for the experimental use,
one step method, two step method and solid state method were applied in this study. After
development of a homogenized lead-free Perovskite layer step, the layer was ready to be
used with hole transport materials (HTM), blocking layers, back contact and front contact in
order to obtain a high-efficient solar cell with Perovskite layer. At the end of the research,
different kinds of the Perovskite were successfully synthesized and characterized by
different material characterization methods. Since all the layers of solar cells need to be

optimized separately, electrical characterization was not included in this work as a goal.
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CEVRE DOSTU GUNES HUCRELERI iCiN KURSUNSUZ
ORGANOMETALIK PEROVSKITE KARAKTERIZASYONU

Gilines enerjisi, ucuz ve temiz enerji olmasi avantajlariyla, alisilagelmis enerji
kaynaklarinin yerini almak i¢in hizli bir yiikselis gosteriyor. Giines hiicrelerinden enerji
tiretmek de enerjisinin neredeyse yarisini ithal eden Tiirkiye i¢in ¢ok dnemlidir. Bunu
gerceklestirmenin en iyl yollarindan biri de giines hiicrelerinde kursunsuz Perovskite

kullanimidir.

Bu caligsmanin amaci, metilamonyum iyodiir (MAI) ile ¢esitli kalay halojeniir tuzlarinin
tepkimelerinden farkli polar-aprotik ¢oziiclilerin de yardimiyla elde edilen kursunsuz ve
organometalik Perovskitelerin hazirlanma ve kararterizasyon metotlarini tetkik etmektir. Bu
tir bir Perovskite iretimi, kursun-Perovskitelerin -giines panellerinin ticari Omiirleri
bittiginde ortaya ¢ikabilecek- kursun kaynakli gevresel zararlarini engeller. Zira olasi kursun
maruziyeti dogurganligin diismesine, sinir hastaliklarina, yiiksek kan basincina ve hafiza ya
da konsantrasyon problemlerine sebep olabilir. Ayrica, literatiirde genellikle kullanilan
DMEF’in DMSO ile degistirilmesi, Perovskite tabakasinin iiretimi agsamasinda olusabilecek

¢oziicli solunumlarinin olasi kanserojen etkilerini engeller.

Deneysel kullanim amaciyla homojenlestirilmis kursunsuz Perovskite iiretimi i¢in, tek
adim metodu, iki adim metodu ve kat1 hal metodu uygulandi. Homojenlestirilmis kursunsuz
Perovskite tabakasi gelistirildikten sonra, tabaka; bosluk iletim malzemesi (HTM), blokaj
tabakasi, 6n kontak ve arka kontak ile birlikte yiiksek verimli Perovskite tabakali giines
hiicresi elde etmeye hazir hale getirilmistir. Arastirma sonucunda farkli tiirde Perovskite
tirleri basariyla sentezlenerek, malzeme karakterizasyon metotlariyla karakterize
edilmislerdir. Giines hiicrelerini tiim tabakalari ayr1 ayri optimize edilmesi gerektiginden

elektriksel karakterizasyon bu ¢aligmada yer almamaktadir.
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1. INTRODUCTION

Solar energy has great theoretical potential and it is considered as the most important
renewable energy source with its unlimited access. Aside from the very occasional solar
eclipse, the sun is a reliable source of energy that the human race can depend on for the next

five billion years.

The amount of solar energy received per day is a thousand times greater than the energy
needs of the world and this natural potential waits to be used. Especially, the photovoltaic
(PV) systems, which directly transform the sunlight into electricity, seem to have a
significant importance in this pursuit of alternative energy sources (Dennler et al., 2009).
For the purpose of generating electricity, solar energy has a great advantage upon the fossil

fuels, which is being environmentally friendly.

According to a PV report of UK Trade & Investment from 2012, PV technology has
the fastest growing market in the global range and it has the largest amount of investment
among the renewable energy sources (UK Trade & Investment, 2012). However, the cost of
PV system is high and it depends not only on the technological improvements, but also on
installation, projecting, operation and finance.

The first generation PV technology, which is based on inorganic semiconductors
(particularly single crystal and polycrystalline silicon cells), have been commercially
available for the past 50 years. Crystalline silicon-wafer based (c-Si) solar cells are used
predominantly in order to achieve direct conversion of sunlight energy into electricity. The
production and operation cost of c-Si solar cells has fallen to a point, where sunlight can now

compete with fossil fuels in some parts of the world.

Whether the decrease rate of the cost or even the current cost of c-Si solar cells is
sustainable, there are still so many open questions about solar technology. This has led to
increased research and development exertions in alternative solar cell technologies that may

lead to further cost reductions and wider adoption of solar energy production. Thin-film solar



cell technology is one of the promising progeny of these efforts, which can be considered as
second generation, and it has been studied extensively as an alternative to the sumptuous

first generation PV systems.

At the end of the first decade of the 21 century, scientists gave to the idea of using
Perovskite for the manufacture of dye-sensitized solar cell (DSSC) a shot. These solar cells
can reduce the expense of PV systems, they can be potentially produced in high volumes,

and they are more flexible than the conventional silicon solar cells (SSC).

On the other hand, the first trials of Perovskite based solar cells were made of methyl
ammonium lead triiodide (MAPDIz), which was toxic due to its lead (Pb) content. However,
they converted solar energy into electricity with 3.8% efficiency at their first shot. Now, the
lead-Perovskite solar cell produced by Yang et al. (2014) notched up 19.3% efficiency,
which was good enough to compete with traditional silicon based solar cells (Green et al.
2014). Different efficiencies can be seen in Figure 1.1 for organic solar cells (OSC) and
Perovskite solar cells (Burn and Meredith, 2014).

16

—&— Perovskite solar cells
14 4

—&— Organic solar cells

12 4
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Figure 1.1. Comparison of OSC and PSC efficiency on the same time span (Burn and
Meredith, 2014).

After these advancements, the most important imperfection of the lead-Perovskite solar
cell was the lead based toxicity. At that point, the structure engineering grabbed the flag.
While changing Perovskite structure with another substitute, a few necessary substitution

properties should be considered; e.g. toxicity, feasibility, attainability and stability. In our



case, exchanging lead with tin would definitely remove the toxicity. Lead and tin are at the
same periodical group, which means that their chemical properties are similar; that makes
the exchange theoretically feasible. Tin is cheaper than lead and it is easily reachable; these
make tin attainable. Therefore, the stability of tin Perovskite after exchange will be the main
subject of this work.

In addition, dimethylformamide (DMF) is the most common solvent for Perovskites in
literature. During preliminary research, we observed that tin (1) chloride salt could be
dissolved in acetone easily; but the other salts could not, and chloride including tin
Perovskite was known to be more efficient than the others. Therefore, with possible solvent
exchange, the product can be made environmentally friendly even at the production point,
since DMF is classified as a possible carcinogen by the International Agency for Research
on Cancer (IARC) and DMF exposure have been associated with many reports of liver
disease and damage on developing fetus. In addition, dimethylsulfoxide (DMSO) is also a

less-harmful alternative to DMF.

In summary, a small step for metallic exchange procedure has taken recently; with a
little deficiency, lead has been exchanged with tin. Improvement methods for exchange are
still being developed. When the lead-Perovskite based device has reached the 15%
efficiency, first tin-Perovskite based device has been recorded as 5.73% efficiency, which is
a good start. This starting point reenergized the solar cell field and now the scientist believe
that the tin-Perovskite can reach the record of lead-Perovskite solar cells and possibly
surpass. On the other side, lead-Perovskite researches are ongoing as well, because they had
started in 2008 and within this short period of time they had tremendous improvements. Lead
Perovskites will be used as perfect templates for tin-Perovskite based solar cells. However,
if the lead-free Perovskites cannot be as successful as the lead contained ones, lead
Perovskites will be in use as plan B. In any case, Perovskites are very new and very

promising materials, so it seems that they are worth investigating.

Thus, the preliminary aim of this research is to improve the coverage of the Perovskite
layer and to obtain the best theoretical efficiency consequently. Although this application
will be environmentally friendly by itself, the efforts will be given to try to make it less

harmful even during its production stage.



2. LITERATURE SURVEY

The literature survey section consists of economic direction of photovoltaic technology
photovoltaic effect, the properties of the Perovskite material, and the working principles of
Perovskite PV systems. The design characteristics and challenges of these devices will also

be discussed.

2.1. Economic Direction of Photovoltaic Technology

Energy generation technologies can be separated into two main headings: dispatchable
generating technologies and intermittent ones. Dispatchable technologies include energy
production systems that has stored resources and are ready to produce electricity when it is

required. Coal, gas-combined-cycle and nuclear plants can be given as examples.

On the other hand, intermittent technologies are more renewable ones, but the reason
why they are called intermittent is that their sources can be interfered by nature. For instance,
wind speed can change in a day, solar energy can be hindered by clouds as well although it
is already limited by daytime, etc. It is also possible to turn the intermittent technologies into
dispatchable technologies by the help of the battery energy storage systems (BESS) (Teleke
etal., 2010).

Two main factors will be determinative on the economic direction of the PV systems;
Levelized Costs of Electricity (LCOE) and Feed-in Tariff policies.

2.1.1. Levelized Costs of Electricity

With the help of the contemporary technology systems, there are many kinds of energy
production processes. On the other hand, for the competitiveness of those processes, there
are some parameters, which are gathered in some specific assessment methods. The levelized
costs of electricity is the most recent and the most promising assessment method because of
that it can also consider carbon price, which is necessary for the protection of the
environment. Carbon price is also being argued by the developing countries because of that



it is a penalty for the side-product of the cheap energy production; while developing, the

most important compound is energy for them.

As a simple definition, LCOE is the estimation of “levelized cost” per megawatt-hour
(MWh) energy provided. It is used for measuring the real total (capital and operating costs)
life-cycle costs of a particular generating process per MWh energy provided. Because of that
investments are affected by inflation and rate of interest, the assessment should be held
properly with the consideration of the economic lifetime of the plant as well (Akyiiz et al.,
2009).

According to LCOE, it is costly to turn intermittent technologies into dispatchable
technologies at the moment. But, during the peak hours, which are the times when the
unexpected electricity demand occurs (e.g. when air conditioners are more necessary in the
summer), it is more economic to use the intermittent technology for this excessive-demand

instead of the conventional technologies. LCOE can be defined as;

n
At
o +Zt=1(1+i)t

LCOE Z,;l (I\fif)lt (2.1)
Where;
LCOE Levelized cost of electricity (Euro/kWh)
lo Investment expenditures (Euro)
At Annual total costs (Euro in year t)
Mgel Produced quantity of electricity in the respective year (kWh)
i Real interest rate (%)
n Economic operational lifetime (year)
t Year of lifetime (1, 2, ...n)

The annual total costs consist of fixed and variable costs, which are coming from the
operation of the process, service, maintenance, insurance payments, carbon prices and

repairs (Fraunhofer, 2013).



Joskow (2011) has reported some numerical examples for the proper usage of LCOE

as shown in the Table 2.1., making the following assumptions;

e There are 3,000 hours for the peak period, which is in daytime, and there are 5,760
hours for the off-peak period per year,

e The off-peak demand amount equals to 50% of the peak demand amount,

e Generating capacities are utterly enough to meet the demands,

e The wholesale market prices are $90/MWh for the peak period and $40/MWh for the
off-peak period.

Table 2.1. Hypothetical levelized cost of electricity (Joskow, 2011).

Dispatchable Intermittent
Construction + fixed O&M costs ($/MW/year) 300,000 150,000
Operating cost ($/MWh) 20 0
Capacity factor 90 % 30 %
MWh/MW/year 7,884 2,628
Levelized cost ($/MWh) 58.1 57.1

As can be seen from Table 2.1., although the dispatchable technologies have higher
capacity factor, they are not as competitive as the intermittent ones due to their higher
construction and fixed costs. Since that they are renewable energy sources, there is no fuel
usage for the intermittent technologies and that makes a big difference in the operating costs
(Dagdas, 2005).

Moreover, depleting fossil fuel amounts of the world will increase the fuel prices in the
future and operating costs will be even higher when the carbon price is included because of
the global warming issue. If all these factors are taken into an account as well, the

intermittent technologies will be more attractive (Joskow, 2011).

When the example is elaborated in the Table 2.2, it can be clearly seen that the

dispatchable technologies can be exchanged with intermittent ones.



Table 2.2. Economic comparison of the dispatchable and intermittent technologies
(Joskow, 2011).

Dispatchable | Intermittent | Intermittent | Intermittent
all cases Case 1 Case 2 Case 3
Peak period MWh
supplied 3,000 0 50 2,628
Off-peak period MWh
supplied 4,884 2,628 2,578 0
Revenues $/MW/year 465,360 105,120 107,620 236,520
Total cost $/MW!/year 457,680 150,000 150,000 150,000
Profit $/MW/year 7,680 (-44,800) (-42,380) 86,520

Let us choose the competitive intermittent technologies against to dispatchable ones;
we can set solar power plant as the intermittent case 3, which produces all the electricity in
the peak period, and as case 1 and 2, we can use two wind farms for the off-peak period, thus
we have the same total yearly costs for the comparison. Also, although the total supplied
electricity amounts are the same, the supplied electricity amounts are different for the

different periods of the wind farms in order to observe the profit difference.

When the information given in Table 2.2. is examined, it can be easily evaluated that
this is an extreme (sort of the worst case) scenario. As it can be seen, there is no wind for the
wind turbines in daytime or the wind is too calm to move the generators. There are just 50
hours utilizable wind for the intermittent case 2, which can give an idea about the location
of the system. This system must be in a desert. Another scenario would be a chillier location,
where the wind speed is higher enough to move the wind turbines, but most probably the
sunlight intensity would be lower for that location and compensate the income from the wind
turbines by the lesser profit of the solar plant. Thus, one can tell the simulation more or less

works adequately (Joskow, 2011).

LCOE has an increasing popularity for the investors, because the levelized cost of

electricity is a very detailed assessment method, which is peculiar to the desired location.



However, the most significant property of it is to take expenses, carbons costs and feed-in-

tariffs into account.

2.1.2. Feed in Tariff in Turkey

The most important step for the renewable energy law was taken on 29" of December
2010 in the Turkish Parliament. Electricity demand was growing more than 6 % and in order
to satisfy this demand, Turkey was importing around 70% of energy resource, since it had
no large oil and gas reserves, although it had abundant renewable energy potentials. In order
to liberalize the energy market and to encourage investors to undertake renewable energy
projects, the new law with No. 6094 “Amendment of the Law on Utilization of Renewable
Energy Resources for the Purpose of Generating Electrical Energy” was brough into force
by the Turkish government. The Energy Market Regulatory Authority (EMRA) took the
regulatory responsibility for the sector by the allowance of the Ministry of Energy and
Natural Resources (Yiiksel, 2011). The feed in tariff policy for Turkish renewable energy

power plants is given in Table 2.3.

Table 2.3. Feed in Tariff policy of Turkey for renewable energy plants (Yiiksel, 2011).

Power source of generating facility Feed-in tariff ($/MWh) for
first 10 years of operation

Hydraulic 73

Wind 73

Geothermal 105

Solar 133

Biomass (including landfill gas) 133

These Feed in Tariffs (FiT) are not only lower than other countries, but they are also
superficial. For example, as can be seen in Table 2.3., there is no difference between solar
PV energy and solar thermal energy or between on-shore wind energy and off-shore wind
energy. In the legislation draft, proposed FiT for solar PV systems was €250 for each MWh
electricity and there were FiTs for wave, current and tidal energy as well, but they were not

mentioned in the regulation. Finally, the most deficient article is about the FIiT validity



duration; according to the legislation, the FiT is valid just for 10 years, whereas it was 10+10
years (with higher tariff rate in the first 10 years) in the draft (Yiiksel, 2011).

The first licensing period of Turkey was designed for 600 MW of solar project for 27
regions, which are announced by EMRA partner of the Ministry of Energy and Natural
Resources. With the incentives for domestically-manufactured components, FiT for per
MWh photovoltaic plant electricity is $200 and $225 for per MWh electricity of
concentrating solar plants, but this extra incentive will be valid just for first 5 years and can
be used for the projects which will be ready before December 31, 2015 (Yiiksel et al., 2013).

2.2. Photovoltaic Effect

The photovoltaic effect is the changeover process of the sunlight energy into electricity
by the semiconductor materials. An electron of the semiconductive active material leaps to
the lowest unoccupied molecular orbital (LUMO) from the highest occupied molecular
orbital (HOMO) when the solar cell is illuminated by photons. The excited electron, which
can be seen in Figure 2.1., heads for the electron transport material (ETM), while the hole
heads for the hole transport material (HTM) in order to complete the circuit after the electron
energy is used as an electricity. For the purpose of electricity production, photon energy
should be higher than the HOMO and LUMO energy difference, which is called as band gap

energy (Eg).

Electron conductor  Light absorber Hole conductor
TlO,, (LL-.\IO) Spn’O—OMETAD

CB

-4.26 eV /
o
— AE = Unknown

e -
A2 "

AE=32¢eV %
VB

(HOMO)

522V

-7.46 eV

Figure 2.1. Scheme of the photovoltaic effect (Chung et al., 2012).
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Band gap energy is a distinctive material property and it is directly related with the

optical and electrical properties of the materials (Goswami et al., 2000).

2.3. Perovskite

In 1893, German Mineralogist Gustav Rose discovered the first Perovskite mineral
(CaTiOg) in the Ural Mountains of Russia and gave the name of Russian Mineralogist Lev
Perovski to it. Today, as natural and synthetic, many type of Perovskites are known with its
ABX3 structure and the most copious one is the magnesium silicate Perovskite (MgSiOz) in
the earth’s mantle (Gao et al., 2014).

Lead and tin halide synthesis methods are known since 1893, yet, compared to them,
crystallographic studies on Perovskite are pretty new. The first synthetic Perovskite
production was made by Christian Meller in 1957 (Meller, 1957). But that Perovskite
structure was cesium lead halide, which had a CsPbX3 (X=ClI, Br or I) chemical formula. He
also monitored that these Perovskites had photoconductive properties, so they could be used

as semiconductors.

Recently, Chung et al. (2012) processed CsSnls Perovskite as a hole conductor and
recorded 8.5% efficiency (Chung et al., 2012). On this device, active material was molecular
Ruthenium-based sensitizer, but now that the Perovskite itself was also a strong photo
absorber in the visible range, the source of charge carriers were not clear (Chung et al., 2012).
In 1978, Dieter Weber made a cation exchange and cesium substituted with
methylammonium cation (CHsNHz"). He obtained the first three dimensional organic-
inorganic hybrid (organometallic) Perovskite (Gritzel, 2014).

Generic crystal structure of cubic metal halide Perovskite is shown in Figure 2.2. for
ABX3 structure. Green spheres in the figure represent A, which is methylammonium
(CH3NHs") in our case, grey spheres which are in the middle of grey octahedrons represent

B, which is lead or tin, and purple dots represent X halides (CI, Br or I).
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Figure 2.2. Singular crystal (a) and simulated lattice (b) structure of Perovskite (Gong et
al., 2013).

Recent researches shows that increasing in the size of A causes the increase of the band
gap energy of ABXz; replacing Pb with Sn decreases band gap energy of ABX3z; and as X
changes from | to Br to Cl, the band gap energy will increase (Gong et al., 2013).

2.4. Perovskite Solar Cells

Among the emerging thin-film solar cell technologies, solution processed, organic-
inorganic Perovskite thin film based solar cells have recently demonstrated dramatic
increases in power conversion efficiency. Such cells promise to combine extremely low

production costs with high efficiency and therefore break the existing paradigm.

To date, the highest efficiencies have been achieved with mixed methyl ammonium
organometallic halide Perovskites, in particular CHsNHsPblsxCly, absorber layers. These
solar cells are composed of complex, stacked thin-layer structures. Typically, each layer
plays a specific role, e.g., electron conductor, light absorber, hole-conductor or contact layer.
The overall device performance depends not only on the qualities of the individual layers,
but also on the interfaces formed between them.

Miyasaka and co-workers has reported the first lead-Perovskite absorber based solar
cell, which had 3.8% efficiency (Miyasaka et al., 2009). Two years later, Park et al. (2011)
increased the efficiency up to 6.5% (Park et al. 2011). However, in their devices, both

Miyasaka and Park groups were using liquid electrolyte, which could erode the Perovskite
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structure. Thus, the corrosive property of the electrolyte was limiting the life-span of the

device to a couple of minutes (Park, 2013).

After few trials, the liquid electrolyte has been substituted with a solid-state hole-
transporting material (HTM). Kim et al. (2012) recorded 9.7% PCE with spiro-MeOTAD as
a hole-transporter, whose cross-sectional SEM images can be seen in Figure 2.3. (Kimet al.,
2012).

B — S

HTM (Spiro-MeOTAD)

o
1

_ (CH;NH PBR + TIO, + HTM.
2 Y W T peseeas

383 el

area
Figure 2.3. Solid-state mesoscopic solar cell (a, b) and SEM pictures of the cross-section
(c, d) (Kimetal., 2012).

Then, Lee et al. (2013) used the insulating Al>Os scaffold instead of semiconducting
TiOz film. They achieved 10.3% PCE record and then, the record was improved to 12.3%
efficiency by the same group (Lee et al., 2013). Doing so developed the stability and
increased the conversion efficiency at the same time. At this point, Perovskite solar cell
(PSC) was a simulation of the solid-state dye sensitized solar cell (ssDSSC) (Gritzel, 2014).

Then, it became clear from the studies of Etgar et al. (2012) that the Perovskite could
also be used as a hole conductor. Despite the fact that these ‘HTM-free’ devices had only
around 5% conversion efficiency initially, they had many advancements in recent years.
Today, PSC devices are still using the HTM-free mesoscopic, showing great stability under
long-term light soaking (1000 h under full sunlight) (Grétzel, 2014). After a series of the
shifts, the efficiencies jumped from around 10% to a certified 17.9% and uncertified 19.3%,
respectively (Service, 2014). The updated record of the solar cell efficiencies can be
followed from the National Renewable Energy Laboratory chart given in the Fig 2.4.
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But the real challenge has already begun; replacing lead with another non-toxic or less-
toxic metal idea made the tape rewind. Although Henry Snaith, a physicist at the University
of Oxford and one of the leaders in the field, stated that the coal combustion originated
annual lead emission was more harmful than a 10-terawatt array of lead based Perovskite
solar cells; the notables of the field believed that completely non-toxic material would be
better for the environment (Peplow, 2014). Instead of lead, other than tin and germanium,
members of the group 14 metals could also be used. Yet, as atomic numbers decrease in the
group 14, the stability of the 2+ oxidation state also decreases. It should be taken into account
that the higher stability is one of the most important parameters that the solar energy field
sought (Yin et al., 2014).

There have been Pb-Sn mixed Perovskite studies conducted, but, they cannot be called
completely ‘Lead-free’. Recent research of Ogomi et al. (2014) showed that the different
ratio of mixed Pb-Sn metal Perovskite was giving a chance for tuning of the solar material’s
band gap energy between Pb and Sn band gap energy spectra. Yet the same study stated that
iodide based pure tin Perovskite (CHsNHsSnl3) did not display any important photovoltaic
properties, and there should be a little Pb-Perovskite in the cell in order to stabilize Sn in its
2+ oxidation state. According to this research, the Perovskite, which had a 1:1 Pb/Sn ratio
(MASnNosPbosls), showed the best performance with 4.18% efficiency until that time (Ogomi
etal., 2014).

Recently, Snaith et al. (2014) has firstly reported that they produced a device with the
completely lead-free Perovskite (CH3NH3Snlz) as photoactive material with greater than 6%
efficiency. The key point was obtaining the Perovskite under inert atmosphere in a glovebox.
Because of the fact that the reaction was also too sensitive, the Dimethylformamide (DMF)
solvent was used after degasification. By spin coating at 2000 rpm for 45 seconds, the dark
brown CH3NH3Snlz Perovskite layer was obtained. This result also shows that the Pb-based

Perovskite is not unequaled material for solar cells; in other words, lead can be exchanged.

At the same time, Kanatzidis et al. (2014) was working on lead-free tin Perovskite
photovoltaic solar cells and their device was coated with Lead-free solution-processed solid-

state Perovskite (CH3NHsSnl3) by the spin coater. Instead of iodide, different bromide
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concentrations -which were also environmentally friendly- were also used and investigated
simultaneously. For different numbers of bromide in the Perovskite, the different
transparency was observed, which was important for both efficiency and usage of tandem
layers. Color and transparency changes of this mixed halide Perovskite can be seen in Figure
2.5 (Kanatzidis et al., 2014).

Au electrode

Spiro-OMeTAD

Perovskite/TiO,

Blocking TiO, layer

FTO layer

Figure 2.5. Cross-sectional SEM image of the device and color changing of Perovskite
(CH3NHz3SnlsxBry) for different bromide numbers (Kanatzidis et al., 2014).

The research of Kanatzidis et al. (2014) was significant because of the fact that iodine
based tin Perovskite was not unique for solar cells. Besides, more significant fact was the
efficiencies of mixed halides (5.48% for CH3NH3Snl2Br and 5.73% for CH3NH3SnIBr2)
were higher than that of the pure iodide one’s (5.23%), but pure bromide’s efficiency
(4.27%) was not at the same conditions. The expectation for chloride mixed efficiency was

higher as the results were observed from lead-based Perovskites.

2.5. Challenges

With new generation solar cells, single crystals and deposited thin films took all
attention on them because of their optical and electrical properties. Mostly, in order to obtain
high quality single crystals, crystals are grown from the melt phase of the material. But, it is
not applicable for the methylammonium-based Perovskites, because organic ammonium
cations decompose at comparatively lower temperatures (<250 °C). Thus, hybrid organic-
inorganic Perovskites are prepared by solution chemistry methods, but generally, crystals
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which are grown from solution chemistry techniques, have poor quality for the device

application; they are small or inadequate (Mitzi et al., 1998).

As can be seen in Figure 2.6., there are three different goals to acquire for the solar
cells; low-cost process, high efficiency and high stability.

Figure 2.6. Scheme for the unification challenge of solar cells (Krebs, 2008).

As comparison with traditional inorganic solar cells, organic solar cells are cost
effective products, but they are inadequate when the efficiency and stability are questioned
(Krebs, 2008).

2.5.1. Stability

Instability of solar cells can take place because of degradation of the active material
and oxidation of the metal electrode. That makes these components a variable of the
hypothetical lifetime function. There are some common degradation factors of materials,
which can be physical, chemical and mechanical. In other words, there are intrinsic and
extrinsic factors. The experiment atmosphere directly affects the extrinsic factor. For
instance, Perovskite solar cells are easily affected by moisture because of the fact that its
methylammonium iodide precursor is hygroscopic. That is why the Perovskite experiments

are run in the glovebox, which is filled with nitrogen (Jergensen et al., 2008).
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Perovskite solar cells overcame the efficiency problem as well as cost effectiveness,
however, the stability is still a decisive issue because of their moisture and oxygen
sensitivity. Wang et al. (2015) reported that pure lead iodine perovskite starts to degrade at
55% of moisture and the presence of oxygen makes it irreversible. However, there has not
been any report published yet, which reports harmful moisture ratio for tin perovskites in the
literature. Solving the stability problems will be great improvement for the dealing with the

energy demand of the developing world.

2.5.2. Material Limitations

In addition to amorphous silicon, polycrystalline silicon, microcrystalline silicon, solar
PVs include cadmium telluride, copper indium selenide/sulfide and other rare materials.
Recent previews of material researches about the terawatt-level development of
photovoltaics show that crystalline silicon resources would not be a limitation for the silicon
PV technologies, but the reserves of silver may be a problem. According to the same review,
when the utility of the silver (Ag) as top electrode has an alternative, there will not be any

other limitation for the crystalline silicon solar cells (Feltrin and Freundlich, 2008).

Kamp et al. (2011) reported that 40% of cell processing costs consist of expensive Ag
paste usage (Kamp et al., 2011). Rehman and Lee (2014) stated that Ni/Cu plating process
could be used instead of Ag contact. This decreases the used silver amount, but it is also
close to regular process costs because of the complex plating process. The appealing parts
of it are to increase the efficiency because of the low contact resistance and to be used as a
silver alternative (Rehman and Lee, 2014). Appleyard (2012) reported that Interuniversity
Microelectronics Centre from Belgium achieved 20% efficiency with copper contact,
whereas silver one was with 19.5% efficiency. It was also reported that the copper deposition
could be done from chemical solutions in galvanic processes, which were cheaper and more

suitable for high rate deposition (Appleyard, 2012).

When the thin film PV technology is questioned, because of the tellurium (Te) and
indium (In) unavailability, -the most prominent members of the thin film PVs- cadmium

telluride (CdTe) and copper indium gallium selenide (CIGS) thin cells are not promising in
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the long run. Also, putting zinc oxide (ZnO) electrodes instead of indium tin oxide (ITO)
makes multi-terawatt production possible, but because of their comparatively low efficiency,
the thin film PVs need more surface area which is another limitation. Germanium (Ge) is
another limiting material for the multi-junction concentrator cells, but gallium substitution

would solve the problem (Jacobson and Delucchi, 2010).

Wadia et al. (2009) investigated the yearly obtained electricity amount from 23 different
PV technologies, which were produced with the limiting materials, and whether they would
cover whole demand or not. Also, they calculated the minimum $/W cost of the materials
for each of the 23 PV technologies. Finally, they reached the conclusion, which was that
there was a “Major opportunity for fruitful new research and development based on low cost

and commonly available materials” such as FeS2, CuO,Cu»S, and ZnsP» (Wadia et al., 2009).

With the light of these reviews, it can be securely stated that there is no material

limitation for the Perovskite solar cells.
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3. MATERIALS AND METHODS

In this study, because of the fact that the tin-Perovskite producing reaction is very
sensitive to moisture and oxygen, the whole experimental procedure is performed in German

product, Mbraun brand, nitrogen (N>) filled glovebox seen in Figure 3.1.

Figure 3.1. Nitrogen filled glovebox.

The experimental stage of this study was conducted under supervision of Prof. Dr.
Marcus Bir, who is a professor of the Brandenburg University of Technology and the Head
of Young Investigator Group at the Helmholtz-Zentrum Berlin.

3.1. Materials of the Experiment

3.1.1. Methylammonium lodide

Methylammonium iodide (CH3NHz3l) salt, which has 158.97 g/mole molecular weight,

is used as a precursor for metal-halide Perovskites. MAI can be formed by the reaction of
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27.86 mL methylamine (CH3sNH:) (40% in methanol) and 30 mL of hydroiodic acid (57 wt
% in water) in 250 mL round bottomed flask at 0 °C for 2 h with stirring. The precipitated
MAI solid can be obtained by evaporation of methanol at 50 °C for 1h.

Then, the produced MAI should be washed with diethyl ether three times by stirring for
30 minutes for each wash and should be dried at 60 °C in vacuum oven for 24 h in the end
(Park et al. 2011). Since MAI is hygroscopic material, it should be sealed in the inert

atmosphere in order to keep it away from moisture and oxygen.

As a precursor, 100 g methylammonium iodide with Dyesol brand of Australia is

procured and used in this study.

3.1.2. Tin Halide Salts

Tin halides have similar structures with lead halides (Abrahams and Demetriou, 2000).
Thus, the products of tin halides and MAI are similar with the ones of lead halides and MAI
as well. Though, there are not satisfying number of reports about tin halide perovskites in
the literature. Tin halides can be prepared by adding solid tin shots into hydrohalic acids
such as hydroiodic acid (HI), hydrochloric acid (HCI), and hydrobromic acid (HBr) (Nara
and Adachi, 2011).

In this study, Sigma Aldrich 100 g tin (II) chloride (SnCl) in poly bottle, Alfa Aesar 5
g tin (11) bromide (SnBr2) in glass bottle, and Alfa Aesar 5 g tin (1) iodide (Snl.) in glass

bottle were used for the experiments

3.1.3. Etched FTO Glasses

In order to investigate the active material properly and to standardize the deviation,
Solaronix Perovskite Kit glasses are used. There are combinations of fluorine doped tin
oxide (FTO) layered glasses with blocking titania layer and scaffolding titania layer, which

can be seen in Figure 3.2. The dimension of the glasses are 20 mm x 20 mm.
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Figure 3.2. Different types of etched FTO glasses

(http://www.solaronix.com/documents/solaronix_materials.pdf).
3.2. Experimental Work

The experimental work is mainly consisted of three main sections, which explain
reaction methods, coating methods and structural characterization methods. The final
product may differ for each of the reaction methods.

In addition, different physical or chemical characteristics of each materials may change
the coverage ratio, which is vital for the efficiency of PV devices. Therefore, the
investigation of these parameters is vital as well.

3.2.1. Reaction Methods

3.2.1.1. One Step Method. In this method, the reaction occurs in the solution. The

precursors, MAI and tin halide salt, are mixed equimolarly in proper, polar aprotic solvent
(DMF, DMSO or Acetone) as between 40-60 % by weight. Then, the dissolved precursors
react and form the active material solution. After 20 minutes stirring at 80-120 °C, greenish
yellow (SnCly), orange (SnBr;) and dark yellow (Snl.) Perovskite solutions are obtained,

which can be seen in Figure 3.3.
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Figure 3.3. Perovskite solutions which are prepared with different tin halide salts; (a)
SnCly, (b) SnBr and (c) Snla.

In order to attain high coverage on glass, the prepared solution should be spin coated

on hot glasses, which are at same temperature with the solution. The spinning rate of spin

coater should be 2000 rpm, but it can be adjusted to have thinner or thicker layers. About 45

seconds spinning time is enough. Finally, the coated glass is annealed to form Perovskite

crystals. Annealing is a heat treatment method, which improves the mechanical properties

of the materials. For the crystalline case, annealing coarsens the crystal size and increases

the coverage ratio as well.

3.2.1.2. Two Step Method (Sequential Deposition). This method includes a second step in

which the reaction goes on. In the first step, one of the precursors (tin salt in this case) is

coated on glass and the glass is annealed to dry. In the second step, the coated glass is dipped

into the solution, which is prepared with the other precursor (methylammonium iodide in

this case). The whole procedure can be seen in Figure 3.4. (Burschka, 2013).

TiO2

Step 1

TiO2/CH3NHzSnIX>
Step 2

—

$nX: in solvent t

=3

5%

CH:NH:I in isopropanol

Figure 3.4. Schematic presentation of the two step method (Burschka, 2013).
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The key point is the selection of solvent (one of the polar protic solvent, e.g.
isopropanol). The second step should be done meticulously, because the solvent should not
dissolve the first layer in order to have a good coverage. Dipping time depends on thickness
of the first layer. Sometimes, the reaction may not take place at the bottom of the layer
because of unreachability of the second solution. Finally, the coatings are annealed at 80°C.
Compared to the one step method, this method gives a better coverage ratio. Also, because
of the polar protic solvent, the crystal size is bigger than the ones obtained in the one step

method.

3.2.1.3. Solid-state Reaction Method. This method, which can be seen in Figure 3.5, is very

similar to the one step method. The only difference is that the reaction occurs without use of
any solvent. Equimolar precursors are grounded and mixed in a bottle. Then, the sealed bottle
Is heated at 100 °C for 20 minutes.

Solid State Reaction

@100°C
Dissolved

‘ in DMF

SnX,  CH,NH,! Tin Halide
Perovskite

Figure 3.5. Schematic presentation of the solid state reaction.

Changing color, which can be seen in Figure 3.6., indicates that the reaction occurs

even during grounding of the white colored precursors and without any solvent.

Figure 3.6. Color changing in solid state reaction, (a) before reaction, (b) after reaction.
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In the end, the obtained Perovskite is ready to dissolve in a solvent and to coat on glass.
The spin coating and annealing conditions are identical with the one step method. The
advantage of this method is to attain bigger Perovskite crystals in the end, most probably,
because of that the intermediate molecule amount is already higher in the solution than the
one in the one step method.

3.2.2. Coating Methods

Spin coaters use centrifugal force in order to deposit the sol-gel type coating materials
uniformly. As spinning rate increases, solid particles in the sol-gel solution stick to the
substrate and solvent evaporates easily. The working principle of the spin coater can be seen
in Figure 3.7. On the other hand, spinning rate of the spin coater and the viscosity of solution

affect the film homogeneity and thickness.

Airflow

Radial Radial
liquid flow hquui flow

/‘
— ~__®  Evaporation

Liquid
Disc . —— [ film

e i -‘-'__-.r“v

Angular velocity

Figure 3.7. Working principle of spin coaters (Pivrikas, 2011).

After many trials, the optimum spinning rate and solution viscosity can be found. For
this investigation, Specialty Coating Systems (SCS) G3P-8 model programmable spin coater
from USA is used as seen in Figure 3.8. It can rotate up to 9.999 times in a minute and can

store up to 30 programs with up to 20 steps each.
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Figure 3.8. SCS spin coater.

In fact, there are already 4 different known coating methods, which can be seen in
Figure 3.9. (Gao et al., 2014). The first coating method (a) is spin-coating. In Figure 3.9. (b),
two-step coating can be seen. In this method, inorganic material is coated first and the
substrate is dipped into methylammonium iodide solution after annealing. In two-step
coating method, the reaction occurs at the second step and the key point is that the second
solvent should be selected wisely in order to prevent dissolution of the inorganic material
(Mitzi et al., 1998).

a) ¥ b
(@) ‘\X (b) In situ
A dipping reaction

e TP

Spreading
" > w 2 4
ot DO 45
R DD
?Annealing
P — Organic Inorganic
source source
Organic vapor
Substrate ﬂ Slhstnte Sulmnte Substrate

Figure 3.9. Different coating methods (Gao et al., 2014).
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For the third coating method shown in Figure 3.9. (c), the precursors are pulverized on
the surface at the same time and the reaction occurs on the surface. It is good for quick
reactions, so that a homogenous film can be obtained and thickness can be adjusted easily.
Its only disadvantage is the cost because of its sensors and autonomic system. The fourth
coating method shown in Figure 3.9. (d) is similar to the method given in Figure 3.9. (b).
Instead of dipping, chemical vapor deposition (CVD) method is used. Its reaction yield is
very good because of its easily controllable reaction conditions for Perovskite (Gao et al.,
2014).

In this research, coating methods (a) and (b) were used. Furthermore, deriving new

coating methods was also investigated within the scope of this study as well.

When the homogenized Perovskite layer is obtained, next layers are coated by turns,
which can be seen in Figure 3.10. (Gritzel, 2014).

® Sensitizer
B TiO,

B HTM

[ Blocking layer
1 TCO

[ Back contact

Glass substrate (front contact)

Figure 3.10. Layers of the Perovskite solar cell (Gritzel, 2014).

The purple dots are Perovskite crystals, which are coated on mesoporous titanium
dioxide (TiO2) surface. Yellow layer is transparent conductive oxide (TCO). In Perovskite
case, the most common TCO is fluorine doped tin oxide (FTO). While green layer, which is
the hole transport material (HTM) carrying the holes towards back contact, turquoise
mesoporous TiO, and pink compact TiO> layers, which are blocking layers, carry electrons
to the front contact in order to complete the circuit. Grey layer in the Figure 3.10. is back
contact, which collects holes, and can be either silver or gold layer. Back contacts can be
deposited by evaporation of these materials under very high vacuum in order to prevent
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possible degradation of the other layers due to high melting point of these materials. The

back contact evaporator can be seen in Figure 3.11.

Figure 3.11. Back contact evaporator for gold or silver.

The back contact evaporator can evaporate gold at 3x10°° mbar vacuum, which can be
provided by a turbo pump. It is a custom made evaporator, however, its thin film deposition
controller is Inficon XTC/2 model (Inficon, Switzerland). A gold layer with 200 nm

thickness has been obtained for the samples using the back contact evaporator in this study.

3.3. Structural Characterization of the Materials

After standardizing the reaction conditions and coating methods in order to obtain the
homogenized Perovskite layer, some measurements were conducted. The structural
characterization was performed by using X-Ray Diffraction (XRD) in order to see what kind
of material was obtained as a final product. When the desired final product was obtained,
Scanning Electron Microscope (SEM) provided data about the crystallinity orientation and
the coverage by the acquired visual images. Ultraviolet-Visible Spectroscopy (UV-Vis) and
Photoluminescence (PL) analysis were used to show the band gap energy distribution of the
material, which was the energy differences between ground and excited states. Thus,
acquired band gap energy can be used in theoretical efficiency calculations, whereas it is

another identification parameter for the materials whose band gap energies are known.
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3.3.1. X-Ray Diffraction

An X-ray beam can undertake these conditions; reflection, absorption, refraction and
diffraction. X-Ray Diffraction is one of the most significant methods in industrial
laboratories for characterization, quality control and routine analyses, which uses diffraction
property of the materials. It scans different 2-D diffraction planes as concentric rings of
scattering peaks for various d spacings, thus the 3-D structural information of the crystalline

material can be formed by applying Bragg’s Law (Pandian, 2014).

Bragg’s Law, which can be seen in Figure 3.12., involves with (n+1) equidistant atomic
planes of spacing d and a X-ray beam, which is coming towards those planes with a glancing
angle, 6 (Ewald, 1962).

{

Nd sin& ‘Nd sin &

Figure 3.12. Bragg reflection according to his law (Ewald, 1962).

Bragg's Law is: nA = 2d sin 6, where the integer n is the number of the plane intervals,
A is the wavelength of the incident X-ray beam, d is the distance between equidistant planes
of atoms (the d-spacings), and 0 is the angle of incidence of the X-ray beam. Since we know

A and we can measure 0, we can calculate the d-spacings (Ewald, 1962).

Since 95% of all solid materials are crystalline, it is possible to have diffraction patterns
for them all with the help of the XRD. Those patterns are unique like a fingerprint for each
pure substance. There are about 50,000 patterns for inorganic and 25,000 patterns for organic

substances which are stored in its library as standards (ThermoARL, 1999).



29

In this work, X Pert Pro model XRD device was used (PANalytical, Netherlands).

3.3.2. Scanning Electron Microscope

The SEM uses a focused beam of high-energy electrons instead of light to generate an
image by applying a variety of signals at the surface of the solid samples. For thick samples,
SEM has a distinct advantage over traditional transmission electron microscope because of
the fact that the SEM measures by the help of the reflected electrons from the sample surfaces
(Smith and Oatley, 1955).

In this experimental work, model 1530 Leo SEM device (Leo, Germany) was used for

the visual characterization of the materials.

Figure 3.13. Schematic shown of the SEM (a), EDS mapping (b) (Frahm, 2014).

The SEM device configuration is given in Figure 3.13. Each color in Figure 3.13. ()
stands for a part of the SEM: purple for electron beam, orange for electron focusing column,
brown for the specimen, tan for chamber, green for secondary electron detector (SE), red for
back-scattered electrons (BSE), yellow for Energy-Dispersive Spectrometer (EDS). The
microscope magnifies the sample area between 5X and 200,000X (Frahm, 2014).

The colors in Figure 3.13. (b) are representing the elemental composition for the
specimen. The EDS (EDX, EDXA, or the trade name EDAX) can differ the selected
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elements by the intensity of their X-ray energy correspondence. The shown specimen, which
is a slag from an iron puddling furnace of Minneapolis, has excess carbon, silicon and other
impurities from raw iron to make wrought iron. Thus, the glassy matrix of slag is dominated
by iron (green), and includes carbon (blue) and silicon (red). The shown length of the
specimen is 500 um across (Frahm, 2014).

3.3.3. Ultraviolet-Visible Spectroscopy

Uv-Vis Spectroscopy is another important measurement device for the solar cells.
There are mainly three phenomena, which are interested for solar cell designs: Reflectance,
absorbance and transmittance. Although transmittance is enough to calculate absorbance
(Absorbance = log (1/Transmittance) for liquids by applying the Beer-Lambert Law, one
should measure reflectance and transmittance amounts in order to calculate absorbance
amount of the solid materials (100%=%Absorbance+%Reflectance+%Transmittance)
(Tams and Enjalbert, 2009). The process can be seen in Figure 3.14.

Specular light port
o ) PM and InGaAs P gntp Specular component

closed to measure  ,....{
- PM and InGaAs
detectors total reflectance *

¢ ¢ detectors
Incident beam o {I Reflectance port | |ncident beam !
[ —— %& Reflectance port
Sample & with spectralon : : : p

RETE Transmittance port “+-.....- Sample

Figure 3.14. Transmittance (a), Reflectance (b) measurements of the Uv-Vis Spectroscopy
(Tams and Enjalbert, 2009).

Uv-Vis measurements are very significant for photovoltaic solar cells, because one
should know about which part of the solar irradiance spectrum can be absorbed by solar
materials. The overlapped Uv-Vis spectrum on solar irradiance spectrum would be perfect
match for the best efficiency. On the other hand, because of the tandem solar cells, if the
material can absorb a part of the light spectrum economically, it is still useful. That means
the proper combination of two materials can cover whole solar irradiance spectrum and

convert solar energy to electricity or thermal energy.
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In this study, Perkin ElImer Uv-Vis spectrometer Lambda 950 model was used (Perkin
Elmer, USA).

3.3.4. Photoluminescence Imaging
Photoluminescence (PL) imaging is another characterization technique for the material

science, which has been a standard method in recent years for photovoltaic solar cells. The

PL imaging setup can be seen in Figure 3.15. (Trupke and Mcmillan, 2010).

Luminescence image

PL camera

—

Si wafer or
solar cell £

Figure 3.15. Schematic shown of the Photoluminescence Imaging (Trupke and Mcmillan,
2010).

The illuminated solar cell is excited by a high-power fiber-coupled infrared laser (red
arrows) and a sensitive PL camera takes snapshots of the luminescence signals (blue arrows),

which are emitted by the specimen (Trupke and Mcmillan, 2010).
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PL measurement can be used for the detection of defects and impurities in
semiconductors. However, the most important usage of the PL imaging is to determine the

band gap energy of materials, which is distinctive for each material (Jayakrishnan, 2008).

Regarding the PL spectroscopy within this study, Andor Shamrock spectrometerSR 500
model was used (Andor Shamrock, Ireland). The PL set-up has various detectors and lasers.
For the Perovskite samples, 660 nm diode laser was used. InGaAs detector for infrared
region of the light spectrum and silisium based Charge-Coupled Device detector for the rest

of the light spectrum were used.

3.3.5. Current-Voltage (I-V) Curves

Finally, in order to determine the efficiency of the solar cell, the current-voltage (I-V)
curves are measured by using a solar simulator which provides an illumination similar to the
natural sunlight. The solar simulator is used for indoor photovoltaic tests under a laboratory
conditions and it has different types of lamps (Xenon arc or multiple metal-halide lamps)
which can simulate sunlight with their combination. The standard solar simulator should
have 1.5 air mass (AM), 25 °C temperature and 1 standard sunlight power property which is
1000 W/m? for the comparable results. The air mass value simulates the blockage level of

the sunlight caused by the scatterings and absorptions of the water vapor in the atmosphere.

In this study, Steuernagel Lichttechnik EPS 1200S solar simulator was used
(Steuernagel Lichttechnik , Germany).. The data was taken by Keithley, a high current
source measure unit with 238 model number. Finally, LabView was used as a visualization

software.
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4. RESULTS AND DISCUSSION

All the acquired characterization results and problems in this experimental work will
be discussed in five main sections in this chapter. Three sections present the results of each
reaction method used, which have already been mentioned in chapter 3, one section present
the results of the solvent changing trials, and one another section reporting the results for
further investigations, which should be discussed separately than others.

4.1. One Step Method

This is the most widespread method for the methyl ammonium based Perovskite
production. The procedure, which was already explained in Chapter 3, was used for all cells,
while the various values of some parameters were tested to find the best conditions. With its
easy preparation, one step method may be the most promising method for the industrial scale
production of the tin based Perovskite as well. The only disadvantage of the one step method

is lower coverage properties.

4.1.1. Tin (11) lodide

In this section, the following data will be the results of the obtained pure iodine
Perovskite by using one step Method. It was prepared at the beginning of this study by the
help of the literature, in order to compare it with the other perovskites which were produced
with the other tin salt precursors. Methyl ammonium tin triiodide (MASNI3) Perovskite has
the highest potential efficiency because of its lower band gap energy (Eg) and low cost
production process compared to the first generation solar cells. But, efficiency-cost-stability
triangle is still valid for this material, which means that the poor stability is still a

disadvantage, while efficiency and production cost are advantageous.

The XRD result (left) for the experimental MASNI3 Perovskite and the reference from
the literature (right) (Kanatzidis et al., 2014) can be seen in Figure 4.1. The peaks, which are
indexed as (100), (200) and (300), are characteristic peaks of Perovskites. The other peaks
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depend on the orientation of the crystalline and they may stay behind of the characteristic

ones when bigger crystalline structures are obtained.

MASNI3
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Figure 4.1. XRD patterns for the experimental MASnI3 (left) and the reference (right)

(Kanatzidis et al., 2014).

In Figure 4.2, the SEM images of the experimental MASnIz crystals are shown.
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Figure 4.2. SEM images of the experimental MASnIs crystals (Around 100X, 500X,
1000X and 5000X, respectively).
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As can be seen in Figure 4.2., Perovskite crystals were formed, but the coverage was
not good enough to prevent shunting, which was due to manufacturing defects. Shunting is
basically an unwanted short-circuit path between transparent conductive oxide (TCO) and
back contact layer because of the low resistance due to poor coverage. As shunting increases
on the solar cell, photovoltaic current decreases and even may cease depending on the shunt

area extent.

4.1.2. Tin (1) Chloride

This section will provide data for the iodine-chlorine mixed tin Perovskites. After the
pure iodine tin Perovskite was acquired with the identical properties of the one from the
literature, the investigation of the iodine-chlorine mixed tin Perovskite was begun in order

to obtain different tin Perovskites with useful band gap energies and better stability.

Because of methyl ammonium iodide (MAI) precursor and equimolar tin (11) chloride
(SnCly), it was expected that the final product would be MASNICI..

There was no report encountered about iodine-chlorine mixed tin Perovskites in
literature. Since the band gap energy tuning was possible by changing halogens of
Perovskites, MASnICI, might have had a certain band gap energy between the band gap
energy of MASNI3 (1.3 eV) and MASNCIz (3.7 eV) (Kanatzidis, 2014). These mixed halide
structures would not have low band gap energy like the triiodide tin perovskite, but they
might have had better stability.

Though, as can be seen in Figure 4.3., the final Perovskite product was not MAShICI;
as expected. The red indexed peaks belonged to pure tin chloride Perovskite, whereas the
blue ones belonged to pure tin iodide Perovskite.

In other words, the structure in Figure 4.3. consists of the two crystalline of pure iodine
Perovskite and pure chlorine Perovskite according to the reference patterns, which can also
be seen in Figure 4.4,
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Figure 4.3. XRD pattern of the product from MAI and SnCl».
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Figure 4.4. XRD patterns from the literature for different Perovskites: MASnhI3 (a)
(Kanatzidis et al., 2014) and MASNCI3 (b) (Chiarella et al., 2008).
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Most probable reasons of the product separation are atomic diameter and different

nucleophilicity of the halogen atoms.

Compared to bromine (1.9 A) and iodine (2.1 A), atomic diameter of chlorine (1.8 A)
may not be big enough to form proper cubic structure (Batsanov, 2001). Maybe, since the
diameter of bromine atom is closer to iodine, the results for MAI and SnBr2 mixture, which

will be given in the next part, is not the same with this one.

Because of the fact that this is an SN2 reaction, the nucleophilicity of the atoms are
another important parameter to form a structure. As we go down at halogens group of the
periodical table, we can observe that the nucleophilicity is increasing (nucleophilicity of

halogens 1>Br>Cl).

It has been reported that if one mixed a 3:1 ratio of MAI:PbCl, and annealed them for
around 1 hour to produce lead based Perovskite, the chlorine substance leaved the material
as methyl ammonium chloride (MACI) (Tidhar et al., 2014). Thus, the remaining product
could be shown as MAPbIs—Clx where the x was trace amount of chlorine since the most of

chlorine was removed.

When it is considered that this is an SN2 reaction which contains polar aprotic solvent
and that the chlorine has lower nucleophilicity, the conception of iodine based Perovskite as
a final product makes sense. Moreover, this behavior is the same for the tin Perovskite

because of that it has similar structure with lead Perovskite.

Hull (1919) stated that every crystalline gave a specific XRD pattern, the same pattern
was always found for the same substance, and each substance produced its own pattern
independently of the others when they were mixed. He basically reported that ‘the
summation of the XRD patterns’ in his research, whose one example can be seen in Figure

4.5. in our situation.
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Figure 4.5. XRD patterns of the experimental polycrystalline Perovskite.

As can be seen in Figure 4.6., Perovskite crystals were formed again, but since the
amorphous FTO layer could be seen between the crystals in the images as well, we could

have clearly observed that the coverage was not good enough to prevent shunt and the

structure was really unstable.
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Figure 4.6. SEM |mages of the experimental polycrystalllne MASnNI3.xClx crystals (Around
100X, 500X, 1000X and 5000X, respectively).
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When the photoluminescence (PL) measurements were conducted, it was seen that

there was a band gap energy at 1.3 eV (Kanatzidis, 2014), which belonged to pure iodine

based tin Perovskite. Unfortunately, the band gap energy for pure chlorine based tin

Perovskite could not have been measured with this PL setup because of that the excitation

laser was not available in our set-up for that interval since that interval is not efficient for

solar cells. The PL result of the sample, which is identical with the pure iodine, can be seen

in Figure 4.7.
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Figure 4.7. PL result for the mixed CI-1 based tin Perovskite sample.

Another important point was using glovebox during experiments in order to obtain

specimens without any degradation. In Figure 4.8., the early production attempts without

using glovebox can be seen. The yellow solution turned into red color in less than ten seconds

because of moisture and oxygen contact, and thus, forming brown colored layers.

Before (yellow)

Figure 4.8. Degraded chlorine based tin Perovskite.
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4.2. Two Step Method (Sequential Deposition)

The two step method is a good process for the lead halide Perovskites because of the
comparatively low annealing time. The process needs annealing just for the crystal growth
step, but not the forming step. But, as stated in the chapter 3, the selection of the second
solvent is quite important. Unfortunately, the most of polar protic solvents dissolved tin (11)
chloride and tin (I1) bromide although they do not dissolve lead (11) chloride and lead (II)
bromide. As can be seen in Figure 4.9., tin (11) chloride was washed away even though it

was coated on mesoporous titania glass.

Figure 4.9. Image of tin (11) chloride for the sequential deposition method.

Even though tin (I1) iodide (Snl2) was partially soluble in polar aprotic solvents, the
coating, which was on the bare glass, was totally washed away when it was dipped into
second solution. Thus, it was seen that the two step method for tin Perovskites was not as

applicable as the one for the lead Perovskites.

4.3. Solid State Reaction Method

Solid state reaction method is a promising method to prepare Perovskite crystals.
Compared to other methods, the biggest Perovskite crystals were obtained as seen in XRD
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images as higher intensity. Most probable reason why the bigger crystals were achieved was
the intermediate Perovskite structure, which was the one before the nucleation step was
already formed by this method. The specimen was observed even at the crystal formation
step. Besides, when it is dissolved at lower temperatures than the formation temperatures,

most of the intermediate Perovskite structures may preserve themselves from degradation.

4.3.1. Tin (I1) lodide

Since that pure iodide tin Perovskite was our verifiable material from the literature, the
first trials of the solid state reaction method were conducted in order to acquire properly
produced pure iodine tin Perovskite. As can be seen in Fig 4.10., as a consequence of the

solid state reaction, the pure iodide Perovskite was obtained with its prominent XRD peaks.
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Figure 4.10. XRD pattern for the experimental MASnNIs of solid state reaction.
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Though, the coverage was still not good to prevent shunting because of that crystals did

not grow to spread all over the surface (Figure 4.11.).
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Figure 4.11. SEM images of the experimental MASnI3 crystals of solid state reaction
(Around 100X, 500X, 1000X and 5000X, respectively).

The colorless precursors turned into grey even while grounding. When they were heated

at 120°C for around 20 minutes, the final color was black as seen in Figure 4.12.

Figure 4.12. Prepared MASnNI3 by the solid state reaction method.
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Although, the dissolved iodine Perovskite gave a dark yellow solution, the film of the

Perovskite turned into black again as in Figure 4.13.

Figure 4.13. Prepared MASnI3 crystals of solid state reaction while annealing.

The characteristic PL result for the pure iodine Perovskite of the solid state reaction,
which can be seen in Figure 4.14, is identical with the one which produced by one step
method. This result also proves that it is iodine tin Perovskite with its 1.3 eV band gap

energy.
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Figure 4.14. PL result for the pure iodine tin Perovskite of the solid state reaction.
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4.3.2. Tin (1) Bromide

When pure iodine tin Perovskite was obtained, its method was used as a template for
the next experiments. Since that pure bromine tin Perovskite has 2.15 eV band gap energy
and pure iodine tin Perovskite has 1.3 eV band gap energy, the band gap energy of mixed
iodine-bromine tin perovskite would be in this energy interval. Thus, in this section, data for

mixed iodine-bromine tin Perovskite will be provided.

As can be seen in Figure 4.15., the produced mixed tin iodide-bromide Perovskite by
using the solid state reaction had the same properties with the ones produced by using one

step method, except their crystalline sizes.

The crystal sizes were improved in the solid state reactions as well as tin iodide Perovskite,

which was discussed in the previous section.
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Figure 4.15. XRD pattern for the experimental MASNIBr; of solid state reaction.
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Even though the crystalline sizes obtained by this method were bigger than the ones in
other methods, there was no great advancement in the coverage.

The existing gaps between the crystals, which can be seen in Figure 4.16, are too wide
to prevent shunting and keep the circuit closed.
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Figure 4.16. SEM images of the experimental MASNIBr: crystals (Around 500X, 1000X,
5000X and 10000X, respectively).

The PL and Uv-Vis results are given in Figures 4.17. and 4.18. for this specimen,
respectively, showing that the iodine-bromide mixed tin Perovskite has around 1.75 eV band

gap energy.

And the given data from the literature in Figure 4.19 shows the same result when they

are compared.
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Figure 4.17. PL result for the Br-I1 mixed tin Perovskite of the solid state reaction.
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Figure 4.18. Uv-Vis pattern for the experimental MASNIBTr; of solid state reaction.
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Figure 4.19. Uv-Vis pattern for the bromine-iodine mixed tin Perovskites (Kanatzidis et al.,
2014).
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All the data, which has been obtained until this point of the study, has shown that the
mixed iodine-bromine tin perovskite might compete with the pure iodine tin Perovskite by
relatively high band gap energy of the mixed one. Thus, the mixed iodine-bromine tin
perovskite was worth investigating at the next steps of this study.

4.3.2.1. Tin (1) Bromide for Different Reaction Temperatures. Now that the reaction kinetic

affected the final product and the coverage consequently, reaction temperature, which was
one of the main parameters of reactions, was investigated. Due to time restriction for this
study, the changed temperature intervals were large. However, there were some differences
on the structures. When the experiments were completed for the tin (I1I) bromide based
Perovskites, the one produced at 120°C was selected because of its comparatively better
physical and chemical properties. The XRD patterns of the MASnIBr, for different
reaction temperatures are given in Figure 4.20.
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Figure 4.20. XRD patterns of the MASNIBTr, for different reaction temperatures.
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As can be seen in Figure 4.20., there were extra peaks, which did not belong to
Perovskite structure at 80 and 200°C. Since the one produced at 160°C used more energy,

the one formed at 120°C was chosen for further experiments.

SnBr2 Perovskite 80°C |

SnBr2 Perovskite 120°C |
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Figure 4.21. Final product selectivity due to the reaction temperature.

In Figure 4.21., it can be observed that there is shifting for the peaks, which show
tendency towards lower nucleophilic halogen at higher temperatures in contrast to ordinary

reaction tendency.

The product is yielding to the side of bromine, which can be seen in Figure 4.22. In
other words, the bromine number of the Perovskite molecule was increasing. This may be a
possible product selectivity due to the reaction temperature or may be just because of the

removal of the MAI precursor by heat.
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Figure 4.22. XRD patterns for the Br-1 combinations of the tin Perovskite (Kanatzidis et
al., 2014).

The shifting of the patterns continues to the same direction for the chlorine based

Perovskites as well.

4.3.2.2. Tin (1) Bromide for Different Weight Concentrations. When the experiments were

completed for the tin (11) bromide based Perovskites, the one produced at 120°C was selected

because of its comparatively better physical and chemical properties, and it was used for the
investigation of the different weight concentrations as a constant parameter. In Figure 4.23.,

another split of the pattern can be observed due to the concentration change.
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@120°C for 30 min
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Figure 4.23. Final product selectivity due to the concentration of the precursors.
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As we know, the reaction rate is proportional with the concentration of the reactant.
Thus, increased concentration increases the rate of reaction. Now that there is tendency for
iodine based Perovskite at further steps of the reaction as seen in Figure 4.22., the iodine

ratio of the final product is higher for the higher concentrated solution.

Since high iodine ratio in the mixed Perovskite provided lower band gap energy and
high efficiency consequently, 60 % mass concentration would be more beneficial for the
solar devices. However, according to desired properties of the device or for higher stability,

the concentration can further be optimized in another study.

4.3.2.3. Tin (11) Bromide for Different MAI Concentrations. Since one of the precursors

could change the rate of the reaction, the investigation of the concentration change was
applied to MAI since that the excess of MAI could be evaporated while annealing. In Figure
4.24., bromide based Perovskites for three different MAI ratio can be seen.

— 1:1 (MAI:SnBr2) ratio |
—— 2:1 (MAL:SnBr2) ratio |
—— 3:1 (MAI:SnBr2) ratio |

* * MAI Precursor
@120°C for 30 min

Intensity

. . — . . .
10 15 20 25 30 35 40 45 50
26 (deg)

Figure 4.24. The investigation for the effects of different MAI concentrations.

The peaks denoted with stars show the presence of excess MAI. But the prominent split

for the peak, which is at 30°, shows the sliding motion of the final product patterns towards



o1

iodine side. This shows that there is a halogen exchange between MAI and the Perovskite.

The split is wider as the MAI concentration increases.
4.3.3. Tin (1) Chloride
Prepared chlorine based tin Perovskite by using the solid state reaction has more

prominent peaks, which can be seen in Figure 4.25. The presence of the tin chloride

Perovskite is more visible, but the life-time of the tin chloride Perovskite is not too long.

| 1:1 (MAI:SnCI2) Perovskite |
Tin Chloride Perovskite
Tin lodide Perovskite

(111

(200)

Intensity
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| ! | ! | ! | ! | ! | ! | ! | !
10 15 20 25 30 35 40 45 50
260 (deg)

Figure 4.25. XRD patterns of the experimental MASNIs.xCly for solid state reaction.

In Figure 4.26., the life-time of the mixed CI-I based tin Perovskite can be seen. The
specimen was sealed in the inert atmosphere full of nitrogen and brought out just for the
measurements. Though, the degradation can easily be seen by the help of peak length
comparison. Some of the peaks totally vanished and some other peaks appeared, which were

not supposed to turn up.
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| 07.01.2015 SnCI2 Perovskite on Glass |
08.01.15
30.01.15

Intensity

20 (deg)

Figure 4.26. Life-time comparison of the same CI-I mixed tin Perovskite sample.
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Figure 4.27. SEM images of the experimental MASNI3.xCly crystals (Around 250X, 500X,
1000X and 5000X, respectively).
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The SEM images of the mixed CI-I tin Perovskite can be seen in Figure 4.27. While
taking the SEM images, it was observed that there were still some reactions going on in the
sample. Due to vacuum, some bubbles were coming through the leaf-like holes, which were
present in the SEM pictures taken.

When EDX images were taken (Figure 4.28.), it was observed that those bubbles were

coming from the chlorine part of the specimen as can be seen in the Cl part of the figure.

[ Sn

Figure 4.28. EDX images of the MASNI3.xClx crystals of solid state reaction.

As seen in Figure 4.28., chlorine atoms were dense on some points of the sample and
they had the poorest stability compared to the rest. The other elements looked like they were
dispersed equally to the rest of the surface. With the help of high vacuum and electrons with

high energy, chlorine abandoned the structure by evaporation.
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4.4. Solvent Changing

Since that DMF was harmful not only for living beings but also for the environment,
another solvent as substitute was considered. In this part of the research, we investigated two
different solvent to exchange with DMF, namely DMSO and Acetone.

4.4.1. Acetone
Acetone is easy to find in every chemical laboratory and with its less harmful property,

it is a good candidate for the solvent replacement. But unfortunately, it was not good enough

to dissolve the precursors even though it was also from the same solvent group with DMF.

Figure 4.29. Undissolved precursor of the bromide based tin Perovskite.

In Figure 4.29., the undissolved part of the mixed bromide tin Perovskite precursors
can be seen. Even though tin (I1) chloride was partly soluble, it was a blurry solution, which
was the indication of the partial dissolving and it did not spread on the glass properly (Figure
4.30.).
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5 days later | 11 days later

Figure 4.30. Partial solubility of the precursors in acetone.
Experiencing this reaction of the insoluble precursors gave us the idea of going with
the solid state reaction method, because we observed that the solvent was not necessary for
the reaction, but it was essential to obtain a high coverage of the material.

4.4.2. Dimethyl Sulfoxide (DMSO)

DMSO is also from the same solvent group, which is called polar aprotic solvents. Thus,
they have similar chemical properties, except DMSO is less harmful than DMF. DMSO is
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even used for cancer treatments, whereas DMF is carcinogenic. In this work, we report that

it is possible to have same results when DMSO is used instead of DMF.

As can be seen in Figure 4.31., the identical tin bromide Perovskite peaks were present
in the XRD pattern of the tin bromide Perovskite, which was produced with DMSO.

SnBr2 Perovskite on Glass

(100)

(200)

Intensity

M__J L (300)

10 15 20 25 30 35 40 45 o0
20 (deg)

Figure 4.31. XRD pattern for the tin bromide Perovskite produced with DMSO.

We also observed that the response of the specimen to the concentration change of the
precursors was the same with the one, which was done with DMF as previously discussed
in this chapter. When the concentration of the precursors in the solvent increased, the product

still preferred to go for more nucleophilic side as can be seen in Figure 4.32.



40% SnBr2 Perovskite
60% SnBr2 Perovskite
@120°C for 30 min

Intensity

.

I ! | ' | ! I | ! I ! | ' I !
10 15 20 25 30 35 40 45 50
26 (deq)

Figure 4.32. Final product selectivity due to the concentration of the precursors.
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Figure 4.33. SEM images of the experimental MASNIBTr> crystals (Around 100X, 500X,

1000X and 5000X, respectively).
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According to the Figure 4.33., it could be stated that the coverage over the glass was
even better than the one produced with DMF. Having the same band gap energy result with
the PL measurement for bromine based tin Perovskite was still possible as seen in Figure
4.34.

Intensity

1!5 | 2}0
Energy (eV)

Figure 4.34. PL result for the Br-1 tin Perovskite which is produced with DMSO.
4.5. Further Investigations
In this section, further investigations will be discussed, which cannot fit to the other

sections. The effects of the glass surface on coverage, the simulation of low-budget chemical

vapor deposition and the electrical characterization step will be discussed in subsections.
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45.1. Effects of the Glass Surface

In order to increase the coverage of the material, there is commercial mesoporous titania
coated glasses. The covered PV material can be held on pores by this type of glasses.
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Figure 4.35. SEM images of the MASNIBr2 crystals on FTO (Around 100X, 500X, 1000X
and 5000X, respectively).
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In Figure 4.35., there is no extra captivating coating on FTO glass. The amorphous FTO
material can be observed between the crystals, which means the coverage is not so good.

Nevertheless, the crystals looked like cubical as they were supposed to be.

On the other hand, there was scaffolding titania layer under the active PV material in
Figure 4.36. Although the coverage was comparatively better, the crystals did not look like

perfectly cubical.
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Figure 4.36. SEM images of the MASNIBr> crystals on titania (Around 100X, 500X,
1000X and 5000X respectively).
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Due to the fact that both Perovskite layers in Figures 4.35. and 4.36. provide the
identical XRD and PL results, there is no structural difference between them. However, the
one, which is coated on titania as shown in the Figure 4.36., has a better coverage, therefore,

it can offer a better selection.

4.5.2. Simulated Chemical Vapor Deposition

Chemical vapor deposition is a promising technique for the investigations of the thin
film solar cells since controlling of layer thicknesses is easier than the other techniques.
Moreover, it is likely to see the limits of the solar cells by producing the solar cells with
optimum layer thicknesses.

On the other hand, the worst disadvantage of this process is the cost. Therefore, we tried

to simulate it in a cheapest way to have a perception. The first step was similar to the two
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step method, which meant that the glasses were coated with inorganic salts by using spin
coater. Then, they were sealed in a petri dish to complete the reaction with evaporated MAI

as seen in Figure 4.37.

Figure 4.37. Low-budget CVD method simulation.
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Figure 4.38. SEM images of the MASnIs crystals of simulated CVD.
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As can be seen in Figure 4.38., the produced tin iodide Perovskites were shaped in
cubical structure, as they were supposed to be. Though, the low-budget simulation of the
CVD method could not provide the equal distribution for the crystals. They were gathered

at some points as islands.

4.6. Overall Evaluation of the Experimental Work

The exchange of harmful lead content in Perovskite with tin was successfully conducted
by both one step method and the solid-state method. Then, different tin Perovskites were
produced with different halogens and they were compared with each other in terms of the
obtained band gap energies from PL results of the specimens and the active layer coverage,
since obtaining the material with higher coverage and useful band gap energy was the main

objective of this work.

As instrumental characterizations, XRD, SEM, Uv-Vis and PL measurements were

successfully conducted for the material characterization.

When the experimental materials were obtained, they were verified by XRD and PL if
their band gap energy was known. If the band gap energy was not known, then PL and Uv-
Vis were used to find it out. The found band gap energies, which can be seen in Table 4.1.,

were verified with each of the one step method and the solid-state reaction method.

Table 4.1. Experimental band gap energy results

Material Band Gap Energy (eV)
MASNI3 1.3
MASNIBT 1.76
MASNICI; Material could not be obtained.
MASNCI3 Eg is higher than the efficient solar cell range.

Moreover, the band gap energies were identical for replaced DMSO solvent instead of
DMF. Acetone could have been another option for solvent replacement, since it was also a
polar aprotic solvent like DMF and DMSO, but it just partially dissolved the precursors due

to its weak solvent properties. The occurred reaction of partially dissolved precursors
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showed that solid-state reaction could be used for the process as well, because all the solvent

vaporized during the annealing, however, the reaction was completed anyway.

SEM was used for observing the coverage of active materials. Different reaction
methods were investigated in order to acquire higher coverage ratio, and consequently higher
efficiency due to lower band gap energies of the materials. Since the vapor deposition
method was not cost-effective for Perovskite production due to its high vacuum, high
temperature and high initial investment costs, it was not used in this work. The two step
method (the sequential deposition method) was implemented for each tin salt materials, and
it was seen that the two step method was not applicable for tin salts, due to their high
solubility in polar protic solvents, which were used in second layer solutions. When the
vapor deposition and the two step methods were eliminated, the parameters were examined
for the one step and the solid-state methods. Although the one step method was widespread
in literature, the solid state reaction was the most efficient one for the coverage. Now that it
resulted in bigger crystal production and increase in the number of the crystals due to the
seed formation during the solid-state reaction, the coverage increased visibly around by 10
%.

Consequently, the solid-state reaction was selected as the optimum reaction type for
further works. When the proper reaction type was selected, another investigation for the
optimum reaction temperature and the optimum annealing time were carried out. For the
solid state reaction, 120°C was selected as the optimum reaction temperature and 2 hours

annealing time was set according to the optimum annealing time investigation.

When the parameters (e.g. optimum reaction temperature and optimum annealing time)
were fixed, production attempts of the novel perovskite materials were initiated. Whereas
the chlorine-iodine mixed tin Perovskite production was not possible due to the big
difference between iodine and chlorine nucleophilicity, it was possible to produce mixed
bromine-iodine one, since the nucleophilicity of these two halide were closer. If the stability
condition can be provided, 1.7 eV band gap energy for the bromine-iodine mixed tin
Perovskite may be very useful to obtain high efficiency with its low cost. With the help of
band gap engineering, it may even be possible to have lower band gap energy by using

methylammonium bromide and tin (I1) iodide salt as precursors for further researches.
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Different concentrations of the precursors and different precursor ratios were also
investigated. When 60 % (wt) and 40 % (wt) precursor to solution concentrations were used
for the mixed halide tin Perovskite, it was observed that iodine ratio of the mixed Perovskite
was higher in the structure. So that high concentration of the precursors increased the rate of
the reaction, they drove the reaction to the more stable side, which had a higher iodine ratio.
High concentration provided comparatively better coverage as well. However, 60 % was not
the highest concentration that could be achieved, therefore, concentration optimization could

be done according to the desired final product.

Another investigation for different substrate usage to obtain high coverage ratio was
held. Fluorine doped tin oxide (FTO) coated layer was used for the first experimental group
since FTO was former layer in the solar cells. For the second group, substrates which have
mesoporous titania layer on FTO were used. The task of titania was holding materials inside
the pores on the substrate while spin coating. Thus, the coverage would be higher after the
annealing procedure. With the usage of titania, the coverage was improved as expected.
However, it was seen that the Perovskite crystal shapes on titana were not cubic on SEM
images while the Perovskite crystal shapes on the bare FTO glass were perfectly cubical.
Though, XRD results of both groups verify that they all have cubic structure. Thus, it was
just a physical appearance and post-annealing can be used in further investigations to observe

whether it can be handled or not.

Even though the aim of the experimental work was obtaining different mixed halide tin
Perovskites with higher coverage ratio and lower band gap energies in order to have higher
theoretical efficiencies, the electrical device characterization, which can be seen in the
appendix, was held. As electrical device characterization, the measurement for current-
voltage (I-V) curve was done, but it was not successful, since the HTM layer optimization

needed a longer period of time.
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5. CONCLUSIONS AND RECOMMENDATIONS

The following conclusions can be drawn from the experimental work conducted within

the scope of this study;

Due to the low stability of the active PV material, all the tin Perovskite experiments
should be done in a glovebox, which provides better working conditions in an inert
atmosphere. Otherwise, all the samples degrade in seconds. Moreover, the precursors should

be kept in an inert atmosphere due to their hygroscopic properties.

During the experimental work, the crystal sizes of the selected materials were improved
for each material, but they were not good enough to cover all the surface. Pure iodine tin
Perovskite or bromine-iodine mixed tin Perovskite should be chosen in order to be focused

on, since chlorine-iodine mixed tin Perovskite production was not possible.

Commonly used, harmful DMF solvent was substituted with the environmental friendly
DMSO. Acetone was found out not to be a good medium for the reaction, but it might still
be used for some small experiments, since the reaction did not require any solvent. At our
limited trials, we could not manage to have good coverage results for acetone. On the other
hand, DMSO was a good replacement with its environmentally friendly properties.

Moreover, DMSO is not harmful to health which is good for non-automatic production lines.

HTM layer optimization should be done as a future investigation. Spiro-MeOTAD is
the best HTM option for lead-Perovskites. However, Spiro-MeOTAD needs to be oxidized
to work properly as an HTM, and tin Perovskites are too hygroscopic to stay without
degradation during the oxidation process of Spiro-MeOTAD. For this reason, Spiro-
MeOTAD may be considered to replace. When the HTM optimization is done separately,

the electrical characterization can be done as a further investigation.
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73



74

Electrical characterization is another characterization tool employed for the solar
devices, but this characterization is an advanced level. It needs all the layers to be perfectly

coated and the solar device was ready to measure.

Since the scope of this research was about the active material synthesis and
characterization, the electrical characterization was not exactly applicable, because of the
fact that another study could be conducted in order to optimize the next layer, which was a
hole transport layer (HTM). However, a recipe for HTM layer, which was optimized for
lead Perovskite, was used in order to have a chance to apply the electrical characterization
as a trial.

After the coating process of the active PV material, which was called tin Perovskite,
the spiro-MeOTAD as a hole transport material (HTM) was coated and gold was coated as
a back contact. The spiro-MeOTAD is transparent, but the gold contact can be seen in Figure
Al
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Figure A.1. Spiro-MeOTAD and gold back contact coatings.

Thus, the solar cells, which were coated with tin Perovskite, turned into the solar
devices. As can be seen in Figure A.2., the devices were measured under the solar simulator
which provided light having the identical sunlight spectrum.
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Figure A.2. Electrical characterization under the solar simulator.

Unfortunately, the devices could not produce any noteworthy current and voltage even
though the material was totally photovoltaic. This could be a consequence of unoptimized

HTM layer or short-circuit due to the poor coverage of active material.





