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DESIGN AND CHARACTERIZATION OF CARBON INKS FOR
PEROVSKITE SOLAR CELL

SUMMARY

Energy demand in the world has been increasing in every day because of increasing
human population and improving technology. Between the 2016 and 2040 it is
estimated that energy needs of the humanity will expand 30%. Traditional energy
sources couldn’t meet the demand so researchers have focused on the new and

renewable energy sources.

Solar energy is one of the important renewable energy source can decrease the energy
needs in the world. Especially in the improved countries many researches have focused
on this topic to improve the efficiency and getting commercilization. According to
World Energy Council datas at the end of the 2016, Germany is the leader solar
installed capacity of the world. In this area, Turkey doesn’t have sufficient installed

solar capacity, however, installed solar capacity are growing day by day.

Solar cell converts sunlight to the electricitiy with semiconductor materials and part of
the solar energy sources. It can be divided into three categories and perovskite solar
cell is the lastest and encouraging generation of this solar cells because of their low

cost, easy to produce and high efficiency.

Perovskite solar cell structure is based on with hole transport layer and without hole
transport layer. For hole transport layer generally has been used spiro-Ometad which
is high cost material. On the other hand, in the HTM-free perovskite solar cell,
perovskite acts as a hole transport layer and conductivity is supplied from carbon
electrode or gold electrode. Carbon electrode has been prefered because of its high
conductivity, low cost, abundant in nature and environmentally friendly properties.

Electrode can be obtained from bare carbon type or carbon ink/paste.

Carbon ink generally contains carbon material, binder and solvent. Carbon material
can be different type of carbon such as activated carbon, carbon black, graphtie,
graphene, carbon nanotubes etc. In the ink formulation, carbon supply electrical
conductivity of the ink and binder is responsible for the ink stability. According to
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solvent type carbon ink may be dissolved in water based or polymer based solvents.
Carbon ink is preffered while the high conductivity is requested. Solar cell,
supercapacitor, bioelectronic, textile, tissue engineering and sensor are main

application areas of the carbon ink.

In this thesis, carbon inks were designed and characterized. First carbon ink was
processed at room temperature on the FTO substrate and its electrical conductivity and
morphologic structures were determined. Moreover, it was applied on the perovskite
solar cell and measured the photovoltaic properties. As second type, carbon inks
containing carbon particles obtained by carbonization of two different type of coffee
waste with different ratio of activation material were prepared and their resistivity and
morphology were investigated. In the third type of carbon inks, doped polymer
structures were used and processed at low temperature on FTO surface in order to
measure their electrical resistivity and to determine their morphologic structures. The
lowest resistivity inks obtained from all the ink types were applied by doctor blade
method as electrodes on perovskite solar cell and the performance of the cells were
tested.
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PEROVSKITE GUNES PiLLERI iICIN KARBON MUREKKEP TASARIMI
VE KARAKTERIZASYONU

OZET

Diinyada artan insan popiilasyonuyla birlike enerji ihtiyact da katlanarak artmaktadir.
Ayrica gelisen teknolojinin getirdigi enerjiye bagimlilik kullanilan geleneksel enerji
kaynaklarinin tiilkenmesine neden olmaktadir. Buna ek olarak gelencksel enerji
kaynaklarmin 6zellikle petrol bazli kaynaklar Diinya {izerindeki karbon ayak izini
arttirmakta ve g¢evreyi olumsuz yonde etkilemektedir. Bu nedenlerle arastirmacilar
yeni, g¢evreye zarar vermeyen ve yenilenebilir enerji kaynaklarini arastirmaya
basladilar. Giines enerjisi, riizgar enerjisi, hidrolik enerji, jeotermal enerji, biyokiitle
enerjisi, hidrojen enerjisi, dalga enerjisi, gelgit enerjisi vb. gibi konularda birgok
aragtirma yapilmaktadir. Bunlarin arasinda Giines enerjisi 0zellikle ev sistemlerinde,
tasit sistemlerinde ve daha birgok alanda kullanilmaya baslanmis ve giin gegtikce hem

akademide hem de ticari alanda artan verimlilikle 6nemini arttirmaktadir.

Gilines enerjisinden yararlanmak icin kullanilan fotovoltaik piller (giines pilleri)
Giines’den gelen 1sinlarin bir yari iletken yardimiyla elektrik enerjisine donilismesini
saglayan pillerdir. Bu sistemler uzay teknolojisinde uzay gemilerinde yada uydularda,
evlerde su 1sitma yada ev elektrik enerjisinin karsilanmasinda, yollarda aydinlatma
sistemlerinde veya yol kenarindaki isaret lambalarinda, arabalarda, teknelerde gibi
bircok alanda kullanilmaktadir. Uretilmeye baslandiktaki maliyetlerinin hizla diigmesi
ve Ozellikle gelismis iilkelerde gilines enerjisinin kullanilmasi i¢in verilen tesviklerle
giin gectikce kullanimlar1 artmaktadir. Almanya 2016 yil sonunda 39.6 GW kurulu
Giines enejisi kapasitesi ile Diinya’da basi1 ¢ekmektedir, onu daha sonra Cin, Japonya,
Italya ve Amerika Birlesik Devletleri izlemektedir. Tiirkiye’de ise kurulu Giines

enerjisi kapasitesi 2016 yil1 sonu verilerinde 249 MW olarak kayda ge¢mistir.

Fotovoltaik pillerin gelisimi genel olarak ii¢ gruba ayrilmaktadir. Ilk jenerasyon piller
kristalin silikon piller olup, iiretim asamasi zorlu ve maliyeti yiiksektir. IKinci
jenerasyon piller amorf Si, polikristaline Si ve bakir indiyum galyum selenit Giines

pilleridir. Birinci jenerasyon pillerle karsilastirildiginda verimliligi yiiksek olmasina
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ragmen, tekrarlanabilirligi ve ylizey diizgilinliiliigii acisindan ticarilesmeye yeteri kadar
uygun degillerdir. Bunun iizerine tigiincii jenerasyon piller gelistirilmistir. Bu tiir piller
esnek yiizeylere uygulanabilirligi, diisiik maliyet ve iiretim yontemlerinin kolaylig

acisindan ticari olarak avantaj saglamaktadirlar.

Perovskit giines pilleri de iiclincii jenerasyon gilines pillerinden olup, arastirilmaya
baslandig1 gilinden itibaren kisa bir siirede 22% verimlilige ulasmistir. Perovskit
yapisinda iki tip katyon ve bir tip anyon bulundurmaktadir. Yapidaki katyon veya
anyonun degistirilmesiyle optik ve elektriksel oOzellikleri degismektedir. Kontrol
edilebilen enerji bant aralig1, gelistirilebilen verimliligi ve iiretim kolaylig1 agisindan
Glines pillerinde tercih edilmektedir. Perovskit gilines pilleri bosluk tasima katmani
bulunduran ve bulundurmayan olarak ikiye ayrilmaktadir. Bosluk tasima katmani
bulunduran pillerde bu katman genel olarak Spiro-Ometad yapisindan yapilmaktadir.
Spiro-Ometad’n yiiksek maliyetli olmasi nedeniyle arastirmacilar bu katmansiz piller
tiretmeye baslamislardir. Bosluk tasima katmani olmayan perovskitli giines pillerinde
baslica altin veya karbon olarak iki tip elektrot kullanilmaktadir. Altinin dogada nadir
bulunmasi ve pahali olmasi nedeniyle ve karbonun dogada bol bulunmasi, ¢cevre dostu
olmasi ve yiiksek elektrik iletkenligi nedeniyle arastirmalar karbon elektrot {izerine
yogunlagsmistir. Karbon elektrot i¢in olusturulan katman karbonun direk ygulanmasi

veya bir miirekkep yada pasta olarak giines pilline uygulanmasiyla elde edilir.

Karbon miirekkep genel olarak karbon malzeme, baglayic1t malzeme ve ¢oziicii ortami
icermektedir. Elektrik iletkenligi karbon malzeme tarafindan saglanirken, stabilitesi
baglayici malzeme tarafindan saglanmaktadir. Igerdigi karbon malzeme karbon siyahi,
grafit, karbon nanotiip gibi farkli karbon kaynaklar1 olabilir. Coziildiigli malzeme
acisindan ise su bazli veya organik ¢oziicli olmak tizere ikiye ayrilabilir. Karbon
miirekkep siklikla yiiksek iletkenligin istenildigi alanlarda kullanilmaktadir ve diisiik
maliyeti agisindan tercih edilmektedir. Sensor, giines pilleri, biyoelektronikler, tekstil,

stiperkapasitorler, doku miithendisligi gibi uygulama alanlar1 bulunmaktadir.

Bu tez kapsaminda, {i¢ ayr1 baslikta olusturulan karbon miirekkep 0Ozellikleri
incelenmistir. Ilk tip karbon miirekkep oda sicakliginda FTO yiizeye uygulanarak
elektrik iletkenligi ve morfolojik Ozellikleri incelenmistir. Ayrica perovskit gilines
pillerinde verimliligi ve uygulanabilirligi arastirilmustir. Ikinci tip karbon miirekkep,
iki farkli kahve atiginin farkli oranlarda aktive edici malzemeyle karbonize edilmesi

sonucu elde edilen karbondan olusturulmustur. Elde edilen karbonlarin parcacik
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biiyiikliikleri miirekkepte kullanilmak i¢in biiyiik oldugu saptanmistir. Bunun iizerine
karbonlar bilyal1 6giitiiciide ogiitiilerek hem pargacik boyutlart kiigiiltilms hem de
daha homojen bir dagilim olusturulmustur. Daha sonra SEM, DFT, BET ve Raman
analizleri ile morfolojik ve fiziksel 6zellikleri hakkinda analizler yapilmistir. Yapilan
analizler sonunda ogiitiilen karbonlardan, karbon miirekkepler yapilmistir ve
miirekkeplerin elektrik iletkenlik ve morfolojik degerleri incelenmistir. En diigiik
direng degerini veren miirekkep ile perovskit giines pili denemesi yapilmistir. Ugiincii
tip karbon miirekkep de ise polimer malzeme katkilanmistir. Yapilan literatiir
calismasi sonunda PVDF polimerinin perovskit giines pillerinde kulanilmadigi ve
bunun nedeninin ise PVDF’in ¢oziicii ortami1 olarak DMF’in tercih edilmesidir. DMF
ise perovskit malzemeye uygulandiginda, perovskit yapisini ¢dzerek giines piline zarar
vermektedir. Fakat bu tez kapsaminda ¢oziicii ortami olarak DMF kullanilmayip,
perovskit malzemeyi deforme etmeyen etil asetat kullanilmistir. Polimer malzemenin
katkilanarak elektriksel 6zelliklerinin gelistirilmesi i¢in ise glimiis nanopartikiil ve
giimiis nitrat olmak {izere iki farkli katki1 maddesiyle ¢alisilmistir. Sadece PVDF film,
giimiisle katkilanan PVDF film ve giimiis ntratla katkilanan PVDF filmin FTIR
sonuclar1 alinarak kristallite 6zellikleri arastirilmistir. Giimiis naopartikiil ve glimiis
nitrat malzemenin PVDF’in kristalin 6zelliklerini gelistirdigi goriilmiis ve degisik
miktarlarda katkilama yapilarak optimum oran bulunulmaya calisilmistir. Farkli
oranlarda katkilanan polimerle karbon miirekkepler yapilarak, deneyler sonucu elde
edilen miirekkeplerin elektrik iletkenlik ve morfolojik 6zellikleri arastirilmigtir. Diisiik
diren¢ degeri veren miirekkepler diisiik sicaklikta perovskit giines piline uygulanarak,

calisilabilirligi aragtirilmistir.
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1. INTRODUCTION

In every year population of humanity is increasing, correspondingly energy demand in
the world is growing tremendously. However, traditional energy sources couldn’t
satisfy the need. According to International Energy Agency energy demand will extend
30% over the world and below figure shows the energy demand growing rate in million

tones of oil equivalent in countries until the 2040 [1].
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Figure 1.1 : World energy demand (2016-2040) [1].

The figure below shows energy consumption (Mtoe) in 2016. According to data
China, USA and India lead the way as 3123 Mtoe, 2204 Mtoe and 884 Mtoe
respectively [2].
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Figure 1.2: World energy consumption in 2016 [2].



Since 1996 energy consumption is expanding rapidly, unfortunately oil sources that
are the most harmful source to the environment are the most popular source to supply
enery demand. Figure 1.3 demonstrate the growing demand in Mtoe and Figure 1.4

consumption of energy sources rate [2].
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Figure 1.3 : World energy growing demand (1990-2016) [2].
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Figure 1.4 : Consumption rate of energy sources [2].

To decrease the usage of oil sources and energy demand new renewable energy sources
have been investigated. In recent researches, sunlight, wind, rain, tides and geothermal
heat are the important topics for obtaining electricity, heating and transportation

service [3].

Solar energy is a renewable energy source causes to decrease carbon emissions.

Moreover, it can reduce the usage of traditional energy sources which are hazardous



for the environment. For instance, 200 kg of coal, 140 m® of natural gas or a barrel of
oil consumption can be met the global average solar energy. Solar energy is obtaining
from sun in two ways; photovoltaic and thermal collector. The main working principle
of the device is sunlight irritates the device and stimulated device generate electricity
with supporting equipment like thermal collector or without any supporting equipment
as a photovoltaic. Atthe end of the 2015, in global installed capacity for solar-powered
electricity has been arrived at approximately 227GWe and Germany has been leader
to installed PV capacity. Below Figure 1.5 illustrate the solar installed capacity by

region according to World Energy Council’s data [3].
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Figure 1.5 : Regional solar installed capacity [3].

To get more power supply from PV many studies have been conducted in academia.
Perovskite solar cell application have aroused attention due to its improved efficiency.
Perovskite solar cell can be divided in two categories as with HTM and HTM-free
solar cell. For hole transporting layer, generally is used spiro-OMETAD which is very
expensive material. On the other hand, HTM-free solar cell are based on the Au
electrode and carbon electrode which is made from carbon ink or rare carbon.
However, Au is rare and high cost material compare to carbon. Moreover, carbon is

abundant in nature and it is environmentally friendly material.

With developing of technologies new and smart materials are hot topic in the world.
Smart textiles which show human blood pressure or temperature, paper-based
conductive materials, conductive pens and etc. are new and popular materials. Carbon
ink may used as a conductive material for these devices. It can be applied in textile,
solar cell, sensor, bioelectronic and tissue engineering. It basically consists of carbon
material, solvent and binders. Carbon ink is preferred due to its high conductivity, low

cost, environmentally friendly and easy to process properties.



1.1 Purpose of Thesis

Purpose of this thesis is production of low temperature carbon-based conductive ink
and its application as electrode in perovskite solar cell. According to this purpose, three

types of carbon-based conductive inks were produced, as follows:

1) low temperature carbon-based conductive ink, , using commercial carbon

particles

2) environmentally friendly low temperature carbon-based conductive ink, using

coffee waste as carbon source, and
3) doped polymer low temperature carbon-based conductive ink.

All types of inks were characterized with scanning electron microscopy (SEM) and
their conductivity was measured with four-probe method. Moreover, for the
carbonized coffee wastes particles were characterized with BET and Raman
spectroscopy, while FTIR spectroscopy was used for characterization of the doped

polymer.

Perovskite solar cell was chosen as application area. The as prepared conductive inks
were used as an electrode on the solar cells. Photovoltaic performance of cells were

determined and compared with commonly used silver electrode.

1.2 Literature Review

1.2.1 Conductive inks

Conductive ink is aroused interest of researchers due to its easy to apply and low cost
[4]. Basically, conductive inks can be divided in three categories; conductive polymer
inks, metal based inks, and carbon-based inks [4]. To compare the metal based inks
with polymer based inks, metal based inks are generally preferred when require high
conductivity [4]. However, metal based conductive inks are more expensive. On the
other hand, carbon based conductive inks both have high conductivity and are low cost
[4]. Conductive inks can be applied with different techniques such as gravure printing,
screen printing, inkjet printing, flexographic printing, spray coating, knife coating,
slot-die coating, double slot-die printing [5]



1.2.1.1 Metal based inks

Conductive ink consists of polymer matrix, conductive ingredient, solvent and
additives [6]. For metal based inks, conductivity is supplied from metal nanoparticles
or nanomaterials. Metal based conductive inks can be termed according to their metal
ingredient. Gold [7], silver [8-16], copper [17-26] and aluminum [27] are most
important and popular metals for conductive inks due to their high conductivity. Metal
based conductive inks can be applied in a sensor, electronics application field,
communication, energy transformation devices, MEMS/NEMS devices, display

devices and computer equipments [5].

1.2.1.2 Organic inks

Organic conductive inks consist of conductive polymer which supply electrical
conductivity instead of metal or carbon. Comparing meal based or carbon based
conductive inks organic conductive inks have some advantages. For instance, thin film
formation can not be regular with metal or carbon based ink if particles don’t be
distributed homogeneously in the ink. However, homogenous and regular film
formation can be obtained from organic conductive inks [28]. The most common used

conductive polymer is poly(3,4-ethylenedioxythiophene) and polystyrene sulfonate

(PEDOT:PSS) due to its high conductivity, high chemical and thermal stability and
flexibility [28]. It can be combine with different particles or materials such as Tungsten
oxide (WO3) [29] and carbon nanotubes [28] or can be used alone [30].

1.2.1.3 Carbon based inks

Carbon-based ink may contains different types of carbon materials such as carbon
black, graphite, carbon nanotubes etc. and can be applied in various application areas
as textile, solar cell, sensor, bioelectronic, supercapacitor and tissue engineering.
Carbon materials are generally considered as an ingredient of ink because of their high
conductivity and low cost compared to other types of conductive inks [4]. Carbon
based inks may contain carbon particles, a polymeric binder and a solvent [31].
Electrical conductivity of the ink is supplied by carbon particles, stability of the ink is
preserved by polymeric binder and solvent is the solution media of the ink [31].
Solvent types of carbon-based ink can be classified as water-based solvent and

organic-based solvents [31]. However, in some application areas such as biosensor



using organic solvents have some drawbacks. For instance, while enzymes are solving
in the organic solvent, their structures can be changed and lost their properties [31].
Also, dissolving process or curing process generally need high temperature which can
also affect the properties of the enzymes [31]. On the other hand, water based soluble

inks may result dissolution of electrode material [31].
Application areas of carbon based inks
Textile

Textile that applied carbon-based ink can be considered as conductive textiles.
Conductive textiles mean when applied electricity on textile structure it can conduct
electric [32]. Carbon based conductive inks are printed on the textile surfaces and make
a conductive pattern by some printing techniques such as doctor blade method, screen
printing, ink-jet printing [4], dipping method [33,34], drop casting method [35], or
spray coating [36]. Carbon types in the ink and applied carbon amount affect the textile
morphological structure and electrical conductivity. Alamer et al. shows SEM images
(Figure 1.6) of not coated and coated cotton fabric with PANI/carbon black and he
claimed that not coated fabric demonstrated smoother surface instead of coated
surface. Moreover, 3.36 wt% concentration of CB coated fabric conductivity is 8.37
kQ/sq on the other hand 22.66 wt% concentration of CB coated fabric conductivity is
0.494 kQ/sq [35].

Figure 1.6 : SEM images a) untreated cotton fabric b) the conductive cotton fabric of
hybrid PANI/CB at 9.34wt% [35].

According to application areas, carbon types can vary. Manufacturing antenna for
satellite communication, graphene based carbon inks can be good alternatives because
graphene is biocompability, low cost and need low temperature for processing [4].
Carbon nanofibers based inks [37], activated carbon [36], and carbon nanotubes [34]
can be used in supercapacitor textile applications. Thangakameshwaran et al.

investigated CNT ink dipped cotton fabric morphological, mechanical and electrical



conductivity properties for high-tech uniforms [33]. Pang et al. worked on the
microbial fuel cell which contain silver thread and carbon ink as electrodes. Moreover,
carbon based coated textiles can be used in a sensor applications [38], waste water

treatment [39] and thermoelectric applications [40].
Sensor

A device which transform physical stimulation into an electrical signal is called a
sensor [41]. In order to achieve accurate detection of the target molecule or signal, one
sensing device needs specific sensitivity, response and recovery time, as well as
reproducibility [42]. Carbon-based inks are generally used as a electrode for sensor
applications.

The chart in Figure 1.7 shows the classification of the various application areas of

carbon bhased ink sensors.
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sensor sensor

[ Humidity
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[

Figure 1.7 : Carbon ink for various sensor applications.

To determine gas, molecules, humidity or pH values electrochemical sensor are used.
Carbon based ink electrochemical sensors can be divided in five groups as biosensor,
gas sensor, humidity sensor, and pH sensor. Biosensors can transform the biologic data
into electric display [43]. Role of the carbon based ink for biosensor application is
increase the electrical conductivity to enhance sensor ability. According to literature

Chen et al. investigated uric acid values in the human blood with carbon-based ink



electrodes which are working and counter electrodes [44]. Crouch et al. used water
soluble screen-printed carbon ink to determine glucose values [31], Dias and co-
workers prepared carboxylated carbon nanotubes inks as a working electrode to
specify dengue virus NS1 protein which is the vital medical problem in tropical regions
[45]. To prevent the enzyme denaturalization meanwhile curing process Wang et al.
researched sol-gel enzyme-containing carbon inks which contains graphite powders to
determine glucose [46]. Another type of electrochemical sensor is gas sensor. Gas
sensor is vital for medical monitoring and food quality control [47]. Conventional gas
sensor application suffers from low sensitivity and long response time, however carbon
based ink electrodes show high sensitivity and quick response time due to their high
electrical conductivity [47]. Humidity sensor is the other type of electrochemical
sensor which detect water contamination [48]. In the recent years carbon based
especially graphene based inks are aroused attention as a electrode in the humidity
sensor application because its morphologic (2D) structure, electrical conductivity,
giving response to many materials and high carrier mobility [48]. Moreover carbon
based inks are used in the pH sensing device as enhancing electrical conductivity of

sensor [49].

Electromechanical sensor converts physical signal to electrical output. Strain sensor is
a electromechanical sensor which give response to stress deformation. It is important
that strain sensor should be flexible and sensitive to force changes which make them
long term and high cycle usable sensor. To improve these properties of strain sensor,
carbon based inks can be used. Carbon materials can sense low level stress deformation

and show high stability under bending conditions [50].
Bioelectronics

Bioelectronics can be defined as they conduct or give response to biological signals.
Biological sensors and medical instruments are main subgroups of these devices [51].
Carbon —based inks are preferred for bioelectronic application because it is convenient
for a flexible device. However, carbon-based inks have some disadvantages. For
instance, graphene based carbon ink shows high electrical conductivity and biological
activity which make hard to control stem-cell spreading and orientation. Moreover,
carbon-based inks are generally dissolved in the toxic solvents that prevent them to be

used in the medical device [52]. However, recent researches promise hopes to enhance



their stability , control activity and conductivity and to discover new non-toxic

homogenous solutions.

Tissue engineering

Tissue engineering has vital importance in the medicine. It can be used as generating
organ or modified them. Moreover, because of ethical issues, testing drugs on people
and animals are restricted so generated organs or tissues can be used for testing purpose
[53]. Improving in technologies give a chance to produce 3D scaffold which they give
more accurate results than 2D scaffold. 3-D printing is one of the important
technologies to obtain 3D scaffolds. For producing tissues natural polymer based ink
and synthetic polymer based ink are may used in 3D printing technologies. However,
especially for neural cell scaffolds need to conduct electricity. For this purpose,
researchers have started to investigate carbon-based inks. Carbon nanotubes,
graphene, carbon fiber etc. based ink in polymer matrix are some carbon-based inks
application for enhance scaffolds electrical conductivity properties [53].

Supercapacitor

In industrial devices, renewable energy sector and electrical vehicles applications
supercapacitors find a research area due to their high power density, fast cycling and
long term life. Electrochemical double layer capacitor (EDLC) , pseudocapacitor and
hybrid capacitor are types of supercapacacitors. EDLC electrodes type is generally
made from carbon, however in the pseudocapacitor electrodes are prepared by redox
metal oxide or redox polymer. Moreover, for hybrid supercapacitors carbon can be
used as an anode or cathode that depends on types of the hybrid capacitors. When
metal oxides are applied alone as an electrode, they may show high resistivity which
decrease power density and rate capability, cause to crack on the electrode that decline
life cycle of the capacitor and have low surface area and porosity [54]. However,
carbon provides high surface area, different pore size distribution, high conductivity,
enhance rate capability, good stability and low cost. Carbon black, carbon
nanospheres, carbon nanotubes, carbon nanofibers, graphene, carbon foams or sponges

based conductive inks improve the properties of supercapacitors [54].
Solar cell

Photovoltaic cell, also called solar cell, transforms light energy to electrical energy

[55]. Main structure of the solar cell are showed below Figure 1.8.
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Figure 1.8 : Solar cell structure [55].

General classification of solar cell can be shown as below Figure 1.9.

Solar Cell
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Figure 1.9 : Classification of solar cell.

The history of solar cell based on the crystalline silicone solar cell. Crystalline silicone
solar cells are the first generation of the photovoltaic cells which the production
process are challenging and limited for the commercialization because of their high
cost production process. Second generation of solar cells is produced by amorphous-
Si, polycrystalline-Si and CIGS that applied on low cost substrates. Compare to first
generation of solar cells second generation solar cells show improved efficiency,
however, lack of duplicability and surface uniformity prevent them to commercialize.
To overcome all these problems, researchers introduced the third generation of the
solar cells. Third generation of solar cells is compatible with flexible materials, has
low-cost and easy production process against first and second generation of solar cells
[56]. Efficiency results of different solar cells can be seen below Figure 1.10.
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Figure 1.10 : Efficiency diagram of different type solar cells [56].
Perovskite Solar cells

Lev A. Perovski was found the perovskite, however early application of perovskite on

the solar cell was done by Miyasaka et al. and reached 3.8% PCE [57].

Structure of a perovskite: Structure of perovskite is shown as below Figure 1.11 and
formula of perovskite is ABX3, which A and B are various size of cations like A is as
CH3NH3+ (MA), HC(NH2)2+ (FA), Cs+ and Rb+; B is a metallic cation, such as
Pb2+ and Sn2+ and X is an anion, such as Cl, Br, and | [58].

® X=halide

. B=Pb?*, Sn?*

. A=MA, FA

Figure 1.11: Structure of perovskite [58].

Different type of cations and anion can change the electrical and optical properties of
the perovskite [58]. The reasons for preference of perovskite for solar cell application

are controllable band gap, improved efficiency and effortlessly production process
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[59]. However, its degradation and stability problem cause to decrease of perovskite
solar cell life time [59].

Perovskite solar cell can be divided in two categories as with hole transporting
materials (HTM) and HTM-free.

Perovskite solar cell with HTM: Park et al. investigated a spiro-MeOTAD (2,2° ,7,7°-
tetrakis(N,N-di-p-methoxyphenylamine)-9,9’-spirobifluorene) to enhance the
perovskite stability and increase the lifetime of solar cell [60]. They reached the 9%
PCE with HTM layer. In recent year, power conversion efficiency of the perovskite

solar cell was increased 22% by Yang et al. and co-workers [61].

Perovskite solar cell with HTM consists of well-known four different types of structure
(Figure 1.12) [58]. First structure is based on the dye-synthesized solar cell which
include FTO/compact-TiO2 /mesoscopic-TiO2 /CH3NH3PbI3 /2,2°, 7,7 -tetrakis-(
N,N -di- p methoxyphenyl-amine)-9,9’-spirobifluorene(spiro-MeOTAD)/Au(metal
layer). Second type of structure is made without mesoscopic-TiO2 which needs to high
process temperature. Beginning to use organometal trihalide perovskites in the solar
cell, perovskite shows capability to transport holes. In the third structure, p-i-n
configuration is used that perovskite ITO/HTM/perovskite/electron transporting
layer/metal. Hole transporting layer can be PEDOT:PSS, NiO or MoO 3 and an
electron-transport material can be PCBM or ZnO. In the fourth structure, mesoporous

material is applied into perovskite [58].

(a)

HTM

Perovskite+mp-TiO

Figure 1.12 : Structures of perovskite solar cell with HTM [58].
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HTM-free perovskite solar cell: Hole transport layers which used in perovskite solar
cells are expensive and may obstruct the electrons that cause the decrease of the power
efficiency of solar cell. Because of these reasons researchers investigated the
elimination way of HTM layer. Inherent properties of the perovskites led this process

possible due to the fact that perovskite is able to transport of electrons [62].

HTM-free perovskite solar cell can be divided in two categories; Au-based and carbon-
based HTM-free perovskite solar cell. However, because of the high cost of Au
material carbon structures are more preferred according to their low cost, easy to
produce, environmentally friendly, resistivity to chemicals and huge electrical
conductivity [62] .

Two types of carbon structure (Figure 1.13a) and (Figure 1.13b) may use for the HTM-
free perovskite solar cell application that mesoscopic carbon and planar carbon
electrode. In the first type, there are three different mesoscopic layer. Mesoscopic
TiO2 behave as an electron transporting layer, m-ZrO2 act as a spacer layer and m-
carbon perform as an hole collector. After these three layer, perovskite are applied and
penetrate into these layers. On the other hand, in the planar carbon electrode based
perovskite solar cell is formed by m-TiO2 and perovskite layer under the planar carbon
layer. First two layer of FTO and compact TiO2 are same for both mesoscopic and
planar carbon-based perovskite solar cell. Moreover, spacer layer in the m-carbon-
based perovskie solar cell separates the m-TiO2 and m-carbon to prevent the short
circuit. However, for the planer carbon-based solar cell thick perovskite layer assumes
to hinder short circuit [62].

According to conduction and valance band edges values, solar cell working principle
can be explained in Figure 1.13c). m-TiO2 conduction band edge is -4.0 eV, perovskite
CBE is -3.9 eV and valance band edges is -5.4 eV and the carbon has -5.0 eV VBE.
When the perovskite layer is exposed to light, because of its ambipolar nature it
produces both electrons and holes. Electrons move to lower CBE level which means
from perovskite CBE to m-TiO2 CBE and holes pull out to higher VBE from
perovskite VBE to carbon VBE [62].
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Carbon layer

Glass Glass
B perovskite
C -4.0 eW ..‘
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[CIOID)]
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FTO -5.0eV

HHD
oe® —/

Figure 1.13 : HTM-free perovskite solar cell with a) m-carbon b) p-carbon structure.
c¢) Working principle of the perovskite solar cell with carbon electrode [62].

According to literature Han et al. was the first time announced the m-carbon electrode
application in the perovskite solar cell (Figure 1.14). They improved the carbon
black/spheroidal graphite CE instead of the flaky graphite and reached the 6.4% PCE
[63]. Moreover, they improved PCE to 12.84% by using (5-AVA)x(MA)(1-x)Pbl3
with carbon electrode [64] and applied the same structure for commercial size of solar

cell module (10*10 cm?) which gave the more than 10% PCE [65].

Carbon layer
‘ ZrO, space layer

CH;NH:;PbL; ~
1O, layer
VB TR, T T, : : p, //——f Ti0, dense layer

FTO glass substrate

Figure 1.14 : m-carbon based perovskite solar cell [63].

Liu et al. studied on reducing carbon counter electrode thickness, therefore, instead of

traditional carbon black/graphite CE they used SWCNT/NIO layer with approximately
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1.8 um thickness. The configuration of the solar cell (Figure 1.15) is
FTO/TiO2/Al203/NiO/SWCNT(MAPDI3). They reached the 12.7%, 10.5% and 6.2%
with 1.8 pm-thick NIO/SWCNT, 10 um-thick carbon black/graphite and 1.8 um-thick
carbon black/graphite layer, respectively [66].

a)  NIOSWNCT ——
\LO, layer

Mesoporous TiO, layer—

Compact o, layer ——mm _
A -

FIo —
Glass —_

eV

5.43

MAPDI,
1o, NIO/SWNCT

Figure 1.15 : a) Configuration b) working principle of the perovskite solar cell [66].

Duan et al. compared the efficiency of carbon black/graphite CE and carbon
black/ultrathin graphite CE on the mesoporous perovskite solar cell. CB/Ultrathin
graphite CE based perovskite solar cell has 22.97 mA/cm2 Jsc, 901 mV Voc, 0.68 FF
and 14.07% PCE. However, CB/graphite CE based perovskite solar cell gave 22.89
mA/cm2 Jsc , 893 mV Voc, 0.62 FF and 12.63% PCE. They claimed that because of
the high surface area of the ultrathin graphite, hole collection capability was increased
while charge transfer resistance was decreased in the carbon counter electrode which

improved efficiency of the perovskite solar cell [67].

Jiang et al. prepared low temperature carbon electrode based on graphite, CB, a-
terpineol, Titanium (IV) isopropoxide (TTIP) and acetic acid (Hac). They applied
carbon ink at 70°C and 400°C on a glass and PET surface. Low temperature ink
showed higher conductivity compared to high temperature conductive carbon ink.
Moreover, in solar cell application, the perovskite solar cell which contains both high
temperature carbon electrode and low temperature carbon electrode enhanced PCE of
1.2% and get 14.04% PCE [68].
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Yue et al. studied on the how carbon black and graphite percentage affect on the low
temperature carbon ink resistivity and perovskite solar cell efficiencies. They used
ethyl cellulose as a binder and isopropyl alcohol as a solvent media. Carbon inks with
0% of graphite and 0% of CB decline the power efficiencies of solar cells and also
increase the resistivity of conductive inks. However, they found that 75wt% graphite
and 25wt% carbon black enhanced a conductivity of carbon ink and improve the PCE
to 7.29% [69].

Tao et al. tried to enhance permeability of the carbon electrode cause to improve the
penetration of perovskite layer into solar cell. Polystyrene spheres were added into
high temperature carbon ink with different ratios and conductivity of carbon ink and
photovoltaic performance of perovskite solar cell were investigated. Adding
polystyrene spheres increased the carbon ink resistivity. On the other hand, optimum
ratios of polystyrene sphere addition increased solar cell average efficiency 3.36% to
4.10% because at 400°C polystyrene spheres decomposed and formed channels in the

carbon electrode [70].

Mali et al. inserted methylammonium lead iodide (MAI) into the commercial carbon
ink and organized perovskite solar cell structure as a Glass/FTO/mp-TiO2/MAPbI3-
xClx/carbon+MAI/Carbon. The photovoltaic properties of the solar cell are 13.87%
power conversion efficiency (PCE) with open circuit voltage (VOC) 0.997 V, current
density (JSC) 21.41 mAcm2 and fill factor (FF) 0.65. They also claimed that improved

carbon layer with solar cell also showed water resistivity and air stability [71].

Gopi et al. investigated the production method and clamping effect on the solar cell
efficiency with single wall carbon nanotubes carbon CE. They studied on three
different method which can be seen from Figure 1.16. In the first method, they applied
the carbon CE on the FTO then clamped the solar cell. In the second method, carbon
counter electrode was printed on the CH3NH3PbI3 layer by doctor blade method and
then FTO was clamped on the CE. In the final method, SWCNT ink was applied on to
th Pbl2 layer, perovskite was coated with spin coating method and for final step FTO
put onto solar cell. They obtained 7.83% PCE while Voc is 0.703V, Jsc is 18.54
mA/cm2 and FF is 0.60 with exceed stability over 50h [72].
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2. Method 1

CNT by doctor blade
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(lamping solar cell

Figure 1.16 : Carbon electrode a) with printed on the FTO and clamping b) printed
on the perovskite and clamping c) printed on the Pbl2 [72].

Zhang et al. used graphene/functional carbon nanotubes in DMF solution as a hole
transporting layers in the perovskite solar cell. The configuration of the solar cell is
ITO/HTLs/Perovskite/PC61BM/Ag and they obtained 14.8% PCE with high stability
[73].

Chu et al. improved the drying process of the carbon electrode by using gas pump to
get uniform surface area. They applied commercial carbon paste onto the perovskite
layer with screen printed method then dried at 100°C under 100 Pa. Photovoltaic
properties of the solar cell are 12.30% PCE with open circuit voltage is 1.03 V, Jsc is
21.4 and FF is 0.56 [74].

Liu et al. brought a new perspective to the carbon electrode based perovskite solar cell
application as shown as below Figure 1.17. They banded together thermoelectric
device and perovskite solar cell. During electricity production in solar cell perovskite
temperature increases by light and that cause the degradation of the perovskite. To

prevent this, Liu and co-workers treated thermoelectric device with ice bed which also
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decrease the hybrid system temperature. They obtained 22.2% PCE with ice bed
treatment while in air only get 12.6% PCE from perovskite solar cell [75].

Illumination direction

- — ot |

- | a1
— | “Fro
light W | - % mm: -

workstation
c
+

i 12
> part
T3

Figure 1.17 : Working principle of perovskite solar cell with thermoelectric device
[75].
Duan et al. compared the pristine graphite and boron-doped graphite effect on the
carbon electrode. They claimed that boron-doped graphite enhance the resistivity
which cause low charge transfer resistivity between the carbon and perovskite. The
pristine graphite based device gave 12.4% PCE, on the other hand boron graphite
based device improved the efficiency to 13.6% [76].

Zhang et al. investigated different size of graphite effect and thickness variability
effect on the perovskite solar cell efficiency. Sum, 7 pm, 9 pm, 12 um and 15 um thick
carbon counter electrode based perovskite solar cells’ efficiencies 9.79%, 10.02%,
11.63%, 11.16% and 11.08% respectively. Moreover, with varies graphite size such as
500nm, 3 pm and 8 um they obtained 9.76%, 8.74% and 11.65% PCE respectively
[77].

1.2.2 Electrical conductivity

Electrical conductivity is an inherent and characteristic property of materials. It can be
determined transmitting current or not by material [78]. The SI unit of electrical
conductivity is Siemens per meter (S/m) and can be illustrated by o. The equation of

the electrical conductivity is multiplicative inverse of electrical resistivity (p).

(1.1)

1
G:_
p
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Electrical resistivity is multiply of the electrical resistance (R) and the cross-sectional
area (A) to the length of the material (I);

= (L2)

Electrical conductivity is related with the band electrons or holes in material and in
electrolytes it is about the concentration of ions and movements [78]. Silver, copper
and gold are most conductive materials respectively [79]. Because its about their
crystal structure and valance which provide electron movement freely [79]. Some

materials conductivity and resistivity are shown in Table 1.1

Table 1.1: Resistivity and conductivity of some materials at 20 °C [80].

Material Resistivity Conductivity
p (Qem) o (S/m)
Silver 1.59x1078 6.30x107
Copper 1.68x107% 5.96x107
Annealed copper 1.72x1078 5.80x107
Gold 2.44x10°8 4.10x107
Aluminum 2.82x1078 3.5x107
Calcium 3.36x10°% 2.98x107
Tungsten 5.60x107® 1.79%107
zinc 5.90x10°8 1.69x107
Nickel 6.99x10°8 1.43x107
Lithium 9.28x1078 1.08x107
Iron 1.0x1077 1.00x107
Platinum 1.06x1077 9.43x10°
Tin 1.09x1077 9.17x10°
Carbon steel 1010 1.43x1077
Lead 2.2x1077 4.55%108
Titanium 4.20%1077 2.38x10°
Grain oriented 4.60x1077 2.17x108
electrical steel
Manganin 4.82x1077 2.07x10°
Constantan 4.9x1077 2.04x108
Stainless steel 6.9x1077 1.45x10°
Mercury 9.8x1077 1.02x10°
Nichrome 1.10x10°° 9.09x10°
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Table 1.1(continued) : Resistivity and conductivity of some materials at 20 °C [80].

GaAs

Carbon (amorphous)

Carbon (graphite)

Carbon (diamond)
Germanium
Sea water
Drinking water
Silicon
Wood (damp)
Deionized water
Glass

Hard rubber
Wood (oven dry)
Sulfur
Air
Paraffin wax
Fused quartz
PET
Teflon

5x1077 to 10x1073
5%107* to 8x107*
2.5x107% to

5.0x107% //basal plane
3.0x1073 Lbasal plane

1x10%
4.6x107"!
2x107!

2x10% to 2x103
6.40x10?
1x10°to 4
1.8x10°
10x10% to 10x10

1x105
1x10% to 16
1x10%°
1.3x10% to 3.3x10%6

1x10%

7.5%x10Y

10x10%°
10x10%% to 10x10%*

5x107% to 10°
1.25 to 2x10°

2 to 3x10° //basal plane

3.3x10? Lbasal plane

~10f13
2.17
4.8
5%x107* to 5x1072
1.56x1073
10*to0 103
5.5x107°
10" to 1071

10714
107'% to 1014
10—16
3x107 1% to 8x10°1°

10718
1.3x10718
10721
102 to 107

Electrical conductivity can be affected by different parameters [79], such as:

Temperature: Generally increasing temperature, decline the conductivity of the

materials because of the thermal excitation of the atoms.
Impurities: Impurities prevent the electron flow and decrease the conductivity.

Crystal structure and phases: Different phase and crystalline structure of material can

show variable resistivity. For example, graphite and diamond have same element
carbon but their structures and bond types are different from each other which cause

to graphite is a conductive material and diamond is a insulator material.

Electromagnetic fields: While conductors allow to flow electrical current, they also

produce magnetic fields which is perpendicular the electrical field. If external
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magnetic field is applied to the conductor, magnetoresistance will occur and may
decrease the conductivity of the material.

Frequency: At high frequency, the skin depth is getting smaller to cause the increase

of electrical resistance of the material which hinder or slow down the flow of current.

1.2.2.1 Electronic conductivity

Electronic conductivity means electrical charge is carried by electrons and holes in the
material [81]. Especially in solid conductors such as metals and semiconductors use

this principle to conduct electricity.

Band theory: In solid-state physic, band theory can be described as electrons stay at
specific range of energy. Allowed band and forbidden band are which the energy
ranges of electron can be exist and the range of between two allowed bands,
respectively. In the forbidden band electrons couldn’t have this energy. The electronic

and thermal behavior of materials depend on band theory [82].

Valance band: Atoms comprise of discrete allowed energy levels and when atoms get
together and form a solid, this quantum mechanical effect is occured because of
discrete energy levels. Electrons fill up some energy bands which is named as a

valance band [82].

Conduction band: Empty energy levels which are not occupied by electrons are called
conduction band [82].

Fermi level: Fermi level is the highest energy level of electrons at absolute zero
temperature. Due to the Pauli exclusion principle fermions can’t stay at same energy
level so at absolute zero temperature they form a Fermi sea which is the lowest energy

state electrons can exist [83].

In insulator, there is a huge energy gap between the conduction band and valance band,
so electrons could not rise up to the conduction band. In semiconductors, energy gap
between is smaller than the insulators so electrons can jump to the conduction band.
In conductors, here is not any energy gap between the valance band and conduction
band hence electrons can reach the conduction band easily [84]. The demonstration of
energy gap between conduction band and valance band for insulator, semiconductor

and conductor materials can be seen from below Figure 1.18.
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Figure 1.18: Illustration of conduction and valance band of a) insulator b)
semiconductor c¢) conductor [84].

1.2.2.2 lonic conductivity

lonic conductivity occurs with movement of ionic charge in the liquid electrolyte
solution. lonic conductivity can be expressed as product of the carrier charge (q), the

concentration (n), and the mobility (b) which gives the specific conductivity [85].

o =qnb (1.3)

In electrochemistry, ionic mobility is equal to Ai:

i

A ~ Fbi (1.4)

IZiIci

where ¢ is the molar concentration, Zj is the charge number and F is the Faraday’s

constant. The total ionic conductivity is;

6 =Y qinibi= Y|Zi|ciAi (1.5)
1.3 Hypothesis

Conductive inks such as metal-based, polymer-based and carbon-based are preferred
when high conductive materials are need. However, compared to polymer-based
conducive ink, metal- and carbon-based conductive inks exhibit enhanced
conductivity. Moreover, carbon-based ink is less expensive than metal-based ink, plus
carbon is more abundant in environment. Carbon-based conductive ink can be used for
solar cell application. However, this type of ink may be prepared and applied at both,
high and low temperatures. Low temperature-based ink has advantages because it
requires low energy demand and easier application process. Moreover, it is used for

wide range of commercial applications.
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2. EXPERIMENTAL TECHNIQUES & METHODS

In this chapter, experimental techniques and methods which were used in this thesis

will be discussed.

2.1 Experimental Techniques

Experimenal techniques that were used in this thesis can be divided as in three main
group which are material characterizaation, photovoltaic device fabrication techniques

and photovoltaic peroformance evaluation techniques.

2.1.1 Material characterization

To determine carbon particles and carbon inks morphological and physical properties
SEM and BET method were used. For resistivity measurement of inks four-point probe

technique was prefered.

2.1.1.1 Scanning electron microscope (SEM)

Scanning electron microscopy (SEM) (Figure 2.1) consists of two main components
as microscope column which comprises filament, electron gun, electron beam, electron
lenses, scan coil, specimen stage, electron detector and if it exits specimen and control
console that consists viewing screens, camera and control keyboard. The major
function of electron gun and lenses generate electrons and generated electrons are
accelerated between 0.1-30 keV. Electron beam pass through the lenses and collect in
the specimen chamber to irradiates specimen. Moreover, it produces signals from
specimen to create image. Scan coils move the beam and adjust the magnification of
scanning. When beam irradiates specimen, backscattered and secondary electrons
signals are occurred and detector system collect them point-by-point to produce an

image. While camera records the image, from viewing screen image can be seen [86].
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Figure 2.1 : Main components of SEM [86].

In this thesis, SEM device was used for investigation of carbon inks morphology and
surface properties in resolution mode and electrons were accelerated with 15 kV by
TESCAN Vega3. Moreover, EDAX program was used for determined the element

contents and distributions.

2.1.1.2 BET analysis

Brunauer—Emmett—Teller (BET) theory measures the specific surface area of materials
by the absorption of gas molecules on a porous materials. For this purpose nitrogen is

the most using gases in BET analyses. The BET equation is [87];

1 1 c1 ,P
= + —_—
W[P/Po-1] WmC WmC ( Po )

The BET plot is shown in Figure 2.2

2.1)
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Figure 2.2 : BET plot [87].

The slope s;

The intercept i;

The weight absorbed in monolayer W,

BET constant C;
C=:+1
1
Total surface area can be calculated as;

WmNAx
M

St=

where,
Ax= the cross-sectional adsorbate area,
M= the adsorbate molecular weight,

N= Avogadro's number
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2.1.1.3 Four-point probe method

In the four-point probe measurement technique (Figure 2.3) basically four equally
positioned tips contact with the sample. A DC current is applied from 1 and 4 probes

and inner probes 2 and 3 measure the voltage differences on the sample surface [88].

Hi/~ O\ Lo
(_ <

Source current
from1to 4

Measure voltage
between 2 and 3
4-Point
Collinear Probe
I 21 13 14

Semlconductor Wafer

Figure 2.3 : Four-point probe test circuit [88].

The bulk (volume) resistivity (p) can be measured from below equation;

TtV
In2 I

tk=4.532 < tk 2.7)
p= the bulk resistivity (Q-cm),

V = the measured voltage (voltage),

| = the magnitude of the source current (amps),

t = the sample thickness (cm)

k = a correction factor

For thin materials such as films or coatings, thickness is not calculated that gives the
sheet (surface) resistivity of the material. The sheet resistance (o) is measured as

below,

TV k= v
6= — k=4.532 - k (2.8)
o = sheet resistance ({2/square or just Q)

V = the measured voltage (voltage),

| = the magnitude of the source current (amps),
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t = the sample thickness (cm)
k = a correction factor

In my thesis, four-point probe measurement technique was studied for measuring the
carbon inks resistivity by the Model 2450 SourceMeter SMU Instrument with 10.0 mA
ampere source and 21.0V voltage limit.

2.1.2 Photovoltaic device fabrication technique

2.1.2.1 UV-Ozone cleaning

UV-Ozone cleaning system is easy, less expensive and effective to remove
contaminants from the surface of substrate [89]. The mechanism of the system (Figure
2.4) is, first using ultraviolet rays oxygen is turned into ozone, then generated ozone
produce oxygen to absorb 253.7 nm and above ultraviolet rays and finally

decomposition occur between organic compound and unstable oxygen [90].

O*:Atomic Oxygen

184.9nm

0:0: Os

202 >
202

1: Ozonegeneration  2: Ozonolysis 3: Decomposition of organic matter
(Cleaning, surface modification)

Figure 2.4 : Mechanism of UV/Ozone cleaning system [90].
2.1.2.2 Spin coating

Spin coating is generally used for forming a thin film with thickness of micrometer or
nanometer [91]. The mechanism (Figure 2.5)of the method benefits from centrifugal
forces. First, solution is deposited on the spin coating system substrate, then substrate
starts to rotate in high speed, the result of rotation in high speed air flow is formed and

helps drying solvent [92].
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Figure 2.5 : Spin coating mechanism [92].

2.1.2.3 Doctor blading

One of the simple and inexpensive method to produce thin film is doctor blading
technique. It is based on solution or slurry is placed beyond the blade and blade spread
it with constant speed to form a thin film. Thickness of thin film can be obtained with
different micrometers which rely on doctor blade height and geometry, coating speed,
solution surface tension and rheological properties. Doctor blading method can be
divided in two main categories depend on coating device; doctor blade (frame) (Figure

2.6) and a spiral film applicator (Figure 2.7) [93].

>

Doctor blade (Frame)
Substrate

Figure 2.6 : Doctor blading technique with frame apperature [93].
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Figure 2.7 : Doctor blading technique with spiral aperture [93].
2.1.2.4 Vacuum thermal evaporation

Vacuum thermal evaporation is generally used for metal coating on the organic thin
film for perovskite solar cells. The technique (Figure 2.8) basically consists of source,
substrate and vacuum evaporator [94]. When the source is heated, atoms or molecules
separate from source and they start to travel in the chamber. While heated atoms and
molecules are travelling they hit the substrate and transfer their energy to the lower
energetic substrate for stabilize themselves and adhere the substrate. Thickness of the
deposition layer depends on the evaporation rate, the geometry of the source and the

substrate, and the evaporation time [95].

gas inlet= = -»

substrate holder — chamber

espial window

- substrates
source materials

electrodes - - — heater

To pump

Figure 2.8 : Schematic illustration of vacuum evaporation method [94].

2.1.3 Photovoltaic performance evaluation

2.1.3.1 Solar simulator

Solar simulator illuminate the natural sunlight. Sunlight irradiate the Earth with

different intensity because of they are affected by different conditions while reaching
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the Earth. Sunlight radiation on the Earth can be divided in two main groups; direct
radiation which is emitted sunlight directly from the Sun and scattered radiation which
consists passing lights from sky and reflected from the ground. Solar simulators can
be applied for different spectral distribution of sunlight by using xenon arc lamp source
and Air Mass (AM) filters [96]. Different type of solar spectrum and filters are shown
in below Table 2.1.

Table 2.1 : Type of solar spectrum and filters with power density and transmission

capacity [96].
Solar Spectrum Filter Power Density Transmission %
(mW/cmz2)
In Space AMO 137 61.3%
Direct solar AM1.0D 104 67 %
spectrum at 0°
zenith angle
Global solar AM1.0G 100 66.7%
spectrum at 0°
zenith angle
Direct solar AM1.5D 93 65%
spectrum at 48.2°
zenith angle
Global solar AM1.5G 100 58.5%
spectrum at 48.2°
zenith angle
Direct solar AM2.0D 71 57.3%

spectrum at 60.1°

zenith angle
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2.1.3.2 Current-voltage (JV) curves and power conversion efficiency (PCE)

In basic solar cell application circuit (Figure 2.9) consists of output current (1), diode
current (Ip), shunt current (Isw), series resistor (Rs) and shunt resistance (Rsh). The

circuit current can be illustrated as [97] ;

[=IL-ID-ISH (2.9)
To measure the photovoltaic performance of the solar cells, voltage is applied and IV

curves give data about performance of the solar cell.

Open circuit voltage (Voc): The maximum voltage can be obtained from solar cell
without any loading [97].

Short circuit current (Isc): The maximum current of the solar cell under zero

resistance [97].

Fill factor (FF): It can be defined as maximum power from solar cells [97].

FF = Yaizylinax (2.10)

Voc*Isc
Power conversion efficiency (PCE): It illustrates efficiency of solar cells [97].

__ Isc*Voc*FF

PCE Plight

(2.11)

DY o

Figure 2.9 : Solar cell circuit diagram [97].
2.2 Experimental Methods

2.2.1 Materials

Espresso machine coffee was purchased from local firm in Turkey, graphite particles
(40nm and 5um), Carbon powder (50nm), ZrO2 (40-50nm) were purchased from
SATNANO Technology Material Co. Ltd., China and ethocell Standard 10 Industrial
was purchased from DOW.
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Ethyl Acetate (99,5%) was purchased from Tekim Kimya Sanayi Tic. Ltd. Sti, PVDF
(copolymer) was purchased from Kynar LBG, chlorobenzene (>99%), DMF, ZnCI2
(>98%) and AgNO3 (crystal extra pure) were bought from Merck, Ag nanoparticles
(99%, 150-190nm) was purchased from Nano Technology Inc., Korea, FTO glass were
purchased from Teknoma and TiO. paste was purchased from Dysol and Ti(OPr),
(acetylacetonate),, Pbl> and HI %wt 57 were purchased from Sigma-Aldrich.

2.2.2 Methods

2.2.2.1 Preparation of carbon-based conductive ink

Firstly, 10wt% ethocell and 2,5wt% polyvinylidene fluoride(PVDF) copolymer were
separately dissolved in the ethyl acetateat 80° C. Then, 0,5 gram graphite 40 nm,
0,258g carbon black (CB), 0,258 g graphite Sum and 0,121g ZrO» nanoparticles were
measured and mixed. For solvent media 6,06 g chlrobenzene was used and all
ingredients were put together. On magnetic stirrer, carbon ink was mixed for two days
with 300 rpm.

2.2.2.2 Preparation of environmentally friendly carbon-based conductive ink

In this research, espresso machine coffee and Turkish coffee wastes were used for
carbonization process. First, coffee wastes were dried at 100° C to evaporate humidity.
Then, dried coffee wastes treat with ZnCl2 with different ratios, added sufficient
distilled water and stayed at rest for 4 hours. 4 different ratios and type of solution was
prepared. Machine coffee- ZnCI2 ratio is 1:1 (MC), Turkish coffee- ZnCI2 ratio is 1:1
(TC 1:1), Turkish coffee- ZnCI2 ratio is 2:1 (TC 2:1) and Turkish coffee- ZnCI2 ratio
is 1:2 (TC 1:2). All samples were dried again at 100° C. To obtain carbon, all dried
samples were treated at 900° C for 1 hour with 5° C/min heating rate in tubular furnace
separately. After carbonization all samples were grinding by manual and for getting
smaller size distilled water added samples grinded by ball miller with 400 rpm for 24

hours.

Carbon inks were prepared as described in Chapter 2.2.2.1 with different amounts of

coffee waste carbon, as shown in Table 2.2.
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Table 2.2 : lllutration of type of coffee waste carbon and denotation.

Type of coffee  Weight ratio of Coffee Weight ratio of Denotation
waste carbon waste carbon Graphite Spm, CB,
and graphite 40nm

MC 1:1 30 70 MC 30/70

TC1:1 30 70 TC 1:1 30/70
TC2:1 30 70 TC 2:130/70
TC 1:2 30 70 TC 1:2 30/70
TC 1:2 10 90 TC 1:210/90
TC1:2 50 50 TC 1:2 50/50

2.2.2.3 Preparation of doped polymer carbon-based conductive ink

Firstly, 2,5wt% polyvinylidene fluoride(PVVDF) copolymer and different ratios of Ag
(0.25 mM, 0.50 mM, 0.75 mM and 1.0 mM) and AgNO3 (0.25 mM, 0.50 mM, 0.75
mM and 1.0 mM) were separately dissolved in the ethyl acetate at 80° C. Then, 10wt%
ethocell was dissolved in the ethyl acetate at 80° C. 0,5 gram graphite 40 nm, 0,258g
carbon black (CB), 0,258 g graphite Sum and 0,121g ZrO2 nanoparticles were
measured and mixed. For solvent media 6,06 g chlrobenzene was used and all
ingredients were put together. On magnetic stirrer, carbon ink was mixed for two days
with 300 rpm at 60° C.

2.2.2.4 Preparation of perovskite solar cell

Firstly, FTO glass substrates were covered with band mask. Uncovered areas were
etched with Zn and HCI solution. After etching process, they were ultrasonicated in
water detergent mixture, water, ethanol, acetone and IPA, respectively. Later, washed
subtrates were cleaned with UV ozone for 15 minutes. Then, one drop (aprox. 1 ml)
0.1M Ti(OPr)2(acetylacetonate). /ethanol solution was applied by spray pyrolsis at

450° C in order to obtain TiO2 compact layer.
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Perovskite solution was prepared using the following procedure: 12 ml HI (57wt%)
and 24 ml CHsNH:z (33wt% ethanol) were mixed with 100 ml ethanol for two hours in
ice bath. Liquid part of the solution was removed by rotary evaporation and MAI was
synthesized. MAI was washed with diethyl ether three times and crystalized in ethanol.
Then it was dried in vacuum oven and white MAI crystals were obained. MAI and
Pbl> were mixed in 1:1 molar ratio in DMF in order to obtain 40wt% perovskite

solution.

To obtain mesoporous TiO2 layer, TiO2 paste (18 NRT Dysol) was dilluted with
ethanol as a mass ratio of 1:6 and deposited on the compact TiO layer by spin coating
at 5000 rpm for 30s. Four different annealing temperature were apllied at 80° C, 125°
C, 325° C and 500° C for 30 min each one, and colled down to room temperature.
Samples were put into glovebox and covered with perovskite by two steps spin coating
at 500 rpm/3 seconds and then 4000 rpm/7 seconds. To improve homogenity and
surface distrubition of perovskite layer, approximately 100ul chlorobenzene was
droped onto perovskit layer by spin coating at 4000 rpm 2 sec.. Covered glasses were
kept on heater at 100° C for 10 min and then cooled down on a metal surface. As last
step of production, carbon cunter electrode was applied by doctor blade method onto

the perovskite layer.
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3. RESULTS AND DISCUSSION

3.1 Properties of Low Temperature Processable Carbon Based Inks

Low temperature carbon based ink was applied on the FTO substrate with different
thickness by doctor blading method. The Figure 3.1 shows real images of carbon ink
applied on FTO. They confirm that proper surface was obtained from the carbon ink.
Optic microscope images on Figure 3.2 from films with different thicknesses also
prove the regular surface. Moreover, increasing thickness of the film improves the

surface smoothness.

Figure 3.1 : Images of the low temperature processable carbon ink with a) 45 um b)
130 um and c) 255 pm thickness.

a) b)

Figure 3.2 : Optic microscope results of low temperature processable carbon ink
with a) 45 um b) 130 um and c) 255 pm thickness.
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Figures below illustrate the SEM and EDAX results. From SEM images (Figure 3.3)
with 500x magnification, we can see that the surface of the printed carbon ink is
smooth and crackless. With increased magnification up to 5.00kx it can be clearly seen
that carbon black, ZrO nanoparticles and graphite particles are mixed homogenously
and make a planar surface. According to EDAX images (Figure 3.4) all types of
ingredients such as carbon, flour from PVDF and Zr are distributed regularly in the

ink, which proves homogeneity of the carbon ink prepared at low temperature.

Figure 3.3 : SEM images of low temperature processable carbon ink wit a)500x
b)5.00kx magnification.

C) 8% CK

8o

5% FK
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Figure 3.4 : EDAX results of low temperature processable carbon ink.



Resistivity results of the carbon ink can be seen on the Table 3.1 and Figure 3.5.
According to results, increased layer thickness enhances the conductivity of the carbon

ink because better uniformity of the layer, which cohere with literature.

Table 3.1 : Resistivity results of low temperature proccesable carbon ink.

Thickness Results Sheet Bulk
(ohm) Resistance Resistance
(ohm*cm)
45 um 137 620,88 1,61
130 um 46,76 211,92 0,87
255 um 33,29 150,89 0,78
__ 18-
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Figure 3.5 : Resistivity diagram of low temperature proccesable carbon ink.
3.2 Properties of Environmentally Friendly Coffee Waste Carbon-Based Inks

3.2.1 BET, DFT and Raman analysis results of carbonized coffee particles

BET surface area result illustrated that highest surface area belongs to TC 1:1 carbon
particles. Then CM 1:1, TC 2:1 and TC 1:2 carbon particles follow the TC 1:1 carbon

particles, respectively.
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Figure 3.6 : BET surface area analysis for carbonized coffee particles.

DFT test results shown in Figure 3.7 reveal that TC 1:1 carbon particles have the
highest microporosity, while TC 1:2 carbon particles have the lowest microporosity.
On the other hand, highest mesoporosity is observed in the TC 1:2 carbon particles,
which results into low cumulative surface area, as shown in Figure 3.6 and Figure 3.7
b). The high surface area of TC 1:1 is consequence of its large amount of micropores.
The highest mesoporous carbon ink showed the highest conductivity result, because
mesoporosity act as electron transporting channel in the carbon and enhanced the
electrical conductivity of the ink.
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Figure 3.7 : DFT test results of carbonized particles for a) cumulative surface
volume and b) cumulative surface area.

The G band of the Raman spectrum demonstrates the order of graphitic planes into the
carbon structure, while D band shows their disorder. D" peak is also a disorder-induced
double resonance process that indicates nano-crystalline graphite [98]. The area below

G and D peaks, more precisely the G/D fraction gives quantitative information about
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the ordered-to-disordered phase of carbon particles. From Raman results (Figure 3.8)
can be observed that only MC 1:1 particles have D’ band which means that nano-
crystalline graphite structure exists in this sample. Comparing the G/D results, TC 1:2
particles have the highest value followed by TC 2:1, TC 1:1 and MC 1:1, respectively.
This means that among the four samples, TC 1:2 particles have the highest ordered

structure, which further leads to highest conductivity.

G/D=0,022

MC 1:1 D'

G/D=0,283

Intensity

G/D=0,162

G/D=0,235

2000 1600 1200 800 400
Raman Shift (cm-1)

Figure 3.8 : Raman results of carbonized coffee particles.

3.2.2 MC 30/70 results

Espresso coffee waste based carbon ink was applied on FTO surfaces with different
thickness. It can be clearly seen from images that regular surface in every part of the
glass could not be obtained from this ink. This can be attributed to the irregular and

large particle size. These results were also confirmed from optic microscope images.

Figure 3.9 : Images of the MC 30/70 carbon ink with a) 45 pm b) 130 um and c)
255 um thickness.
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Figure 3.10 : Optic microscope images of MC 30/70 carbon ink with a) 45 um b)
130 pm and c) 255 um thickness.

SEM images (Figure 3.11) and EDX results (Figure 3.12) show that MC 1:1 ink was
mixed homogenously. However, because of the size of the espresso coffee waste
carbon, the surface of the applied ink is characterized with micro-gaps as illustrated in
the SEM images. As a consequence of these micro-gaps, the electrical conductivity of

this ink also decreases, as shown in Table 3.2.

Figure 3.11 : SEM images a) 500x b) 5.00kx magnification of MC 30/70 carbon ink.
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Figure 3.12 : EDAX results of MC 30/70 carbon ink.

Table 3.2 : Resistivity results of MC 30/70 carbon ink.

Thickness Results Sheet Bulk
Resistance Resistance
(ohm*cm)
45 pm 6550 29684,6 480,89
130 um 24653,33 111728,91 2089,33
255 um 6633,33 30062,27 892,85

3.2.3 TC 1:1 30/70 results

TC 1:1 30/70 conductive ink was applied on the FTO surface with different thickness
by doctor blading. From the real and optic microscope images, shown on Figure 3.13
and Figure 3.14, respectively we can observe that increased thickness enhances
continuous surface of the ink, compared to MC 1:1. This can be attributed to the

smaller particle size of this carbon type.
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a) b) )
|

Figure 3.13 : Images of the TC 1:1 30/70 carbon ink with a) 45 pm b) 130 um and
¢) 255 um thickness.

b)-

Figure 3.14 : Optic microscope images of TC 1:1 30/70 carbon ink with a) 45 um b)
130 um and ¢) 255 pum thickness.

c)

However, from SEM images (Figure 3.15) some micro size cracks can be observed on
the film surface. That cause decline of the conductivity of the film made with this ink,
which can be seen from Table 3.3. Despite this, EDAX results (Figure 3.16) show that
carbon, flour from PVDF and ZrO. particles were distributed homogenously.
Resistivity results of the carbon ink are illustrated in Table 3.3. To compare the MC
1:1 carbon, TC 1:1 carbon has smaller particle size and large mesoporous structure
which lead the enhance the conductivity of the carbon ink. Moreover, TC 1:1 30/70
carbon ink created a smoother surface when applied on the FTO. This cause to better

electron transportation and reduce the resistivity of the ink.
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Figure 3.15 : SEM images a) 500x b) 5.00kx magnification of TC 1:1 30/70 carbon
ink.
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Figure 3.16 : EDAX results of TC 1:1 30/70 carbon ink.
Table 3.3 : Resistivity results of TC 1:1 30/70 carbon ink.

Thickness Results Sheet Bulk
Resistance Resistance
(ohm*cm)
45 um 12576,67 56997,45 254,59
130 pm 1570 7115,24 43,40
255 pm 1250 5665 61,56




3.2.4 TC 2:1 30/70 results

TC 2:1 30/70 carbon ink was printed on FTO glass with three different thicknesses.
For all thicknesses, continuous surface was obtain and their real and optic microscope

images can be seen from the figures below.

"

»ER
B

Figure 3.17 : Images of the TC 2:1 30/70 carbon ink with a) 45 pm b) 130 um and
¢) 255 um thickness.

a)-b)-
| -

Figure 3.18 : Optic microscope images of TC 2:1 30/70 carbon ink with a) 45 um b)
130 um and c) 255 pm thickness.

SEM images (Figure 3.19) were taken at 500x and 5.00kx magnification and
confirmed that homogenous surface without cracks was formed. Additionally, EDAX
results (Figure 3.20) showed that all ingredients were distributed homogeneously. The
smooth film surface and homogeneous ink lead to low resistivity of the film compared

to the previous two samples, as shown in Table 3.4.
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: EDAX results of TC 2:1 30/70 carbon ink.

Figure 3.19 : SEM images a) 500x b) 5.00kx magnification of TC 2:1 30/70 carbon
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Table 3.4 : Resistivity results of TC 2:1 30/70 carbon ink.

Thickness Results Sheet Bulk
Resistance Resistance
(ohm*cm)
45 um 3773,33 17100,75 43,89
130 um 1204,67 5459,55 22,75
255 um 758 3435,26 25,99

3.25 TC 1:2 30/70 results

Real and optic microscope images of the film from TC 1:2 30/70 carbon ink are
demonstrated the figure below (Figure 3.21 and Figure 3.22). They are evidence for
the well deposited carbon ink on FTO glass with different thicknesses. This can be

result of smallest particle size of this type of coffee waste carbon.

C)l
| q

Figure 3.21 : Images of the TC 1:2 30/70 carbon ink with a) 45 um b) 130 um and
¢) 255 um thickness.

Figure 3.22 : Optic microscope images of TC 1:2 30/70 carbon ink with with a) 45
um b) 130 pum and ¢) 255 pm thickness.
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SEM images taken at 500x and 5.00kx magnification are shown in Figure 3.23. From
500x image, some crack from on the film surface can be seen. However, from the
image at 5.00kx magnification, it can be seen that the carbon black, activated carbon
and ZrOz nanoparticles filled the gaps between the large graphite particles, which are
arranged as a plane layer into the film structure. While PVDF and ethocell hold

together all nanoparticles.

The small particle size of TC 1:2 and the connection of all the ingredients within the
film structure cause low resistivity (Table 3.5). The bulk resistivity of the films formed
from this ink showed the lowest values compared to all the other coffee based carbon
samples and gave the best photovoltaic properties of the perovskite solar cell, as shown
in Table 3.19.

Figure 3.23 : SEM images a) 500x b) 5.00kx magnification of TC 1:2 30/70 carbon
ink.

Figure 3.24 : EDAX results of TC 1:2 30/70 carbon ink.
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Table 3.5 : Resistivity results of TC 1:2 30/70 carbon ink.

Thickness Results Sheet Bulk
Resistance Resistance
(ohm*cm)
45 um 9,33 42,27 0,11
130 um 155,67 705,48 2,94
255 um 57,10 258,78 1,96

3.2.6 TC 1:2 10/90 results

To investigate the effect of TC 1:2 activated carbon on conductivity results the amount
of activated carbon into the ink was changed. Decreasing the amount of activated
carbon affected surface morphology negatively. Real and optic microscope images can

be seen from the figures below.

a) B b) <)

Figure 3.25 : Images of the TC 1:2 10/90 carbon ink with a) 45 um b) 130 um and

¢) 255 um thickness.

b)

Figure 3.26 : Optic microscope images TC 1:2 10/90 carbon ink with a) 45 um b)
130 um and ¢) 255 pum thickness.



SEM images and EDAX results are illustrated below. From SEM images (Figure 3.27)
it can be seen that this carbon ink formed smooth surface. EDAX results (Figure 3.28)
reveled that the distribution of the carbon, ZrO, and PVDF was homogeneous into the
ink.

Figure 3.27 : SEM images a) 500x b) 5.00kx magnification of TC 1:2 10/90 carbon

ink.
a) b) C) B s cx
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-

Figure 3.28 : EDAX results of TC 1:2 10/90 carbon ink.



Resistivity results (Table 3.6) are comparable with literature and show that increased
layer thickness enhances the conductivity of the film. The results also demonstrated

that decreased activated carbon amount also decreases the conductivity of the film.

Table 3.6 : Resistivity results of TC 1:2 10/90 carbon ink.

Thickness Results Sheet Bulk
Resistance Resistance
(ohm*cm)
45 pm 1520 6888,64 62,23
130 um 298 1350,54 15,40
255 pm 209,67 950,21 21,41

3.2.7 TC 1:2 50/50 results

The films formed from TC 1:2 50/50 carbon ink are shown in the real and optic
microscope images below. They show that adding activated carbon more than 30wt%

breaks the uniformity of the ink.

a)

Figure 3.29 : Images of the TC 1:2 50/50 carbon ink with a) 45 pm b) 130 um and
¢) 255 um thickness.

a) b)

Figure 3.30 : Optic microscope results of TC 1:2 50/50 carbon ink with a) 45 pm b)
130 um and ¢) 255 pum thickness.
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Morphology of the film was also investigated through SEM images (Figure 3.31) while
the homogeneity of the ink was determined from EDAX analysis (Figure 3.32). From
both of them it can be observed that decreasing the carbon black and graphite particles
affect in the ink negatively, which results in nonuniform surface morphology and thus

increased of resistivity (Table 3.7).

Figure 3.31 : SEM images a) 500x b) 5.00kx magnification of TC 1:2 50/50 carbon

ink.
b) C) 8% CK
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Figure 3.32 : EDAX results of TC 1:2 50/50 carbon ink.
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Table 3.7 : Resistivity results of TC 1:2 50/50 carbon ink.

Thickness Results Sheet Bulk
Resistance Resistance
(ohm*cm)
45 um 7996,67 36240,89 407,11
130 pm 2510 11375,32 134,61
255 um 1336,67 6057,77 117,52

BET (Figure 3.6), DFT (Figure 3.7) and Raman (Figure 3.8) results of the ball-milled
biowaste carbon and resistivity comparison (Figure 3.33) of low temperature
processable and biowaste carbon inks can be seen. According to the literature [99],
BET does not give the accurate value to determine the surface area of the porous
carbon, on the other hand DFT is more accurate than BET. In the BET method, an inert
gas is released to the system until creating a monolayer on the carbon surface. Due to
the existence of micropores in the carbon, gas tends to first fill these pores, so it
prevents the calculate some surface area. However, in the DFT method, gas is released
the system until all surface areas are covered. Therefore, in this study | am taking into
account DFT results. From DFT cumulative surface area (Figure 3.7b)) result, ball
milled carbons have the highest surface area TC 1:1, TC 2:1, MC 1:1 and TC 1:2,
respectively. DFT cumulative pore volume (Figure 3.7a)) showed the microporous and
mesoporous volume of the carbon. Microporosity is the highest in TC 1:1 and
following by MC 1:1, TC 2:1 and TC 1:2. On the other hand, TC 1:2 has the highest
mesoporosity and following by TC 2:1, TC 1:1 and MC 1:1. It can be said that the

highest surface area of the TC 1:1 can be result of micropore volume of the structure.

Raman result showed that the highest ordered/disordered structure is obtained from
TC 1:2 and following by TC 2:1, TC 1:1 and MC 1:1. Compared the MC 1:1 30/70,
TC 1:1 30/70, TC 1:2 30/70 and TC 2:1 30/70 carbon ink electrical results, TC 1:2
30/70 has the highest electrical conductivity and followed by the TC 2:1 30/70, TC 1:1
30/70 and MC 1:1 30/70.

According to all results, mesoporosity and ordered structure ratio of the carbon have
the main effect on the electrical conductivity. Because mesopores create transport
channels for the electrons and enhance the conductivity. Also, disordered structures
act as an obstacle and prevent electron transporting. That explains why the MC 1:1
30/70 carbon ink has the lowest conductivity and TC 1:2 30/70 carbon ink has the

highest conductivity. Moreover, TC 1:2 30/70 carbon ink formed the most smooth
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layer when applied to the FTO, which is also improves the conductivity of the ink.
According to DFT, Raman and conductivity results, it can be seen that among the three
physical properties (surface area,pore size and graphitic order) mesoporosity and the

the order of the carbonaceous structure have highest influence on conductivity.
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Figure 3.33 : Resistivity comparison of low temperature processable and biowaste
carbon inks.

3.3 Properties Of Polymer-Doped Low Temperature Processable Carbon-

Based Conductive Ink

3.3.1 FTIR results of PVDF, silver-doped PVDF and silver nitrate-doped PVDF

films

Poly vinylidene fluoride (PVDF) is a semi-crystalline polymer which has a good
permittivity and advanced dielectric constant [100]. Moreover, fluorine in the PVDF
has high electronegative properties and CF, group might charge nanoparticles surface
[101]. PVDF shows five different polymorphs such as a,f,y,0 and € in its crystalline
structure. Among them, 6 and e-polymorphs are polar and antipolar form of o and -
poymorph, respectively [101] . The specific properties of the three main polymorphs
are shown in Table 3.8.
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Table 3.8 : Polymorph structures of PVDF and their properties [101].

Polymorph Unit Cell Chain Electroactive
Name Configuration ~ Conformation  Properties
o monoclinic TGTG inactive
B orthorhombic all-trans active
chain
Y orthorhombic T3GT3G inactive

According to FTIR results (Figure 3.34), neat PVDF, silver-doped PVDF and silver
nitrate-nitrate doped PVDF illustrate peaks at 1234 cm™, 875 cm™, 839 cm™ and 510
cm™? which demonstrate the y, o, p and y and B and y-polymorphs (Table 3.9),
respectively. However, adding silver nitrate and silver increase the B-polymorph
structure in PVDF. Neat PVDF film does not show any peak at 1270 cm'%, but in silver-
and silver nitrate doped PVDF it can be seen. Moreover, the peak at 445 cm™
characteristic for B-polymorph is most prominent in silver nitrate-doped PVDF. It is
less prominent in silver-soped PVDF and vanishes in the neat PVDF. On the other
hand, the peak at 430 cm™ that indicates y-polymorph ca not be seen in the silver
nitrate-doped PVDF but it can be seen in silver doped and neat PVDF structure. The
peak at 1726 cm™ that illustrate the C=0 bond [100,102], can be seen only in silver
nitrate-doped PVDF because of the presence of O2 element in the silver nitrate.
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Figure 3.34 : FTIR results of PVDF/silver-doped PVDF and silver nitrate-doped

PVDF.

Table 3.9 : Wavenumber of polymorph structures of PVDF [101,103,104].

Polymorph name Wavenumber (cm™)
o 532, 764, 796, 875,976, 1215,
1385
B 510,444, 467, 840, 883, 1275
Y 430, 510, 811, 840, 884, 1233

3.3.2 Silver nanoparticles doped polymer-based carbon ink results

3.3.2.10.25 mM silver nanoparticles doped PVDF results

Carbon ink containing 0.25 mM Ag np was applied on FTO surfaces with different

thickness. From the real and optical microscope images (Figure 3.35 and Figure 3.36)

irregular surface were observed for the thinnest films, which improves when the

number of layers increases.
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Figure 3.35 : Images of the 0,25 mM Ag doped-PVDF carbon ink with a) 45 um b)
130 um and c) 255 pum thickness.

Figure 3.36 : Optic microscope images of 0,25 mM Ag doped-PVDF carbon ink
with a) 45 pm b) 130 um and c) 255 um thickness.

SEM images (Figure 3.37) and EDX results (Figure 3.38) show that silver
nanoparticles were mixed homogenously into the ink. However, the surface of the film
is characterized with micro-cracks as illustrated in the SEM images. Despite these
micro-cracks, the electrical conductivity of this film is less than10 ohm*cm, as shown
in Table 3.10.
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Figure 3.37 : SEM images a) 500x b) 5.00kx magnification of 0,25mM Ag doped-
PVDF carbon ink.
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Figure 3.38 : EDAX results of 0,25mM Ag doped-PVDF carbon ink.
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Table 3.10 : Resistivity results of 0,25mM Ag doped-PVDF carbon ink.

Thickness Results Sheet Resistance Bulk Resistance
(ohm*cm)
45 um 870,33 3944,35 7,23
130 um 277,33 1256,87 4,32
255 um 154,67 700,95 3,88

3.3.2.20.5 mM silver nanoparticle doped PVDF results

Carbon ink containing 0.5 mM Ag np was applied on FTO surfaces with different

thickness. From the real and optical microscope images (Figure 3.35 and Figure 3.36)

irregular surface were observed for the thinnest films, which improves when the

!

number of layers increases.

Figure 3.39 : Images of the 0,5 mM Ag doped-PVDF carbon ink with a) 45 um b)
130 pm and c) 255 pm thickness.

: b)-
c)-

Figure 3.40 : Optic microscope images of 0,5 mM Ag doped-PVDF carbon ink with
a) 45 pm b) 130 um and ¢) 255 pum thickness.
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From SEM (Figure 3.41) images it can be seen non-uniform surface and micro-cracks
on the carbon layer. However, homogenity of the inks were confirmed by EDAX
results (Figure 3.42). Moreover, bulk resistances of the film approximately under 3

ohm*cm (Table 3.11).

Figure 3.41 : SEM images a) 500x b) 5.00kx magnification of 0,5mM Ag doped-
PVDF carbon ink.

Figure 3.42 : EDAX results of 0,5mM Ag doped-PVDF carbon ink.
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Table 3.11 : Resistivity results of 0,5 mM Ag-doped PVDF carbon ink.

Thickness Results Sheet Bulk
Resistance Resistance
(ohm*cm)
45 um 399,67 1811,29 3,08
130 um 125,67 569,52 1,90
255 um 80,12 363,10 1,82

3.3.2.30.75 mM silver nanoparticle doped PVDF results

0.75 mM silver nanoparticle doped PVDF carbon ink was applied at room temperature
with 45um, 130 um, and 255 pm thickness on FTO surfaces. As a result, increasing

film thickness enhances thin film surface regularity, as shown in (Figure 3.43 and

Figure 3.44) .
a)! b)! C)!
‘ |

Figure 3.43 : Images of the 0,75 mM Ag doped-PVDF carbon ink with a) 45 um b)
130 pm and c) 255 pm thickness.

| - b)-
c)-

Figure 3.44 : Optic microscope images of 0,75 mM Ag doped-PVDF carbon ink
with a) 45 pm b) 130 um and c) 255 um thickness.



SEM (Figure 3.45) images and EDAX (Figure 3.46) results illustrated non-uniform
surface topography and proved the homogenity of ingredients in the ink. The electrical

resistivity of the carbon film was shown in Table 3.12.

b)

Figure 3.45 : SEM images a) 500x b) 5.00kx magnification of 0,75mM Ag doped-
PVDF carbon ink.
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Figure 3.46 : EDAX results of 0,75mM Ag doped-PVDF carbon ink.
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Table 3.12 : Resistivity results of 0,75 mM Ag doped-PVDF carbon ink.

Thickness Results Sheet Bulk
Resistance Resistance
(ohm*cm)
45 um 163,67 741,74 4,43
130 um 140,33 635,99 8,16
255 um 64,82 293,78 5,56

3.3.2.4 1.0 mM silver nanoparticle doped PVDF results

To investigate the film thickness effect on the surface regularity, carbon ink was
applied in various thickness on FTO surfaces. According to real image (Figure 3.47)
and optic microscope (Figure 3.48) image the most uniform surface was seen from 255

um thick layer.

Figure 3.47 : Images of the 1,0 mM Ag doped-PVDF carbon ink with a) 45 um b)
130 um and c) 255 pm thickness.

Figure 3.48 : Optic microscope images of 1,0 mM Ag doped-PVDF carbon ink with
a) 45 pm b) 130 um and ¢) 255 pum thickness.
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Silver nanoparticles were mixed homogenously into the ink as shown in SEM images
(Figure 3.49) and EDAX results (Figure 3.50). Even though lack of surface uniformity,

ink gave the less than 4 ohm*cm electrical resistivity (Table 3.13).

Figure 3.49 : SEM images a) 500x b) 5.00kx magnification of 1,0mM Ag doped-
PVDF carbon ink.
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Figure 3.50 : EDAX results of 1,0mM Ag doped-PVDF carbon ink.
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Table 3.13 : Resistivity results of 1.0 mM Ag doped PVDF carbon ink.

Thickness  Results Sheet Bulk
Resistance Resistance
(ohm*cm)
45 um 415,67 1883,80 6,78
130 um 179,33 812,74 5,04
255 um 95,83 434,30 3,59

3.3.3 Silver nitrate doped polymer-based carbon ink results

3.3.3.10.25 mM silver nitrate doped PVDF results

0,25 mM silver nitrate doped PVDF carbon ink is applied on the FTO substrate and
characterized. Real image (Figure 3.51) and optic microscope image (Figure 3.52)

confirmed that increasing layer thickness, improve surface uniformity.

C)!
- =

Figure 3.51 : Images of the 0,25 mM AgNO3 doped-PVDF carbon ink with a) 45
um b) 130 um and c¢) 255 pm thickness.

C)-

Figure 3.52 : Optic microscope images of 0,25 mM AgNO3 doped-PVDF carbon
ink with a) 45 um b) 130 um and ¢) 255 pum thickness.
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SEM images (Figure 3.53) with different magnification show the micro-cracks on the
surface of the carbon ink. However, EDAX results (Figure 3.54) proves the homogen

dispersion of the ink, and electrical resisty is shown in Table 3.14.

3 | [~
Figure 3.53 : SEM images a) 500x b) 5.00kx magnification of 0,25mM AgNO3
doped-PVDF carbon ink.
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Figure 3.54 : EDAX results of 0,25mM AgNO3 doped-PVDF carbon ink.
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Table 3.14 : Resistivity results of 0,25 mM AgNO3 doped PVDF carbon ink.

Thickness Results Sheet Bulk
Resistance Resistance

45 um 457,67 2074,15 8,09

130 um 263,00 1191,92 6,83

255 um 111,33 504,56 5,30

3.3.3.20.5 mM silver nitrate doped PVDF results

Real image (Figure 3.55) and optic microscope images (Figure 3.56) of the carbon ink
demonstrate the surface regularity in different thickness. While the thinnest layer could
not achieve uniform and regular surface, the thickest layer has more regular and

uniform surface.

i
|

: l
) ~
=2 R
Figure 3.55 : Images of the 0,5 mM AgNO3 doped-PVDF carbon ink with a) 45 um
b) 130 um and c) 255 pum thickness.

b)

Figure 3.56 : Optic microscope images of 0,5 MM AgNO3 doped-PVDF carbon ink
with a) 45 pm b) 130 um and c) 255 um thickness.
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Morphological properties of the carbon ink were investigated by SEM images (Figure
3.57) which showed micro-cracks on the surface of the ink. Homogenity of the film
was proved by EDAX results (Figure 3.58). Bulk resistivity of the carbon ink

decreased by increasing layer thickness of film (Table 3.15).
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Figure 3.57 : SEM images a)
doped-PVDF carbon ink.
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Figure 3.58 : EDAX results of 0,5mM AgNO3 doped-PVDF carbon ink.
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Table 3.15 : Resistivity results of 0,5 mM AgNO3 doped PVDF carbon ink.

Thickness Results Sheet Resistance Bulk Resistance
(ohm*cm)
45 um 433,48 1964,53 10,15
130 um 290,33 1315,79 7,76
255 um 140 634,48 5,65

3.3.3.30.75 mM silver nitrate doped PVDF results

Carbon ink with 0,75 mM silver nitrare was applied on the FTO substrate with
different thickness. Surface properties was observed from real image (Figure 3.59) and
optic microscope images (Figure 3.60) and confirned that the thickest layer has the

most unirom and regular surface.

Figure 3.59 : Images of the 0,75 mM AgNO3 doped-PVDF carbon ink with a) 45
um b) 130 pm and ¢) 255 pm thickness.

300 pm

Figure 3.60 : Optic microscope images of 0,75 mM AgNO3 doped-PVDF carbon
ink with a) 45 um b) 130 pum and ¢) 255 pum thickness.
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Morphology and homogeneity of the carbon ink was characterized by SEM images
(Figure 3.61) and EDAX results (Figure 3.61). Especially, SEM images with high
magnification showed that uniformity of surface is poor. However, according to
EDAX results, ingredients of ink were dispersed homogenously. Moreover, bulk

resistivity is lower than 1,5 ohm*cm (Table 3.16).

Figure 3.61 : SEM images a) 500x b) 5.00kx magnification of 0,75mM AgNO3
doped-PVDF carbon ink.
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Figure 3.62 : EDAX results of 0,75mM AgNO3 doped-PVDF carbon ink.
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Table 3.16 : Resistivity results of 0,75 mM AgNO3 doped PVDF carbon ink.

Thickness Results Sheet Bulk
Resistance Resistance
(ohm*cm)
45 um 168,33 762,89 1,47
130 um 116,67 528,73 1,92
255 um 84,58 383,33 2,15

3.3.3.41.0 mM silver nitrate doped PVDF results

Carbon ink with 1,0 mM silver nitrate was applied onto FTO. Real images (Figure
3.63) and optic microscope images (Figure 3.64) show how increasing thickness affect

the uniformity of the film.

Figure 3.63 : Images of the 1,0 mM AgNO3 doped-PVDF carbon ink with a) 45 um
b) 130 um and c¢) 255 pm thickness.

Figure 3.64 : Optic microscope images of 1,0 MM AgNO3 doped-PVDF carbon ink
with a) 45 pm b) 130 um and c¢) 255 pum thickness.
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Morhpology and ingredients distribution of the ink were investigated by SEM images
(Figure 3.65) and EDAX results (Figure 3.66). Micro-cracks were observed which
normlly caused to high resistivty of carbon ink. Despite that, ink’s electrical
conductivity is high, as shnown in Table 3.17. Moreover, homogenity is approved by

EDAX images.

Figure 3.65 : SEM images a) 500x b) 5.00kx magnlflcatlon of 1,0 mM AgNO3
doped-PVDF carbon ink.

Figure 3.66 : EDAX results of 1,0 mM AgNO3 doped-PVDF carbon ink.
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Table 3.17 : Resistivity results of 1,0 mM AgNO3 doped PVDF carbon ink.

Thickness Results Sheet Bulk
Resistance Resistance
(ohm*cm)
45 um 599,33 2716,18 6,25
130 um 208 942,66 531
255 um 85,24 386,29 3,95

3.4 Properties Of Environmentally Friendly and Polymer-Doped Low
Temperature Processable Carbon-Based Conductive Ink

Carbon ink containing TC 1:2 30/70 and 1,0 mM silver nanoparticle was applied on
FTO surfaces with different thickness. From the real and optical microscope images
(Figure 3.67 and Figure 3.68) irregular surface were observed for the thinnest films,
which improves when the number of layers increases. However, compared to the only
silver nanoparticle contains ink surface, the surface of TC 1:2 30/70 and 1,0 mM silver

nanoparticle carbon ink is more regular.

a)

3

.

Figure 3.67 : Images of the TC 1:2 30:70 & 1,0 mM Ag doped-PVDF carbon ink
with @) 45 pm b) 130 um and c) 255 um thickness.

Figure 3.68 : Optic microscope images of TC 1:2 30:70 & 1,0 mM Ag doped-PVDF
carbon ink with a) 45 um b) 130 pm and ¢) 255 um thickness.
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According to SEM images (Figure 3.69) and EDAX results (Figure 3.70), surface

uniformity and dispersion homogenity were approved. However, the ink resistivity is
higher than the silver and silver nitrate doped PVDF carbon ink (Table 1.1Table 3.18).

Figure 3.69 : SEM images a) 500x b) 5.00kx magnification of TC 1:2 30:70 & 1,0
mM Ag doped-PVDF carbon ink.
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Figure 3.70 : EDAX results of TC 1:2 30:70 & 1,0 mM Ag doped-PVDF carbon ink.
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Table 3.18 : Resistivity results of TC 1:2 30:70 & 1,0 mM Ag doped PVDF carbon

ink.
Thickness Results Sheet Bulk
Resistance Resistance
(ohm*cm)
45 um 6560,67 29732,94 100,10
130 um 1346,67 6103,09 23,40
255 um 647,44 2934,21 13,50

Compared the silver and silver nitrate doped PVDF carbon inks (Figure 3.71), 0,5 Ag
and 0,75 AgNOs doped-PVDF carbon inks showed the highest conductivity. However,
increasing the Ag and AgNOs amount have the negative effect on the electrical
conductivity of the inks. The reason for this Ag can create surface charges and defects
on the polymer and/or high amount of Ag cause to agglomeration which leads to

leakage current in the ink.
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Figure 3.71 : Resistivity comparision of low temperature and doped polymer carbon
inks.

3.5 Comparison of Perovskite Solar Cell Performance with Different Inks

To identifying solar cell performance, three parameters are used such as open-circuit
voltage (Voc), short-circuit current (Jsc) and fill factor (FF) [105]. To get high efficiency
from the solar cell, these three parameters should be optimized at maximum value. FF

depends on shunt (minor effect) and series resistance (main effect), the charge
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transporting ability, recombination, and surface morphology of the layers. Vo can be
affected by recombination rate, surface morphology and crystalline structure of the
solar cell materials and Jsc depends on the electron and hole transport channels and
surface morphology of the layers. To improve the solar cell efficiency, perovskite
should have the large crystal size and less crystal boundary, the low defect in its
structure, enhance light harvesting ability and smooth surface, which lead to reduce
leakage, better contact with the other layers and reduce the recombination rate of the
cell. Also, carbon counter electrode contacts with the perovskite layer should be
smooth and carbon should have large pore size, good electrical conductivity and
optimized specific surface area [62,105,106]. According to perovskite solar cell results
which are illustrated in Table 3.19, the solar cell with TC 1:2 30/70 carbon ink showed
the highest efficiency compare to other solar cells. This can be a result of biowaste
carbon’s structure. TC 1:2 carbon has the largest mesoporous properties which can
lead to improved hole transport channels, thus improve the Jsc. Moreover, TC 1:2 30/70
carbon ink has good conductivity and when applied to the solar cell it constituted a
smooth layer that cause to the good interaction between the perovskite layer and
carbon counter layer. Therefore, it is possible to prevent the leakage and decrease the
resistivity and improve the FF and Jsc of the solar cell.

Table 3.19 : Comparison of the photovoltaic results of perovskite solar cells with
carbon elecrodes.

Voc Jsc FF  Efficiency Series Shunt
(V)  (mA/cm”2) (%) Resistance-Rs  Resistance-
(ohm.cm”2) Rsh
(ohm.cm”2)
Low T 0,691 0,281 0,248 0,048 1729,33 1919,88
processable
carbon ink
TC1:2 0,897 9,991 0,506 4,534 976,48 1145,71
30/70
0.25 mM 0,85 0,25 0,27 0,06 4361,35 3664,43
Ag
0.5mMAg 0,64 0,03 0,24 0,004 29817,52 20588,48
0.75 mM 0,93 0,47 0,32 0,14 2503,64 2843,65
Ag
1.0mMAg 0,93 0,44 0,32 0,11 2653,97 2445,59
0.25 0,85 0,03 0,26 0,006 20511,27 24244.,67
AgNO3
mM
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Table 3.19 (continued): Comparison of the photovoltaic results of perovskite solar
cells with carbon elecrodes.

0.5 AgNO3 0,92 0,29 0,27 0,07 2669,21 2911,76
mM
0.75 0,91 0,53 0,29 0,14 1989,38 1971,03
AgNO3
mM
1.0 AgNO3 0,85 0,17 0,31 0,05 4673,78 5101,26
mM
TC 1:2 1,02 0,59 0,29 0,17 2401,54 2222.8
30:70 &
1,0 mM Ag
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4. CONCLUSIONS AND RECOMMENDATIONS

To sum up in the first chapter, new, easy to processs and low temperature carbon-based
conductive ink was prepared and applied on the perovskite solar cell. According to
literature, PVVDF has not been used in carbon ink and this research shows that even
2,5wWt% PVDEF is sufficient to obtain regular film surface on FTO glass. Moreover,
new type of ink can be dried at room temperature in 15 minutes without any heating.
Low resistivty and homogenity of the ink permit it to be used in application areas
where high conductivity is need. However, the perovskite solar cell result was not

sufficient. The reason behind it may be the printing process or the perovskite structure.

In the second chapter, from all activated carbon-based conductive ink TC 1:2 30/70
gave the best result. Its surface morpholy is uniform, resistivity is very low and also
gives the best power conversion efficiency compared to the other inks used in this
thesis. Uniformity of the morphology may arise from high surface area of the particles.
Also, continuous morphology affect the conductivity of the ink due to the fact that
particles can interact with each other easily. It can also be said that TC 1:2 30/70 carbon
ink have advantageous because it can be applied easily and its drying process takes

only 15 minutes at standard temperature and humidity conditions.

In the third chapter, silver and silver nitrate doped PVDF carbon-based conductive ink
was studied. According to all results, general trend of more homogenous and uniform
surface and increased conductivity, with the increasment of the thickness of the ink
layer was followed. Electrical resistivity results also show that, adding silver and silver
nitrate enhance the conductivity. However when applied as electrodes on perovskite

solar cell, the high efficiencies of perovskite solar cell couldn’t be reached.

In summary, new and easy to processs at low temperature carbon-based conductive
ink can be prepared using PVDF as binder. Adding bio-waste carbon and/or Ag
compounds into the ink can provide printed films with simillar conductivities to some
commercial inks [107-109]. However, during the study a problem with the printing
technique was meet and non-uniform films were produced. Therefore, as further

studies, the coating process can be improved or changed in order to obtain more regular
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and uniform surface. Moreover, all carbon inks can be applied to different type of

applications.
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APPENDICES

APENDIX A

TC 131 UM

TC2:1UM

Figure A.1 : SEM images of unball milled coffee-waste carbon particles with 500x
magnification.
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Figure A.2 : SEM images of ball milled coffee-waste carbon particles with 50.00kx
magnification.
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Figure A.3 : Particle size of unball milled and ball milled coffee-waste carbon
particles.
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Figure A.4 : Bulk resistivity comparision of all inks.
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Figure A.5 : a) Perovksite solar cell with low temperature processable carbon ink,
and b) Low temperature processable carbon ink coated perovskite solar cell current
density-voltage diagram.
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Figure A.6 : a) Perovksite solar cell with TC 1:2 30/70 carbon ink, and b) TC 1:2
30/70 carbon ink coated perovskite solar cell current density-voltage diagram.
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Figure A.7 : a) Perovksite solar cell with 0,25mM Ag doped-PVDF carbon ink, and
b) 0,25mM Ag doped-PVDF carbon ink coated perovskite solar cell current density-
voltage diagram.
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Figure A.8 : a) Perovksite solar cell with 0,5mM Ag doped-PVDF carbon ink, and
b) 0,5mM Ag doped-PVDF carbon ink coated perovskite solar cell current density-
voltage diagram.
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Figure A.9 : a) Perovksite solar cell with 0,75mM Ag doped-PVDF carbon ink, and

b) 0,75mM Ag doped-PVDF carbon ink coated perovskite solar cell current density-
voltage diagram.
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Figure A.10 : a) Perovksite solar cell with 1,0mM Ag doped-PVDF carbon ink, and
b) 1,0mM Ag doped-PVDF carbon ink coated perovskite solar cell current density-
voltage diagram.
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Figure A.11 : a) Perovksite solar cell with 0,25mM AgNOs doped-PVDF carbon
ink, and b) 0,25mM AgNO3 doped-PVDF carbon ink coated perovskite solar cell current
density-voltage diagram.
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Figure A.12 : a) Perovksite solar cell with 0,5mM AgNO3 doped-PVDF carbon ink,
and b) 0,5mM AgNO3 doped-PVDF carbon ink coated perovskite solar cell current
density-voltage diagram.
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Figure A.13 : a) Perovksite solar cell with 0,75mM AgNO3 doped-PVDF carbon
ink, and b) 0,75mM AgNO3 doped-PVDF carbon ink coated perovskite solar cell current
density-voltage diagram.
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Figure A.14 : a) Perovksite solar cell with 1,0mM AgNO3 doped-PVDF carbon ink,
and b) 1,0mM AgNO3 doped-PVDF carbon ink coated perovskite solar cell current
density-voltage diagram.
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Figure A.15 : a) Perovksite solar cell with TC 1:2 30:70 & 1,0 mM Ag doped PVDF

carbon ink, and b) TC 1:2 30:70 & 1,0 mM Ag doped PVDF carbon ink coated perovskite
solar cell current density-voltage diagram.
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Figure A.16 : Comparision of solar cell efficiency.
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