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ABSTRACT 

 

TUNING THE ELECTRON BEAM EVAPORATION PARAMETERS FOR 

THE PRODUCTION OF HOLE AND ELECTRON TRANSPORT LAYERS 

FOR PEROVSKITE SOLAR CELLS 

 

Coşar, Mustafa Burak 

Doctor of Philosophy, Metallurgical and Materials Engineering 

Supervisor: Prof. Dr. Ahmet Macit Özenbaş 

 

June 2019, 210 pages 

 

This study evaluates the use of electron beam evaporation technique for the deposition 

of electron and hole transport layers for perovskite solar cells where cell productions 

were performed in n-i-p structure. NiO and TiO layers were studied for hole transport 

layer and TiO2 and Nb2O5 layers were deposited for electron transport purposes. To 

optimize the suitable evaporation parameters for efficient perovskite cell production, 

single layers of each material were deposited at different conditions of oxygen flow 

rate, deposition temperature, deposition rate and plasma assistance. The structural, 

optical, and electrical properties of each layer were associated with the produced 

perovskite cells. Oxygen addition provides better cell performances in the case of both 

NiO and TiO hole transport layers; however, oxygen requirement of the TiO thin films 

were optimized at a lower value than NiO layers. When hole transport layer 

thicknesses were obtained at 75 nm and 50 nm for NiO and TiO, conversion 

efficiencies for these cells were recorded as best performances of 6.13 % and 5.72 %. 

Nb2O5 compact electron transport layers were used in the production of the perovskite 

solar cells at planar, heat treated planar and Nb2O5- mesoporous TiO2 bilayer 

architectures. Although, oxygen addition is crucial for the plasma assisted condition, 

it is detrimental for the unassisted condition for all types of architectures. It is detected 
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that plasma assistance yields better performance compared to unassisted deposition. 

The use of Nb2O5-mesoporous TiO2 bilayer provides sharp enhancement in the cell 

performance and 13.87 % conversion efficiency was sustained. 

 

 

Keywords: Electron Beam Evaporation, Perovskite Solar Cell, Compact Electron 

Transport Layer, Hole Transport Layer.  
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ÖZ 

 

PEROVSKİT GÜNEŞ HÜCRELERİNDE ELEKTRON VE BOŞLUK 

TAŞIYICI KATMANLARIN ÜRETİLMESİ İÇİN ELEKTRON IŞINI 

BUHARLAŞTIRMA PARAMETRELERİNİN OPTİMİZASYONU 

 

Coşar, Mustafa Burak 

Doktora, Metalurji ve Malzeme Mühendisliği 

Tez Danışmanı: Prof. Dr. Ahmet Macit Özenbaş 

 

Haziran 2019, 210 sayfa 

 

Bu çalışmada, n-i-p konfigürasyonundaki perovskit güneş hücrelerinin 

oluşturulmasında kullanılan elektron taşıyıcı ve boşluk taşıyıcı katmanların elektron 

ışını buharlaştırma tekniği kullanılarak üretilmesi değerlendirilmektedir. NiO ve TiO 

katmanları boşluk taşıyıcı katman olarak çalışılmıştır ve TiO2 ile Nb2O5 katmanları 

elektron taşıyıcı olarak kullanılmıştır. Uygun ince film büyütme parametrelerinin elde 

edilmesi için, bütün malzemeler tek katman olarak elektron ışını buharlaştırma tekniği 

ile farklı oksijen akış miktarlarında, kaplama sıcaklıklarında, kaplama hızlarında ve 

plazma desteği koşullarında oluşturulmuştur. Yapısal, optik ve elektriksel özellikler 

her bir katman için analiz edilmiştir ve sonuçlar üretilen perovskit hücreler üzerindeki 

kaplama parametrelerinin etkilerinin açıklanmasında kullanılmıştır. NiO ve TiO ince 

filmlerin büyütülmesinde oksijen katkısının hücre verimliliğini iyileştirdiği tespit 

edilmiştir. Bununla birlikte optimize edilen oksijen miktarının TiO boşluk taşıyıcı 

katmanı için NiO boşluk taşıyıcı katmanına göre daha az olduğu belirlenmiştir. NiO 

ve TiO boşluk taşıyıcı katman kalınlıkları olarak 75 nm ve 50 nm kalınlıkları 

uygulandığında, hücrelerden elde edilen verim değerleri sırası ile 6.13 % and 5.72 % 

olarak elde edilmiştir. Nb2O5 kompakt elektron taşıyıcı katmanı perovskit güneş 

hücresi üretiminde düzlemsel, ısıl işlem görmüş düzlemsel ve Nb2O5-gözenekli TiO2 
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ikilisi hücre şekillerinde olmak üzere üç farklı mimaride kulanılmıştır. Plazma desteği 

ile yapılan Nb2O5 ince film kaplamalarında oksijen katkısı performansı iyileştirirken, 

plazma desteği olmayan filmlerde ise oksijen katkısı verimlerde düşüşe neden 

olmuştur. Plazma desteğinin, tüm yapılarda plazma desteksiz kaplamalara göre daha 

verimli hücreler oluşturduğu tespit edilmiştir. Nb2O5-gözenekli TiO2 ikili hücre yapısı 

verimlerde keskin bir artış sağlayarak 13.87 % çevrim verimi elde edilmiştir. 

 

Anahtar Kelimeler: Elektron Işını İle Buharlaştırma, Perovskit Güneş Pili, Kompakt 

Elektron Taşıyıcı Katman, Boşluk Taşıyıcı Katman. 
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CHAPTER 1  

 

1. INTRODUCTION 

 

Solar power has great potential to take in place of fossil fuels. Solar energy is never 

ending and environmentally friendly source. The photovoltaic market has been 

dominated since many years by the crystalline silicon solar cells. To become an 

important candidate in photovoltaic industry, high stability, high conversion 

efficiency and low production cost should be maintained. Potential of third generation 

solar cells was understood about twenty years ago. Dye sensitized solar cells, organic 

solar cells and quantum dot sensitized solar cells belong to this generation. Main 

advantages of the third generation solar cells are low cost production, easy application, 

suitability to flexible substrates and processing from readily available materials. 

However, efficiency gap with crystalline silicon solar cells was not reduced up to the 

evolution of perovskite solar cells from dye sensitized solar cells. First attempt was 

performed in 2009, and potential of perovskite solar cells was determined at 2012. In 

a short period of time, cell efficiencies became higher than 20 %. Addition to high 

energy conversion potential, perovskite solar cells offer high stability in outside usage. 

Scalability is the major drawback of the perovskite solar cells like all third generation 

solar cells [1-3].  

 

Perovskite absorber and small molecule organic hole transport layer are the two main 

components which are the reasons of efficiency boosting of the perovskite solar cells. 

Spiro-OMeTAD hole conductor plays an important role in the evolution of perovskite 

solar cells, because it replaced the liquid electrolyte used in dye sensitized solar cells. 

Therefore, it provides the high efficiency together with high outdoor stability. Despite 

the advantages of spiro-OMeTAD, there are many efforts to replace it with some 

alternative materials or the possibility of hole conductor free cell production. High 
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cost and long-term stability problem of spiro-OMeTAD are the main barriers to the 

commercialization of the perovskite solar cells. Inorganic oxide hole conductors are 

widely studied and potential use of them was observed. Although there are some 

studies using of CuO, VOx, and MoOx, as hole transport layer, NiOx is the most 

promoting material in this group due to its suitable band gap edges, wide band gap 

nature, easy processing and low cost. Their main disadvantage is the inability of low 

temperature processing of inorganic oxide materials on top of perovskite absorber 

layer. Therefore, studies mostly focus on the inverted p-i-n cell design for these hole 

conductors [4-6]. 

 

Compact layer is another critical component for the production of efficient perovskite 

solar cells. Due to the charge transport nature of the perovskite absorber, it is required 

to use hole blocking layer to minimize the recombination reactions. For efficient hole 

blocking, this layer should have enough thickness and provide effective electron 

transfer. For this reason, compact layer is mostly chosen from n-type conductor 

alternatives. TiO2 is well known and mostly used compact layer material which has 

advantages such as environmentally friendly nature, wide band gap, high electron 

mobility, and good stability. However, alternative materials have been studied widely 

to produce better electron transfer and reduce the interfacial resistances between 

transparent conducting oxide and compact layer. ZnO, Cs2CO3, SnO2, WO3, Nb2O5 

and doped TiO2 are some of the candidates for compact layer. Perovskite solar cells 

can be produced in mesoporous or planar architectures whether a mesoporous layer is 

involved or not. Mesoporous layers are directly deposited on top of the compact layer 

and they can be used just for scaffold to perovskite absorber and increase the electron 

transfer process [4, 7].  

 

Both hole transport and compact electron transport layers can be deposited by solution 

processing or vacuum coating techniques. Solution based production is cost effective 

and easily applicable method; however, quality of thin films depends on many factors 

such as humidity, environment, solution chemistry. Therefore, repeatability is always 
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questionable in these solution-based processes. Also, in most of the cases, oxide 

inorganic layers should be heat treated for the removal of organics or additives to 

enhance the crystallization together with interconnection. Drawbacks in solution 

processing make vacuum deposition critical in the production of perovskite solar cells, 

although, vacuum depositions provide higher cost compared to solution-based 

processing. Vacuum depositions are reliable, industrial and highly reproducible 

techniques. In addition, upon modifying the process parameters, stoichiometry and 

band gap modification can be applicable in vacuum deposition. In addition, dense, 

uniform, high quality, and good coverage films can easily be obtained in vacuum 

evaporation techniques [8, 9].  

 

The objective of this work is to develop mesoporous and planar perovskite solar cells 

using electron beam evaporation technique for the production of compact electron 

transport and hole transport layers. NiO and TiO layers were studied as suitable p-type 

conductors for hole transportation. Although, there are some studies using NiO in 

inverted p-i-n cell configuration, there is no previous study using TiO for hole 

conducting purpose [10, 11]. Both materials were firstly studied in single layer forms. 

While NiO single layers were deposited at different oxygen flow rates, deposition 

temperatures, deposition rates and plasma assistance, TiO single layers were studied 

just depending on different oxygen flow rate conditions. Structural, optical and 

electrical properties of single layers were determined using different characterization 

tools. The studies performed about the characterization of NiO and TiO single layers 

were published in Journal of Vacuum Science & Technology A in the form of two 

separate manuscripts [12, 13]. After that, these deposition conditions were used to 

develop NiO and TiO hole conductor containing perovskite solar cells. Also, layer 

thickness optimization was performed for both hole conductor materials. Nb2O5 layers 

were studied for the electron transfer purposes as a final study. Nb2O5 is a very 

promising alternative compact layer material due to its high carrier mobility, low 

hysteresis and suitable conduction band edge position. Also, Nb2O5 is transparent, air 
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and water stable and band position can easily be tuned by changing its stoichiometry 

or crystalline structure. Spiro-OMeTAD was used for hole conductor material for the 

cell production in this case. Similar to NiO and TiO, Nb2O5 layers were studied in 

single layers and after that this knowledge was transferred to the production of 

perovskite solar cells. Oxygen flow rate and effect of plasma assistance for the 

deposition were the analyzing parameters for the production of Nb2O5 electron 

transport layer. This study is currently under review in the journal of Solar Energy. 
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CHAPTER 2  

 

2. LITERATURE REVIEW  

 

2.1. Photovoltaic Energy Conversion 

 

Photo electrochemical effect was discovered by Becquerel in 1839 using halide coated 

platinum electrodes immersed in an electrolyte while exposing light in the study. This 

experiment is accepted as the origin of photovoltaic studies. Followed by Becquerel, 

Smith had shown that selenium bars have photoconducting properties in 1873 which 

is the first study regarding all solid materials. In 1940s, p-n junction was discovered 

by Ohl, who used silicon material with trace amount of impurities. Present technology 

for solar cells was reported firstly by Chapman and Fuller at 1954 using semiconductor 

junctions. After the understanding of the potential of silicon solar cells, their first 

market became space satellites. However, developments in the technology reduce the 

cost/energy ratio and also increase the cell performance. Also, the decrease in the 

amount of fossil fuels together with increase in the demand for energy opened an era 

for the use of solar cells in commercial applications [1-4]. 

 

Photovoltaic cells are also remarkable in many studies due to their clean and infinite 

nature. Fuel sources will become scarce in the near future and they are always 

debatable as a pollutant energy source. Other advantages of photovoltaic cells can be 

given as low operating costs, no moving parts, high reliability, silence, quick 

installation and applicability to any area. Solar cells can be found in many application 

areas in daily life. Studies in photovoltaic area are conducted under many branches. 

In some of them, while the main idea is the lowering of cost, others focus to advance 

photo conversion efficiency [2, 3].  
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Solar cells have a growing industry, their ratio in total energy production increases 

year by year. However, fuel sources continue to be the dominant energy. Because, 

sunlight is relatively low density energy compared to fuel energy. Also, initial costs 

of solar cells are more expensive which create longer amortization periods. 

Unclearness continues in the storage of electricity produced from solar cells. Final 

drawback is the useful life time and photo conversion efficiency of solar cells which 

are not sufficient for some of the applications [2, 5]. 

 

2.1.1. Main Properties and Definitions for Sunlight 

 

Light was a mystical topic starting from earliest times. Many studies were realized to 

understand the nature of light. Firstly, light was accepted as small particles in late 

1600s from the view of Newton’s mechanic laws. At 1800s, Young and Fresnel show 

interference effect which is the result of wave motion. Electromagnetic radiation 

theory of Maxwell was accepted at 1860s which presents the light as a portion of 

electromagnetic spectrum. Today, accepted theory is the particle-wave duality of light 

which is summarized by the equation 2.1. In this equation, light has a specific 

frequency () or wavelength (λ), and energy (E) of light is dependent on the Planck’s 

constant (h) and velocity of light (c) in addition to wavelength [6]. 

 

hc
E h


= =    Eq. [2.1] 

 

Blackbody is an ideal absorber and emitter. When a blackbody is heated, it starts to 

glow and emits electromagnetic radiation. When the heating temperature is increased, 

emissivity shifts to lower wavelength and higher emissivity power is obtained [6]. 

Figure 2.1 demonstrates the emittance from blackbody object at different 

temperatures. 
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Figure 2.1. Radiation distribution from perfect blackbody sources at three different temperatures [3]. 

 

Internal temperature of sun is above 20 million K, nuclear fusion reactions are the 

reason of these high temperatures. Heat transfer in the sun is explained in Figure 2.2. 

Heat is radiated to the surface regions of sun where hydrogen ions absorb most of the 

energy. Remaining energy is transferred by convective way to reach photosphere and 

after that re-radiation happens at the surface of sun. This radiation is approximately 

same with the blackbody radiation which is around 6000 K [3, 5, 6]. 

 

 

 

Figure 2.2. Simplified schematic of sun [1]. 
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Radiation from the sun is mostly constant; however, amount of photon reaches to the 

surface of earth is variable. Maximum radiation reaches to earth surface when the sky 

is clear and sun is located at directly overhead. Shortest path length is obtained at 

overhead position. Position of sun according to earth surface is defined using Air Mass 

(AM) term which is defined in equation 2.2. For the overhead position, angle is zero 

which is the AM1 condition. For the photovoltaic studies, AM1.5 position is used 

which corresponds to 48.2. AM0 is the spectral distribution of sunlight at outside of 

the atmosphere. Figure 2.3 explains the air mass term. Sun can reach to earth surface 

directly or diffusing from any object into the sky. Total of direct and diffuse radiation 

is known as global radiation which is shown as AM1.5G. 30 % energy of the sun does 

not reach to the surface of earth. Main reasons of this reduction are Rayleigh 

scattering, scattering by aerosols and dust particles and absorption from atmospheric 

gases [6, 7].  

 

1

cos( )
AirMass


=    Eq. [2.2] 

 

 

 

Figure 2.3. Schematic demonstration of air mass [1]. 
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2.1.2. Semiconductors 

 

Semiconductor materials are used for the production of photovoltaic cells. Electrical 

properties of semiconductors were explained in two different models: bond and band 

models. In the bond model, covalent bonds are present between the semiconductor 

atoms. Covalent bonds are stable without stimulant and electrons cannot move outside 

bond area. When any kind of energy is subjected, bonds are broken and electrons 

become free to move. For band model, energy levels are used to explain conductive 

nature of semiconductors under any stimulation. In the band model, materials are 

formed from two energy bands; they are valence and conduction bands. Valence band 

is the same with electrons inside the area of covalent bonds. Conduction band 

corresponds to free electrons. There is a gap between the valence and conduction band 

which is called as forbidden gap. To make any semiconductor conductive, it requires 

that higher stimulation energy is required to overcome this forbidden band barrier [2, 

3, 8]. Electrons in valence band jump to conduction band, holes are formed inside in 

valence band which is shown in Figure 2.4.  

 

 

 

Figure 2.4. Energy band diagram of semiconductor materials [2]. 
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Most commonly used semiconductor is silicon which can be in the form of single 

crystal, polycrystalline and amorphous. GaAs, GaInP, Cu(InGa)Se2, and CdTe are 

some of the other semiconductor materials used in the production of solar cells. 

Compound semiconductors are formed from group III-V or Group II-VI elements.  

There are two main parameters while choosing the semiconductor materials; the ease 

in production and absorption character. Silicon becomes the first choice from the 

beginning of the solar cell technology due to well matched absorption band with the 

solar spectrum and therefore, its fabrication technology is developed with time. 

Change of balance between electrons and holes is realized by doping of impurity 

elements. Doping of semiconductors with one more electron supplies n-type material, 

whereas one less electron creates a p-type material. For the silicon solar cells, doping 

is realized with substitutional impurities in which impurity atom is located at the exact 

position of host atom. To create n-type material, silicon atoms are substituted by group 

V elements (such as phosphorus), whereas, group III elements (such as boron) are 

used in doping to form a p-type material [2, 3, 8].  

 

When group V dopants replace with silicon atoms, four electrons of group V element 

make covalent bond with silicon host atoms. One electron is remained, and this 

electron is located neither in valence band nor in conduction band. However, this 

electron can be free with lower energy compared to the undoped condition. At this 

situation, an energy level is formed in forbidden gap and near to the conduction band 

(Figure 2.5). For the other case, there are not enough valence electrons to satisfy four 

covalent bonds when doped with group III atoms. In this case, holes are formed and 

again, lower energy is required to release the holes. Therefore, an energy level is 

formed above the valence band and inside the forbidden gap. In doped 

semiconductors, there are excess carriers in terms of electrons and holes, they are also 

mobile. However, the mobility of these carriers is random, and net current is not 

generated in one direction. p-n junction is required to create a driving force which is 

supplied by the contact of p and n type semiconductors [2, 3, 8]. 
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Figure 2.5. Energy levels for donor (n-type doping) and acceptor (p-type doping) states [2]. 

 

2.1.3. The p-n Junction 

 

 p-n junction is the fundamental of solar cells which is formed when a p-type and an 

n-type semiconductor materials  come into contact. There is a concentration gradient 

at the junction. While excess electrons are found in n-type semiconductors, p-type 

material has too much holes inside. When the contact happens, excess electrons have 

tendency to go to lower concentration region which means they move from n-type 

material to p-type material. Also, reverse case is happened for the holes, they diffuse 

from p-type to n-type material. After this movement happens, a space charge region 

is formed at both side of the junction. In the region inside the p-type material, electrons 

expose the holes and create negatively charged region. At the other side of the 

junction, holes expose the electrons and create positively charged region inside the n-

type material. Exposed charges create an electric field against the natural diffusion 

path which creates the drift current. Negative charges in space charge region of p-type 

materials move to n-type materials and also vice versa. This lasts until the charge 

balance occurs. Therefore, space charge region is also called as depletion region. 

Because both electrons and holes are depleted at this region [2, 3, 8, 9]  
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At balance condition, fermi energy levels of the donor and accepter materials become 

the same. This happens with rearrangement of conduction and valence band of the 

materials. This phenomenon is known as band bending. Figure 2.6 illustrates the p-n 

junction, depletion region and band bending. The electrostatic potential difference 

creates the built in voltage which is the result of exposed positive and negative charges 

in the depletion region [2, 3, 8, 9]. 

 

 

 

Figure 2.6. Band diagram and band bending after the formation of p-n junction [9]. 

 

2.1.4. Absorption of the Light by Semiconductor 

 

Light and materials can be interacted at three different mechanisms. Light can be 

passing inside the material or it can be reflected from the surface of materials. Both 

events are occurring when the energy of light is lower than the band gap of material. 

On the other hand, third process, absorption of incident light generates separated 

electron-hole pairs in the semiconductor which is the principle of working mechanism 

of solar cells. Photons have the larger energy than the band gap of material, ejects one 

electron from valence band to conduction band. Excited electron leaves a hole in the 
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valence band state. Carrier generation is created by band to band transitions which can 

be realized in two ways according to the crystal momentum position of the band levels. 

First one is the direct band gap in which crystal momentum position is the same for 

valence and conduction bands. Higher photon energy with respect to the band gap is 

sufficient for the absorption. The other one is indirect band gap which has different 

crystal momentum positions for conduction and valence bands. Therefore, not only 

the photon energy but also lattice momentum is required for the absorption. This 

condition results in higher absorption coefficient values for direct band gap materials 

compared to the indirect band gap materials. Therefore thicker structures must be used 

in indirect band gap semiconductors, like Si, compared to direct band gap materials, 

like GaAs. For indirect band gaps, a second mechanism which is referred as phonon 

is involved in two step processes required for electrons to reach the conduction band. 

Phonons have small energy and large momentum which is contrary to the properties 

of photons. After the excitation of electrons to the energy level of conduction band, 

phonon emission or absorption occurs to move the wave vector to the position of 

conduction band [2, 5, 6, 10]. Figure 2.7 explains the absorption phenomena in both 

direct and indirect band gap structures. 

 

 

 

Figure 2.7. Absorption phenomena in both direct and indirect band gap materials [2]. 
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2.1.5. Recombination Losses in Solar Cells 

 

Recombination process is the reverse case of the electron-hole pair generation. It is an 

undesirable phenomenon; however, it is inevitable. There are great efforts to minimize 

the recombination in all kind of solar cells. There are four main recombination 

processes which are shown in Figure 2.8. 

 

 

 

Figure 2.8. Recombination mechanisms [6]. 

 

First one is the band to band transition in which the reverse case of photon absorption 

occurs. This is widely observed in solar cells, after the recombination, photon emission 

occurs. When the photon emission happens, recombination is called as radiative. If 

the emitted matter is phonon, then it is non-radiative recombination. It is quite similar 

with absorption, an additional momentum is required for indirect band gap materials, 

and therefore it is mostly observed in direct band gap semiconductors [3]. 

 

Secondly, when the band to band transition recombination happens, excess energy of 

photons is produced. These photons excite another electron to higher energy level. 
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When this electron relaxes to its original position with phonon emission (non-

radiative), this type of recombination is called as Auger recombination which is 

observed mostly in highly doped semiconductors [3]. 

 

Third recombination is the result of traps and therefore it is known as defect level 

recombination. Impurities in the semiconductor create additional energy levels in 

forbidden band gap. These levels do not supply a positive effect in charge generation 

and also, recombination will be easier from these trap levels. Excited electrons firstly 

relax to this position and later they move to the valence band. This recombination is 

also non-radiative, which produces phonon emission. It is clear that purity is critical 

for an efficient solar cell [3]. 

 

Surface recombination is the final loss mechanism. Surfaces are different from the 

bulk region and these surface areas include much more defects than the bulk. 

Vacancies, unbonded and dangled atoms are the main defects at the surface. These 

defects create additional energy levels and increase the probability of recombination. 

Surface passivation is applied in thin film solar cells where it is more critical due to 

the aspect ratio [3].  

 

2.1.6. Carrier Transport in Solar Cells 

 

Electrons and holes are the free particles at p-n junctions. However, there is no current 

flow. When the light absorption occurs, electron and hole pairs are created. Electron 

and holes make their movement with the help of two driving forces, the first one is the 

concentration gradient (diffusion current) and the second one is the difference in 

electrostatic potential energy (drift current). These current terms form the transport 

equations (Eq [2.3]) which govern the electron (Jn) and hole (Jp) current densities [2, 

5, 8]. 
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n n n n

p p p p

J q n qD

J q p qD

 

 

= + 

= −    Eq. [2.3] 

 

µ defines the mobility of the carriers, D is the diffusion coefficient of the electron and 

holes, ε is the electric field and q is the elementary charge in these equations. First 

equation is written for the electrons and the second one is for the holes. First term in 

the equations explains the drift current and the second term is for the diffusion current. 

Main component of the drift current is mobility, which depends on temperature, 

doping concentration and impurity content. Also scattering event in solar cells have a 

strong effect on transport due to the lowering of the mobility, carrier scattering and 

ionized impurity scattering which are two common scattering types in solar cells. 

Also, high temperature and electric field decrease the time for the collision, hence the 

mobility decreases [2, 5, 8]. 

 

2.1.7. Output Parameters for Solar Cells 

 

Working principle of solar cells depends on the conversion of the sunlight directly to 

the electricity. The basic characterization of the solar cells depends on the current (I) 

– voltage (V) measurements. Because, this measurement supplies many important 

information about the cell performance such as short circuit current, open circuit 

voltage, fill factor and especially efficiency (Figure 2.9). After measurement is 

performed, current-voltage curve is drawn and power values are calculated using each 

voltage and corresponding current values. For the maximum power point, current and 

voltage are defined with Imp and Vmp [2, 3]. 

 

At short circuit condition where zero voltage passes through the cell, obtained current 

value is called as short circuit current (Isc). This value is also exactly the same with 

the light generated current which is the largest current which can be obtained from the 

cell. Short circuit current is directly related to the photon collection ability of the cell. 



 

 

 

19 

 

It is maximized with increase in the number of photons trapped. It is also dependent 

on the cell area and therefore current density (Jsc) term is used instead of short circuit 

current to n the effect of area. Current density is calculated by dividing the value of 

current to active cell area. Other important term is open circuit voltage (Voc) which is 

the voltage value when the net current equals to zero. This term is affected by the 

recombination processes. Therefore, defect free cell production is important to 

maximize the open circuit voltage. Fill factor is another term which can be obtained 

from I-V measurements. Fill factor is the measure of how close is the I-V curve to the 

square shape. This gives information about the ratio of obtained maximum power to 

maximum obtainable power from the cell [2, 3]. It is calculated using the equation 2.4.  
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Figure 2.9. Current-Voltage curves for a solar cell [6]. 
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I-V curve deviates from the square shape due to the resistance sources in the solar cell. 

These resistance sources divide into two types: series and shunt. These resistances 

decrease the fill factor and cell efficiencies. Series resistances are due to the contact 

and bulky resistances and shunt resistance is due to the manufacturing defects. These 

defects create alternative ways for the flow of current and this decreases the shunt 

resistance of the cell (Figure 2.10). To reach the square shape, Rs slope should go to 

zero and Rsh slope should go to infinity [2, 3]. 

 

 

 

Figure 2.10. Series and shunt resistances on an I-V curve [6]. 

 

Efficiency is the last and most important parameter obtained from the I-V curve. 

Efficiency is used to compare all of the solar cell devices. It is the value of how much 

input energy is converted into the electricity. Equation 2.5 gives explanation about the 

calculation of efficiency. I-V analyses are conducted under AM1.5 condition as a 

standard [2, 3]. 
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2.2. Types of Solar Cells and Main Materials in Production 

 

2.2.1. Crystalline Silicon Solar Cells 

 

Silicon has been the dominant semiconductor material in solar cells from the 

beginning of technology. In the periodic table, silicon is located in the group IV A. It 

mostly occurs as silicon oxide and silicates in nature. Silicon is the second abundant 

element in Earth’s crust as 26 %. Crystalline silicon has diamond cubic crystal 

structure and it has 1.12 eV band gap. Compared to the alternative semiconductors, 

silicon possesses high stability, advance chemical, optical and electronic properties. 

Due to these advantages, silicon has become the first choice in the industry for not 

only silicon solar cells but also in all microelectronic applications. Also, studies using 

of silicon in microelectronic industry make the production technology mature and 

decrease the cost of the production in time. Silicon solar cells have been 

commercialized for 20 years. These conditions present 80 % of the photovoltaic 

industry market occupied by crystalline silicon. Crystalline silicon solar cells are used 

in the market at two different crystal structures as polycrystalline and single 

crystalline.  

 

Production techniques are different for both single and poly crystals. Single crystal 

silicon solar cells were fabricated by Czochralski crystal growth, in which, a direction 

known seed is dipped into the silicon melt and followed by the upward pull of the seed 

and rotated and molten silicon is cooled down at the known single direction. 

Oppositely, polycrystalline silicon is produced by direct casting of molten silicon. 

Minority carrier life time, which is the elapsed time for a free electron recombining 
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with a hole, is a good indicator for the solar cells. For the silicon solar cells; Fe, Cr 

and Ni are detrimental elements for the cells and they decrease the minority carrier 

life time. Therefore, purity is so critical for the cell performance. After these processes, 

production continues the same for both types. Ingots are produced by p-type doping; 

boron is the mostly used dopant material. Then, ingots are sliced in the order of 300-

500 µm thickness, this level is mainly known as wafer. This thickness is a must for 

the silicon solar cells, because silicon has indirect band gap nature and therefore it has 

low absorption coefficient. To increase the absorption, thickness should be increased. 

However, there is a limiting thickness due to the carrier diffusion length. Then these 

wafers are etched from smooth surface to a rough surface. Phosphorus, as n-type 

emitter, is diffused on p-type silicon wafer as a very thin layer (0.5 μm) for high light 

passing. After the diffusion process, a p-n junction is formed. Then, remaining 

phosphorous is cleaned from the back and front side of the wafer. Front side is coated 

with a single layer anti-reflective coating which can be tantalum oxide, titanium oxide 

or silicon nitride followed by the screen printing of metal contacts (silver) on front 

and rear sides. Finally, fire process is applied to the cell. Figure 2.11 represents the 

final architecture of the Si solar cell. 

 

 

 

Figure 2.11. Architecture of the conventional silicon solar cell [6]. 
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Silicon solar cells have been shown a marked improvement in the efficiency and cost 

per watt values since their first use in the market. Also, laboratory studies continue to 

improve the cell performance regarding their efficiency and stability. Another aim is 

to decrease the cost/watt price. Up to now, best cell efficiency was obtained as 27.6 

% from a single crystalline silicon solar cell. Stability of silicon solar cell reaches to 

20 years. Despite these impressive factors, panel prices are still very high compared 

to other solar cell technologies and companies have not reached to laboratory 

efficiencies in outdoor usage conditions, because of the fact that silicon solar cells 

should take sunlight at high light intensities and specific angles depending on the 

position [5, 11, 12]. 

 

2.2.2. Thin Film Solar Cells 

 

Thin film solar cells compose the second generation of solar cells. Low cost, 

robustness and stability are the main advantages of thin film solar cells. They are 

mostly deposited using vacuum techniques. They have high absorption coefficients; 

therefore, they can be applicable in thin films.  

 

2.2.2.1. Amorphous Silicon Solar Cells 

 

Amorphous silicon (α-Si) has been located in our lives as used in calculators for 40 

years. α-Si can be produced easily and cost efficiently. Also, its good performance and 

flexibility make it attractive in the applications. At the beginning of the studies for the 

use α-Si thin films for solar cells, problem was understood easily. Due to the 

amorphous structure, long range order is not observed. In other words, there is not a 

constant distance between the atoms. This situation creates many undangled bonds. 

These bonds can be positively charged, negatively charged or can be neutral. Charged 

bonds create many levels inside in the forbidden gap and these levels behave as 

recombination centers and directly decrease the efficiency of the cells. Therefore, 

number of defects is so critical for α-Si thin films. This gives a result that doping is 
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not possible and also a p-n junction. Also, hydrogen passivation is performed to 

unbonded atoms to decrease the defect concentration in amorphous Si. This process 

also works like doping. Therefore, cell architecture was changed, intrinsic silicon layer 

is inserted between p and n-type structures. In other words, p-i-n structure is used for 

amorphous silicon instead of p-n junction. Intrinsic silicon layer works like an 

absorption layer. Undoped silicon layer increases the thickness of the cell, therefore it 

supplies an increase in photon absorption, and also it helps the charge separation with 

a drift mechanism creating an electric field. Cells are produced by sequential 

deposition of p-type, intrinsic and n-type α-Si layers. They are deposited using 

chemical vapour deposition of SiH4 gas. Record efficiency is about 13 %, however, 

they suffer from Staebler-Wronski effect which is about the destruction of α-Si:H with 

induced light [6, 12, 13]. 

 

2.2.2.2. Gallium Arsenide Solar Cells 

 

Compound semiconductors are widely used in solar cells which can be group III-V 

and group II-VI compounds. Gallium arsenide (GaAs) is the most common 

semiconductor material in III-V group for solar cell energy. GaAs has a 1.42 eV band 

gap energy, which is very close for the optimum solar spectrum. Also, GaAs is a direct 

band gap material which means a thinner film can supply high absorption. Therefore, 

it can be useful in thin film solar cells. Also, they have high resistance to radiation and 

temperature effects; therefore, it is more proper to use in space applications compared 

to silicon.  

 

p-n junction formation in GaAs solar cells is realized by doping with silicon to create 

n-type structure and carbon to create p-type structure. Also, it is possible to tune the 

band gap by the optimization of alloying and doping. This makes GaAs thin films 

suitable for tandem solar cells. GaAs thin films can be deposited using liquid phase 

epitaxy (LPE), molecular beam epitaxy (MPE) and metal-organic chemical vapour 

deposition (MOCVD) techniques where these methods supply accurate composition 
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and thickness control. All of these deposition techniques suffer from high initial cost. 

Also, both gallium and arsenic are toxic materials. These two drawbacks limit the 

usage of GaAs only in solar cells for space applications, although, the efficiencies for 

GaAs solar cells reach to 26 % [6, 12, 14].  

 

2.2.2.3. Copper Indium Diselenide Solar Cells and Copper Indium Gallium 

Diselenide Solar Cells 

 

Copper Indium Diselenide (CIS) and Copper Indium Gallium Diselenide (CIGS) both 

possess chalcopyrite structure with tetrahedrally bonded in nature. They belong to the 

compound of I-III-V group in the periodic table. Both of these materials have 

semiconductor nature with direct band gap. They are suitable for thin film solar cell 

applications. Thin films are mostly deposited using vacuum evaporation techniques. 

Also, there are studies about the use of electrodeposition, printing and spray pyrolysis 

methods in fabrication. Both of the materials are deposited on metal coated glass 

substrates where metal layer is used for back contact purposes. Deposited CIS or CIGS 

layers have copper deficiency which possesses p-type structure. They are fabricated 

using co-evaporation of the elements in the order of 2 µm coating thicknesses. p-n 

junction is not suitable for these types of thin films due to the high surface 

recombination and series resistance. Therefore, cells are fabricated at heterojunction 

structure which is realized using CdS as n-type material and finally ZnO layer is 

deposited as front contact. CIS and CIGS can be produced between 1.0 to 1.7 eV band 

gap which is sustained with composition of the elements. Therefore, band gap can be 

tuned for better cell performance. CIGS cells are reached to 20 % efficiency for cells 

and 16 % for modules in research studies and nowadays, many companies work on 

commercialization of the CIS and CIGS thin film solar cells [6, 12, 14].  
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2.2.2.4. Cadmium Telluride Solar Cells 

 

Another member of II-VI compounds which is used in solar cells is CdTe. CdTe has 

1.45 eV direct band gap. CdTe has intrinsically p-type in nature. Again, CdS is used 

for n-type heterojunction like in CIGS. CdTe layer is deposited using vacuum 

evaporation techniques, mostly sputtering is used. Also, spray pyrolysis and chemical 

vapor deposition are studied in the literature. 18.3 % photovoltaic efficiency has been 

reached in laboratory conditions; however, their theoretical limit is about 29 %. This 

makes CdTe solar cells an attractive topic both in research and commercial 

applications. CdTe also has superior stability due to the strong ionic bonds and 

therefore they are most suitable solar cells for outdoor usage. Main problems are the 

tellurium supply and cadmium toxicity, which limit the studies [6, 12, 14].  

 

2.2.3. Dye Sensitized Solar Cells 

 

The research background for dye sensitized solar cells stands to 50 years ago; 

however, its conversion efficiency was limited to 1 % up to 1990s due to weak 

absorption of sunlight. Then, the study of Gratzel and O’Reagan which is the increase 

in the surface area of photoanode makes a big jump in this technology and conversion 

efficiency. High surface area directly supplies higher dye molecule absorption and 

increases the number of excited electrons. This improvement makes the efficiency of 

DSSC firstly 7 % and then 10 %. After this pioneering study, many studies have been 

worked to increase the efficiency using larger active areas and stability of the cells. 

According to NREL values, world record is 13.6 % in DSSC’s. 

 

DSSC is built between two transparent conductive oxide (TCO) coated glasses. One 

TCO layer is coated with highly porous wide band gap n-type semiconductor oxide. 

Photoanode coated TCO is dipped into the sensitizer and almost one day is required 

for the sensitizer absorption into photoanode. Then, platinum is deposited onto other 

TCO and these two TCO structured glasses are sealed with the hot melt polymers to 
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prevent the leaking of liquid electrolyte outside the cell. Finally, electrolyte is filled 

between two TCO structures (Figure 2.12). 

 

Working principle of DSSC starts with photon absorption of sensitizer. Electrons jump 

from Highest Occupied Molecular Orbital (HOMO) state to Lowest Unoccupied 

Molecular Orbital (LUMO) state and holes remain at HOMO state. Excited electrons 

are pushed from the conduction band of photoanode, because, conduction band of 

photoanode is located a bit lower state than LUMO level. Electrons follow the 3-

dimensional photoanode network to reach the electrode. By this way, oxidized dye 

molecules come back to their original states by the electron donation from electrolyte 

species. I- anions become I3
- with electron donation. After that, second reaction is 

realized and I3
- returns back to I- form by receiving electrons from the counter 

electrode. Electrolyte mediator provides this cycle by giving and receiving electrons 

while the process is lasted. All reactions are completed in nanosecond time ranges, 

thus; limited time does not permit any other reactions different than the ones 

mentioned. 

 

 

 

Figure 2.12. Main components and working steps for DSSC’s [9]. 

 



 

 

 

28 

 

Dye sensitized solar cells have been an attractive topic for 20 years. In this time period, 

many studies have been conducted to evolve the cell performance. These studies both 

include the use of alternative materials and deposition methods. Record performance 

of DSSC reaches to 14 % efficiency. However, sealing problem of DSSC is the biggest 

obstacle behind the commercialization of them. To overcome this problem, main 

approach is the use of solid-state electrolyte instead of liquid counterpart. Studies for 

these purposes open a new solar cell technology area, which is known as Perovskite 

Solar Cells (PSC). The large potential of PSC converts most of the studies from DSSC 

to PSC in the last 6 years [9, 15-17]. 

 

2.3. Perovskite Solar Cells 

 

In 1830’s, German mineralogist Gustav Rose found a gray color and shiny mineral at 

Ural Mountains. Mineral takes its name from a Russian mineralogist L.A. Perovski as 

perovskite [18]. Perovskite was defined as the same crystal structure with ABX3 

structure. The first studied perovskite semiconductor was CsPbCl3, which was 

performed by Moller in 1957. In that study, main aim was the use high 

photoconductive property of perovskite material. Following this work, the use of 

methylammonium (MA) cations instead of cesium was offered by Weber in 1978 [19]. 

By using MA, obtained structure was called as hybrid organic-inorganic perovskite 

structure. In the last few years, application of these perovskite structures into 

photovoltaic field takes the attraction of all scientific people due to their enhanced 

photo conversion efficiency compared to organic solar cells and dye sensitized solar 

cells. Nowadays, application areas of perovskite are well analyzed, and it is shown 

that their potential is not restricted to solar cells. They have great potential in LED, 

photo detectors and laser products [20].  

 

From the first study, which was performed in 2009, cell performance dramatically and 

swiftly increases and nowadays best effort is higher than 23 %. Addition to cell 

performance, they can be fabricated by wet chemistry methods which present low cost 
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production. This condition also increases the number of studies for perovskite solar 

cells. Perovskite possesses many advantages in the applications; they are their 

versatility in composition, optimal band gap, high absorption condition, long carrier 

diffusion length, ambipolar carrier transport property and tolerance in defect amounts 

[21]. 

 

Perovskite material was firstly used in liquid electrolyte included DSSCs to enhance 

the light absorption; this study was performed by Miyasaka and coworkers in 2009. 

In this study, CH3NH3PbBr3 and CH3NH3PbI3 perovskite absorbers show 3.1 % and 

3.8 % efficiency [22]. Following study includes the use of perovskite quantum dots as 

sensitizers in DSSC’s. Quantum dot perovskites hop to conversion efficiency from 3.8 

to 6.2 %. Although more photo-injected electrons were generated using quantum dot 

perovskites, electron recombination increases due to the interaction of photo anode 

and electrolyte [23]. Big breakthrough is generated by the use of perovskite material 

in 2012 by Gratzel et al. [24] and Snaith et al [25], independently. In both studies, 

perovskite nanocrystals were used as light harvesters and submicron thick mesoporous 

TiO2 film and spiro-MeOTAD are used as an electron and hole-transporting layer, 

sequentially. Photo conversion efficiencies were reached to 9.7 % (Gratzel work). 

Snaith report investigates Al2O3 insulator layer on top of thick mesoporous TiO2 layer. 

This combination enhances the electron transport which creates 10.9 % efficiency. 

After the breakthrough, first healing was realized in the deposition method and 14.1 

% conversion efficiency was obtained at 2013 [26]. 16.2 % efficiency was obtained 

when the use of hybrid halogen perovskite layer is employed in the late of 2014 [27]. 

After that, there have been many studies for the purpose of the cell performance 

improvement. Composition of the perovskite layer, change in components, change in 

the deposition techniques and optimization of the interfaces are some of the topics 

studied. Best effort in perovskite solar cells yielded 23.3 % efficiency. All of these 

values were taken from the very small areas around 10 mm2, therefore, scale up in the 

production is an important issue to commercialize these perovskite solar cells. Another 

challenge is the increase in the life time of these devices by enhancing their stability.  
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2.3.1. Working Principle of Perovskite Solar Cells 

 

PSC is evolved from the DSSC. In the basic, PSC has two different media compared 

to DSSC: a sensitizer and a hole transport layer. Like DSSC, bottom electrode is 

mostly TCO coated glass and upper electrode is a kind of metal. On top of the bottom 

electrode, an n-type wide band gap semiconductor is used for efficient electron 

transfer. There is no requirement for mesoporus structure due to the electron transport 

character of perovskite sensitizer which is directly coated on the electron transport 

layer (ETL). Following layer is the solid hole transport layer (HTL) and finally upper 

metal electrode. Each layer has a lower thickness than sub-micron values. Figure 2.13 

demonstrates classical PSC and carrier motions.  

 

Incoming photons pass from TCO and n-type semiconductor and they are absorbed by 

the perovskite layer. Absorbed energy creates excitons which separate holes and 

electrons. Electrons hope to excited lowest unoccupied molecular orbital (LUMO) and 

holes are found in highest occupied molecular orbital (HOMO). Thus, charge 

separation process is concluded. Then, the excited electrons are taken by the ETL and 

holes go to HTL. ETL has the ability to transport the electrons and at the same time 

they can block the hole motion and vice versa is valid for HTL. Then both carriers 

easily flow to the electrodes due to the suitable fermi levels. Fermi level difference 

between the electrons and holes creates external voltage and carrier extraction happens 

with photocurrent formation in the external circuit. There are four possible reactions 

in a PSC. Two of them are in positive ways; they are the electron injection into ETL 

and hole injection into HTL reactions. Others affect the cells negatively; 

recombination and photoluminescence reactions [28].  
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Figure 2.13. Working principle of perovskite solar cells [28]. 

 

2.3.2. Device Architectures of Perovskite Solar Cells 

 

Dye sensitized solar cells are formed between two electrodes; which are FTO coated 

glass and platinum. Mesoscopic titania, dye molecules and electrolyte layers are 

located sequentially on the top of FTO coated glass. With the idea of using 

semiconductor material instead of dye absorber layer initiates the perovskite solar 

cells. Perovskite absorber layer takes the place of dye molecules and solid hole 

transport materials are used instead of liquid electrolyte in perovskite solar cells. 

Perovskite absorber has great advantage over dye molecules which is its higher 

absorption coefficient. Due to the low absorption coefficient of dye molecules, 

thickness of the mesoporous layer is about 5 µm in DSSC to increase the photocurrent. 

However, thicker film suffers from recombination due to the long diffusion length 

requirement. Sub-micron thick mesoporous layer is enough in PSC due to the high 

absorption nature. This first configured perovskite solar cell is called as mesoporous 

perovskite solar cell because of the use of mesoporous layer. Due to the electron 
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transport property of perovskite material, it is not possible to use just mesoporous 

ETL. Therefore, bottom electrode and perovskite layers must be separated from each 

other. With this knowledge, ETL was healed using two different layers. Firstly, 

compact electron transport layer is deposited on TCO coated glass substrate and after 

that mesoporous layer is deposited. First used mesoporous material was TiO2 like in 

DSSC. TiO2 has the property of being both electron transport and template for 

perovskite deposition. Therefore, mesoporous TiO2 layer is known as active scaffold. 

Perovskite, HTL and back electrode complete the cell (Figure 2.14). Addition to the 

use of nanoparticles, mesoporous layer can also be grown in nanotubes, nanorods, 

nanocones, and nanowires. These structures provide higher charge separation rate and 

decreased recombination which conclude with improved conversion efficiencies. 

These structures suggest higher surface to volume ratio. Mesoporous cells can be also 

configured at inverted design, which stands to the use of mesoporus p-type material.  

 

Following studies focus on the use alternative mesoporous layers. Due to the electron 

transport nature of perovskite layer, mesoporous layer can be an insulator material. 

Al2O3 mesoporous layer shows a promising performance. Although its band gap is too 

high to use for electron transport purpose, it is directly used as a scaffold for perovskite 

layer. Therefore, these types of mesoporous layers are called as passive scaffold. This 

bottom layer plays an important role while in the deposition of perovskite layer. 

Scaffold layer affects both crystal growth and morphology of the perovskite layer. 

Drawbacks of the mesoporous layer are the high temperature annealing requirement 

and incomplete filling of the pores. These drawbacks are the main reason of the 

formation of planar architecture. 
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Figure 2.14. Formal and inverted mesoporous PSC architectures [29]. 

 

Mesoporous layer is removed from the perovskite solar cells in planar cell 

configuration which is shown in Figure 2.15. Planar cells have already been shown 

having lower cell efficiencies compared to mesoporous cells. While required diffusion 

length for the carriers is about 10 nm in mesoporous cell, 250 nm is the value for the 

diffusion length in planar cells. This long distance increases the recombination 

process. To minimize the diffusion length, perovskite layer should be minimized. It is 

difficult to fabricate too thin perovskite layers and also, too thin films suffer from the 

low surface coverage. Undeposited areas become transparent to incident light and 

these points behave as parallel diode due to the contact between electron transport and 

hole transport layers which results in decreasing cell performances. Also scaffold layer 

acts as template for the perovskite layer and therefore it is easy to create thin 

perovskite layers in mesoporous configuration. However, there are some studies to 

increase the diffusion length of carriers evaluating alternative perovskite absorber 

materials. It was found that diffusion length reaches to 1 µm range for MAPbI3-xClx 

for perovskite absorber; however, diffusion length is just 100 nm for MAPbI3. 

 

Both mesoporous and planar perovskite solar cells can be fabricated in both formal 

(n-i-p) and inverted (p-i-n) designs. Inverted cells are produced by the deposition of 
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the p-type material previous to perovskite layer. These cells are shortly defined as p-

i-n configuration. Also inverted design takes attraction of the use of organic 

photovoltaic materials in perovskite solar cells. Organic materials have advantages in 

easy fabrication, high throughput and material diversity. Similar to planar 

configuration, higher carrier diffusion lengths and thicker perovskite absorbers should 

be applied for inverted PSC. Larger grain size also decreases the recombination which 

yields better cell efficiency. Opposite to common n-i-p configuration, electrons and 

holes are collected by back metal contact and front transparent conductive oxide 

contact layers, sequentially.  

 

 

 

Figure 2.15. Formal and inverted planar PSC architectures [29]. 

 

After learning of the potential use of perovskite material as an absorber, it was detected 

that perovskite absorbers have ambipolar charge transport characteristics. Perovskite 

materials have ability to transport both electrons and holes. Although there is a 

dependence on the perovskite type, it is known that they have better charge transport 

character for holes compared to electrons. Therefore, it provides to fabricate 

perovskite cells without either electron transport layer or hole transport layer. 

Although these types of cells suffer from charge recombination, their photo 

conversion efficiencies are above the promising limits. When hole transport layer is 
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not used in the device, PSC should be produced with thick perovskite layer with 

smooth surface and good back contact. This is critical for avoiding from the shunt 

pathways [30-32]. Perovskite solar cells are constructed using 4 main components: 

perovskite sensitizer, electron transport layer, hole transport layer and electrode. 

 

2.3.3. Perovskite Sensitizer 

 

Perovskite sensitizer has suitable band gap to create electron and hole pairs by the 

effect of incident light. MAPbI3 has about 1.1 eV band gap which covers the visible 

and near infrared light. Perovskite absorbers have ambipolar conductivity which is the 

transportation of both electrons and holes. Perovskite materials have high absorption 

coefficient and therefore very thin film is enough to absorb all incident light. 

Therefore, PSCs provide high conversion efficiency with high stability. However, 

many researches have been carried out related to composition and deposition 

techniques of perovskite layer. 

 

2.3.3.1. Crystal Structure of Perovskite  

 

Crystal structure of perovskite material is defined as ABX3 (Figure 2.16). Perovskites 

have unit cells composed of five atoms in a cubic structure where cation B has six 

nearest neighbor anions X and cation A has twelve nearest neighbor anions X. A cation 

is occupied in a cubooctahedral site and B cation is occupied in an octahedral site.  X 

can be oxygen, carbon or any kind of halogen like chlorine, bromine or iodine and 

they are at the face centers of the cubic unit cell. These halide perovskites are used in 

perovskite solar cells. Main material is lead (Pb) as B metal cations due to its high 

efficiency and stabilization. Tin (Sn) can also be an alternative material in the same 

group of the periodic table and it also has a similar band gap. However, Sn suffers 

from ease of oxidation and lack of stability. Compositional variability of the 

perovskite material creates different opto-electronic properties in each case. 

Therefore, it is crucial to understand the effect of composition on the crystal structure.  
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Figure 2.16. Crystal structure of perovskite materials [33]. 

 

Tolerance factor (ʈ) is an important definition to understand the crystallographic 

stability and perovskite structures which is given in equation 2.6. In this equation, RA, 

RB and RX define ionic radii of ions. Cubic structure corresponds to the tolerance 

factor as 1. When the tolerance factor is bigger or smaller than unity, deviation from 

the cubic structure is observed. It is found that from the equation 2.6, ionic radii of A 

cations should be larger than the ionic radii of B cations. Pb has already a large radius 

and therefore, A cation should be extremely large. Cs has the largest value for ionic 

radius in the group I as an alternative material for A cations. However, its radius is not 

sufficient to create the required symmetry. Therefore, organic molecules became the 

first choice for A sites. At room temperature conditions, acceptable value for the 

tolerance factor varies between 0.813 and 1.107. When this value is lower than 0.813, 

tetragonal and rhombohedral structures are favorable. When it becomes higher than 

the upper limit, 2-D structures become dominant. 2-D structures have lower 

absorption and they are not preferred in solar cells. Cr, Br and I are used materials as 

halogens. When their radii are used to calculate the tolerance factor, it is found that 
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ionic radius of A cation should be between 1.6-2.5 Å. Methlyamonnium (MA) is the 

most promising element as the organic cation for A site which has 1.8 Å ionic radius 

[19, 34].  

 

A X

B X

R R
t

2(R R )

+
=

+
     Eq. [2.6] 

 

It is calculated that the most stable phase is orthorhombic at 0 K and the least is the 

cubic phase. Also, it is detected that there are two phase change temperatures, where 

these values depend on the composition of perovskite material. For MAPbI3, stable 

phase becomes tetragonal above 160 K and it is cubic when temperature is over than 

330 K [33].  

 

2.3.3.2. Compositional Analysis of Perovskite  

 

A site of the perovskite material is occupied by cations. The selection of the A cations 

depends on the tolerance factor which is explained under the crystal structure 

discussion. Alternative materials are cesium (Cs), rubidium (Rb), methylammonium 

(MA), formamidinium (FA) and ethylammonium (EA). MA was the first studied 

material, it showed over than 15 % efficiency. However, its tolerance factor is at the 

lowest limit. This situation causes the formation of tetragonal structure. Band gap of 

MAPbI3 is obtained between 1.51-1.55 eV which is at a bit higher value than optimum 

Shockley-Queisser limit of 1.34 eV. For these two reasons, studies are focused to 

change MA with higher ionic radii cations. When the radii of candidate materials are 

compared, it is seen that ionic radii increase starting from Cs, MA, FA and EA. From 

this point, first alternative becomes EA. However, EA dissolves the 3D structure and 

therefore decreases the absorption which results with low efficiency in the final cell. 

FA provides a better symmetry compared to MA and also FA shows a lower band gap 

as 1.43-1.48 eV which is closer to optimum band gap. In the application of FA, it is 
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detected that some yellowish hexagonal one-dimensional structure is formed. These 

structures limit the cell performance due to the adverse band coordination with TiO2. 

When this problem is solved, cells produced using FA can yield a higher efficiency 

than MA containing cells. Cs is also another alternative material for A sites. Cs was 

used in the form of CsSnI3 which shows good photoluminescence properties in near 

infrared range. However, it has a lower radius which causes a higher band gap and 

lower cell performance.  Mixing of the cations is also evaluated. Mixing of MA and 

FA supplies the tuning of the band gap. In a study which uses such a mixture, 14.9 % 

efficiency was sustained with higher absorption compared to MA. Also, a mixture of 

MA and 5-aminovaleric acid (5−AVA) was studied which results in a better contact 

between perovskite layer and titania [35]. 

 

Group IV metals are the optimum material family for B sites. They have +2 oxidation 

states and Pb, Sn and Ge are the alternative materials. Pb is the most widely used 

material; it has a higher cell performance and better stability compared to its 

alternatives. Germanium has a changeable character at +2 states and therefore, its use 

in perovskite materials is limited. Lower atomic number possesses lower band gap; 

MASnI3 and MAPbI3 have 1.3 and 1.7 eV band gaps. Band gap of Sn containing 

perovskite material is closer to the optimum value. However, Sn has detrimental 

effects on the perovskite material such as rapid oxidation of Sn4+ occurs. Due to the 

stability problems, the use of Sn is also limited.  

 

X site is the most critical part of the perovskite material which has a direct effect on 

the performance of the perovskite material. Single and mixed halides are used for this 

site. Halides are the materials at VIIA group of the periodic table. Band gap of the 

perovskite materials increases when the halogen material is changed from I to Br and 

Br to Cl. This is accompanied by a shift in the absorption band from lower to higher 

wavelengths. Iodide is the most preferred halide between the alternative materials. 

Electronegativity of the iodide is so close to lead metal and this causes the bond 

structure between these molecules be a mixture of ionic and covalent bonds. This 
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condition supplies a better stability compared to other candidates. Chloride is an 

alternative halide material for perovskites. When chloride is incorporated in the 

structure, the diffusion length and life time of the carriers are increased. Therefore, 

they are more suitable for use in planar architectures. Bromide is also another material 

which can be suitable for X site. Both I-Br and I-Cl mixtures were also studied. Iodide 

creates tetragonal structure and Br and Cl form cubic structures. Main aims are to 

create cubic structure and tuning of the band gap in these I-Br and I-Cl mixture studies 

[36]. 

 

2.3.4. Deposition Techniques for Perovskite Sensitizer Layer 

 

Perovskite absorber can be fabricated using different approaches. Basically, wet 

chemistry approaches and vapor deposition techniques are the two main methods of 

perovskite production. Wet chemistry methods of perovskite layer deposition are 

realized using solution-based depositions. One step and two step deposition processes 

are the generally accepted methods in this solution-based deposition. Perovskite layer 

can also be produced using the vapors of the precursors which can be under vacuum 

or atmospheric conditions. Solution based depositions are preferable due to their low 

cost, easy application and suitability on large area depositions. Vapor based 

depositions are promoted due to their controllability and repeatability. However, 

vapor-based depositions are performed under vacuum which requires highly 

expensive systems. Also, in some applications, solution-based depositions are done 

under inert atmosphere conditions which also increase the process costs. Formation of 

the perovskite layer is directly sensitive to deposition conditions. To obtain high 

quality perovskite layers; nucleation kinetics, intermediates, transformation pathways 

and structure-property relationships of perovskite films should be well understood. 

Production of the perovskite thin films is extremely sensitive to very fine details; 

therefore, it creates a large difference in the experimental conditions which vary from 

laboratory to laboratory. This is the reason why same approaches can fail or be 

successful in different laboratories [31, 32, 37, 38]. 
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2.3.4.1. Solution Based Depositions 

 

Both one step and two step deposition methods show similar performances in the 

devices; therefore, studies in both methods presently continue in the literature. In these 

techniques, precursor materials are mixed with solvent and then they are coated on the 

substrate. Firstly, solvent is evaporated and perovskite crystals are formed. Solvent is 

the major factor which determines the performance of the cell and it directly affects 

the orientation and grain size of the crystals. Evaporation rate of the solvents are also 

an important factor on both reproducibility and efficiency of the cell. Finally, 

deposition atmosphere has a strong effect on the final performance of the cell [31, 32, 

37, 38]. 

 

a) One Step Deposition 

 

This type of production technique was used in the first perovskite solar cell study by 

mixing the chemicals: organic halides (CH3NH3X) and lead halides (PbX2). These 

chemicals are dissolved in a solution γ-butyrolactone (GBL), dimethylformamide 

(DMF), or dimethylsulphoxide (DMSO). Solution preparation and deposition can be 

performed under inert atmosphere or at a determined humidity level. Spin coating 

technique was used for the deposition of the prepared solution. It starts with small spin 

rates and then the rate is increased gradually for the formation of dense layers. Finally, 

films were annealed for solvent evaporation. One step deposition is the easiest 

deposition way, which supplies slow crystallization. It is demonstrated in Figure 2.17. 

High defect density formation was obtained due to slow crystallization. Also, it is 

detected that one step deposition strictly depends on annealing temperature, 

atmosphere environment, substrate materials, and film thickness. All of these 

parameters directly affect the film thickness and morphology which are the main 

parameters to obtain high quality films. Main drawback of one step deposition is the 

creation of pinholes [31, 32, 37, 38].  
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Figure 2.17. Demonstration of one step deposition process [39]. 

 

To minimize number of pinholes and to obtain high quality films, anti-solvent dripping 

technique was studied (Figure 2.18). Main aim in this process is to regulate the growth 

kinetics which promotes fast nucleation. This is supplied by reducing the solubility of 

CH3NH3PbX3 by mixing it with DMF and DMSO as solvents. In this technique, 

CH3NH3PbX3 is mixed with DMSO and DMF or GBL and DMSO. Then, the solution 

is spin coated and after a period of time anti-solvent is dripped on the substrate. 

Finally, annealing is applied about 100C. In this technique, a better film and larger 

grain formation are observed. Toluene, chlorobenzene, chloroform, diethyl ether, and 

diisopropyl ether are the studied anti-solvent chemicals. When one step deposition and 

anti-solvent dripping methods are compared, in the anti-solvent dripping technique 

voids and pinholes are significantly removed and better-quality reproducible films and 

entire surface coverage are obtained for perovskite thin films [31, 32, 37, 38].  
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Figure 2.18. Demonstration of anti-solvent dripping method [38]. 

 

Another attempt to improve the film quality is using the additives which can be metal 

halide salts, organic halide salts, polymers, fullerene, nanoparticles, and inorganic 

acids. Polymers supply uniform crystallization and enhanced properties. Polyethylene 

glycol (PEG), amine-polymer poly[(9,9-bis(3′-(N,N-dimethylamino) propyl)-2,7-

fluorene)-alt-2,7-(9,9-dioctylfluorene)], polyvinylpyrrolidone, and polyacrylonitrile 

are the most commonly used polymer additives for perovskites. Polymeric additives 

enhance the morphology and surface coverage. NaI, CuI, CuBr and, AgI are the 

commonly used alkali metal halide salts which increase the homogenous nucleation. 

Therefore, larger crystal formation is obtained [31, 32, 37, 38]. 

 

b) Two Step Deposition 

 

Two step deposition stands to sequential deposition of PbI2 and methylammonium 

iodide (MAI) solutions. Demonstration of two step deposition is given in Figure 2.19. 

The first studies using this technique involve the deposition of PbI2 by spin coating 

method and drying of the film. Then, coated substrate was dipped into MAI containing 

solution (MAI+2-propanol) which changes the color of the film from yellow to dark 

brown. Change in the color shows the formation of perovskite layer.  
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Main advantage of this method is the creation of PbI2 at small size which directly 

enhances the post reaction in dipping process. Also, produced films have lower defect 

amounts and decreased surface roughness compared one step process. However, there 

are some shortcomings in two-step deposition of perovskite layer. When the surface 

roughness decreases, larger grain formation is obtained. Secondly, MAI can form 

dense layers by reacting small PbI2 crystals and some unreacted PbI2 crystals remain 

under this dense layer. Dipping process has great influence on the cell performance 

and therefore, concentration and dipping time should be optimized for better cell 

performance. High MAI concentrations increase the amount of iodine ions in the 

solution which reduce hole density. Therefore, carrier density and charge transport 

nature are affected negatively. In reverse, higher concentrations provide an advantage 

to react more nuclei. Therefore, lower size grains are produced at high MAI 

concentrations which are the main reasons of better surface coverage. In other words, 

low MAI concentrations form large cuboids and high MAI concentrations create small 

cuboids. Small cuboids provide better packing and better charge transport, therefore 

higher open circuit voltage is obtained. On the other hand, larger cuboids enhance the 

internal light scattering which results in a higher short current density. Two step 

method is also applied by spin coating of MAI instead of dip coating. Main aim in this 

modification is to solve the problems related to dip coating. In this method, MAI 

solution is deposited by spin coating on top of PbI2 layer. It was detected that the use 

of two step spin coating deposition supplies an advantage to determine the 

morphology of perovskite crystals which is not possible in one step deposition process 

[31, 32, 37, 38].  
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Figure 2.19. Two step deposition of perovskite layer [39]. 

 

2.3.4.2. Vapor Based Deposition 

 

Vapor assisted deposition can be performed using different methods. The simplest one 

is vapor assisted deposition which is realized by the modification of two step 

deposition technique (Figure 2.20). PbI2 layer is again deposited using spin coating. 

Then, coated substrate is exposed to MAI vapor. Produced films with this method have 

a good surface coverage, low surface roughness and large crystal size. Also, 

morphology and grain size modification can be supplied using gas-solid 

crystallization. It was resulted that, vapor assisted deposition provides better exciton 

formation with increased life time compared to two step deposition process. 

 

 

 

Figure 2.20. Vapor assisted deposition of perovskite layer [39]. 
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Other vaporization techniques stand to vacuum deposition concept. Co-deposition of 

PbX2 and MAX is realized under high vacuum. With vacuum deposition techniques, 

exact thickness, good surface coverage and uniform coating can be supplied. After 

deposition, annealing process is additionally applied under nitrogen atmosphere. 

Following the annealing, perovskite layer is fully crystallized which supplies uniform 

distribution of perovskite in a crystalline and homogeneous morphology.  

 

Perovskite layer can also be deposited by chemical vapor deposition (CVD) method. 

CVD technology has been used mostly in the fabrication of perovskite layer. Hybrid 

CVD and low-pressure CVD (LPCVD) are the main sub-CVD applications in the 

production of perovskite films. PbX2 and MAX are deposited sequentially in CVD 

techniques. Firstly, PbX2 layer is formed using thermal evaporation and the post MAX 

layer is formed by heating of the solution to about 180C. Heated solution is 

transported using inert gas on top of PbX2 layer. Growth temperature, gas pressure, 

gas diffusion rate are the main parameters which affect the performance of perovskite 

layer. CVD coated perovskite layers show good crystallization, strong absorption, 

long carrier diffusion length and good humidity stability. These improved 

performances are obtained due to the minimized reaction rates [31, 32, 37, 38].  

 

2.3.5. Electron Transport Layer (ETL) 

 

Electron transport layer is chosen according to two main criteria. First one is the 

charge extraction and mobility and position of energy levels is the second criteria. 

Organic and inorganic alternatives of electron transport layer can be used in perovskite 

solar cells. n-type metal oxide materials are widely used as inorganic ETL for charge 

transport purposes. They can be used in both mesoporous and planar configurations. 

In planar configuration, ETL is just formed using a compact layer. There is an 

additional mesoporous layer used on top of compact layer in mesoporous cells. 

Mesoporous layer can be used for template purposes and also it has charge transport 
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ability. Also, some types of nanoarrays have been studied to improve the charge 

collection as mesoporous layer [31, 32, 40, 41].  

.  

2.3.5.1. Compact Layer 

 

Main responsibility of the compact layer is gathering of the excited electrons in 

perovskite layer and transferring to bottom electrode. Additionally, they should be 

barrier to holes to prevent recombination. Conduction band of compact layer should 

be so close to lowest unoccupied molecular orbital (LUMO) level of perovskite to 

accept the excited electrons efficiently. Open circuit voltage is directly affected from 

energy levels of the layers. When closer band energies are supplied, higher Voc can be 

obtained. Also, this condition directly minimizes the possible interfacial 

recombinations. Figure 2.21 shows the band positions of alternative compact layers 

compared to perovskite layer. Inorganic and organic alternative materials can be used 

for compact layer. 

 

 

 

Figure 2.21. Conduction band edge positions of alternative compact ETLs [31]. 
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TiO2 is the most widely studied material in ETL alternatives because of its suitable 

band edge positions, low cost, variable deposition methods, and long electron life 

time. Opposite to popularity of TiO2, their stability is always debatable. Main  

problems are the degradation of sensitizer and inefficient electron extraction. Also, 

low electron mobility, high density trap states in the conduction band and high process 

temperature requirement should be improved. To improve the stability issues, studies 

are mostly focused on the composition, morphology, thickness, surface modifications 

and deposition techniques of these ETLs. To supply fast carrier injection and 

extraction, band position is optimized by doping of the compact layer. Yttrium is one 

of the common dopants for TiO2. Another improvement is performed by surface 

preparation of compact TiO2 layers using UV/O3 and TiCl4 treatments. UV/O3 

treatment removes any organic contaminants left on the compact layer and supplies 

better adhesion of perovskite layer. TiCl4 treatment fills the pin holes and creates 

uniform films. Also, TiCl4 treatment supplies a better band matching of TiO2 and 

perovskite. 

 

Drawbacks of TiO2 direct the studies to alternative materials such as SnO2, ZnO, CdS, 

and Zn2SnO4. SnO2 is a suitable material which offers high electron mobility, good 

anti-reflection property and deep conduction band. These properties enhance the 

charge transfer rate. Also, they provide better stability because it does not have 

photocatalytic properties like TiO2. Up to now, obtained cell performances are at 

competing levels with TiO2 compact layer. Another candidate material is ZnO which 

has good transport properties, high conductivity and suitable energy levels. ZnO has 

been used in both planar and mesoporous configurations. However, they have a big 

disadvantage which is the thermal decomposition of the perovskite layer due to the 

presence of ZnO. TiO2 shows better thermal stability compared to ZnO. Enhancing 

the stability is realized using an interfacial layer between ZnO and perovskite 

sensitizer. 
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Organic counterparts of the metal oxides are also studied in the production of 

perovskite cells. Alternative materials are P3HT, PCBM, C60, and P3HT: PCBM. 

They are produced using solution chemistry and they can easily be applied to flexible 

substrates. Also, they can be used together with metal oxides as hybrid ETL [31, 32, 

40, 41]. 

 

2.3.5.2. Scaffold Layer 

 

Mesoporous structures are used to create templates for the perovskite layer and charge 

transport purposes. They control the growth, size and distribution of the perovskite 

layer. TiO2 was the first mesoporous layer material while the technology was evolved 

from DSSC to PSC. Both particle and pore sizes of the TiO2 mesoporous layer have 

strong influence on the cell performance which directly affect the short circuit current 

density. To increase the flux of the carriers or channeling the excited electrons, 

alternative TiO2 nanoarrays like nanowires and nanocones were studied instead of 

nanoparticles in mesoporous layer. Also, doping with metals was tried to increase the 

conductivity of mesoporous TiO2. Lithium is one of the important dopants in 

mesoporous TiO2 layers. Doping enhances the mobility and conductivity of the 

electrons by reducing charge trap sites and recombination centers. Mesoporous layers 

are mostly fabricated using sol-gel techniques. They have to be annealed around 

500C to create mesoporous structures. 

 

Passive scaffold layers are used as base for perovskite layer. Passive scaffolds layers 

have deep conduction band and high valence band. This creates a large bandgap and 

therefore passive scaffolds are mostly insulator in nature. Their energy band levels are 

far from the perovskite layer. Therefore, it is not possible to extract electrons from the 

LUMO level of perovskite layer. SiO2, Al2O3 and ZrO2 are the main materials used 

for passive scaffold layer. Passive scaffold materials do not contribute to charge 

transport. Al2O3 also supplies an advantage by removing H2O from the perovskite 

layer which yields humidity resistant cell fabrication [31, 32, 40, 41]. 
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2.3.6. Hole Transport Layer 

 

HTL is responsible for both positive charge extraction and efficient hole transport 

process in perovskite solar cells (PSC). Therefore, HTL should have suitable band 

position with HOMO level of perovskite material, good hole mobility, good 

interaction with perovskite layer and good film forming properties. Band positions of 

alternative materials are given in Figure 2.22. Also, HTL should act as electron barrier 

to minimize the recombination. High thermal stability and resistance to external 

degradation factors are also primary requirements expected from HTL. Hole transport 

layers should be deposited in pin hole free condition; because, O2 and moisture can 

penetrate from any defective region and degrade the perovskite layer. In addition to 

stability issue, pin hole free HTL is crucial to supply high mobility. Finally, cost of 

hole transport material is an important parameter to commercialize the PSCs. HTL can 

be evaluated under two material classifications which are the organic and inorganic. 

Organic HTLs can be evaluated under three types: small molecules, polymers and 

oligomers.  

 

 

 

Figure 2.22. Valence band edge positions of alternative HTLs [42]. 
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Small molecule based HTMs are popular material group in PSCs. Spiro-OMeTAD 

which belongs to the small molecule organic group, has been the first choice in the 

alternatives since the technology evolution is due to its high-performance nature. 

Spiro-OMeTAD was firstly tried in the production of solid state DSSCs. However,  

its performance was not higher than its liquid counterpart. The reason of the low 

efficiency is the low hole mobility and incomplete pore filling in thick mesoporous 

layers. When perovskite materials are in use, spiro-OMeTAD takes the position of 

liquid electrolyte in this technology. Pure spiro-OMeTAD has triangular pyramidal 

configuration, which causes large intermolecular distances. Therefore, it has low 

charge mobility and poor conductivity which yield high series resistance and low 

recombination resistance. For this reason, pure spiro-OMeTAD should be doped to 

enhance the conductivity. Bis(trifluoromethane)sulfonimide lithium salt (Li-TFSI) 

and 4-tert-butylpyridine (t-BP) are the main additives which suppress charge 

recombination and improve interface contact. High cost and difficult production of 

spiro-OMeTAD are the main disadvantages. Studies are focused on doping and using 

derivatives of spiro-OMeTAD.  

 

Although the success of the spiro-OMeTAD is accepted, researches on alternative 

materials still continue. Polymeric HTL shows promising cell performances and they 

have higher hole mobility without doping and shows better stability.  P3HT, PTAA 

and PEDOT: PSS are the main polymeric HTLs. P3HT is a widely used conducting 

polymer in organic solar cell applications, it can be produced relatively at a lower cost. 

Many studies are found in the literature about the application of P3HT as HTL in 

perovskite solar cells. Its performance is at promising levels; however, its flat 

molecular structure increases the charge recombination which lowers the cell 

efficiency. PTAA is also an important polymer for HTL production due to its high 

hole mobility. PTAA has high molecular weight which provides partial penetration to 

the TiO2/perovskite interface. Therefore, PTAA can be used as capping layer which 

offers low series resistance and high fill factor. PTAA HTL cells reach over 20 % 

efficiency. PEDOT: PSS is one of the promising HTL which is used together with 
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PCBM ETL due to suitable band positions. These cells are mostly constructed in 

inverted planar architecture due to transparent nature of PEDOT: PSS. It can be 

deposited at low temperatures which makes it suitable to flexible substrates. Acidity 

nature of PEDOT: PSS makes the usage limited.  

 

Oligomers are the last organic HTL group. They possess intermediate relative 

molecular mass with small plurality. Oligomers have absorption nature which 

contributes to light harvesting. Their hole mobility is between the small molecules and 

polymeric HTLs. Also, their low molecular weight supplies good electron blocking. 

 

Using of inorganic HTL is observed in limited studies due to low amount of material 

possibility. However, inorganic HTL provides low cost, wide band gap, easy 

processing and higher stability. CuI, CuSCN, NiOx, VOx, and MoOx are the main 

inorganic layers used in perovskite solar cells. Main problem is the low deposition 

temperature requirement of HTL on top of the perovskite layer in regular cell design. 

Therefore, the use of inorganic HTL was carried out mostly in inverted design.  

 

Using CuI HTL was tried in both DSSC and PSC due to its high hole mobility. 

However, cells are suffered from high recombination due to improper band edge 

positions. Another drawback is that solvent for CuI can also dissolve the perovskite 

material; therefore, many efforts were carried out to find alternative deposition 

techniques. CuSCN has good transparency, high mobility and good stability which 

make it another candidate HTL. Optimization of CuSCN layer thickness is crucial for 

better cell performance. While thinner CuSCN suffers from low shunt resistance, 

thicker CuSCN creates higher series resistance. Possible usage of NiO as p-type 

material was detected in Irwing’s work [43] who researches the possible healing in 

DSSCs. Addition to p-type nature, NiO has large band gap, good conductivity, and 

well-matched band position with perovskite layer. However, first report did not create 

a good impact due to low coverage of perovskite layer. Quality of NiO film and surface 

treatments are dramatically enhance the cell performance. Therefore, deposition 
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technique of NiO is an important factor for PSCs. Healing in device performance was 

observed when the deposition was performed by sputtering technique which provides 

uniform and homogenous layer. Another attempt of NiO is the use of it in both planar 

and mesoporous configuration which can supply the use of a thicker perovskite layer. 

There is limited study in which NiO was used in n-i-p configuration. Due to high 

temperature annealing requirement, cell was constructed in inverted design. Cu2O, 

graphene oxide, MoO3, VOx and WOx are the possible inorganic materials for HTL. 

Cu2O was studied due to its high hole mobility, long carrier diffusion length and direct 

band gap. Graphene oxide and MoO3 are the promising materials for organic solar 

cells due to their high charge mobility and electrical conductivity and therefore there 

are some studies using them in PSCs. Low temperature deposition is the main 

advantages of VOx and WOx [31, 32, 40, 42]. 

 

2.3.7. Electrodes 

 

Perovskite solar cells are built up between two electrodes. One of the electrodes should 

be transparent to incoming photons and these two electrodes should be conductive for 

charge pick up. Transparent and conductive oxides (TCO) are the main materials for 

the bottom side electrode. They have long wavelength transparency, metal like 

conductivity, and suitable work function. Metal-semiconductor junction is formed 

between TCO and n-type semiconductor material. This interface behaves as barrier 

and reduces output power. To maximize the power, work function of the TCO should 

be lower than fermi energy of semiconductor. In this case, electrons can easily be 

collected by TCO electrode. They are deposited on top of glass or flexible polymer 

substrates. If the cell is designed on top of metal sheet, TCO should be deposited on 

the top electrode. Two common materials in TCO family are fluorine doped tin oxide 

(FTO) and indium doped tin oxide (ITO). FTO is chosen when a high temperature 

process is required for the production of the cells. Conductivity of ITO decreases when 

it is exposed to high temperatures. ITO is the common electrode material when cells 

are produced at low temperatures. Also, it is found that FTO is deposited at higher 
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roughness values compared to ITO; this causes better wettability of n-type 

semiconductor on top of FTO.  

 

If the bottom layer is transparent, the use of metals is favorable for the top electrode. 

Top electrode should make ohmic contact with the layer underneath the electrode, 

which is mostly hole transport layer. Opposite to bottom electrode, top electrode 

should have higher work function than the fermi energy level of HTL. With higher 

work function, formation of Schottky junction is avoided. Gold, aluminum and silver 

are the main metal electrodes. Gold has the highest work function; however, its visible 

reflection is not good. Silver has better reflectivity and lower work function. Metallic 

films are deposited using vacuum evaporation or sputtering techniques. Carbon 

electrode is also an important alternative electrode. Although their cell performances 

are not at competing levels with metals, they have advantage in stability, easy 

processing and low cost. Carbon electrodes can be coated using screen printing 

methods which are suitable for large area deposition and flexible substrates [39, 44]. 
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CHAPTER 3  

 

3. EXPERIMENTAL METHODS 

 

This work investigates the use of electron beam evaporation technique for the 

deposition of hole transport and electron transport layers of perovskite solar cells. 

Titanium dioxide (TiO2) and niobium pentoxide (Nb2O5) materials were deposited for 

electron transport layer and nickel oxide (NiO) and titanium monoxide (TiO) were 

used for hole transport layer. These materials were investigated in single layer form. 

Deposition temperature, oxygen addition, deposition rate and plasma source were 

taken as the affecting parameters for the thin films related to the structural, optical and 

electrical properties. During the production of perovskite cells, hole transport and 

electron transport layers were deposited by electron beam evaporation technique. 

Mesoporous layers, perovskite layers and organic hole transport layers were formed 

using wet chemistry and deposited using spin coating technique. Back electrode was 

coated using the sputtering technique. When hole transport and electron transport 

layers were deposited, the same deposition conditions used for the single layer 

deposition of the materials were employed. Cell performances were explained using 

the results of structural, optical and electrical analyses of single layer films.  

 

Morphological and structural characterizations of single layers were performed using 

scanning electron microscope (SEM), X-ray diffraction (XRD) and X-ray 

photoelectron spectroscopy (XPS). Optical measurements were realized using 

ultraviolet and visible photospectroscopy in which reflectance and transmittance 

measurements were carried out. Thicknesses of the single layers and refractive index 

dispersions were calculated using fitting algorithms. Band gap values were also 

calculated using the optical measurements. Hall effect measurements and ultraviolet 

photoelectron spectroscopy techniques were used to investigate the electrical 
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properties of single layers. Current density-voltage measurements of cells were carried 

out under simulated solar light conditions. Cells were also characterized using the 

electrochemical impedance spectroscopy (EIS) to understand the performance of the 

charge transfer properties of each layer. In the following parts; firstly, fundamentals 

of the thin film deposition will be explained. Production of the perovskite solar cells 

will be discussed in the second part of this chapter. 

 

3.1. Thin Film Deposition 

 

Many of the optical, electrical, magnetic, chemical, mechanical and thermal properties 

can be obtained by the use of thin films. Some of the applications of thin films are 

given below: 

 

• Anti-reflective coatings 

• Memory disks 

• Gas/liquid sensors 

• Heat sinks 

• Semiconductor devices 

• Piezo electric devices 

 

There are many deposition techniques for the production of thin films. These methods 

can be evaluated under two main branches: vacuum based depositions and solution 

based depositions. Vacuum based physical and chemical deposition approaches are 

performed under vacuum conditions. While deposition is made using solid materials 

in physical techniques, gas precursors are used in chemical techniques. Solution based 

deposition always starts with the production of the suitable chemical precursor. Then, 

these chemicals are applied on substrates using the methods of spin coating, dip 

coating, spray coating and screen printing methods. Following parts explain some of 

the critical points related to thin film depositions [1, 2]. 
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3.1.1. Vacuum Based Thin Film Deposition 

 

3.1.1.1. Some of the Parameters of the Vacuum Based Thin Film Deposition 

 

a) Vacuum 

 

Vacuum environment is the major tool for the formation of thin films. Vacuum is 

defined as the lower pressure form of the atmosphere from rough to ultra-high 

vacuum. Vacuum condition supplies long mean free path of the vaporized molecules 

and therefore, it is easier to supply line of sight deposition. Vacuum regimes are 

classified as rough vacuum, medium vacuum, high vacuum and ultrahigh vacuum. 

Better vacuum atmosphere supplies lower gas density and longer mean free path. 

However, low deposition rate is yielded for high vacuum atmosphere. These relations 

are given in Table 3.1.  

 

Table 3.1. Pressure level and evaporated molecule relation [3]. 

 

Degree of 

vacuum 

Pressure 

(Torr) 

Gas Density 

(molecules/m3) 

Mean Free 

Path (m) 

Time for monolayer 

deposition (s) 

Atmosphere 760 2x1019 10-7 10-9 

Low 1 3x1016 10-4 10-6 

Medium 10-3 3x1013 10-1 10-3 

High 10-6 3x1010 102 1 

Ultra-High 10-10 3x106 106 104 

 

Vacuum atmosphere formation starts with low vacuum which is sustained with 

mechanical pumps. Mechanical pumps operate by the compression and throw of a 
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specific volume of gas at high pressure. Working principle of mechanical pump can 

be seen in Figure 3.1a. At high pressure, viscous flow is obtained due to molecule to 

molecule collision. When the pressure is lowered, main transport mechanism returns 

to molecular flow in which collision occurs at the wall of the containers. When a 

specific vacuum level (mainly 10-3 torr) is reached by mechanical pump, high vacuum 

pumps start to work. Different types of high vacuum pumps can be used such as 

diffusion pumps, turbomolecular pumps and cryo pumps. Figure 3.1 demonstrates all 

high vacuum pumps. Diffusion pump operates by holding of gas molecules using 

directed jet of oil molecules. Turbomolecular pump has a high velocity rotating turbine 

for the strike of gas molecules. Cryo pumps operate by freezing or condensation of 

gas molecules on the colder surfaces [4-6].  

 

 

 

Figure 3.1. Vacuum pumps: a) Mechanical pump, b) Diffusion pump, c) Turbomolecular pump, and 

d) Cryo pump [6]. 
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b) Plasma 

 

Plasma, which includes ions, electrons and atomic species, is weakly ionized quasi 

neutral gas. Plasma sources are mostly used in deposition systems; they can be used 

for etching, assisting and enhancing the evaporation and sputtering properties. In each 

case, plasma has a different density ranging from 108 to 1018 ions per cm3. Plasma 

formation is based on the discharging process. In a cathode box, an electron source is 

used to generate the electrons. At the same time inert gas (mostly argon) is sent to the 

cathode box and a small voltage is applied. Free ions and electrons firstly move to the 

opposite electrodes. When the voltage increases, gas molecules and electrons collide 

and some ionization is produced which is called as discharge. Plasma is generated at 

specific pressure according to the gas type. Enough collision is not supplied at low 

pressure and enough acceleration is not sustained for collision at high pressure [2, 4, 

5].  

 

c) Uniformity 

 

Thickness uniformity of thin films on the substrate is an important parameter. To 

supply higher uniformity, main approaches are using large area sources, substrate 

rotation and increasing distance between the source and the substrate. Distance 

between the source and substrates can be between 5-100 cm in which required vacuum 

should be better than 10-5 torr to avoid collision [5, 7]. 

 

3.1.1.2. Physical Vapor Deposition 

 

Physical vapor deposition (PVD) is realized in three sequential steps. Firstly atoms or 

molecules are vaporized from a solid or liquid surface, followed by the transport of 

vaporized atoms or molecules to the deposition surface and finally, these atoms or 

molecules are condensed on the substrate. PVD is based on two different technologies 
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with respect to vaporization type. One technology is the thermal heating of the 

material at a temperature for its vaporization which is commonly called as thermal 

evaporation or sublimation. Secondly, vaporization can be performed by momentum 

transfer by the ion bombardment of the solid surface which is named as physical 

sputtering. Thin films produced by PVD can be used for many discrete areas such as 

electrically conductive, transparent electrical conductors, electrically insulating, 

optical, thermal control, and decorative coatings.  

 

Evaporation of materials can occur due to different reactions. Common reactions are 

evaporation without dissociation, decomposition and evaporation with dissociation. 

Evaporation without dissociation is observed in SiO and GeO, in which species are 

vaporized and condensed on the substrate directly. Ag2S and GaAs are the examples 

of the decomposed evaporated materials. These types of materials are deposited using 

separate sources. Some of the oxides like SiO2 and TiO2 dissociate during the 

evaporation and therefore, additional oxygen atmosphere is required during 

evaporation [2, 8].  

 

3.1.1.3. Evaporation Processes 

 

Evaporation processes can be carried out using different processes. Some of the 

important evaporation processes are resistive (thermal), electron beam, pulsed laser, 

ion assisted and cathodic arc evaporations. Resistive evaporation occurs by joule 

heating of refractory metal crucible like tungsten and tantalum in which evaporating 

material is placed. Resistive evaporation is suitable for the low melting or sublimation 

temperature materials. Most of the metals and some fluorides and sulfides can be 

deposited using resistive heating. Ultraviolet or visible laser is used for the ablation of 

the materials in pulsed laser deposition (PLD) technique. Ablated materials are 

deposited on a substrate opposite to the target. High deposition rate, cleaning and high 

stoichiometric film formation are the advantages. Non uniformity and small area 

coatings are the basic disadvantages of PLD. Another common process is cathodic arc 



 

 

 

65 

 

evaporation. In this process, metal vapor plasma, which is produced using electric arc, 

is employed to vaporize solid cathode material. This process is widely used for the 

deposition of TiN for hard coating purposes [2, 8].  

 

3.1.1.4. Electron Beam Evaporation 

 

Electron beam evaporation is a proper method for the deposition of high melting or 

sublimation temperature materials. Electron beam can create temperature up to 

3500°C. Electrons are produced using hot tungsten filament. Produced electron beam 

is focused magnetically and the beam is deflected 270° using permanent magnet to 

focus the electron beam on top of the material. Vaporized material is placed inside a 

crucible, which are water-cooled to decrease the effect of heating. Produced beam has 

3 mm diameter which creates around 25 kW/cm2 of intensity. Electron beam can be 

swept on the material using magnets. Sweeping of the electron beam yields a better 

rate of control and better quality films. Components of electron beam source are given 

in Figure 3.2 [2, 8]. 

 

 

 

Figure 3.2. Components of electron beam source [2]. 
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3.1.1.5. Sputtering 

 

Sputtering process occurs by the bombardment of the target material using accelerated 

ions. Accelerated ions crash to the target and eject atoms from the target. Ejected 

atoms transport and condense on the substrate. Argon ions are mostly used for 

sputtering. Different types of sputtering techniques are available such as DC 

sputtering, RF sputtering, magnetron sputtering, and reactive sputtering. DC 

sputtering is mostly used for the deposition of metallic films. However, it is not 

possible to deposit insulators at reasonable rates in DC sputtering technique. For the 

insulators, RF sputtering is used. RF sputtering is performed at 13.56 MHz in which  

ions are relatively immobile. Difference in the mobilities of ions and electrons creates 

negative self-bias which allows for sputtering of the insulators. Magnetron sputtering 

can be applicable to both RF and DC sputtering. Without magnets, there is a possible 

recombination loss at the chamber walls. The use of magnetic field enhances the 

electron path length by decreasing recombination. Reactive sputtering is another 

process for the formation of oxides and nitrides. Metallic or insulator targets are 

deposited under extra oxygen or nitrogen [8].   

 

3.1.1.6. Film Formation in PVD Coatings 

 

Reactive or electron beam evaporating vapors have around 0.1 eV energy. The 

vaporized molecules transport to the substrate surface and condense there. If the 

substrate is cold, atoms give up their energies whenever they are in contact with the 

surface. Therefore atoms do not have any time to provide a granular structure and thin 

films are formed in columnar structure. When the substrate temperature increases, 

atoms do not give their energies quickly. Energetic atoms can migrate and they can go 

to lower energetic states. This creates a denser film formation. Structural evaluation 

of thin films was explained by structure zone models which was firstly studied by 

Movchan and Demchishin for resistive and electron beam evaporation. Then, 

Thornton expands the study for the sputtering process. In the first study, structures of 
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thin films were correlated with deposition temperature (Ts) to melting temperature 

(Tm) ratio. Three zones are separated from each other using Ts/Tm ratio. Zone 1, zone 

2 and zone 3 correspond to Ts/Tm ratio smaller than 0.3, between 0.3 and 0.45 and 

higher than 0.45, sequentially. Zone 1 is the region of columnar growth with 

significant voids. Zone 2 is the densely packed columns and zone 3 is the region of 

polycrystalline structure. Additionally Zone T was defined to represent the transition 

zone from zone 1 microstructure to zone 2 microstructure. Zone T consists of poorly 

defined fibrous grains without void boundaries. Thornton study investigates the argon 

pressure together with Ts/Tm ratio on the nucleation and growth kinetics of thin films 

[9, 10]. Figure 3.3 shows structural zones for Thornton zone model. The other 

variables which affect the nucleation and growth kinetics in other words all the 

properties of thin films are: 

 

• Film material 

• Deposition rate (Flux of film material) 

• Kinetic energy of the film materials (Plasma assistance) 

• Substrate material 

• Surface cleanliness 

 

 

 

Figure 3.3. Thornton zone model [9].   
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3.1.2. Sol-Gel Coatings  

 

Sol-gel coatings have gained importance in the last 25 years. Also, they replace some 

vacuum coatings in many applications due to their easy development and low cost. 

These applications start with the preparation of the chemical solutions which are 

obtained by mixing of precursors and solvents. In sol-gel chemistry, metal alkoxides 

possess the general chemical formula [M(OR)z]n (M=metal, R=organic residue, 

n=degree of molecular association) and they are the main class to prepare the precursor 

solution. Metal alkoxides supply high purity, solubility in organic solvents, chemical 

reactivity and options for chemical modifications, however, they are known as 

expensive materials compared to their alternatives; such as metal nitrates, oxides, 

hydroxides, carbonates or carboxylates. Metal alkoxides are produced by replacing 

the proton of the hydroxyl group of an alcohol molecule (R-OH) with a metal cation. 

Their preparation is realized by the reaction of metal chlorides with anhydrous 

alcohols. Chemical solutions are prepared from the metal precursors using the two 

following reactions: hydrolysis (Eq. [3.1]) and condensation (Eq. [3.2]). The alkoxy 

groups are replaced by hydroxoligands in the hydrolysis reaction. In these reactions, 

water is acting as a Lewis base which attacks the metal atom and then proton transfer 

occurs from the water molecule to the structure, and finally, alcohol molecule is 

released. Condensation reactions start when the hydroxogroups are formed. 

Condensation reactions occur in three different steps: formation of ‘ol’ bridges, 

formation of ‘oxo’ bridges and leaving groups by proton transfer to hydroxyl groups 

and formation of metal-oxygen-metal bonds water or alcohol removing. After 

condensation of the solution, metal-oxide coating solution is formed. These coating 

solutions can form films on the substrate by spin, dip or spray coating methods. 

Coating solution is dropped on the substrate and then, substrate is rotated, a thin 

coating is formed on the substrate surface in the spin coating method. In dip coating, 

substrate is dipped into the coating solution and then substrate is removed from the 

solution at a controlled rate. In spray coating, coating solution is sprayed on the 

substrate [11]. 
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M OR H O MO zROH+ → +     Eq. [3.1] 

 

M OR RO M M O M ROR− − + − → − − +   Eq. [3.2] 

 

3.1.2.1. Spin Coating 

 

Spin coating is a simple and fast process to deposit thin films. Spin coating is mostly 

deposited on flat surfaces. Spin coating is a relatively cheap method and it is suitable 

to batch process. Spin coating is used in a variety of areas from experimental to 

industrial. Spin coating process starts with the dissolving of the coating material into 

the suitable solvent. Substrates are placed on the rotating disk and prepared solution 

is poured onto the substrate. Solution dispensing can be performed using manual or 

automatic means. Disk is rotated and majority of solution is flung off the side. Rotation 

can be carried out between 1000 to 10000 rpm which supplies uniform covering of the 

substrate. High rotation speed provides centrifugal forces combined with surface 

tension of the solution. In this way, majority of the solvent is dried by air flow and 

plasticized film is formed. Then, solvent evaporates from the top of the solution and 

thin film is formed. Spin coating deposition occurs in four sequential steps: fluid 

dispensing, spin-up, spin-off and evaporation. Stages of spin coating are demonstrated 

in Figure 3.4. In spin coating method, deposition thickness can be varied between few 

nm to few µm. Film thickness and quality strictly depend on the viscosity, drying rate, 

amount of  solids and surface tension of the solutions. When solution is not wetted to 

the substrate, some pre-process should be applied to decrease the contact angle. 

Wetting of the solution to the substrate is crucial to yield better films. Also, edge effect 

formation possibility increases when the solution has a high surface tension. For this 

reason, low surface tension solutions yield the elimination of the edge irregularities. 

In addition, process parameters like rotational speed, acceleration, and time strongly 

affect the film properties [12, 13]. 
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Figure 3.4. Four steps of the spin coating process [12]. 

 

3.2. Construction of Hybrid Mesoporous and Planar Perovskite Solar Cells 

 

In this study, electron beam deposited electron transport (ETL) and hole transport 

layers (HTL) were investigated. For this reason, perovskite solar cells were 

constructed using these layers and they are characterized. Performances of perovskite 

solar cells are highly dependent on the production routes in the construction of 

perovskite solar cells. In this study, all the cells were fabricated in n-i-p configuration. 

Cells are formed on top of FTO coated glass layer. While some of the cells include 

mesoporous layer, some of them were produced in planar configuration. For the 

studies of alternative hole transport layers, TiO2 compact and mesoporous layers were 

used as electron transport layer. Also, while investigating the alternative ETL’s, spiro-

OMeTAD was used for HTL. Finally back gold contact was deposited to produce 

perovskite cells. Following section explains the production routes for the perovskite 

solar cells. 
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3.2.1. Etching of the Substrate 

 

FTO deposited glass substrates were firstly cut to the dimensions of 15 mm width and 

20 mm length. Then, these substrates were patterned by etching FTO coatings on the 

glass substrates. For the production of perovskite solar cells, all layers are deposited 

on each other. For the current density and voltage measurements, contacts are used as 

front and back electrodes. During the measurements, there is a strong possibility that 

interfacial layers between the electrodes can be damaged. This situation increases the 

short circuit pathways between the electrodes in the perovskite solar cell. For this 

reason, contact positions of the front and back electrodes were separated from each 

other by etching of the FTO layer. Firstly, tape type masking is performed for the 

regions which will not be etched. Then, zinc powder is poured on top of the FTO 

coated substrates followed by placing diluted HCl on zinc powder. Zinc powder and 

HCl undergo into a reaction and hydrogen gas is formed. Hydrogen gas reduces the 

tin oxide which is washed by the acid. Finally, cells were cleaned by plenty of water. 

Figure 3.5 schematizes the patterning of the FTO coated substrates.  

 

 

 

Figure 3.5. Etching procedure of the FTO coated glass. 
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3.2.2. Substrate Cleaning 

 

Substrate cleaning is the following step in the production of perovskite solar cells. 

FTO coated glass should be cleaned to create defect free surface which is critical for 

better adherence of the following layer. Any dust or dirty regions are resulted with 

pinholes on the following layer or the peeling of the film. For these reasons, etched 

FTO substrates were subjected to following cleaning steps. Substrates were dipped 

and cleaned ultrasonically in a detergent solution, deionized water, acetone, deionized 

water, and isopropanol, sequentially for 10 min. Cleaned substrates were stored in 

isopropanol solution until the deposition of compact layer. When the substrates were 

taken off from the isopropanol, they were dried using nitrogen flow. Then, UV-Ozone 

treatment was applied for 15 min to the substrates previous to the deposition of 

compact layer. UV-Ozone treatment removes most of the organic contaminants and 

directly enhances the carrier transport between FTO and compact layer [14]. 

 

3.2.3. Preparation of Compact Layer 

 

In this study, compact layers were deposited using electron beam evaporation 

technique. Depositions were performed using Tecport thin film coating system which 

has 1200 mm diameter and is 1350 mm in height. The coating system can be seen in 

Figure 3.6. System has two rough pumps which are mechanical and booster pumps. 

Mechanical pump starts firstly before the booster pump becomes active. When the 

pressure level decreases to 10-3 torr, valve which is in front of the diffusion pump is 

opened. Then, system transfers from rough vacuum to high vacuum regime. This 

system has two 24 inch diffusion pumps. Diffusion pump oil is heated to 230°C before 

the vacuum process starts. It means that diffusion pump is kept at ready position for 

pumping. High vacuum is measured using ion gauge and convectron gauge is used to 

measure low vacuum in chamber. Polycold unit is used to fasten the pumping rate. 

Polycold, which works as cold trap for water based molecules, is a closed loop of -

120°C liquid inside the chamber. Substrates are placed above the four planetary 
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rotation holders. Holders are connected to the main rotation body. Rotation was 

performed at 10 rpm during the deposition process. Planetary movement supplies 

better thickness uniformity along the diameter of holders. Substrate temperature can 

be increased up to 300°C. Heating is realized using halogen lamps. System has 3 

electron beam sources and 2 resistive heating sources. Also, one plasma source is 

located into the system to assist deposition. Coating thickness is determined using a 

quartz crystal which measures the change in the natural frequency by added mass. 

 

 

 

Figure 3.6. Tecport deposition system. 

 

Compact layers were deposited on top of FTO layer. Firstly, etching process in 

vacuum was applied to create better surface for deposition. Etching process was 

started when the base pressure of the system reaches to 10-5 torr vacuum level. Etching 

was carried out using the plasma source for 2 min at 70 V bias voltage. Discharging 

was created using argon gas at 10 A current and 100 V voltage values. Working 

principle of plasma source which was used in Tecport system is given in Figure 3.7.  
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Figure 3.7. Components and working principle of the plasma source. 

 

When surface etching is completed, deposition starts when the base pressure reaches 

to 8x10-6 torr. TiO2 and Nb2O5 compact layers were used in the production of 

perovskite solar cells. Both materials were deposited using electron beam evaporation 

technique. Electron beam source has direct cooling using closed loop water flow. Both 

materials were prepared using pre-melting process previous to deposition. In pre-

melting process, powder, chunk or granule materials are melted in a crucible using 

low electron beam energy. When this process is applied, small particles are melted 

and cooled as a single bulk material. Figure 3.8 shows a pre-melted material. Without 

pre-melting, electron beam energy can disperse the powder or granules, for this reason 

pre-melting supplies a better deposition condition. In the production of TiO2 and 

Nb2O5 compact layers, Ti3O5 and Nb2O5 materials were used as starting materials. 

Most of the oxide materials are evaporated using dissociation reactions. Oxygen can 

be separated from metal part and therefore, oxygen deficient growth is produced. For 
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this reason, most of the oxides are produced using reactive evaporation, which is 

realized by additional oxygen supply to the vacuum chamber. 

 

 

 

Figure 3.8. Pre-melted material for e-beam evaporation. 

 

A shutter is located on top of the electron beam source. Shutter does not allow the 

vaporized molecules to reach to the substrate. The use of shutter supplies an advantage 

in the preparation of the evaporating material. When the material is ready, deposition 

starts with opening the shutter. Electron beam power is controlled using rising and 

soaking time parameters. Rising and soaking time parameters are determined as not to 

damage the material and to obtain a constant rate. For this reason, firstly materials are 

studied to determine their electron beam power, rising and soaking times. Then, these 

values are used during the deposition of thin films. Materials become ready to be 

coated when the rising and soaking times are determined. Also, deposition rate 

depends on the power of the electron beam. When electron beam power increases, 

higher deposition rates can be obtained. Higher rates supply an advantage to lower the 
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deposition time. However, high rates can suffer from low film quality. When the 

required thickness is reached, shutter is closed. 

 

Optimized values for electron beam power, rising and soaking times were firstly 

obtained for the TiO2 and Nb2O5 thin films. For both of the thin films, materials 

become ready for the deposition after 4 pre-steps. As the first step, current of the 

electron beam was increased to 0.3 A in 1 min, followed by keeping e-beam current 

at the same value for 30 s for both of the materials. In the following step, current was 

increased to 0.42 A for TiO2 and 0.39 A for Nb2O5 in 30 s and kept at that value for 

30 s. Finally, shutter was opened for the constant rate deposition. During deposition 

of the materials, some of the parameters were changed to tune the thin film 

characteristics. Both of the materials were deposited under different oxygen flow rates. 

TiO2 thin films were deposited using plasma assistance; however, both plasma assisted 

and non-assisted conditions were employed for Nb2O5 thin films. Plasma bias voltage 

was applied at 115 V for TiO2 thin films and at 90 V for Nb2O5 thin films.  

 

3.2.4. Preparation of Mesoporous Layer 

 

Opposite to DSSC’s, thinner mesoporous layer can work effectively in perovskite 

solar cells due to the highly absorbing nature of perovskite layer. Because of the 

thicker layer (5 to 10 µm) requirements, mesoporous layers are mostly deposited using 

screen printing method in DSSC’s. However, preferred method is spin coating for the 

mesoporous layer in perovskite solar cells. To create mesoporous layer, first procedure 

is the production of the paste. In this study, TiO2 is used for the mesoporous electron 

transport layer. TiO2 pastes were used in both as prepared and commercially supplied 

forms.  

 

TiO2 paste production starts with the grinding process of TiO2 nanopowders using 

ethanol inside titanium mortar followed by the application of ultrasonic treatment to 

the solution to break the agglomerated nanoparticles. Then, ethyl cellulose and 
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terpineol were mixed with nanopowder solution. Ratios of the mixing components 

were 2:1:7 by weight for TiO2 nanopowder, ethyl cellulose and terpineol, respectively. 

Finally, ethanol was evaporated using rotary evaporator under vacuum at 40°C.  

 

As prepared and commercially supplied (Dyesol NRT-18) titania pastes were mixed 

with ethanol in 1:3 weight ratio to supply fluidity. Due to the spin coating deposition 

technique, spreading of the solution is critical to supply pin hole free deposition. After 

the mixing with ethanol, solution was stirred for a long time to create good dispersion 

of the paste. Compact layer deposited substrates were subjected to UV-Ozone 

treatment for 15 min which provides better homogeneity for mesoporous layer 

addition to remove the organic contaminants. Then, mesoporous layers were deposited 

immediately using spin coating technique. Rotation speed and time were optimized to 

obtain good film quality as 2000 rpm and 5 s. The applied procedure provides enough 

viscosity to yield a 250 nm thick mesoporous titania layer. After the deposition, films 

were dried at 125 °C for 5 min. If thicker films are required, deposition and drying 

steps can be repeated. Finally, annealing was applied to the films at 500 °C for 2 h 

using a belt furnace.  

 

3.2.5. TiCl4 Treatment for Mesoporous Layer 

 

Titanium tetrachloride treatment was applied previous to the deposition of perovskite 

active layer. In this treatment, mesoporous TiO2 coated substrates were dipped into the 

TiCl4 aqueous solution which is prepared using 0.2 mmol TiCl4. Solution was heated 

to 90°C and dipping was ended after 15 min. Hydrolization reaction of TiCl4 occurs 

and ultrafine TiO2 nanoparticles are produced in a film form on top of the mesoporous 

layer. There are many explanations about the healing performance of perovskite solar 

cells due to this treatment. Ultrafine TiO2 layer increases the density of states near 

TiO2 and therefore higher charge mobility is provided. Also, treatment supplies better 

adhesion of perovskite layer to the mesoporous layer which causes decreased 

recombination processes. When the treatment was ended, samples were cleaned using 
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deionized water. Finally, they were subjected to second heat treatment process again 

at 500°C for 2 h [15, 16]. 

 

3.2.6. Preparation of Perovskite Layer 

 

In literature, there are several studies for the deposition of perovskite layer. Methods 

can be evaluated under two main classes. These are vacuum coating and solution based 

coating of perovskite layer. Due to the simplicity of solution based coatings, number 

of studies for these types of depositions is higher than that of vacuum coating of 

perovskite layer. There are three approaches for the solution based deposition of 

perovskite layer. First approach is one step deposition technique in which the solution 

is prepared directly by mixing CH3NH3I (MAI), PbI2 and N,N-dimethylformamide 

(DMF) followed by the application of the solution using spin coating method. Second 

approach is the two step deposition technique, which is performed in two sequential 

steps. PbI2 and DMF are mixed and then deposited by spin coating. Coated substrates 

are then immersed into the MAI solution. Final and the approach used in this work is 

the adduct method. 

 

Adduct method is based on the Lewis acid-base concept. Base is described as electron 

pair donor and acid as electron pair acceptor. Lewis acid-base, where reactions are 

nonaqueous, yields redox reaction or adduct formation. When adduct formation 

occurs, adduct is linked by shared electrons which are originated from the Lewis base. 

Adduct of PbI2 and N,N-dimethyl sulfoxide (DMSO) is used in this approach due to 

Lewis acid nature of PbI2 and O-donor nature of DMSO. Adduct structure produces 

an intermediate layer which plays a critical role on the morphology of perovskite layer. 

Also, adduct approach decreases the rate constant for the formation of perovskite layer 

and therefore crystal growth control becomes easier. As a result, this method offers 

larger and continuous crystal formation. 
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In this study, 1:1:1 molar ratio of PbI2, MAI and DMSO were dispersed into DMF 

which is 40% in weight. This solution was poured on the substrates and spin coating 

process was applied at 4000 rpm for 30 s. Diethyl ether was dropped on the spinning 

substrate at the fifth second of the rotation. Diethyl ether treatment was applied to 

wash out the DMF solvent. This treatment provides better solvent evaporation which 

yields good surface coverage of perovskite layer. When the spin coating was finished, 

produced transparent film includes adduct of PbI2.DMSO. Finally, deposited films 

were applied to heat treatment for 5 min at 100°C. Figure 3.9 demonstrates process of 

adduct method. Heat treatment process evaporates DMSO and creates completely 

crystallized MAPbI3. Obtained film is formed at good coverage without pin hole 

formation. Films have shiny black appearance after the heat treatment [17, 18].  

 

 

 

Figure 3.9. Demonstration of Adduct Method [18]. 

 

3.2.7. Preparation of Hole Transport Layer 

 

In this study, two different approaches were used to deposit hole transport layer. NiO 

and TiO hole transport layers were deposited by electron beam evaporation technique 

as the first approach. These materials were used together with TiO2 electron transport 

layer. However, spiro-OMeOTAD was used as HTL when Nb2O5 ETL was employed. 

NiO and TiO precursors were used in the evaporation process. While, TiO was 

evaporated after the pre-melting process, NiO was deposited directly from the chunky 

form due to the sublimation of NiO. Same deposition system and approach with ETL 
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was used for the deposition of TiO and NiO HTL thin films. These materials were 

deposited on glass substrates for single layer characterizations. Plasma etching was 

applied to glass substrates previous to the deposition of single layers. However, 

etching was not applied during the production of perovskite solar cell not to damage 

the perovskite layer. Both of these materials were studied using different deposition 

parameters: deposition temperature, deposition rate, plasma assistance and oxygen 

flow rate. Spiro-OMeOTAD thin films were deposited using spin coating method as 

the second approach. Solution was prepared by dissolving of spiro-OMeOTAD, 4-

tert-butyl pyridine and lithium bis(trifluoromethanesulfonyl)imide (Li-TFSI) in 

chlorobenzene. Prepared solution is poured onto the perovskite layer and rotated at 

3000 rpm for 30 s. Solvent can be evaporated at room temperature and a rigid film is 

formed on top of the perovskite layer. 

 

3.2.8. Deposition of Back Electrode Layer 

 

Back electrode deposition is the final process for the production of perovskite solar 

cells. Metallic coatings are the promising back side electrodes. Gold, silver and 

aluminum coatings can be used for this purpose. In this study, gold coating was 

employed. Gold has very low work function which is around 5.2 eV, which is critical 

for efficient hole collection from both perovskite and hole transport layer. Deposition 

processes were conducted in Nanovak sputtering system which can be seen in Figure 

3.10 where a gold target was subjected to DC sputtering. Sputtering process was 

started when the base pressure is lower than 5x10-6 mbar. For sputtering process, 

chamber pressure was kept as constant at 15 µbar with corresponding argon flow. DC 

voltage is then firstly increased to 300 V in 1 min and waited there for 5 min for target 

cleaning, followed by an increase in voltage to 320 V in 20 s and the shutter in front 

of the cells was opened. The deposition rate was around 1 Å/s and deposition ended 

when the film thickness reached to 120 nm. This thickness is enough to collect and 

transport the charges. Deposition of gold was conducted using a mechanical mask 

which can be seen in Figure 3.11 and it provides the formation of 8 different cells 
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which has 0.05 cm2 active area. Finally, silver paste was applied to form the contacts 

to provide a better contact for the measurements. Figure 3.12 shows how the final cell 

looks like. Back contacts are taken from the gold contacts and the front contact was 

taken from FTO regions formed by scratching the films on top of FTO layer.  

 

 

 

Figure 3.10. Sputtering system. 
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Figure 3.11. Mask used for gold back contact coating. 

 

 

 

Figure 3.12. Final perovskite solar cell used for the measurements. 

 

3.3. Characterization Techniques 

 

In this study, two separate characterizations were performed. First one is the 

evaluation of the single layers which were deposited by electron beam for their 

potential use in perovskite solar cells as electron transport or hole transport purposes. 

Secondly, characterization of the perovskite solar cells which were produced using the 

alternative ETL and HTL materials. 
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3.3.1. Characterization of Single Layers 

 

To evaluate the structural, optical and electrical properties of thin films, they were 

directly deposited on glass substrates at approximately 300 nm thickness. 

Morphological and structural characterizations of thin films were evaluated using 

SEM, XRD and XPS techniques. These films then were conducted to transmittance 

and reflectance measurements to explain their optical properties. Finally, Hall effect 

and UPS measurements were performed to understand the electrical properties of thin 

films. Measurement techniques will be explained in detail in the following chapters. 

In this chapter, only the calculation of refractive index and thickness of thin films will 

be given. 

 

3.3.1.1. Determination of Coating Thickness and Refractive Index Dispersion 

 

a) Background of the Approach 

 

Interference of light was firstly examined in Young double-slit experiment in 1801 by 

Thomas Young. According to this experiment, the incoming wave splits into two 

separate waves upon hitting the slit part and later they combine in a single wave. 

Change in the path lengths of the separate waves forms the phase-shift and interference 

path. A coherent light source is sent on the two parallel slits. Light passes the slits and 

an image forms at the back side. Bright and dark areas at the backsides explain the 

constructive and destructive interference (Figure 3.13). If there are (n/2)π degree phase 

shifts, two waves form a destructive interference. However, when phase shift equals 

nπ, waves form a constructive interference.  
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Figure 3.13. a) Young double slit experiment, b) constructive and destructive interference [5]. 

 

Light and objects can be interacted in 4 different ways where light can be transmitted, 

reflected, absorbed or scattered. Since thin films are mostly deposited on flat surfaces, 

scattering is ignored. If films are accepted to show no absorption, then the sum of the 

transmitted and reflected ways should be equal to 1. Transmittance and reflectance 

values are mainly given as a percentage; because, their values are given as the ratio of 

transmitted/reflected energy to the incoming light energy. 

 

Without any coating on the substrate (without any absorption), reflection can be 

calculated using Fresnel equation (Eq. [3.3]). R defines the amplitude of reflection, 

and no and n1 define the refractive index of air and substrate, respectively. Refractive 

index is defined as the ratio of the velocity of light inside the medium to the velocity 

of light in air. Incoming light is reflected from both front and back surfaces. Reflection 

amplitude equals to the sum of front and back side reflections. Uncoated substrates (in 

other words thick media) form a very dense interference; therefore, it is not 

manipulated. They create continuous transmittance or reflectance spectra 

corresponding to the wavelength.  
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When substrates are coated using a thin film which has a different refractive index 

than the substrate, interference in transmittance or reflectance measurement is 

observed. Coated thin film creates two reflection interfaces on one surface which can 

be seen in Figure 3.14. R1 and R2 define the reflection at interfaces of thin film to air 

and thin film to substrate. Reflection amplitude is defined in the equation 3.4, after the 

formation of single layer thin film. β, which is formulated in equation 3.5, corresponds 

to the phase difference between two reflected light waves. Phase shift between the 

reflected lights is produced due to the path difference created by the thickness of the 

thin film. If the phase shift equals to π/2, destructive or constructive interference of 

R1 and R2 waves are maximized. When the coated thin film has a higher refractive 

index than the substrate material, reflection is maximized. Also, oppositely, minimum 

reflection is observed when thin film has a lower refractive index (Figure 3.15). In this 

condition, optical thickness (nd) is equal to λ/4 which is also known as quarter wave 

optical thickness (QWOT). If the phase shift between R1 and R2 equals to π, thin film 

does not create a change in reflection. These films are called as absentee layer and in 

this case optical thickness equals to half wave optical thickness (HWOT).  

 

 

 

Figure 3.14. Reflection from thin film/air and thin film/substrate interfaces. 
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Figure 3.15. Formation of interference fringes when thin films with different refractive indices are 

deposited on glass which has a refractive index of 1.52 [4]. 

 

Absorption is another important optical parameter. If the medium absorbs the light, 

refractive index of this medium is defined in complex ways (equation 3.6). k is the 

extinction coefficient and defines the absorbing nature of the substrate or thin film. 

Absorption coefficient (α) is calculated using the formula given in equation 3.7.  

 

1 1N n ik= −     Eq. [3.6] 

 

4 k



=      Eq. [3.7] 



 

 

 

87 

 

Changes in refractive index depending on the wavelength are called as refractive index 

dispersion. Dispersion is explained using electromagnetic theory of the molecular 

structure. When the electromagnetic wave impinges to an atom or molecule, the bound 

charges vibrate in the same frequency of the incident wave. Refractive index of 

materials increases when the wavelength decreases. Change in refractive index is very 

large at lower wavelengths; however, it is nearly constant at longer wavelengths [4, 5, 

19] (Figure 3.16). 

 

 

 

Figure 3.16. Refractive index dispersion of SiO2 [20]. 

 

b) Application of the Fitting Process 

 

In this study, physical thickness and refractive index dispersion of thin films were 

calculated using Optilayer Characterization thin film coating software. The main 

screen of the software can be seen in Figure 3.17. For the characterization, 

transmittance or reflectance measurements are carried out for uncoated substrate and 

thin film coated substrates. These measurements were then supplied as input data to 

the software. Thickness, refractive index and extinction coefficient values were given 
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as estimated values in the program to select a range for a better starting point. Then, 

optimum fitting approach was chosen from the options and fitting process was applied. 

Also, surface and bulk inhomogeneity terms can be added during the fitting process. 

For low figure of merit, which means a good fitting, refractive dispersion and 

thickness values are produced by the software. Figure 3.18 shows the fitting and 

refractive index dispersion as an example. 

 

 

 

Figure 3.17. Optilayer characterization software fitting algorithms. 
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Figure 3.18. Optilayer characterization software fitting process and calculated refractive index-

coating thickness values. 

 

3.3.2. Characterization of Perovskite Solar Cells 

 

After the production of the perovskite solar cells, current-voltage measurements were 

carried out under simulated solar light. This measurement provides information about 

the cell efficiency and internal resistances of the cells. Detailed explanation of the 

current voltage measurement was given in literature review chapter (Chapter 2). Also, 

electrochemical impedance spectroscopy (EIS) measurement was carried out to 
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examine the charge transfer processes and resistance of each layer. In the following 

part, EIS technique will be explained shortly.  

 

3.3.2.1. Electrochemical Impedance Spectroscopy (EIS) 

 

Electrochemical impedance spectroscopy (EIS) measures the response of an 

electrochemical unit to the small AC signal which is given as a function of the 

frequency. This technique is widely used in the characterization of the electrochemical 

or photo electrochemical devices in which ionic or electron transfer processes occur. 

AC voltage is conducted at specified angular frequency (ω) and produced current is 

detected. Impedance is the ratio of voltage to the current which is given in equation 

3.8. Used frequency is in the range of millihertz to kilohertz. When frequency is equal 

to zero, applied voltage becomes DC where impedance equals to the resistance of the 

components in this condition. Impedance shows the difference depending on the 

angular frequency. When angular frequency is zero, phase difference is also zero. For 

the case of non-zero phase difference, there will be a phase difference between current 

and voltage. Main components of the phase difference are capacitor (C) and inductor 

(L).  

 

( , t)
( , t)

( , t)

V
Z

I





=     Eq. [3.8] 

 

Impedance measurements have real and imaginary parts and they are often presented 

by Nyquist and Cole-Cole plots. Equivalent circuit model is used to explain the results 

of EIS measurements. Series or parallel circuits are used and resistor, capacitor, 

inductor and constant phase element components are used in the modelling. Figure 

3.19 demonstrates a Nyquist plot for typical Randles with modelled equivalent circuit. 

High frequency regions are kinetically controlled and low frequency region is 
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controlled by diffusional processes. Series resistance, capacitance of the kinetic and 

diffusional processes can be defined using a plot and equivalent circuit [21]. 

 

 

 

Figure 3.19. Nyquist plot of a cell with modelled equivalent circuit [21]. 
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CHAPTER 4  

 

4. PLASMA ASSISTED LOW TEMPERATURE ELECTRON BEAM                 

DEPOSITED NiO THIN FILMS FOR ELECTRO-OPTIC                  

APPLICATIONS  

 

Nickel oxide (NiO) is a popular ceramic material due to its excellent chemical 

stability, low-cost, and wide application areas. Application of NiO thin films has been 

investigated in many popular applications such as catalysts, transparent conducting 

oxides, photodetectors, electrochromic devices, gas sensors, photovoltaic devices, 

supercapacitors, and fuel cells [1-3]. 

 

Stoichiometric NiO, which has cubic NaCl structure, shows insulating character; 

therefore, it is mandatory to enhance the electrical conductivity for applications. This 

can be achieved by increasing the concentration of Ni2+ vacancies, oxygen interstitials, 

and monovalent ion doping. NiO thin films mainly show p-type conductivity upon 

defect introduction into the crystal structure and possess wide band gap ranging 

between 3.6 and 4.0 eV. Electrical, optical, and magnetic properties of NiO thin films 

can be tuned by the modification of the stoichiometry [2-4]. 

 

There are many studies in literature investigating the effect of the deposition 

techniques and parameters for NiO thin films. NiO thin films can be produced by spray 

pyrolysis [5], high temperature oxidation [6], sol-gel process [7], electrochemical 

deposition [8], and vacuum deposition [9, 10] methods. Recently, vacuum deposited 

NiO thin films gained importance due to ease of tunability of  

stoichiometry, by modifying the process parameters. Although pulsed laser atomic 

layer deposition [11], atomic layer deposition [12] and plasma enhanced chemical 

vapor deposition [13] are alternative methods, most of the studies are focused on rf 
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and reactive dc magnetron sputtering of NiO [3, 14-16] due to large area applicability, 

suitability to doping, and high deposition rate. However, rf or dc magnetron sputtered 

NiO thin films should be annealed after deposition to obtain NiO crystallinity. 

 

Another important vacuum deposition method, electron beam evaporation, was also 

used to deposit NiO thin films [17-19]. However, these studies are limited to optical 

characterizations. Also, these evaporations were conducted from powder or loosely 

stick form, which are not preferred in e-beam evaporation. In our study, NiO films 

were produced at different oxygen flow rates, deposition temperatures, deposition 

rates, and plasma assistance using chunk NiO particles. The effects of process 

parameters on the morphology, structural, optical, and electrical properties were 

investigated. All of the films were obtained with high crystallinity and dense structure. 

Highly conductive films were obtained when films are deposited using plasma 

assistance. 

 

4.1. Experimental Studies 

 

NiO thin films were deposited using Tecport plasma assisted physical vapor 

deposition (PVD) system. NiO chunks between 1 and 5mm, purchased from Materion, 

were evaporated using electron beam in the PVD system. Main chamber pressure is 

reduced below 8x10-6 mbar before deposition. Thin films were obtained at different 

process parameters which are given in Table 4.1. The parameters and base values were 

chosen for effective comparison of thin films such that only one parameter was 

changed while the other parameters were kept constant. Electron beam power for 

evaporation of NiO chunks was optimized at a constant rate during deposition. 

Although the desired thickness is 250 nm, actual thicknesses of the layers change from 

sample to sample due to the fact that the actual thickness is directly affected by the 

process parameters. It was observed that the thickness of the NiO layer increases with 

increasing oxygen flow rate, deposition temperature, and decreasing deposition rate. 
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Also, the lower layer thickness was obtained when films were deposited under plasma 

assistance. NiO films were deposited on Schott Bk7 borosilicate glasses, which were 

cleaned by wiping in acetone and etching in argon in the deposition system. Jeol cold 

plasma source was used for plasma assistance and substrate etching. Biases of 90V 

and 130V discharge voltages were applied to obtain denser NiO layers.  

 

NiO thin films were investigated using UV-vis spectrophotometer, x-ray 

diffractometer, x-ray photoelectron spectroscopy, Hall effect, ultraviolet 

photoelectron spectroscopy (UPS), and scanning electron microscopy (SEM). A 

Perkin Elmer Lambda 950 UV-vis near-infrared spectrophotometer was used for 

transmission and reflection measurements. The refractive index and approximate layer 

thicknesses were calculated from the “Optilayer” optical thin film calculation software 

via mathematical approximation. Crystallographic analyses were done by using an x-

ray diffractometer, Rigaku (SmartLab) using Cu Ka radiation (1.54Å), at a grazing 

incidence angle of 3° to minimize the substrate effect. X-ray photoelectron 

spectroscopy (XPS) (Thermo K-Alpha) was used to determine elemental composition 

of the films. Films were cleaned by argon etching before characterization to remove 

carbon layers. Hall Effect measurements were made using Lakeshore 7700A system 

with van der Pauw geometry between 1 and 1.8T. Due to the low conductivity of films, 

gold contacts were evaporated on the corners of the samples. Electronic band positions 

of the thin films were calculated from the results of UPS (PHI 5000 Versaprobe) and 

UV-vis spectrophotometer measurements. NiO thin films were deposited on indium 

tin oxide coated glass for UPS characterizations. Surface morphologies of the films 

were investigated using field emission (FESEM, FEI–Nova NanoSEM 430) SEM. 
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Table 4.1. Deposition parameters for NiO thin films. 

 

Sample 

No: 

Deposition 

temperature (°C) 

Deposition 

rate (Å/s) 

Oxygen flow 

rate (sccm) 

Plasma 

assistance 

SN 1 80 2 0 No 

SN 2 80 2 10 No 

SN 3 80 2 25 No 

SN 4 80 2 50 No 

SN 5 80 2 100 No 

SN 6 30 2 25 No 

SN 7 170 2 25 No 

SN 8 80 1 25 No 

SN 9 80 3 25 No 

SN 10 80 2 0 Yes 

SN 11 80 2 10 Yes 

SN 12 80 2 50 Yes 

 

4.2. Results and Discussions 

 

4.2.1. Structural Properties 

 

X-ray diffraction patterns of NiO thin films were recorded between 35 and 80° at 3° 

grazing incidence angle (Figure 4.1.). Five characteristic peaks of NiO were observed, 

and also no peaks related to metallic Ni were seen in the XRD patterns. Peaks are 

assigned to NiO face centered cubic rock salt structure with Fm-3m space group. 

(111), (200), (220), (311), and (222) planes were observed at 37.2°, 43.3°, 62.8°, 

75.4°, and 79.4° 2-theta values. A dominant peak is found at 37.2°, showing 

preferential orientation of (111) plane, except for films deposited at low temperatures. 

Although (111) plane becomes stronger at high oxygen flow rates, (200) and (222) 

planes are tending to disappear under these conditions. At higher temperatures, (111) 
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and (220) plane intensities increase, while (200) plane gives the strongest peak at room 

temperature deposition. The deposition rate does not affect the crystallographic 

orientation. A shift in the position of (111) plane to lower 2-theta values is observed 

when deposition is conducted using plasma assistance.  
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Figure 4.1. X-Ray diffraction of NiO thin films for different deposition parameters: a) oxygen flow 

rate, b) deposition temperature, c) deposition rate, d) oxygen flow rate with plasma assistance. 

 

Table 4.2. shows the average grain sizes and lattice parameters of the NiO thin films. 

The grain size was calculated from Scherrer’s equation using the strongest peak 

belonging to (111) plane [14]. It is seen from Table 4.2 that the average grain size of 

NiO thin films increases with the oxygen flow rate. Higher deposition temperature 

enhances grain growth and results in larger grain sizes. Also, the deposition rate 

increases with increasing e-beam power due to vaporization of more atoms at a shorter 
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time, leading to larger grain sizes. Plasma assistance supplies a relatively high kinetic 

energy to NiO molecules in the vapor and introduction of higher amounts of energy 

to NiO vapor results in larger grain sizes. An increased lattice parameter is observed 

under high oxygen flow rates, high deposition temperatures, low deposition rates, and 

plasma assisted deposition conditions which we relate to Ni vacancies and interstitial 

oxygen atoms introduced into the NiO lattice. 

 

Table 4.2. Grain size and lattice parameter of NiO thin films. 

 

 Sample No: Grain size (nm) Lattice parameter (Å) 

SN 1 95.5 4.177 

SN 2 95.7 4.179 

SN 3 99.7 4.181 

SN 4 108.3 4.181 

SN 5 120.1 4.185 

SN 6 98.1 4.179 

SN 7 113.2 4.186 

SN 8 97.7 4.186 

SN 9 110.1 4.181 

SN 10 105.4 4.189 

SN 11 108.6 4.195 

SN 12 108.8 4.211 

 

Figures 4.2 to 4.5 show the surface SEM images of NiO thin films at the same 

magnification for different deposition parameters. When NiO thin films are deposited 

at 80°C without plasma source, the structure is composed of a combination of needle 

and spherical shaped particles. The ratio of the needle to spherical particles decreases, 

and the size of needles become smaller with increasing oxygen flow rates. Also, the 

size of needles reduces under high oxygen flow rate conditions. When NiO thin films 

are deposited at different deposition rates, the needle to spherical particle ratio remains 

almost the same. However, the size of needles increases with the deposition rate. Upon 
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decreasing the deposition temperature, dominant morphology turns to spherical 

particles, and in addition, cuboidal structures are formed at high deposition 

temperatures. When plasma assistance is used, the whole surface is covered with 

spherical particles. 

 

 

 

Figure 4.2. SEM images of NiO thin films deposited at different oxygen flow rates. 

 

 

 

Figure 4.3. SEM images of NiO thin films deposited at different temperatures. 
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Figure 4.4. SEM images of NiO thin films at different deposition rates. 

 

 

 

Figure 4.5. SEM images of NiO thin films deposited at different oxygen flow rates with plasma 

assistance. 
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XPS measurements were performed to obtain stoichiometry and structure of NiO 

films, and the results can be seen in Figure 4.6 and Figure 4.7 for nickel and oxygen, 

respectively. Metallic Ni and Ni(OH)2 show strong single peaks at 852.6 and 855.6 

eV, and due to the absence of these peaks, we conclude that thin films deposited in 

this study possess only NiO structure at all deposition conditions. NiO has 

multipletsplit [20] and this characteristic can be seen in Figure 4.6. as an example of 

specimen SN 3. NiO has four characteristic peaks at 854, 861, 877, and 879 eV, which 

correspond to Ni2P3/2 multiplet-split, Ni2P3/2 satellite, Ni2P3/2 multiplet-split, and 

Ni2P1/2 satellite positions, respectively. These four peaks can be seen in all samples 

and the position of peaks is the same for all films. Oxygen peak appears at 529–530 

eV, and this peak shifts to higher binding energies at low oxygen flow rates and high 

deposition temperatures. Plasma assistance shifts the oxygen peak to a lower binding 

energy. Table 4.3 shows the atomic concentrations of Ni and O atoms in NiO thin 

films calculated using XPS measurements. As an expected result, the oxygen content 

in NiO films increases at high oxygen flow rates. Ni amount in thin films increases 

with increasing deposition temperature and deposition rate. Plasma assisted and 

oxygen free deposition conditions result in the most stoichiometric form of NiO films 

deposited in this study. 
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Figure 4.6. XPS graph of nickel for NiO thin film. 
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Figure 4.7. XPS graphs of oxygen for NiO thin films for different deposition parameters: a) oxygen 

flow rate, b) deposition temperature, c) deposition rate, d) oxygen flow rate with plasma assistance.  

 

Table 4.3. Amounts of Ni and O atoms. 

 

Sample No: Ni (2p3) (at. %) O (1s) (at. %)  

SN 1 48.1 51.9 

SN 2 47.9 52.1 

SN 3 47.3 52.7 

SN 4 46.6 53.4 

SN 5 45.4 54.6 

SN 6 47.3 52.7 

SN 7 47.8 52.2 

SN 8 46.7 53.3 

SN 9 47.5 52.5 

SN 10 49.4 50.6 

SN 11 48.0 52.0 

SN 12 47.0 53.0 
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4.2.2. Optical Properties 

 

Transmittance and reflectance measurements were conducted on NiO thin films 

deposited on glass substrates. Figure 4.8 shows the variation of transmittance with 

wavelength for different deposition parameters. The thickness values of the films are 

close to each other, and therefore, it is possible to assume that the samples are identical 

and convenient comparisons can be made. All of the films show some degree of 

absorption compared to base 92% transmittance of Bk7 glass. The amount of 

absorption also increases at shorter wavelengths. It is seen that the main effective 

parameter affecting the transmission values of the films is the oxygen flow rate. The 

increase in the oxygen flow rate minimizes the absorption at shorter wavelengths, and 

sample SN 5 shows the minimum absorption. Absorption decreases at high deposition 

temperatures and low deposition rates when deposition is performed at a constant 

oxygen flow rate. It is clear that higher transmittance at longer wavelengths is obtained 

when the oxygen flow rate is reduced. Upon increasing the amount of oxygen in the 

deposition chamber, the introduction of defects and porosity into the films resulted in 

optical scattering and decreased optical transmission. Strong absorption is observed 

when deposition is conducted by plasma assistance without oxygen. The formation of 

Ni3+ ions and increase in the hole concentration are expected in the valence band. 

Enhanced carrier concentration is known to induce free carrier absorption and 

decreased transmission for whole spectrum including visible spectrum wavelengths at 

plasma assisted depositions [21]. A minimum of 50 sccm oxygen flow is required to 

obtain films with higher optical transmission values when plasma assistance is used. 
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Figure 4.8. Transmission spectrum of NiO thin films for different deposition parameters: a) oxygen 

flow rate, b) deposition temperature, c) deposition rate, d) oxygen flow rate with plasma assistance. 

 

The change of reflectance behavior of NiO thin films deposited under different 

deposition conditions can be seen in Figure 4.9. The maximum value of reflection and 

reflection amplitude are minimized when the oxygen flow rate increases [22, 23]. The 

amplitudes of reflection shown in Figure 4.9 give important information related to 

refractive index values of the films and lower amplitude values mean that the 

refractive index is decreased. The effect of plasma assistance on the optical properties 

cannot be predicted from transmission measurements due to high amount of 

absorption. However, reflectance measurements are not affected from absorption and 

they can be evaluated using the spectra given in Figure 4.9. Refractive index 

inhomogeneity, which is observed in the films deposited at high temperature and low 
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deposition rate conditions, can be inferred using reflection measurements. These 

samples have lower reflectance than the base substrate value, which is around 8%. 
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Figure 4.9. Reflection spectrum of NiO thin films for different deposition parameters: a) oxygen flow 

rate, b) deposition temperature, c) deposition rate, d) oxygen flow rate with plasma assistance. 

 

Optilayer characterization tool was used to calculate refractive indexes, which can be 

seen in Figure 4.10. Also, thicknesses of thin films given in Table 4.4 were calculated 

by mathematical fitting of reflectance measurements. Denser films can be obtained at 

low oxygen flow rates, high deposition temperatures, and low deposition rates, since 

the presence of air or humidity in the structure of NiO thin films are reduced under 

these deposition conditions. Refractive index graphs give a good indication of the 

density of the films which show that the low oxygen flow rate, high deposition 
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temperature, and low deposition rate conditions yield denser films. Also, plasma 

assisted film deposition leads to denser films which results in reduced porosity inside 

the films. The thickness values of the films increase with oxygen  

pressure inside the chamber and we relate this situation as follows: although the mean 

free path of the vaporized atoms inside the chamber decreases with additional oxygen 

species, the porous nature of these films is the major reason for increased coating 

thicknesses. 

 

400 600 800 1000 1200

1.9

2.0

2.1

2.2

2.3

R
e

fr
a
c
ti
v
e

 I
n
d

e
x
 (

n
)

Wavelength (nm)

 SN1

 SN2

 SN3

 SN4

 SN5

a

400 600 800 1000 1200
2.0

2.1

2.2

2.3

R
e

fr
a

c
ti
v
e

 I
n

d
e

x
 (

n
)

Wavelength (nm)

 SN6

 SN3

 SN7b

400 600 800 1000 1200
2.0

2.1

2.2

2.3

R
e

fr
a
c
ti
v
e

 I
n
d

e
x
 (

n
)

Wavelength (nm)

 SN8

 SN3

 SN9c

400 600 800 1000 1200

2.0

2.2

2.4

2.6

2.8

R
e

fr
a
c
ti
v
e

 I
n
d

e
x
 (

n
)

Wavelength (nm)

 SN4

 SN10

 SN11

 SN12

d

 

 

Figure 4.10. Refractive index dispersion of NiO thin films for different deposition parameters: a) 

oxygen flow rate, b) deposition temperature, c) deposition rate, d) oxygen flow rate with plasma 

assistance. 

 

Optical band gaps of the deposited thin films were calculated by Tauc plot method. In 

this method, band gap is found from (αhν)2 versus hν graph for direct band gap 

materials. α is calculated from 1/d*ln(1/T) equation, where d is the film thickness and 

T is optical transmittance [24]. A tangent line from the curve intersects the x-axis and 
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this value is taken as the band gap of the thin film. Table 4.4 summarizes the calculated 

band gap values of thin films. Small variations in band gap values, which are between 

3.65 and 3.80 eV, are observed for different deposition parameters. Basically, the band 

gap of the films increases with higher oxygen flow rates, higher deposition 

temperatures, and higher deposition rates. Plasma assisted deposition yields the 

minimum band gap values among all deposition conditions. Variation in the band gap 

values is directly related to the crystallinity of the films and Ni/O ratio. Smaller band 

gaps are obtained when both Ni concentration and lattice parameter increase. 

 

Table 4.4. Thicknesses and band gaps of NiO thin films. 

 

Sample No: Layer thickness (nm) Band gap (eV) 

SN 1 308.2 3.77 

SN 2 319.5 3.77 

SN 3 323.9 3.78 

SN 4 348.8 3.79 

SN 5 398.8 3.8 

SN 6 331.3 3.69 

SN 7 342.9 3.78 

SN 8 324.4 3.76 

SN 9 311.6 3.8 

SN 10 270.6 3.65 

SN 11 276.9 3.69 

SN 12 286.3 3.72 

 

4.2.3. Electrical Properties 

 

The electrical properties of NiO thin films were investigated using Hall effect and 

UPS measurements. Table 4.5 summarizes the results of Hall effect measurements for 

thin films deposited at different deposition conditions comparatively. p-type 

semiconducting behavior is observed for NiO films deposited under each deposition 



 

 

 

110 

 

condition. The stoichiometric form of NiO possesses high resistivity which is around 

1013Ωcm. Ni2+ vacancies are the main reason for increased conductivity for NiO films 

and excess oxygen in NiO thin films forms Ni2+ vacancy sites which are replaced by 

two Ni3+ ions, which in turn results in donation of one hole to the valence band. This 

defect mechanism is explained by Kroger–Vink notation [5]. The sheet Hall 

coefficient, sheet carrier density, and mobility values of the thin films were extracted 

from Hall effect measurements where the resistivity is calculated from the equation 

4.1 [25]: 

 

19*1.6 10 * 1

Resistivity

SheetCarrierDensity x Mobility
Conductivity

FilmThickness

−

= =  Eq. [4.1] 

 

The resistivity of thin films decreases with increased oxygen flow rate, increased 

deposition temperature, and low deposition rate. XPS results reveal that the decrease 

in the resistivity is due to the increase in the oxygen content for higher oxygen flow 

rates and deposition rates. However, the resistivity of sample SN 7 has a lower value 

than the other oxygen rich samples. As the deposition temperature increases, 

enlargement in the lattice size leads to the formation of a large number of carriers in 

the lattice and it results in a lower resistivity. The resistivity of the films dramatically 

decreases with plasma assisted deposition, although Ni amount in these films increases 

with plasma assistance. Sheet carrier densities of plasma assisted films are 2 orders of 

magnitude higher than nonassisted samples although they have lower mobility than 

nonassisted samples. The mobility of holes is affected by the deposition condition 

which can be related to the grain size of deposited films. The grain size of NiO films 

increases with a high oxygen flow rate. A large grain size minimizes the grain 

boundary area which results in decreased grain boundary scattering and amount of 

point defects[14]. Therefore, decreased mobility is observed for samples having 

smaller grain sizes. Plasma assisted deposition yields denser film structures which 

results in lower mobility even if these films have similar grain sizes compared to 

nonassisted deposited films. The main reason for the lower mobility values upon 
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oxygen doping of NiO films is the fact that although oxygen doping enhances the 

carrier concentration by creating defect sites, these defect sites cause scattering during 

transport and result in low mobility. However, the overall conductivity of the films 

increases. Such high conductivity is desirable for devices where lots of stacking layers 

lead to excessive overall resistance of the device, especially in solar cell applications 

[26, 27]. 

 

Table 4.5. Hall effect measurements of NiO thin films for different deposition parameters. 

 

Sample 

No: 

Sheet hall 

coefficient 

(cm²/C) 

Sheet carrier 

density 

(1/cm²) 

Mobility 

(cm²/(VS)) 

Resistivity 

(ohm.cm) 

Conductivity 

(1/ohm.cm) 

a)Oxygen flow rate 

SN 1 2.6x1012 7.2x106 152.1 5.1x105 2.0x10-6 

SN 2 1.4x1012 1.5x107 207.6 2.0x105 5.1x10-6 

SN 3 1.8x1012 6.9x106 315.8 1.7x105 6.0x10-6 

SN 4 1.4x1012 1.6x108 724.6 5.7x104 1.8x10-5 

SN 5 9.6x1011 4.2x107 1740.9 1.7x104 6.0x10-5 

b)Deposition temperature 

SN 6 5.1x1011 2.0x107 46.2 3.3x105 3.0x10-6 

SN 3 1.8x1012 6.9x106 315.8 1.7x105 6.0x10-6 

SN 7 2.5x1010 2.6x108 93.2 8.0x103 1.3x10-4 

c)Deposition rate 

SN 8 4.4x109 2.0x109 5.9 2.3x104 4.4x10-5 

SN 3 1.8x1012 6.9x106 315.8 1.7x105 6.0x10-6 

SN 9 6.5x1011 3.4x107 71 2.8x105 3.6x10-6 

d)Oxygen flow rate with plasma assistance 

SN 4 1.4x1012 1.6x108 724.6 5.7x104 1.8x10-5 

SN 10 9.4x105 1.1x1013 0.2 1.5x102 6.6x10-3 

SN 11 1.8x107 3.5x1011 0.2 3.1x103 3.3x10-4 

SN 12 9.6x107 1.7x1011 0.4 7.6x103 1.3x10-4 
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The Fermi energy level and valence band maximum of thin films were obtained from 

UPS measurements. Figure 4.11 gives the UPS spectra of NiO thin films. First, the 

Fermi level is calculated from the extraction of work function of NiO from the cut-off 

energy position. The difference between the fermi energy level and valence band 

maximum is found from the onset energy which can be seen in Figure 4.11 [28]. Band 

positions of NiO thin films are represented in Figure 4.12 for different deposition 

conditions. Minima of conduction band edge positions are found by adding the optical 

band gap values to the valence band minima energies, where optical band gaps are 

calculated from Tauc plots. The valence band maximum (VBM) and Fermi energy 

values shift to more negative values with additional oxygen which can also be seen in 

plasma assisted deposition. Low and high temperature depositions compared to base 

80°C deposition shift the valence band maximum positions to more positive values. 

The deposition rate does not affect the bands’ position critically.  

  

  

 

Figure 4.11. UPS spectrum of NiO deposited films for different deposition parameters: a) oxygen 

flow rate, b) deposition temperature, c) deposition rate, d) oxygen flow rate with plasma assistance 

(1:onset and 2:cutoff positions) 
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Figure 4.11 (Continued) 

 

From Hall effect measurements and UPS measurements, it is notable that the 

movement of VBM and hole conductivity of the samples highly depend on oxygen 

flow rate of the deposition. For both plasma assisted and nonassisted films, as a 
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general trend, VBM of the films can be tuned to lower energy levels via increasing the 

oxygen content of the films or in this case oxygen doping. This situation is similar to 

ntype conducting oxide materials in which the Fermi level and work function can be 

arranged by doping and electrical conductivity can be enhanced by orders of 

magnitudes. Oxygen doping in this work resulted in deeper Fermi levels and reduced 

work function of the films, which is quite favorable for electron blocking ability in 

optoelectronic devices. The valence band edge of NiO films varies between -5.12 and 

-5.50 eV, which is quite suitable for most organic and metalorganic perovskite based 

solar devices. These films can also be deposited on flexible substrates due to low 

temperature deposition conditions. 
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Figure 4.12. Band positions of NiO thin films for different deposition parameters: a) oxygen flow 

rate, b) deposition temperature, c) deposition rate, d) oxygen flow rate with plasma assistance. 
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4.3. Conclusion 

 

In this work, NiO thin films were deposited on Bk7 glass with electron beam 

evaporation method under different oxygen flow rates, deposition temperatures, 

deposition rates, and plasma assistance conditions. The effect of deposition parameters 

on the film’s performance was explained with the help of structural, optical, and 

electronic characterizations. All the films are produced with good adherence to 

substrate with dense nature. It was seen that e-beam deposited NiO films tend to grow 

with a preferential orientation of (111) plane; however, orientation of planes is 

strongly affected by deposition conditions. SEM investigations revealed that films 

possess needlelike, spherical, and cuboidal surface morphologies. The 

nonstoichiometry of NiO thin films is determined from XPS measurements and the 

oxygen concentration of the films was found to be higher than nickel for all deposition 

conditions. Both XPS and XRD analyses revealed that the structure is a pure cubic 

NiO without any secondary phases. The optical absorption behavior of the films was 

analyzed between 400 and 600 nm wavelengths and it was detected that the increased 

oxygen flow rate, increased deposition temperature, and low deposition rate minimize 

the absorption. Although low oxygen containing samples suffered from high 

absorption, they have a higher transmittance at longer wavelengths due to the nature 

of low optical scattering. Optical band gaps of the films were found to increase with 

oxygen amount, temperature and deposition rate. From Hall effect measurements, 

lowest resistivity was observed in the sample containing the maximum amount of 

nickel which is deposited by plasma assistance. Although plasma assistance results in 

lower mobility, conductivity can be enhanced due to the increased carrier 

concentration. This condition is directly related to denser films with higher 

crystallinity. The tunability of the band positions of the NiO layer by oxygen doping 

and low temperature deposition conditions is quite advantageous for most 

optoelectronic applications where proper band alignment is crucial, in conjunction 

with polymeric and heat sensitive conductors 
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CHAPTER 5  

 

5.    EFFECT OF OXYGEN FLOW RATE ON THE LOW TEMPERATURE    

DEPOSITION OF TITANIUM MONOXIDE THIN FILMS                                       

VIA ELECTRON BEAM EVAPORATION  

 

Titanium monoxide (TiO) is an attractive ceramic material for many applications. It 

belongs to the same family with nitride or carbide based hard refractory metals, 

therefore it has around 20 GPa Vicker’s hardness. Also, TiO thin films exhibit a 

golden yellow color and as a result it is a good alternative for both protective and 

decorative coating applications [1-3]. Due to the unique thermoelectric properties, it 

can be used in thermoelectric generators [4]. Surface of TiO suddenly oxidizes to TiO2 

by reacting with oxygen upon exposure to air, therefore TiO thin films can be used for 

anticorrosive purposes [5]. TiO thin films are also used in microelectronic and 

piezoelectric applications for metallization and they act as a barrier layer for inter 

diffusion of Cu, Si and Al due to their low electrical resistivity [3, 5, 6]. Stoichiometric 

TiO exhibits p-type semiconducting character, so it can be used as an amorphous oxide 

semiconductor [7]. Also tungsten doped TiO for the detection of nitrogen dioxide gas 

has been reported for gas sensing applications [8]. In addition, it was reported that 

optical absorption threshold of TiO is around 1.2 eV and it fully covers the visible 

spectrum [3, 6, 9]. Due to the high optical absorption and hole transport characteristics, 

it is a promising material for p-type absorber for photovoltaic applications [3, 7]. 

Stoichiometric TiO can be formed in cubic, triclinic and hexagonal crystal structures; 

however, low temperature phases are only cubic β-TiO and monoclinic α-TiO [10]. 

Both structures can possess up to 15 percent vacancy concentration for both titanium 

and oxygen atoms. However, high concentration of point defects can be filled by 

titanium and oxygen sub-lattice which causes the change of x between 0.7 and 1.3 for 
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TiOx. Unique features of optical, electrical, magnetic and thermal properties arise due 

to the structural vacancy and stoichiometry exhibited in TiO [1, 3, 7, 11]. 

 

In contrast to its n-type fully oxidized form TiO2, TiO exhibits p-type electronic 

conduction. Intrinsic n-type conductivity observed in TiO2 films due to internal 

defects like vacancies, tends to convert to p-type conductivity in highly degenerated 

vacancy formation conditions [12]. This ability of oxides of titanium paves the way 

for construction of many optical and electronic elements like detectors [13], thin film 

transistors (TFT) and metal oxide semiconductor field effect transistors (MOSFET) 

[14]. Electronic structure highly depends on the oxygen content of the films and fine-

tuning of the opto-electronic properties is feasible [15]. This tunability is important 

for proper charge transfer processes in many photoelectronic devices [16-18]. There 

is a high demand especially in photovoltaic industry for stable and environmentally 

friendly p-type oxide based semiconductors as a replacement for unstable organic or 

polymeric counter parts, for deposition of inorganic p-n heterojunctions [19, 20]. In 

addition, low temperature deposition of these oxide layers is also subject to great 

interest due to the enormously growing flexible devices [21, 22] or wearable 

technologies market. E-beam evaporation is a widely used film growth technique for 

deposition of homogeneous epitaxial layers in vacuum environment similar to ALD 

technique without damaging the underneath layers [23]. 

 

Production of TiO thin films have been reported by several methods. Suitable 

deposition method is selected according to the application area and coating thickness. 

Most of the coating methods demand high temperature post processes to achieve 

crystallinity and structure formation [8]. TiO thin films can be deposited by rough 

methods like reduction of TiO2 by sintering [24], ion bombardment [25] or co-

evaporation together with metallic titanium [12], DC arc fusion [26], and ink-jet 

printing methods[3], however it can also deposited using vacuum deposition methods 

like chemical vapor deposition (CVD) [27], pulsed laser deposition (PLD) [28], 

sputtering [1, 2, 7, 8, 29, 30], ion beam deposition [30], thermal evaporation [31-33] 
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and electron beam evaporation [5, 6, 34]. Depositions are mostly performed using 

reactive sputtering in the presence of oxygen [1, 2, 8, 28-30] or using post oxidation 

of metallic titanium [6, 30]. Some of the studies also investigate plasma and ion 

assisted deposition of titanium monoxide [7, 8, 29]. 

 

In this study, titanium monoxide thin films were deposited under vacuum using 

electron beam evaporation technique. Depositions were performed at different oxygen 

flow rates to investigate the effect of deposition conditions on structural, electrical and 

optical performances of the films. Depositions were carried out at low temperatures in 

order to obtain TiO thin films on temperature sensitive substrates, which is important 

for extending the suitability of TiO thin films for a wide range of application areas. 

We have demonstrated that crystalline TiO thin films can be deposited at low 

temperatures without assistance of a post annealing treatment due to highly energetic 

and powerful deposition characteristic of electron beam evaporation technique. 

 

5.1. Experimental Procedure 

 

TiO thin films were deposited on Schott BK7 glasses. Depositions were performed in 

Tecport physical vapor deposition system. Titanium monoxide pellets were purchased 

from Materion with 99.9% purity. Pellets were firstly premelted in a copper crucible 

to obtain better quality thin films. Premelted TiO was prepared for the deposition in 4 

sequential steps using 7.2 kV DC high voltage energy source. As a first step, current 

of the electron beam was increased to 0.3 A in 1 min, after that e-beam current was 

kept at the same value for 30 s. In the following step, current was increased to 0.4 Å 

in 30 s and kept at that value for 30 s. After the last step, shutter was opened and 

deposition was started by preventing the splitting of the material. Substrates were 

cleaned with acetone wiping before loading them into the system and also they were 

cleaned in vacuum chamber by argon-oxygen mixture etching without damaging the 

surface. Depositions were started when vacuum level inside the chamber reached to 

8x10-6 mbar. Substrate temperature was set to no more than 80°C in order to prevent 
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any damage to temperature sensitive substrates. Stable deposition rate was obtained at 

2 Å/s which is accepted as optimized value for proper oxidization of evaporated Ti 

atoms and deposition of the stoichiometric TiO films. Coating thickness was measured 

by a natural quartz crystal and films were grown until the value of 300 nm thickness 

was reached. Natural Oxygen gas was introduced from the top of the electron beam 

source at 1, 2, 5, 10, 25 and 50 sccm flow rates. Also, one of the thin film samples was 

deposited without any oxygen flow. 

 

TiO thin films were analyzed by spectrophotometer, X-ray diffractometer (XRD), X-

ray photoelectron spectroscopy (XPS), Hall Effect, ultraviolet photoelectron 

spectroscopy (UPS) and scanning electron microscopy (SEM). Perkin Elmer Lambda 

950 spectrophotometer was used for optical transmission and reflection 

measurements. Crystallographic analyses were conducted by a thin film X-ray 

diffractometer, PANalytical using Cu Kα radiation (1.54 Å) at 3° grazing incidence to 

minimize the substrate effect. X-ray photoelectron spectroscopy (Thermo K-Alpha) 

was used to differentiate Ti2+ from the other oxidation states. Photoelectrons were 

collected by charge compensation at 9 V. Films were etched by argon before 

characterization about 5 minutes at 500 eV to remove thin titanium dioxide layer, 

which unavoidably forms on TiO films upon exposure to atmosphere. Etching process 

was optimized not to create any preferential sputtering of either titanium or oxygen 

atoms. Hall Effect measurements were made using Lakeshore 7700A system with van 

der Pauw geometry between 1 and 1.8 T. Gold film was deposited on the corner of the 

samples for contacts. Electronic band positions of the thin films were calculated using 

the results of UPS (PHI 5000 Versaprobe). TiOx thin films were deposited on 

indium:tin oxide (ITO) coated glass for UPS characterizations. Surface morphologies 

and cross-sections of the films were investigated by scanning electron microscopy 

(FEI, Nova NanoSEM 430). 
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5.2. Results and Discussions 

 

Titanium monoxide thin films were characterized firstly using XRD for crystal 

structure analysis. XRD pattern of as deposited thin films were recorded between 20° 

to 70° and measurements were performed at 3° grazing angle in order to eliminate the 

contribution of the substrate. Crystallization is not observed in the samples deposited 

using 25 and 50 sccm oxygen flow rate, where they do not yield any reflection 

associated with a peak in XRD pattern. However, crystallization is observed when 

depositions are performed up to 10 sccm oxygen flow rates. Figure 5.1a shows the 

XRD pattern of as deposited titanium monoxide thin films. Peaks are observed at 

37.5°, 43.4° and 63.1° which correspond to (111), (200) and (220) planes. They are 

well matched to TiO with 08-0117 JSPDS card number and they are shown in Figure 

5.1a. Later that, all samples were heat treated at 350°C for 2 h under vacuum to 

increase the crystallization of the thin films (Figure 5.1b) in order to clearly indicate 

the difference between the as deposited and heat treated films. It is seen from XRD 

patterns that as deposited films possess TiO structure with crystallinity showing that 

TiO films can be successfully formed at reduced temperatures without any heat 

treatment assistance. However, preferred orientation of the crystallites changes upon 

heat treatment. (111) plane is dominant in as deposited films, whereas (200) plane 

starts to be dominant in heat treated samples for lower oxygen flow rate samples. The 

property of successful formation of crystalline low temperature deposited TiO films 

with e-beam deposition is important for heat sensitive substrate applications. 

Additionally, it is given in the study of Pazidis et.al., TiO structure can be formed in 

both cases where substrate temperature is held at 240°C and at room temperature [35]. 

Increase in oxygen flow rate minimizes the peak intensities which result in removal 

of (111) and (220) planes. When flow rate reaches to 25 sccm, all the peaks disappear. 

As the oxygen flow rates reach 50 sccm, anatase (A) and rutile (R) phases of titanium 

dioxide are formed together with titanium monoxide and structure is a mixture of these 

phases. For both as deposited and heat treated samples, measurements show that peak 

broadening occurs when oxygen flow rate increases. This means that grain sizes 
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decrease with increase in oxygen flow rates. It is also seen that peak intensities are 

minimized with increase in oxygen flow rates upon heat treatment. Changes in color 

of thin films are correlated with the atomic orientation as seen in the work of Li et al 

[8]. In that study, it was emphasized that TiO films have metallic appearance when 

(200) plane is not observed. This phenomenon is also observed in our study. Also, 

with increase in oxygen flow rate, color of the film firstly returns to a golden color, 

then the films appear as bluish and finally they become clear [36]. 
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Figure 5.1. X-ray diffraction patterns of titanium monoxide thin films a) as deposited,  and b) vacuum 

heat treated (A and R denote anatase and rutile phases of titanium dioxide, respectively). 
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Figure 5.1 (Continued) 

 

Figure 5.2 shows cross sectional images of the titanium monoxide thin films grown at 

a thickness of 300 nm. It is observed that thin films are grown yielding a combination 

of columnar and spherical parts. According to the study of Villarroel et al, TiO thin 

films are grown strongly at columnar structure, possibly due to the magnetron 

sputtering deposition technique [37]. Electron beam evaporation is a less energetic 

method compared to the magnetron sputtering, therefore film growth is realized at 

lower substrate temperatures. Substrate heating in sputtering can assist for the 

formation of columnar region in Thornton zone model [38]. Some glassy structures 

are formed which also explain the amorphous nature of the films observed in XRD 

spectra. It is seen that films are crack and pinhole free. The ability of the e-beam 

evaporation technique to deposit dense films is the main reason for the formation of 

dense and continuous films prepared in this work. The pin hole free characteristic of 

the films is important for most opto-electronic applications where cracks and pinholes 
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lead to leakage or short circuit problems especially in electronic devices. Such 

pinholes and cracks also have negative effect on the optical properties of the coatings 

behaving like scattering centers and may lead to hazy films. 

 

 

 

Figure 5.2. Cross sectional SEM images of titanium monoxide thin films deposited using different 

oxygen flow rates. 

 

XPS analysis was carried out to find the oxidation state of titanium oxide thin films. 

Ti+2, Ti+3 and Ti+4 states correspond to TiO, Ti2O3 and TiO2, respectively. Since 

titanium is an oxygen scavenger, formation of stable state of TiO2 is indispensable on 

the surface of the films. For this reason, surface is etched to remove this TiO2 layer 
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before conducting the measurements. Ti 2p core level makes two separate peaks as 

2p3/2 and 2p1/2. Ti+2, Ti+3 and Ti+4 states are formed at 455.1-460.8, 457.8-463.9 and 

458.7-464.4 eV positions, respectively. Figure 5.3. shows the titanium (Figure 5.3a) 

and oxygen (Figure 5.3b) peaks, which are obtained from XPS analysis for the case 

of increase in oxygen flow rate. Titanium peaks shift to longer binding energies when 

the structure transforms from metallic titanium to titanium dioxide [6]. Only two peaks 

are present when deposition is carried out without oxygen. Peaks are observed at 

shorter binding energies compared to titanium monoxide. When oxygen is introduced 

into the system, exact titanium monoxide peaks appear at 1, 2 and 5 sccm oxygen flow 

rates. However, additional Ti3+ and Ti4+ peaks are formed and become more apparent 

when the oxygen flow rate increases as indicated by an upward arrow in Figure 5.3a. 

When the flow rate is over than 25 sccm, titanium monoxide peaks lose intensity and 

start to disappear as indicated by a downward arrows in Figure 5.3a. On the other 

hand, titanium dioxide peaks become more sharp and stronger when the oxygen flow 

rate is over 25 sccm. Oxygen peak is formed at 530.1 eV binding energy for metal 

oxides. In addition to the main peak, surface hydroxylation can create an additional 

peak at around 531.5 eV. As shown in Figure 5.3b, oxygen peaks for TiO indicate that 

the formation of OH- and H2O are not observed in all oxygen flow rates [39, 40]. On 

the other hand, main peak position is changed between 530.2 to 529.9 eV at different 

deposition conditions. The observed shift in the XPS spectrum of TiOx films 

depending on the oxygen content of the films is a common situation in oxygen 

containing compounds with different oxygen amounts, not only in TiOx films but in 

most oxides, for example tin dioxide particles [41] and Al doped ZnO particles [42]. 

Although argon etching performed before XPS measurements can generate 

preferential etching of one of the elements in the compound, however we relate the 

observed shift in the XPS spectrum to the chemical environmental effects for each of 

the Ti ions in the films because argon etching was conducted on all of the substrates 

for equal durations and the observed peaks are consistent with the previous literature 

reports [43, 44].  
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Figure 5.3. XPS analysis of TiO thin films for a) titanium and b) oxygen. 
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Titanium monoxide thin films were also investigated for the determination of their 

optical properties. Figure 5.4 shows the transmittance measurements of the titanium 

monoxide thin films. Due to the large difference in transmittance percentage, graphs 

are drawn in separate figures. Firstly transmission measurements were carried out. It 

was observed that there is no transparency for the samples deposited for 0 and 1 sccm 

oxygen flow rates and very low transparency is observed for oxygen flow rates of 2 to 

10 sccm (Figure 5.4a). No transparency, which means highly absorbing nature, creates 

metallic color. This condition was also discussed in XRD section and is consistent 

with those results. When oxygen flow rate is over than 25 sccm, structure mostly 

transforms to titanium dioxide and interference fringes are formed in transmittance 

measurements (Figure 5.4b). This result matches well with XRD and XPS results. 

However, both of the samples have some absorption due to the presence of Ti+2 state 

in these thin films. 
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Figure 5.4. Transmission measurements of thin films deposited a) at 0, 1, 2, 5 and 10 and b) at 25 and 

50 sccm oxygen flow rates. 
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Figure 5.4 (Continued) 

 

Both direct [31, 45, 46] and indirect band gap [9, 46] nature of titanium monoxide and 

titanium dioxide thin films can be observed in literature. The value of band gap is 

varying between 3.2-3.35 eV [46] for indirect and 3.6-3.8 eV [46] for direct band gap 

titanium dioxide thin films. Likewise for titanium monoxide thin films, direct band 

gap calculations yield 3.4 eV [33] and indirect band gap values are given as 2.9 eV 

[9]. In our study, calculations resulted in better fits when direct band gap is selected 

instead of indirect band gap, therefore, Tauc plots are drawn (αhν)2 versus hν (Figure 

5.5) and α is calculated using Equation 5.1 where d is the physical thickness of the 

films and T defines the optical transmittance of thin films. Some of the studies in the 

literature emphasize the p-type conductivity of titanium monoxide where the value of 

band gap is strongly affected by the defect amounts and it shows a large range of 

variation [7]. Calculated values can be seen in Table 5.1 and they are in the same 

vicinity with the results which were published in literature [3, 9, 33]. 

 

1 1
ln( )

d T
 =    Eq. [5.1] 
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Figure 5.5. The variation of (hνα)2 as a function of hν for titanium monoxide thin films deposited at 

2, 5, 10, 25 and 50 sccm oxygen flow rates. 

 

Table 5.1. Band gap values of titanium monoxide thin films. 

 

Oxygen Flow Rate (sccm) Band Gap (eV) 

0 3.30 

1 3.00 

2 3.60 

5 3.70 

10 3.75 

25 3.80 

50 3.80 
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For the thin films showing no transparency, reflectance measurements are carried out 

to calculate the band gap of these thin films. Due to the absorbing nature of these films, 

their band gaps are calculated using Kubelka-Munk method. In this method, 

(f(R)*hν)2 are drawn against hν. Kubelka-Munk function (f(R)), where R denotes 

reflection of the films, are calculated using Equation 5.2. Titanium oxide thin films 

are again accepted as direct band gap. Figure 5.6 demonstrates both reflectance and 

Kubelka-Munk function graphs. Linear region is extrapolated and intersection point 

with x axis gives the band gap value [45]. In the literature, TiO is reported to have 2.9 

eV band gap value [9]. Band gap shows a decrease firstly when the oxygen flow rate 

increases for these absorbing thin films as given in Table 5.1. Higher band gap value 

obtained when deposition is carried without additional oxygen flow compared to the 

1sccm oxygen flow rate condition. This decrease is due to the Moss-Burstain effect. 

For the heavily defective semiconductors, fermi level goes into valence band and band 

gap becomes the difference between Fermi energy level and conduction band 

minimum instead of valence band maximum and conduction band minimum. 

Therefore, addition of small oxygen decreases the defects in the films which is also 

consistent with Hall effect measurements yielding lower conductivity [47]. Small 

amount of oxygen doping yields similar results with literature regarding the band gap. 

The increase in the band gap values from 1 to 50 sccm oxygen flow rates is likely due 

to the presence of additional Ti+3 and Ti+4 states in the films as can be seen from XRD 

and XPS analysis. At 1 sccm oxygen flow rate, structure exhibits most likely TiO 

phase and band gap value is close to the actual band gap value of TiO. However, 

further increase in the oxygen flow rate results in a structure which is a mixture of 

TiO, TiO2 or compounds containing Ti+3 like Ti2O3. At high oxygen flow rates, 

structure converts to mostly TiO2 and calculated band gaps are around the band gap 

of pure TiO2. Optical characterizations are consistent with the results of XRD and XPS 

analysis and confirmed that TiO structure is obtained at low oxygen flow rates and for 

oxygen flow rates over 25 sccm, mostly TiO2 films are deposited under the conditions 

used in this work. 
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Figure 5.6. Reflectance and Kubelka-Munk function analysis (in the inset) of TiO thin films 

deposited at 0 and 1 sccm oxygen flow rates. 

 

Electrical properties of titanium monoxide thin films were analyzed using Hall Effect 

measurements and the results are summarized in Table 5.2. It was seen that carrier 

type changes from p to n when the oxygen flow rate is over 25 sccm. Intrinsic TiO is 

a p-type material which preserves this behavior even Ti2+ based structure is doped 

with Ti3+ or Ti4+. When structure is transformed to titanium dioxide, charge carriers 

originate from oxygen vacancies which result in n-type semiconducting behavior [7]. 

Change in defect source from oxygen vacancy to doped Ti3+ or Ti4+ ions into Ti2+ 

based crystal increases sheet carrier density of TiO films and conductivity shows an 

increase with decreasing amount of oxygen addition to deposition chamber. Also, with 

increase in oxygen flow rate, structure transforms to a more stable phase with a low 

amount of defect concentration. Additionally, in the study of Fan et al., increase in 
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resistivity with increase in oxygen amount is correlated with enhancing of disordering 

of atoms and carrier localization [36]. Lowest resistivity, which is 1.7x10-4 ohm.cm, 

is obtained when deposition is carried out under oxygen free condition. Mobility of 

the films remains almost the same when carrier type is maintained as p-type. However, 

when the carrier type changes to n-type, mobility values start to increase. It firstly rises 

to 0.9 cm²/(Vs) for 25 sccm oxygen flow rate, then mobility value increases to 34.3 

cm²/(Vs) for 50 sccm oxygen flow rate condition. However, a sharp decrease in sheet 

carrier density for these n-type thin films causes almost 104 times increase in electrical 

resistivity. 

 

Table 5.2. Hall Effect measurements of titanium oxide thin films for different oxygen flow rates. 

 

Oxygen 

Amount 

(sccm) 

Carrier Type 
Sheet Carrier 

Density [1/cm²] 

Hall Mobility 

[cm²/(Vs)] 

Resistivity 

(ohm.cm) 

0 p-type 3.6x1018 0.4 1.7x10-4 

1 p-type 1.5x1018 0.2 6.9x10-4 

2 p-type 6.3x1017 0.3 1.1x10-3 

5 p-type 4.8x1017 0.3 1.6x10-3 

10 p-type 4.3x1017 0.2 2.7x10-3 

25 n-type 1.9x1014 0.9 1.2x100 

50 n-type 2.7x108 34.3 2.3x104 

 

The Fermi energy levels and valence band maxima of thin films were obtained from 

UPS measurements. Figure 5.7. gives the UPS spectra of titanium monoxide thin films 

deposited at 0, 1, and 10 sccm oxygen flow rates. Electronic band structure of the 
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deposited films was evaluated by using the previously established standard procedures 

[48]. Fermi energy levels are calculated by the extraction of cut-off energy positions 

from He I emission (21.21 eV), which also represents the work function of the 

material. The difference between the Fermi energy level and valence band maximum 

is found from the onset energy which can be seen in Figure 5.7a. By subtracting this 

value from the Fermi level, top of the valence band or, in other terms, ionization 

potential of the films was calculated. Minima of conduction band edge positions or 

the electron affinity values are found by adding the optical band gap values to the 

valence band maxima energies, where calculated optical band gaps are given in Table 

5.1. Band positions of titanium oxide thin films are represented in Figure 5.8 for 

different deposition conditions. For sample deposited at 0 sccm oxygen flow rate, 

onset point is obtained at a lower value than 0 eV binding energy which shows that 

structure is in degenerated semiconductor nature. This situation is also consistent with 

the decrease in band gap when 1 sccm oxygen flow rate is used compared to no oxygen 

flow. When the deposition is performed without oxygen, fermi energy level is found 

to be -3.8 eV. However, fermi energy level shifts to -4.2 eV and -4.3 eV when the 

depositions are carried out at 1 and 10 sccm oxygen flow rates. Fermi energy level is 

located at high density of states which explains the metallic character of TiO [31]. It 

is seen that p-type character of the films is confirmed because Fermi levels are close 

to the valence band and consistent with the Hall effect results. The energy difference 

between the Fermi energy and the top of the valence band is around 0.1 eV which 

explains the high conductivity and the carrier concentration of the films where thermal 

energy is sufficient enough to excite holes and increase the hole concentration in the 

films. This energy difference is increased with the oxygen flow rate and carrier 

concentration decreases in the same trend and conductivity also decreases as shown 

by the Hall effect studies. This tunability of the electrical properties of TiO thin films 

is advantageous for most electronic applications and can be tailored upon the 

requirement of each specific application in optoelectronic devices. 
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Figure 5.7. UPS spectra of titanium monoxide thin films deposited at 0, 1, and 10 sccm oxygen flow 

rates a) onset b) cut-off. 
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Figure 5.8. Energy band levels of titanium monoxide thin films deposited at 0, 1, and 10 sccm oxygen 

flow rates. 
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5.3. Conclusion 

 

In this work, TiO thin films were grown on glass substrates by e-beam evaporation 

technique under oxygen atmosphere at low temperatures. Films exhibit dense and 

homogeneous structure and well adhered to the substrate as confirmed by SEM 

analysis. According to XRD analysis, by adjusting the flow rate of oxygen, it is 

possible to deposit TiO films with different stoichiometry and as a result, films possess 

different optical and electrical properties. Deposited TiO films have high carrier 

concentration and high electrical conductivity and possess p-type characteristic. Such 

highly conductive p-type films are desirable for most optoelectronic applications and 

devices like MEMS and other integrated circuits. Properties of the films like mobility, 

carrier concentration, resistivity and optical transmission can easily be tuned over a 

wide range and can be employed in device engineering applications. Low temperature 

processability of the e-beam evaporated films makes it an excellent choice for many 

device applications, especially flexible electronics. 
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CHAPTER 6  

 

6. ELECTRON BEAM EVAPORATED NiO AND TiO HOLE                             

TRANSPORT LAYERS IN n-i-p CONFIGURED PEROVSKITE                            

SOLAR CELL 

 

Perovskite absorber layers are quite unique materials due to their extraordinary 

properties. Addition to absorbing nature, perovskite layer has the capability for 

electron and hole transfer. Therefore, perovskite solar cells can be produced without 

using hole transport or electron transport layers, if the efficiency is not the primary 

factor. Spiro-OMeOTAD is crucial to obtain high efficiency perovskite solar cells. Up 

to now, there is no competitive hole transport layer material compared to spiro-

OMeOTAD regarding the cell performance. However, spiro-OMeOTAD is a quite 

expensive material and due to its organic nature, stability is always questionable. This 

condition is ended up with studies on alternative oxide materials for hole transport 

layer (HTL) [1, 2]. 

 

Copper based inorganic HTL’s are the first studied materials such as CuI and CuSCN 

due to their wide band gap, good transparency and good conductivity nature. These 

materials can be deposited using solution process techniques under low temperature 

conditions [1]. Also, oxide materials are widely used in the production of perovskite 

solar cells. NiO [3], CuO [4], V2O5 [5] and MoO3 [6] are the examples of some of the 

oxides used as HTL: these materials have primarily matched band edges and also they 

have good conductivity, good transparency and tunable band positions. There is 

limited study in the literature for the deposition of oxide HTL’s on top of perovskite 

layer due to the high temperature annealing requirement. Perovskite layer decomposes 

at high temperatures. Therefore, the first choice is the use of these materials in inverted 

configuration [7, 8]. However, PCBM is the material used for electron transport layer 
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in inverted configuration which means the inclusion of one organic component with 

high cost. Another drawback is the poor quality perovskite film formation on top of 

HTL in inverted designs [2, 9].  

 

Physical vapor deposition methods are low temperature processes and also there is no 

need for post thermal treatment for crystallization of thin films. From this point of 

view, study aims to produce oxide thin films for HTL in normal architecture (n-i-p 

architecture) which is the deposition of HTL on top of perovskite absorber. Addition 

to low temperature nature, electronic band positions can easily be tuned for the 

optimization of parameters in e-beam evaporation. Therefore, well matched band 

optimization can be supplied. Additionally, electron beam evaporation is a less 

energetic deposition method compared to sputtering. Also, this method provides line 

of sight deposition; there is no risk to fill any undeposited regions in perovskite layer 

like chemical vapor deposition. As a final advantage, it supplies better uniformity and 

better surface coverage.  

 

Optimized deposition condition for TiO2 compact layer firstly sustained in this study 

followed by the deposition of NiOx and TiOx thin films on top of perovskite layer due 

to the advantages of e-beam deposition technique. NiOx thin films were deposited in 

different layer thicknesses, oxygen flow rates and deposition temperatures. Similarly, 

TiOx HTL’s were produced in different coating thicknesses and oxygen flow rates. 

Main purpose of this study is to create better deposition conditions for NiOx and TiOx 

HTL for efficient solar cells. 

 

6.1. Experimental Studies 

 

In this study, perovskite solar cells were produced in mesoporous n-i-p configuration. 

Cells are created on top of FTO coated glasses which has 10 ohm/sq sheet resistance. 

Firstly, some regions of the FTO layer were etched to minimize the risk of short circuit 

between the electrodes. Etching was performed using zinc powder and 0.1 M HCl 
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followed by the cleaning of the substrates ultrasonically using deionized water, 

acetone and isopropanol, sequentially. TiO2 thin films were deposited by electron 

beam evaporation technique as the compact layer. Depositions were performed in 

Tecport physical vapor deposition system. Ti3O5 precursor material supplied by 

Materion was firstly pre-melted in a copper crucible. Previous to the deposition, 

surface of the substrate was etched using plasma source. When the base pressure is 

lower than 10-5 torr, etching was done using 20 sccm argon flow at 70 V bias voltage 

for 2 min. When the base pressure becomes lower than 8x10-6 torr, deposition process 

starts. Depositions were performed with plasma assistance using 115 V bias voltage 

and they were carried out at 80°C and 2Å/s deposition rate. To prepare a good compact 

layer, TiO2 thin films were firstly deposited on top of Schott Bk7 glass at 350 nm 

coating thickness. During the deposition process, oxygen was introduced to the 

vacuum chamber at different flow rates of 5, 15, 25 sccm and one of the film was 

deposited without any oxygen addition. Produced films were heat treated using the 

same annealing conditions which were used for the mesoporous layer. Optimum 

deposition conditions were determined for TiO2 thin film and they were fixed in the 

production of this compact layer. Compact layer thickness was fixed to 50 nm as an 

optimized value. On top of the compact layer, mesoporous TiO2 was deposited using 

spin coating technique. The solution used for the spin coating was produced by the 

dilution of Dyesol NRT-18 titania commercial paste with ethanol in 1:3 ratio. This 

solution was then rotated at 2000 rpm for 5 s which produces 250 nm coating 

thickness. After the coating process, thin films were annealed at 500°C for 2 h and 

these layers were dipped into TiCl4 solution of 0.2 mmol concentration at 90°C. 

Following this process, a second annealing was conducted again at 500°C for 2 h. 

Perovskite absorber layer is the next layer for the cell production which is obtained 

using adduct method. In this method, deposition solution was prepared by mixing of 

PbI2, CH3NH3I (MAI) and N,N-dimethyl sulfoxide (DMSO) into 40% weight of N,N-

dimethylformamide (DMF). Prepared solution was deposited using spin coating 

technique at 4000 rpm for 30 s. Diethyl ether was dropped on the spinning substrate 

at the fifth second of the rotation. Diethyl ether treatment was applied to wash out 
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DMF solvent. This treatment provides better solvent evaporation which yields good 

surface coverage of perovskite layer. Produced films were heat treated at 100°C for 5 

min.  

 

HTL’s were deposited using electron beam deposition using the same vacuum system. 

NiOx and TiOx were deposited in different deposition conditions which are given in 

Table 6.1. NiO and TiO precursors were used as starting materials and they were 

purchased from Materion. While TiO was used in premelted condition, NiO was 

deposited directly from its chunky form. The characterizations of these single layer 

depositions of TiO and NiO thin films were evaluated in the previous two chapters 

(Chapter 4 and 5). Deposition rates of these two materials were chosen as 2 Å/s. As a 

final process, back contact gold layer was deposited on HTLs. Gold deposition was 

carried out by sputtering of gold target. Nanovak sputtering system was used in this 

process. Sputtering was performed at room temperature with DC power supply at 

corresponding voltage to provide 1 Å/s deposition rate.  

  

Optical characterization of single layer deposited compact TiO2 thin films were 

conducted using Perkin Elmer Lambda 950 UV-VIS-near-IR spectrophotometer. The 

resulting transmittance graphs were used to calculate refractive index. “Optilayer” 

optical thin film calculation software was used in the mathematical calculation of 

refractive index. Single layers were characterized morphologically and structurally 

using FEI, Nova NanoSEM 430 Scanning Electron Microscopy (SEM), PANalytical 

X-ray diffractometer  (XRD) using Cu Kα radiation (1.54 Å) at 3 grazing incidence 

and Thermo K-Alpha X-ray photoelectron spectroscopy (XPS). Perovskite layer was 

also characterized using XRD and SEM techniques. Finally produced cells were 

subjected to current-voltage analyses using Newport solar simulator 67005 at AM 1.5 

conditions using Yokogawa GS610 source measure unit. 
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Table 6.1. Deposition conditions for NiO and TiO HTLs in the perovskite solar cell production. 

 

  HTM 
Deposition 

Temperature (°C) 

Oxygen Flow 

Rate (sccm) 

Thickness 

(nm) 

PSC1 

NiO 

80 

0 

50 

PSC2 10 

PSC3 25 

PSC4 50 

PSC5 30 

25 

PSC6 170 

PSC7 

80  

10 

PSC8 25 

PSC9 75 

PSC10 100 

PSC11 

TiO 80 

1 10 

PSC12 1 50 

PSC13 1 75 

PSC14 1 100 

PSC15 0 

25 

PSC16 1 

PSC17 2 

PSC18 5 

PSC19 10 

 

6.2. Results and Discussions 

 

6.2.1. Characterization of Single Layer TiO2 Thin Films 

 

Deposited and annealed TiO2 thin films were characterized structurally and optically 

to determine suitable deposition conditions for TiO2 compact layer. Firstly, produced 

thin films were investigated in their morphology and film structure using scanning 

electron microscope. Figure 6.1 shows both cross-sectional and surface images of 

compact layer. It is seen that thin films were deposited in good adherence to the 

substrate. Films are formed without any defective regions between film and the 

substrate. Also, surface of the film is rather smooth and surface is free from cracks. 
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Compact layer should be defect free for an efficient electron transfer. Any defective 

site can result with recombination which dramatically decreases the cell performance.  

 

 

 

Figure 6.1. a) Cross-sectional image of TiO2 compact layer b) Surface of the compact layer. 

 

XRD measurements were carried out to understand the crystal structure of the TiO2 

compact layers. Measurements were conducted using both as deposited and annealed 

thin films. Measurements were performed at 3° grazing angle to annihilate the effect 

of the substrate. It is observed that crystallinity is not formed without heat treatment 

and all the coating layers have amorphous structure. Figure 6.2 shows the x-ray 

diffraction patterns of the as deposited and annealed thin films. As deposited TiO2 thin 

film is corresponding to the condition of having no oxygen flow. After heat treatment, 

crystallinity is formed for all the conditions where oxygen flow is employed. There 

are two main phases of titanium dioxide: anatase and rutile. Their corresponding 

JCPDS card numbers are JCPDS card no: 21-1272 for the anatase phase and JCPDS 
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card no: 82-0514 for the rutile phase. Green labels on the horizontal axis in figure 6.2 

show the diffraction positions for anatase (A) phase. Observed peak positions 

correspond to 25.3° to A (101), 36.9° to A(103), 37.9° to A(004), 48.1° to A(200) 

53.8° to A(105), 55.3° to A(211), 64.2° to A(204), 69.0° to A(116), 70.2° to A(220) 

and 75.4° to A(215). Dominant orientation is (101) for all deposition conditions. At 

higher oxygen flow rates, intensities of the peaks become stronger. The number of the 

observed peaks is also lowered with higher flow rates. 
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Figure 6.2. XRD patterns of TiO2 compact layer for as deposited condition (0 sccm oxygen flow) and 

heat treated conditions using different oxygen flow rates as 0 sccm, 5 sccm, 15 sccm and 25 sccm. 

 

As a final structural analysis, XPS measurements were carried out to understand the 

stoichiometry of the produced films. In other words, XPS can give information about 

oxygen deficiency of oxide based thin films. Thin films are firstly etched by argon to 

clean surface contaminants. Etching was applied at very low voltage not to create any 

preferential etching of Ti and O atoms. Ti 2p core level makes two separate peaks as 

2p3/2 and 2p1/2. Ti+4 state is formed at 458.7-464.4 eV binding energy. XPS spectra 
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for Ti and O can be seen in Figure 6.3. After the heat treatment, stoichiometry of TiO2 

is nearly sustained for the all deposition conditions. However, exact position is 

obtained when 25 sccm oxygen flow rate is used. This means that annealing is not 

sufficient to provide the stoichiometric thin film formation. Binding energy for O 1s 

is formed at 530.1 eV for the metal oxide thin films. In each deposition condition, 

oxygen peak is formed near the expected value. Sometimes additional oxygen can be 

formed at 531.5 eV due to the presence of surface hydroxyls which are not formed in 

this study.  
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Figure 6.3. XPS spectra of a) Ti+4 2p level and b) O 1s level. 
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Titanium dioxide thin films were also evaluated regarding to their optical properties. 

Transmittance measurements were conducted between 400-1600 nm wavelength 

range. Figure 6.4 shows the transmittance spectrum for different deposition 

conditions. In this figure, measurements are compared with the bare substrate. Heat 

treatment fills oxygen deficient sites to supply a stoichiometric structure. Also, 

titanium is an oxygen sensitive element and its stable structure is TiO2. Therefore, all 

the thin films show a similar transparency spectrum after annealing. However, less 

absorption is obtained when deposition was performed at 25 sccm oxygen flow rate. 

When higher refractive index material is coated on top of glass substrate (1.52), an 

interference pattern in lower transmittance was obtained compared to the substrate. 

When the coating does not create an optical path difference, it should have the same 

transparency with that of the substrate. If the film has an absorbing nature, a difference 

between the substrate and thin film at those points is resulted. Higher oxygen flow 

rates produce less absorbing films. Refractive index is calculated for thin films using 

Optilayer thin film characterization software (Figure 6.5). Higher refractive index is 

provided when higher oxygen flow rates are used in deposition. Denser films create 

higher refractive indices; because, there are many pores in low density films which 

are filled with water or air molecules. These molecules have lower refractive index 

than the thin film which yields a lower refractive index.  
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Figure 6.4. Optical transmittance spectrum of TiO2 thin films which were deposited at 0, 5, 15, and 

25 sccm oxygen flow rates. 
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Figure 6.5. Refractive index dispersion for TiO2 thin films which were deposited at 0, 5, 15, and 25 

sccm oxygen flow rates. 
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6.2.2. Characterization of Perovskite Thin Films 

 

In this study, perovskite absorber layers were deposited using adduct method which 

provides smooth, uniform, dense and large grained films. These positive effects yield 

enhancement of the cell performance [10]. Compared to adduct method, one step and 

two step deposition techniques depend on the deposition parameters and atmosphere. 

Figure 6.6 shows SEM images of perovskite thin films. Defect and crack free 

perovskite film formation can be seen in Figure 6.6a. The same figure also shows fully 

covered smooth surfaces. Dense and porosity free perovskite film formation can be 

seen in Figure 6.6b which shows the cross-section of the deposited compact electron 

transport layer and perovskite layer. These figures show that perovskite layer was 

formed at high quality and this is a parameter which is necessary for a high perovskite 

cell performance. 

 

 

 

Figure 6.6. SEM images of perovskite thin film a) surface and b) cross-section. 

 

Perovskite thin film analyses were made regarding to crystal orientation to determine 

the phases present. XRD measurements were carried out between 10 to 50 two theta 

degrees. Figure 6.7 gives the XRD pattern of MAPbI3. This diffraction pattern is well 

matched with the tetragonal phase of CN3NH3PbI3 [11]. Also, no secondary phases 
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are observed in perovskite thin film. Crystallinity and pure structure of MAPbI3 are 

the crucial properties to obtain a high performance from perovskite solar cell. In some 

studies, due to the partial reaction between MAI and PbI2, some diffraction peaks of 

PbI2 can be observed. These unreacted molecules deteriorate the performance of the 

cell [12]. In this study, pure MAPbI3 phase is obtained. 

 

 

 

Figure 6.7. XRD pattern of CH3NH3PbI3 perovskite thin film. 

 

6.2.3. Characterization of Perovskite Solar Cells 

 

As a final study, NiO and TiO thin films were used as hole transport layer. Structural, 

optical and electrical properties of NiO and TiO single layers were evaluated in the 

previous two chapters. In those chapters, NiO were deposited at different oxygen flow 

rates, deposition rate, deposition temperatures, and plasma assistance. Single layer 

analysis of NiO thin films helped to define important parameters for NiO HTL 
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deposition such as oxygen flow rate and deposition temperature. Plasma assistance 

can be effective; however, due to the damage probability risk of the perovskite layer, 

it was not applied during the production of perovskite solar cell. Also effects of layer 

thickness were evaluated using the production of the cell at different coating 

thicknesses. As a first study, NiO HTL’s were deposited at 50 nm coating thickness 

and 80°C deposition temperature to evaluate the effect of the oxygen flow rate for 0, 

10, 25 and 50 sccm. Figure 6.8 gives the J-V curves and Table 6.2 gives the results of 

the cell parameters. It was detected that 0 and 50 sccm oxygen flow rates result with 

low cell performance. Best cell performance was obtained when 25 sccm oxygen flow 

rate was used. Primary reason of the enhancement of the cell performance is the 

increase of the electrical conductivity of the layers with an increase in the oxygen flow 

rate. In chapter 4, it was detected that amount of oxygen was higher when a higher 

oxygen flow rate was used. Excess oxygen creates Ni2+ vacancy sites. These vacant 

sites are replaced by two Ni3+ ions with one hole donation to the valence band. 

However, when oxygen flow rate equals to 50 sccm, cell performance decreases. This 

condition is related to the band matching with the perovskite layer. Increase of the 

oxygen flow rate yields a higher band gap. When the valence band of HTL moves 

away from the HOMO level of the perovskite layer, it is difficult to transfer the holes 

from HOMO level of the perovskite to the valence band of HTL. Also, it was decided 

that mainly current density plays role on the performance of the cell. Results provide 

that better film formation was obtained when 25 sccm oxygen flow rate is used. 

Because, number of spherical particles was increased and size of needle particles was 

decreased with an increase in oxygen flow rate which can be seen in Chapter 4.  
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Table 6.2. Cell parameters of the devices produced with NiO HTL deposited at different oxygen flow 

rates of 0, 10, 25 and 50 sccm. 

 

HTL 

Material 
Sample 

Oxygen 

Flow Rate 

(sccm) 

Voc 

(V) 

Jsc 

(mA/cm2) 

Fill Factor 

(%) 

Efficiency 

(%) 

N
iO

 

PSC1 0 0.39 8.16 21.59 0.69 

PSC2 10 0.51 16.15 29.99 2.47 

PSC3 25 0.77 18.06 30.87 4.29 

PSC4 50 0.51 7.86 26.97 1.08 
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Figure 6.8. J-V curves for perovskite solar cells produced with NiO HTL deposited at different 

oxygen flow rates of 0, 10, 25 and 50 sccm. 

 

Then, perovskite solar cells were produced using NiO HTL which was deposited at 

different deposition temperatures. In these cells, oxygen flow rate was kept constant 

at 25 sccm and again 50 nm coating thicknesses were used. Addition to 80°C, 30°C 

and 170°C deposition temperatures were used in the deposition of NiO HTL. Figure 

6.9 and Table 6.3 give the results of the cell performances for these cells. At low and 

high deposition temperatures, performance of the cells was degraded. In both of these 



 

 

 

161 

 

conditions, lower voltage and current density were obtained compared to the base 

80°C deposition temperature. At low deposition temperature, although fully spherical 

particle formation and low amount of Ni content were observed, its low band gap, 

high resistivity and small grain size suppress the cell performance. For the case of high 

deposition temperature, main reason of the low cell performance is the formation of 

cuboidal structures. 

 

Table 6.3. Cell parameters of the devices produced with NiO HTL deposited at different deposition 

temperatures: 30, 80, and 170 °C. 

 

HTL 

Material 
Sample 

Deposition 

Temperature 

(°C) 

Voc 

(V) 

Jsc 

(mA/cm2) 

Fill Factor 

(%) 

Efficiency 

(%) 

N
iO

 PSC5 30 0.53 12.15 35.13 2.26 

PSC3 80 0.77 18.06 30.87 4.29 

PSC6 170 0.67 12.96 36.22 3.14 
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Figure 6.9. J-V curves for perovskite solar cells produced with NiO HTL deposited at different 

deposition temperatures: 30, 80, and 170 °C. 
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For the final study of NiO HTL, different layer thicknesses were evaluated. Oygen 

flow rate and deposition temperature were taken as 25 sccm and 80°C. HTL’s were 

deposited at 10, 25, 50, 75, and 100 nm thickness values. Results are given in Figure 

6.10 and Table 6.4. It is found that 75 nm HTL provides the best cell efficiency which 

is 6.13 %. Although, this layer shows similar open circuit voltage with 50 nm layer, 

75 nm coating thickness enhances both photo current and fill factor. This means that 

75 nm coating thickness offers lower recombination and better charge extraction. This 

is possibly due the defect and pin hole free layer formation at higher thicknesses. 

However, when the coating thickness is 100 nm, charge transfer is negatively affected 

and this causes a dramatic decrease in cell performance. 

 

Table 6.4. Cell parameters of the devices produced with NiO HTL deposited at different layer 

thicknesses: 10, 25, 50, 75 and 100 nm. 

 

HTL 

Material 
Sample 

HTL 

Thickness 

(nm) 

Voc (V) 
Jsc 

(mA/cm2) 

Fill 

Factor 

(%) 

Efficiency 

(%) 

N
iO

 

PSC7 10 0.37 18.48 31.63 2.16 

PSC8 25 0.49 14.88 42.35 3.09 

PSC3 50 0.77 18.06 30.87 4.29 

PSC9 75 0.77 18.93 42.03 6.13 

PSC10 100 0.55 16.66 42.29 3.87 
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Figure 6.10. J-V curves for perovskite solar cells produced with NiO HTL deposited at different layer 

thicknesses: 10, 25, 50, 75 and 100 nm. 

 

In the second study, TiO HTL was evaluated by studying different deposition 

conditions to obtain the best cell parameters. For this purpose, different layer 

thicknesses and different oxygen flow rates were employed in the production of 

perovskite solar cell. Effect of oxygen flow rate in the production of TiO single layers 

was explained in Chapter 5. The data given in that chapter is used in this study for the 

production of perovskite cells with TiO HTL. Firstly, TiO HTL was deposited at 

different thicknesses. In this study, oxygen flow rate was fixed to 1 sccm and 

deposition temperature was 80°C. Figure 6.11 and Table 6.5 give the performance of 

the cells. Best cell efficiency is obtained when 25 nm TiO HTL was deposited. 

Although, it yields a lower photocurrent compared to other cells, it offers very high 

open circuit voltage as 0.85 V. This means that 25 nm layer thickness is sufficient to 

produce defect free HTL. Open circuit voltage dramatically decreases when the layer 
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thickness increases due to the charge extraction problem. However, their high film 

quality provides a higher photocurrent density for thicker layers. 

 

Table 6.5. Cell parameters of the devices produced with TiO HTL deposited at different layer 

thicknesses: 10, 25, 50, 75 and 100 nm. 

 

HTL 

Material 
Sample 

HTL 

Thickness 

(nm) 

Voc 

(V) 

Jsc 

(mA/cm2) 

Fill 

Factor 

(%) 

Efficiency 

(%) 

T
iO

 

PSC11 10 0.57 6.88 22.75 0.89 

PSC16 25 0.85 14.54 35.35 4.37 

PSC12 50 0.61 18.80 35.72 4.10 

PSC13 75 0.65 15.45 39.28 3.95 

PSC14 100 0.49 14.86 42.37 3.09 
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Figure 6.11. J-V curves for perovskite solar cells produced with TiO HTL deposited at different layer 

thicknesses: 10, 25, 50, 75 and 100 nm. 
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In the second study of TiO HTL’s, perovskite cells were produced using TiO HTL 

which were deposited under different oxygen flow rates. 25 nm layer thickness and 

80°C deposition temperature were used in this study. Oxygen flow rates were 

introduced to the vacuum chamber at 1, 2, 5, and 10 sccm and also one cell was 

produced without any oxygen addition. Performance of the cells can be seen in Figure 

6.12 and Table 6.6. Open circuit voltage, which is lowered with the increase in oxygen 

flow rate, is maximized for 1 sccm oxygen flow rate. This is directly related to the 

band edge leveling with the perovskite layer and higher electrical conductivity. 

However, photocurrent density and fill factor dominantly change the cell performance 

and 2 sccm oxygen flow rate provides the best cell efficiency as 5.72 %. This is 

resulted due to the amount of free titanium. With an increase in the amount of oxygen, 

defect amount is minimized and therefore a better photocurrent density and fill factor 

were obtained. 

 

Table 6.6. Cell parameters of the devices produced with TiO HTL deposited at different oxygen flow 

rates of 0, 1, 2, 5 and 10 sccm. 

 

HTL 

Material 
Sample 

Oxygen 

Flow Rate 

(sccm) 

Voc (V) 
Jsc 

(mA/cm2) 

Fill 

Factor 

(%) 

Efficiency 

(%) 

T
iO

 

PSC15 0 0.65 14.08 25.87 2.37 

PSC16 1 0.85 14.54 35.35 4.37 

PSC17 2 0.79 17.96 40.29 5.72 

PSC18 5 0.73 16.57 41.40 5.01 

PSC19 10 0.49 10.21 11.71 0.59 
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Figure 6.12. J-V curves for perovskite solar cells produced with TiO HTL deposited at different 

oxygen flow rates of 0, 1, 2, 5 and 10 sccm. 

 

6.3. Conclusion 

 

Titainum dioxide compact electron transport layer and nickel oxide and titanium 

monoxide hole transport layers were deposited using electron beam evaporation 

technique. These layers were used in the production of perovskite solar cells in n-i-p 

configuration. The deposition temperature of 80°C which is determined to be the 

optimum deposition temperature makes the application of this study possible on 

flexible substrates. TiO2 compact layer was evaluated for its structural and optical 

properties and it was found that 25 sccm oxygen flow rate provides a high quality 

compact layer. Produced perovskite layer was also examined structurally, and it is 

shown that perovskite layer can be produced in highly crystalline and defect free 

conditions. NiO and TiO layers, which were fully characterized in the previous two 

chapters, were deposited on top of the perovskite layer as HTL. When the deposition 
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conditions are 80°C deposition temperature, 25 sccm oxygen flow rate and 75 nm 

layer thickness, best cell performance for NiO HTL was obtained as 6.13 %. Best cell 

for TiO HTL is obtained using 2 sccm oxygen flow rate and 25 nm coating thickness 

which yields 5.72 % photo-conversion efficiency.  
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CHAPTER 7  

 

7.  TUNING THE ELECTRON BEAM EVAPORATION PARAMETERS                     

FOR THE PRODUCTION OF NIOBIUM PENTOXIDE COMPACT                     

LAYERS FOR PEROVSKITE SOLAR CELLS 

 

Lead halide perovskite structure is firstly used in 2009 by Miyasaka group for dye 

sensitized solar cells; however cell performance remained at 3.8 % due to easily 

corroded perovskite structure by liquid electrolyte [1]. Reliability and importance of 

perovskite structure were understood by the work which was carried by Kim et al. in 

2012. In this study, corrosive electrolyte was changed by a solid state hole transport 

layer [2]. Nowadays, best efficiency is reached to 22.7 % [3]. Enhancement of cell 

performance depends on the evolving of all individual layers and interfaces. 

 

Perovskite solar cells have great potential to be used as commercially due to their ease 

of preparation, low cost, and high efficiencies. Interest in organo lead halide 

perovskites (CH3NH3PbX3, X=I, Br, and Cl) is originated from their optimal band gap, 

large absorption coefficient, long carrier life time and high charge mobilities [4, 5]. 

Perovskite solar cells are built up on top of transparent conductive oxide (TCO) coated 

glass or plastic substrates. Cells are commonly formed by sequential deposition of 

four basic layers over the TCO layer which has a conventional n-i-p device 

configuration. These layers are electron transport layer (ETL), perovskite absorber, 

hole transport layer (HTL) and metal contact layer [4, 6]. 

 

ETL has an important role for electron extraction and hole blocking. Ideal layer should 

be deposited as a pinhole free layer and should possess high electrical conductivity. 

According to ETL, perovskite solar cells can be categorized as planar or mesoporous. 

In planar design, ETL is formed just as a thin n-type wide band gap semiconductor 
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film. This layer is also named as compact layer and main advantage of compact layer 

is the avoidance of charge recombination between electrons at TCO and holes at 

valence band of perovskite absorber [6, 7]. Additionally, mesoporous layer can be 

coated on compact layer for mesoporous design. Mesoporous layer supplies larger 

surface area which lowers the contact resistance, enhances electron transfer with 

increased photo conversion efficiency and also mesoporous layer is used as template 

for perovskite layer [8, 9]. Mesoporous layer also increases photon absorption due to 

light scattering [10]. 

 

Compact layer can be deposited by solution processing or vacuum coating techniques.  

Solution based techniques are cost effective and scalable, however in solution based 

deposited films without heat treatment, increased oxygen vacancy concentration is 

observed on the surface. Due to the oxygen vacancy sites, electron extraction slows 

down and charge recombination rate directly increases [11, 12]. High temperature post 

treatment is also crucial for solution based depositions due to the removal of organics 

or additives and it enhances crystallization together with interconnection. Also, for the 

efficient hole blocking compact layer, deposition should be done without cracks and 

pinholes. When we combine all these requirements, vacuum based deposition methods 

become reliable, industrial and highly reproducible techniques compared to solution 

based processes. 

 

Most preferred material for compact ETL is TiO2 due to its environmentally friendly 

nature, wide band gap, high electron mobility, and good stability. However, there are 

also some studies using doped TiO2 [13], ZnO [14], Cs2CO3 [15], SnO2 [16], WO3 [17] 

and Nb2O5 [18]. Main aim is the reduction in interfacial resistance between 

TCO/compact layer and enhancement of charge collection in the use of alternative 

materials and deposition conditions [19]. Zinc oxide has a disadvantage due to the 

enhanced decomposition of perovskite layer [14, 20]. Nb2O5 is seen as a very good 

alternative ETL material due to its high carrier mobility, low hysteresis and suitable 

conduction band edge position [18, 21]. Also, Nb2O5 is transparent, air and water 
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stable and band position can easily be tuned by changing stoichiometry or crystalline 

structure [22]. 

 

Potential use of Nb2O5 thin films as a compact layer for perovskite solar cell was 

demonstrated in the previous studies [18, 21]. Advantages in electron beam 

evaporation technique motivate this study to provide the production of dense and 

defect free Nb2O5 compact layers. However, quality of compact layer is directly 

related with the deposition conditions of oxygen flow rate and plasma assistance. In 

this study, effect of electron beam deposition parameters of Nb2O5 compact layer on 

perovskite solar cell was explained using results of optical and structural analysis of 

single Nb2O5 layer. All the depositions are performed at low temperatures to 

investigate the potential use in heat sensitive substrates. Also, these layers are 

subjected to the post annealing to observe the effect of high temperature in the 

production of compact layer for planar perovskite solar cells. Finally, potential use of 

Nb2O5 compact layer together with TiO2 mesoporous layer was investigated in this 

study. 

 

7.1. Experimental Studies 

 

7.1.1. Deposition of Single Nb2O5 Thin Films and Their Characterizations 

 

Nb2O5 thin films were deposited using Tecport plasma assisted physical vapor 

deposition (PAPVD) system. Nb2O5 deposition materials were supplied from LTS 

chemicals with 99.999% purity which is pre-melted in copper crucible before 

deposition. Depositions started when the pressure value was lower than 8x10-6 mbar. 

Thin films were deposited on Schott Bk7 glasses which were cleaned by wiping in 

acetone and etching in argon in the deposition system. Depositions were performed at 

different oxygen flow rates with or without the plasma assistance. Deposition 

parameters are given in Table 7.1. For characterization purposes, Nb2O5 thin films 
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were deposited around 250 nm thickness at 0.2 nm/s deposition rate. Due to the 

different deposition conditions, actual coating thickness is generally different from the 

expected values. Depositions were performed at 80 °C deposition temperature which 

is quite advantageous for heat sensitive substrates. Jeol cold plasma source was used 

for plasma assistance and substrate etching. Applied bias voltage was 70 V during 

etching and 90 V during deposition. All the samples were exposed to 500°C heat 

treatment for 2 h which is the same with the treatment step for mesoporous layer in 

the cell production. 

 

Single layer Nb2O5 thin films were firstly analyzed for the optical properties. 

Reflectance and transmittance measurements were carried out using Perkin Elmer 

Lambda 950 UV-VIS-near-IR spectrophotometer. The refractive index and 

approximate layer thicknesses were calculated using the “Optilayer” optical thin film 

calculation software via mathematical approximation. Band gap values were obtained 

from the transmission cut-off point using Tauc plots. Layers were characterized 

morphologically and structurally using FEI, Nova Nano SEM 430 Scanning Electron 

Microscopy (SEM), PANalytical X-ray diffractometer  (XRD) using Cu Kα radiation 

(1.54 Å) at 1 grazing incidence to lower the substrate effect and Thermo K-Alpha X-

ray photoelectron spectroscopy (XPS). 

 

7.1.2. Perovskite Solar Cell Production and Their Characterizations 

 

Perovskite solar cells were constructed in planar and mesoporous structure on FTO 

coated glasses with 10 ohm/sq sheet resistance, supplied from Pilkington. Zinc powder 

and 2M HCl etching solution were used for patterning of FTO-coated glass substrates. 

FTO glasses were cleaned with deionized water, ethanol, acetone, and deionized water 

sequentially. Cleaned FTO glasses were coated by compact Nb2O5 thin films at 60 nm 

coating thicknesses using e-beam vacuum deposition method. Coating parameters 

were the same with single layer deposition of Nb2O5 thin films. Perovskite cells were 
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produced at two different architecture; these are planar and mesoporous. Also, planar 

cells were fabricated at as deposited and heat treated forms. Prepared cells are given 

in Table 7.1 and they are notified as C code. 

 

Table 7.1. Deposition parameters for single layer Nb2O5 thin films and cell configuration for these 

deposition conditions. 

 

  
Plasma 

Assistance 

Oxygen Flow Rate 

(sccm) 

 Cell 

Configuration 

R1 Yes 0 

C1.1 Planar 

C1.2 Planar Heat 

Treated 

C1.3 Mesoporous 

R2 Yes 10 

C2.1 Planar 

C2.2 Planar Heat 

Treated 

C2.3 Mesoporous 

R3 Yes 25 

C3.1 Planar 

C3.2 Planar Heat 

Treated 

C3.3 Mesoporous 

R4 Yes 50 

C4.1 Planar 

C4.2 Planar Heat 

Treated 

C4.3 Mesoporous 

R5 No 0 

C5.1 Planar 

C5.2 Planar Heat 

Treated 

C5.3 Mesoporous 

R6 No 10 

C6.1 Planar 

C6.2 Planar Heat 

Treated 

C6.3 Mesoporous 

R7 No 25 

C7.1 Planar 

C7.2 Planar Heat 

Treated 

C7.3 Mesoporous 

R8 No 50 

C8.1 Planar 

C8.2 Planar Heat 

Treated 

C8.3 Mesoporous 
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For mesoporous cell design, TiO2 was deposited by spin coating method. Solution for 

the spin coating was prepared by dissolving titania paste (Dyesol NRT-18) in ethanol 

at 1:3 weight ratio. Solution is spin coated on compact Nb2O5 layer at 2000 rpm for10 

s. Optimized coating thickness was determined to be around 200 nm for mesoporous 

layer. Mesoporous layers were dried firstly at 125C for 5 min. and heat treatment was 

conducted at 500°C for 2 h. Also, planar Nb2O5 cells were heat treated at the same 

conditions for comparison of planar perovskite solar cell with and without heat 

treatment. Mesoporous cells were also post treated using 0.02 M TiCl4 aqeous solution 

at 90°C for 10 min. After TiCl4 treatment, cells were fired secondly again at 500°C for 

2 h. Then, perovskite layers were deposited using one step anti-solvent dripping 

technique [23]. Perovskite solution was prepared by mixing 461 mg of PbI2 (99%, 

Aldrich), 159 mg of CH3NH3I (Dyesol), and 78 mg of dimethyl sulfoxide (99.5%, 

Aldrich) (molar ratio 1:1:1) and 600 mg of N,N-dimethylformamide (99.8% 

anhydrous, Aldrich) solution was added into mixed solution at room temperature and 

finally it was stirred for 1 h. Dissolved solution was spin-coated on mesoporous and 

planar ETL’s at 4000 rpm for 25 s. After 5 s of rotation in the spinning process, 0.5 

ml of diethyl ether (99.5%, Aldrich) was slowly dripped on the surface of the substrate. 

Transparent films were heated to 100°C for 5 min to obtain a dense film [24]. Using 

these coating parameters, 200 nm perovskite layer was obtained which is suitable for 

both photon absorption and charge transfer. Spiro-OMeOTAD thin films were used as 

HTL. To prepare spiro-OMeOTAD solution, 72.3 mg spiro-OMeOTAD, 28.8 μl of 4-

tert-butyl pyridine and 17.5 μl of lithium bis(trifluoromethanesulfonyl)imide (Li-

TFSI) solution (520 mg Li-TSFI in 1 ml acetonitrile) were mixed in 1 ml of 

chlorobenzene. Then, solution was spin coated on perovskite layer at 3000 rpm for 30 

s. Mesoporous, perovskite and hole transport layers were deposited at atmospheric 

conditions, however, ambient humidity was kept around 30-40%. Finally, 150 nm 

thick gold film was sputtered for back contact layer. Gold depositions were performed 

using metal masking and active cell areas were around 0.05 cm2. 
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Current-voltage analyses were performed using Yokogawa GS610 source measure 

unit under simulated AM 1.5 conditions usingNewport solar simulator 67005. 

Electrochemical impedance spectroscopy was performed using Gamry reference 

3000. Samples were illuminated with white LED light (60 mW/cm2) and the obtained 

graphs were fitted using Echem analyst software. 

 

7.2. Results and Discussions 

 

7.2.1. Optical Characterization of Single Layer Nb2O5 Thin Films 

 

Single layer Nb2O5 thin films were firstly characterized regarding optical properties. 

Transmittance measurements were carried out using spectrophotometer. Figure 7.1 

shows the transmittance spectrum of the Nb2O5 thin films indicating their absorptive 

nature. Difference between the maximum transmission points and bare substrate 

defines the absorption. Thin films coated without oxygen addition show strong 

absorption. When plasma assistance is used in the deposition, thin films can be 

produced closer to real stoichiometry. Plasma power enhances the mobility of charge 

carriers which reduces the free carrier absorption. Even if low amount of oxygen flow 

rate is used, absorption is dramatically lowered. However, more oxygen is required to 

decrease the absorption for non-assisted deposition (Figure 7.1b). High transparency 

is crucial for the ETL layer to maximize the number of photons reaching the perovskite 

absorbing layer. Therefore, oxygen addition is critical during the deposition of Nb2O5 

thin films. Transmittance spectrum of thin films are similar after heat treatment except 

the spectra for non-plasma assisted and oxygen free conditions because heat treatment 

in open atmosphere results in oxidation of low oxygen containing samples, which in 

turn greatly affects the absorption behavior. It was concluded that high optical 

transmission is only possible for sufficiently oxidized films, which can be obtained by 

either introducing oxygen into the deposition chamber or by heat treating the films in 

open atmosphere after deposition. 
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Figure 7.1. Transmission spectrum of Nb2O5 thin films a) Plasma assisted deposition b) Non-plasma 

assisted deposition, c) After the heat treatment process. 

 

Actual thicknesses of thin films were calculated by Optilayer thin film coating design 

software using mathematical models. Calculated values can be seen in Table 7.2. 

Plasma assistance yields thinner actual thicknesses. Thicker film formation is 

observed when deposition is performed under higher oxygen flow rate. Actual coating 

thicknesses were calculated using transmission spectra, therefore, calculated 

thicknesses for the heat treated samples are close into each other. Similar transmission 

spectra and coating thicknesses can be explained by rapid oxygen acceptance of films 

at the annealing temperature in ambient atmosphere. 
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Table 7.2. Actual thickness and band gap values for single layer Nb2O5 thin films for as deposited and 

heat treated conditions. 

 

 Actual 

thickness (nm) 

Actual thickness 

(nm) (After heat 

treatment) 

Band gap (eV) 

Band gap (eV) 

(After heat 

treatment) 

R1 197 241 3.45 3.70 

R2 214 243 3.50 3.70 

R3 223 238 3.55 3.70 

R4 238 240 3.60 3.70 

R5 220 235 3.55 3.68 

R6 221 246 3.60 3.68 

R7 241 238 3.60 3.68 

R8 266 254 3.65 3.68 

 

Refractive indexes of thin films were calculated using the fitting algorithms in 

Optilayer thin film coating design software. Transmittance and reflectance results 

were used together for better material characterization during the calculations. Change 

of refractive index with wavelength is given in Figure 7.2. Increase in oxygen flow 

rate resulted in decrease in the refractive index of thin films. Refractive index is a good 

indicator to infer density of thin films. Less dense films are possessing smaller 

refractive indexes. Because, water and air in atmosphere can easily be introduced to 

the porous regions of thin films, which decrease the refractive index. Increase in 

oxygen flow rate produces porous sites while growing on the substrate and creates 

lower refractive index where this phenomenon was also previously observed in some 

studies [25-27]. Plasma assistance helped in the formation of denser films compared 

to non-assisted deposition. Primary objective of the compact layer is efficient electron 

transfer to the FTO electrode. Thus, compact layer should be produced at denser and 

defect free conditions. High temperature firing of thin films increases the refractive 

index. Figure 7.2c and Figure 7.2d investigate the effect of heat treatment on plasma 

assisted and non-plasma assisted conditions. After the heat treatment, density of the 

samples, which is just the reverse compared to as deposited thin films, increases from 

low oxygen flow rate to high oxygen flow rate deposition condition. 
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Figure 7.2. Refractive index spectrum of Nb2O5 thin films a) Plasma assisted deposition, b) Non-

plasma assisted deposition, c) Plasma assisted deposited samples after heat treatment, and d) Non-

plasma assisted deposited samples after heat treatment. 

 

Optical band gap is calculated using Tauc plot method which is obtained by plotting 

(hνα)m as a function of hν. m =1/2 is used for indirect band gap semiconductor 

materials like Nb2O5. When tangent line is drawn on flat side, intersecting point to hv 

gives the band gap which can be seen in Figure 7.3. 1/d*ln(1/T) equation is used to 

calculate α. d is the measure of thickness and transmittance is defined as T. Obtained 

band gap values are given in Table 7.2. Larger band gap formation is observed when 

depositions are performed at high oxygen flow rate conditions. At low oxygen 

deposition condition, amount of oxygen vacancy sites are high which increase the 
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concentration of localized states in band structure [28]. Therefore lower band gap 

formation is inevitable. Furthermore, amount of non-bridged oxygen atoms increases 

when deposition is carried out at low oxygen flow rates. This phenomenon increases 

the value of valence band edge and therefore band gap decreases. When plasma 

assistance is not used, obtained band gap is higher compared to plasma assisted 

depositions. Similar condition was seen for the RF sputtering studies. In that study, 

increase of RF power creates lower band gap Nb2O5 thin films. This situation is 

explained by the formation of localized states around band edges. Mostly observed 

effect is the lowering of the conduction band edge [29]. Larger band gap provides 

lower recombination which leads to better cell efficiency. Heat treatment offers higher 

band gap with possible positive effect on cell performance. Increase of the carrier 

concentration is the main reason of the formation of larger band gap thin films. 
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Figure 7.3. The variation of (hνα)1/2 as a function of hν for Nb2O5 thin films a) Plasma assisted 

depositions, and b) Non-plasma assisted depositions. 
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7.2.2. Structural Characterization of Single Layer Nb2O5 Thin Films 

 

To investigate the structural properties of electron beam deposited Nb2O5 thin films, 

XRD, SEM and XPS measurements were carried out XRD measurements were 

performed at 1° grazing incidence to eliminate the substrate effect, because thin films 

were deposited on top of amorphous glass substrates. All the deposition conditions 

generate amorphous structure; therefore only one deposition condition is shown in 

Figure 7.4. Also, it is detected that heat treatment does not cause any crystallinity. 

Heat treatment of thin films was performed around 500°C which is the same with 

firing temperature of mesoporous layer of perovskite solar cell. This condition is also 

observed in other studies [30-32]; crystallinity can be obtained only when the 

annealing temperature is over 600°C, which is higher than the softening point of glass 

substrates, so it was not performed in this study. 
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Figure 7.4. X-ray diffraction pattern of Nb2O5 thin films. 

 

Figure 7.5 shows cross sectional SEM images of Nb2O5 thin films. Dense and defect 

free film formation is critical for efficient electron transport for the blocking layer. It 
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is seen that films have good adherence to the substrate surfaces. Also, all thin films 

show a dense appearance and pinhole formation is not observed. There is not a strong 

effect of deposition conditions on the morphology and topography of thin films due to 

the amorphous nature of the films. 

 

 

 

Figure 7.5. SEM images of Nb2O5 thin films. 

 

XPS analyses were carried out to understand the chemical composition of Nb2O5 thin 

films. Figure 7.6 shows both 3d core level of niobium and 1s core level of oxygen 

peaks for plasma assisted and non-plasma assisted deposition conditions. Binding 

energies for niobium and oxygen were determined using the carbon shift procedure 

according to C1s peak at 284.8 eV. Core levels of Nb oxides are shown in doublet 
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peaks at 3d5/2 and 3d3/2 level. There are three possible oxide states of niobium which 

are +2, +3 and +5. Corresponding peaks are formed at 204.7, 206.1 and 207.6 eV 

binding energies for 3d5/2 sequentially [33]. Without oxygen flow, thin films are 

formed with slightly less oxygen content compared to stoichiometric Nb2O5 for both 

plasma assisted and non-plasma assisted conditions. When depositions are carried out 

under additional oxygen flow, stoichiometric form of Nb2O5 has formed for 10 and 25 

sccm oxygen flow rates for plasma assisted deposition. 3d5/2  binding energies of Nb 

are observed at 207.2 eV and 207.3 eV for the above deposition conditions, 

respectively. However, 50 sccm oxygen flow rate produces slightly higher binding 

energy for Nb 3d5/2 which is the evidence of higher oxygen entrance to the film 

possibly yielding lower conductivity and worse carrier transport. Oxygen addition is 

crucial to obtain stoichiometric Nb2O5 for both plasma assisted and non-plasma 

assisted conditions. However, it is seen that 10 sccm oxygen flow rate is not sufficient 

for non-plasma assisted deposition, minimum 25 sccm oxygen flow rate should be 

supplied to the system to achieve stoichiometry. Figure 7.6c and Figure 7.6d show the 

oxygen spectra of niobium oxide thin films. Oxygen doublets can be observed in XPS 

spectra for oxide films. The major O2- peak is found around 530.1 eV binding energy 

value for metal oxides. Other peak is the result of surface hydroxylation due to the 

absorption of OH- and H2O species which is generally observed around 531.5 eV [32]. 

Binding energy of the oxygen increases with the increase in oxygen flow rate for both 

plasma and non-plasma assisted conditions. Major peak is dominantly formed in all 

our samples and there is no evidence of the formation of surface adsorbed OH- and 

H2O molecules for Nb2O5 thin films. XPS analysis was also carried out for the heat 

treated Nb2O5 thin films. Both plasma assisted and non-plasma assisted samples were 

converged to the similar results (Figure 7.6e and 7.6f). Oxygen free deposition 

conditions provide best fitting to the stoichiometric form of +5 state of niobium oxide. 

When deposition includes oxygen addition, films have higher oxygen content then 

stoichiometric form which is understood by the shift in the peak of 3d5/2 to higher 

values. This is not preferred for efficient electron transfer as explained above. Another 

input for this analysis is the production of thin films at higher oxygen content for non-
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plasma assisted deposition compared to the plasma assisted condition after heat 

treatment. This is probably due to the higher amount of porous regions for the case of 

non-plasma assisted deposition where these regions can keep higher amount of oxygen 

during heat treatment process. 
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Figure 7.6. XPS analyses of Nb2O5 thin films; a) Plasma assisted deposition condition for niobium, b) 

Non-plasma assisted deposition for niobium, c) Plasma assisted deposition condition for oxygen, d) 

Non-plasma assisted deposition for oxygen, e) Plasma assisted deposition condition for niobium (heat 

treated) and f) Non-plasma assisted deposition for niobium (heat treated). 
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Figure 7.6 (Continued) 

 

7.2.3. Characterization of Perovskite Solar Cells 

 

Produced cells were firstly evaluated regarding interfaces between the layers. Figure 

7.7 shows the SEM images of the intersection of both planar and mesoporous cells. 

The thickness of the compact layer was determined as 60 nm which is an optimized 

value for efficient electron transfer, hole blocking, and photonic transparency. It is 

seen that there are voids and discontinuities in the perovskite/Nb2O5 blocking layer 

interface for planar architecture cells. Such an inhomogeneous perovskite layer is 

undesirable for solar cell applications because it hinders an efficient charge transfer 

between individual layers and possibly causing a decrease in the performance of the 

cell operation. Upon introduction of a mesoporous TiO2 layer on the blocking layer, a 

homogeneous void-free and continuous perovskite layer formation can be achieved. 

Such a mesoporous network can facilitate a proper wetting of the surface by the 

perovskite solution during spinning process and a more ideal structure can be formed. 
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Figure 7.7. Cross sectional images of a) planar and b) mesporous perovskite solar cells. 

 

Secondly, cells were tested using current-voltage measurements under the 

illumination of simulated sunlight at 100 mW/cm2. Planar, heat treated planar and 

mesoporous cell configurations were constructed and characterized. Firstly, as 

deposited compact Nb2O5 layers were used in the planar cell configuration. Figure 7.8 

shows current density-voltage characteristics of as deposited planar cells and 

measured photovoltaic parameters for all cell configurations are given in Table 7.3. In 

general, as deposited planar configurated cells do not yield promising results. It is seen 

that plasma assistance leads to higher efficiency compared to non-plasma assisted 

films at high oxygen flow rate deposition conditions. Best cell in plasma assisted 

deposition condition is obtained at 25 sccm oxygen flow rate, however oxygen 

addition is detrimental for the non-plasma assisted conditions. Best as deposited planar 

cell yields 2.63 % conversion efficiency and it has 0.73 V Voc, 9.41 mA/cm2 Jsc and 

38.4 FF. Plasma assisted deposition produces denser films which can create positive 

effect for resistance to recombination. Also, it is sure that efficient electron transfer is 

strongly related to the band edge positions. Oxygen addition is required for better band 

matching for plasma assisted deposition; however, band matching is adversely 

affected from oxygen addition in non-plasma assisted deposition. Band gap values for 

different deposition conditions given in Table 7.2 show that these values for both 
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plasma assisted-25 sccm oxygen flow rate sample and non-plasma assisted-no oxygen 

sample produce the same 3.55 eV band gap. Although, larger band gap is 

advantageous to decrease recombination, band edge positions are negatively affected 

above 3.55 eV band gap. Therefore, the cell efficiencies are lowered at higher band 

gap compact Nb2O5 layers. 
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Figure 7.8. J-V graphs of as deposited Nb2O5 compact layer used for perovskite solar cells of planar 

configuration. 

 

Low performance of perovskite cell produced using as deposited Nb2O5 compact layer 

forwards the study to working at high temperature annealing conditions. Due to the 

use of glass substrate, annealing process was performed at 500C. Figure 7.9 gives the 

J-V graphs of the cells and results are given in Table 7.3. XRD result shows that 

crystallinity is not formed after the annealing process similar to the case of as 

deposited condition. Also, annealing yields larger band gap thin films compared to the 

as deposited forms. For the as deposited cells, it is found that there is a band gap 
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limitation for better cell performance. Due to the larger band gap nature, heat treatment 

heals the cell performance compared to as deposited condition. Denser structure of 

heat treated samples is observed using refractive index dispersion given in Figure 7.2c 

and Figure 7.2d. Denser films supply better charge transport with better cell 

performance. Also, obtained band gap and refractive index distributions are similar 

for all deposition conditions after heat treatment; however, there is a considerable 

difference in cell performances depending on deposition condition. This can be due to 

the conduction band edge position matching of compact layer and perovskite layer for 

efficient charge extraction. Another factor can be the structural consistence between 

the perovskite and compact layer. Highest efficiency is obtained when 25 sccm oxygen 

flow rate and plasma assisted deposition condition is used where photoconversion 

efficiency reaches to 5.33%. Open circuit voltage was obtained as 0.81 V which is 

10% higher than the as deposited compact layer condition. Annealing also results in 

better fill factor, which increases from 38.4% to 48.7%. Especially shunt resistance 

becomes better compared to the as deposited condition which is realized by the 

removal of alternative pathways for the charge carriers. Short current density is not 

affected from heat treatment in a positive manner. Current density is directly related 

to the number of absorbed photons by the perovskite layer. In all deposition 

conditions, compact layer was produced with low absorption; therefore all the photons 

easily pass through the compact layer and can reach perovskite. However, differences 

in the current density values between different deposition conditions given in Table 

7.3 can be related to the non-uniformity of perovskite layer on top of the compact layer 

where low efficiency values obtained from planar cells are mainly due to this interface 

problem as seen in cross-sectional SEM images in Figure 7.7. We believe that adduct 

method employed in this study, fails to generate a solid and continuous perovskite 

layer with the Nb2O5 compact layers. 
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Figure 7.9. J-V graphs of heat treated Nb2O5 compact layer used for the production of planar 

perovskite solar cells. 

 

Mesoporous perovskite cells were constructed to observe the effect of addition of a 

mesoporous layer to provide a better host for perovskite formation. TiO2 mesoporous 

layer was deposited on top of compact Nb2O5 layer. Mesoporous layer can be used in 

active and passive situation regarding to electron transfer. Passive mesoporous layers 

are used for template purposes for the perovskite layer and they have insulator nature, 

also referred as scaffolding layer. Active mesoporous layer serves as both template 

and electron transfer layer. Planar cells, which are produced using as deposited and 

heat treated Nb2O5 compact layer, suffered from uniformity problems between 

compact layer and perovskite layer. Therefore, the use of mesoporous layer becomes 

crucial. J-V curves of perovskite cells produced using mesoporous layer are given in 

Figure 7.10. Similar to planar cells, best cell is obtained when 25 sccm oxygen flow 

rate is used in plasma assisted deposition and also without oxygen addition for the 

non-plasma assisted deposition. The use of mesoporous layer doubles the cell 

efficiency compared to best cell in planar configuration. Photoconversion efficiency 

for plasma assisted and non-plasma assisted conditions reached to 13.87 % and 12.95 
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%, respectively. For all deposition conditions, better FF is obtained together with a 

lower series resistance and a higher shunt resistance compared to planar counterparts. 

Fill factor of the best cell becomes 69.6 %. The best cell for non-plasma assisted 

deposition condition provides 0.07 V higher open circuit voltage compared to the best 

cell produced with plasma assisted deposition. The cell with non-plasma assisted 

compact layer yields 0.2 eV lower band gap compared to the cell produced using 

plasma assisted compact layer. This difference probably provides a better conduction 

band matching with mesoporous TiO2 layer which results in efficient electron 

transport. Whereas, plasma assisted deposition generates higher photocurrent density 

possibly due to the less defective nature of the compact layer. Employing Nb2O5/m-

TiO2 electron transport layer has some advantages over widely used c-TiO2/m-TiO2 

configuration. Nb2O5/m-TiO2 bilayer offers better charge extraction due to its matched 

conduction band position. Nb2O5 has lower valence band position which minimizes 

the possible recombination processes. Also, the use of Nb2O5 lowers charge 

accumulation at the perovskite electron transport layer interface, which is also 

advantageous for enhanced cell performance. 
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Figure 7.10. J-V graphs of perovskite cells produced using mesoporous TiO2 layer and Nb2O5 

compact layer. 

Table 7.3. Measured photovoltaic parameters for all cell configurations. 
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  Voc (V) Jsc (mA/cm2) 
Fill Factor 

(%) 

Efficiency 

(%) 

Planar Configuration 

C1-1 0.57 3.76 21.9 0.47 

C2-1 0.61 6.15 28.5 1.07 

C3-1 0.73 9.41 38.4 2.63 

C4-1 0.67 7.78 31.9 1.66 

C5-1 0.74 6.50 28.7 1.38 

C6-1 0.69 5.34 26.8 0.99 

C7-1 0.69 4.84 24.9 0.83 

C8-1 0.53 4.95 25.4 0.67 

Heat Treated Planar Configuration 

C1-2 0.71 2.97 19.7 0.42 

C2-2 0.73 6.60 30.0 1.45 

C3-2 0.81 13.51 48.7 5.33 

C4-2 0.59 5.82 27.8 0.95 

C5-2 0.81 7.94 33.3 2.14 

C6-2 0.77 7.39 33.4 1.90 

C7-2 0.71 6.19 26.3 1.16 

C8-2 0.65 6.24 30.3 1.23 

Mesoporous Cell Configuration 

C1-3 0.91 16.81 58.0 8.86 

C2-3 0.95 17.25 59.3 9.71 

C3-3 0.95 20.98 69.6 13.87 

C4-3 0.93 17.02 59.1 9.35 

C5-3 1.02 19.55 64.9 12.95 

C6-3 0.95 14.89 51.8 7.33 

C7-3 0.81 11.52 44.5 4.15 

C8-3 0.77 8.11 33.4 2.09 
 

In order to further investigate and understand the dynamics regarding the variations in 

the performances of different architectures, electrochemical impedance spectroscopy 

measurements were conducted on each type of cell architecture. Charge transfer (Rct) 

and recombination resistances (Rrec) were extracted from the Nyquist plots of the 

cells using the equivalent circuit given in Figure 7.11 and the results are given in Table 

7.4. There are two major semicircles which represent charge transfer resistances in the 
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high frequency region and recombination resistances in the middle frequency region. 

A third feature is observed for heat treated planar cells and mesoporous cells which is 

related to ionic motion. The capacitances were replaced with constant phase elements 

for a better fitting procedure due to the fact that individual layers may not be perfectly 

smooth and defect free. The electrochemical impedance measurements revealed that 

major contribution of the heat treatment of the planar cells is the improvement in the 

charge transfer resistance of the cells. Although heat treated Nb2O5 layer based cells 

possess higher recombination resistances, the enhancement of the overall efficiency 

of the heat treated planar cells is related to the reduced charge transfer between 

individual layers, especially the Nb2O5/perovskite interface, which leads to enhanced 

charge collection inside the cells. However, heat treated Nb2O5 based planar cells still 

suffer from high recombination rates. Introduction of the mesoporous TiO2 layer 

greatly increases the recombination resistance of the cells up to 4 fold and is the main 

reason of the outstanding photovoltaic performance of the mesoporous cells compared 

to the planar cells. Reduced recombination rate manifests itself as an improvement 

especially in the open circuit voltage and fill factor values as expected. Voltages up to 

1.02 V and fill factor of 0.7 could be achieved by reducing the recombination rates 

combined with a low charge transfer resistance and efficiencies up to 13% could be 

obtained. 
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Figure 7.11. Nyquist plots of the cells produced using a) Planar Nb2O5, b) Planar heat treated Nb2O5, 

c) Nb2O5 compact layer and mesoporous TiO2 and d) Equivalent circuit model used to fit the 

impedance data. 

 

Table 7.4. Charge transfer (Rct) and recombination (Rrec) resistances of the cells. 

 

  Rct (ohm.cm2) Rrec (ohm.cm2) 

Nb2O5 planar 3168 3911 

Nb2O5 planar (H.T.) 880 966 

Nb2O5 / M.P. TiO2  1362 4036 
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7.3. Conclusion 

 

Nb2O5 compact layer was used in the production of perovskite solar cell instead of 

widely used TiO2 compact layer. Nb2O5 compact layers were deposited by means of 

electron beam evaporation method which is a highly reproducible and defect free 

technique. In order to tune the possible effects of deposition parameters, single layer 

Nb2O5 thin films were produced at different oxygen flow rate and plasma assistance 

conditions. Compact layers used in solar cells should be highly transparent to the 

incoming photons for efficient light harvesting. It was seen that films indicated a 

highly absorbing nature when no oxygen addition was used in the depositions. Plasma 

assistance leads to the formation of stoichiometric films with minimized absorption. 

However, heat treatments minimize the absorption for all deposition conditions. Low 

oxygen flow rate and plasma assistance provide low porosity with high refractive 

index. High oxygen flow rates yielded higher band gap values due to reduced oxygen 

vacancy sites. Plasma assistance lowers the band gap because of localized state 

formation which results in lower conduction band edge and heat treatment increases 

the band gap due to the enhancement in carrier concentration. XRD studies and SEM 

images show that compact layers were produced in amorphous nature, defect free and 

well adherence conditions. XPS results indicate that oxygen addition is crucial to 

obtain stoichiometric form of compact layer. Although 10 sccm is enough for plasma 

assisted deposition condition, whereas 25 sccm oxygen flow rate should be supplied 

for non-plasma assisted deposition. SEM images showed some interface problems 

when cells were produced in planar configurations. However, mesoporous layer serves 

as a host for a more homogeneous perovskite layer formation. Mesoporous cells 

dramatically increase cell efficiencies compared to the planar and heat treated planar 

cell configurations. Oxygen additions yield improved cell efficiencies for the plasma 

assisted deposition condition; however, oxygen addition decreases the cell 

performance for non-plasma assisted deposition. We relate this decrease to the 

movement of band edge and suppressed charge transfer between the perovskite and 

the Nb2O5 layer. Best cell performances are 13.87 % and 12.95 % for plasma assisted 
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and non-plasma assisted conditions, respectively. EIS measurements revealed that 

main reason is the enhancement of charge transfer for the heat treated planar cells 

compared to the as deposited films. Suppressed recombination is the main reason of 

enhancement for the mesoporous cell configuration due to improved interface 

characteristics compared to the planar architecture. 
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CHAPTER 8  

 

8. SUMMARY, CONCLUSIONS AND SUGGESTIONS 

 

Electron beam evaporation is an important production technique for thin films. This 

method yields high quality, uniform, dense materials and a reliable production 

technique for thin films. There are some studies in literature to produce thin film layers 

of the perovskite solar cells using this method. This study focuses on the use of this 

method for the development of charge transport layers. Charge transport layers can be 

produced in different structural, optical and electrical properties depending on the 

parameters which are used in electron beam evaporation process. Oxide based thin 

films were used as charge transport layers and these thin films are formed in oxygen 

deficient nature. Therefore, oxygen flow ratio was determined as primary parameter. 

Additionally, plasma assistance, deposition temperature and deposition rate are the 

other evaluated process parameters. During the development period of thin films, they 

were studied in single layer form which was deposited using above defined process 

parameters at different values. 

 

The use of inorganic alternative materials instead of spiro-OMeTAD hole transport 

layer (HTL) is a popular topic for perovskite solar cells. NiO is the most pronounced 

alternative of these materials due to its suitable band edges with perovskite absorber 

and good optical and electrical properties. There are studies in literature for the use of 

NiO as HTL which are mostly based on p-i-n (inverted) cell architecture due to the 

production difficulties encountered in the formation of n-i-p architecture. Electron 

beam evaporation provides an option to deposit oxide materials without the 

requirement of further post processing. This idea is used as a motivation in this study 

and for the deposition of NiO HTL in n-i-p (normal) architecture on perovskite 

absorbers. Addition to NiO, this thesis also evaluates the possible usage of TiO as 
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HTL. TiO is a very interesting material due to its metallically conducting nature and 

it also shows a p-type conductivity. This condition makes it a possible candidate for 

hole conduction. Like in NiO, normal n-i-p architecture in cell design is applied for 

TiO HTL. For both of the materials, structural, optical and electrical properties strictly 

depend on the deposition condition. For this reason, single layers of these materials 

were evaluated firstly and the results were used to understand their effects on 

perovskite solar cells. In the final study, the use of Nb2O5 was evaluated for electron 

conducting purposes. This material was also deposited using electron beam 

evaporation and similarly, best deposition condition was searched for the Nb2O5 thin 

films. In the following, performed studies will be summarized.  

 

• NiO thin films were deposited at a thickness of 250 nm on top of glass 

substrates using electron beam evaporation technique. Deposition was 

performed by the sublimation of chunky particles. Single layer thin films of 

NiO were produced at different values of oxygen flow rates, deposition 

temperatures, deposition rates and plasma assistance as process parameters. 

The first observation is the morphology dependence of the NiO thin film on 

the deposition temperature. For low deposition temperature dominant 

morphology is spherical, it becomes firstly needle and later transforms to 

cuboidal with the increase in deposition temperature. According to XRD 

analysis, NiO was formed in cubic crystal structure with (111) plane as the 

dominant plane. The (111) diffraction peak was used to calculate the grain size 

and lattice parameter of NiO thin films. Calculated results showed that there is 

a tendency to have larger grain size and lattice size with the increase in oxygen 

flow rate. NiO thin films were obtained at minimized absorption where the 

deposition conditions used are higher oxygen flow rate or higher deposition 

temperature or lower deposition rate. Calculated refractive index values using 

the reflectance results are good indicators for the density of thin films. Denser 

films were deposited when the deposition conditions set to low oxygen flow 

rate or high deposition temperature or low deposition rate. Lowest resistivity 
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is measured as 1.5x102 (Ω.cm) when the deposition was carried out without 

oxygen addition and under plasma assistance. Although this sample has low 

mobility, carrier concentration was too high. This condition is directly related 

to denser films with higher crystallinity. Also, tunability of the band positions 

with deposition conditions was presented. The valence band edge of NiO films 

varies between -5.12 and -5.50 eV, which is quite suitable for most organic 

and metalorganic perovskite based solar devices. 

 

• TiO thin films are suitable for many interesting applications due to their 

superior properties in hardness, decorative coloring, thermoelectric properties, 

gas sensing and electrical conductivity. These unique properties are related 

with the structural vacancy concentration. Also, titanium monoxide provides 

p-type conductivity which makes it possible candidate for hole transportation 

in perovskite solar cells. Titanium monoxide thin films were deposited at a 

thickness of 300 nm using electron beam evaporation technique. Additional 

oxygen was introduced to vacuum chamber at different amounts during the 

deposition. Deposition temperature was kept at around 80C which is also 

suitable for sensitive substrates. TiO thin films yield crystallinity without high 

temperature heat treatment requirements. XPS and XRD analyses provide 

consistent results that transformation from TiO to TiO2 was realized at oxygen 

flow rates higher than 25 sccm. Additional oxygen firstly creates partial +3 

state and +4 state becomes dominant when oxygen flow rate is 50 sccm. 

Produced thin films exhibit dense and homogeneous structure and they were 

well adhered to the substrate as confirmed by SEM analysis. Thin films which 

were produced at 0 and 1 sccm oxygen flow rates yield completely non-

transparent films. Thin films become transparent with increase in oxygen 

amount. The results of band gap and UPS analysis show consistency such that 

band gap is firstly lowered with the addition of 1 sccm oxygen flow rate 

compared to oxygen free deposition conditions and following increase in 

oxygen flow rates increase the band gap of thin films. First decrease is due to 
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the Moss-Burstain effect in which Fermi energy level is formed under the 

valence band which provides a higher band gap for oxygen free deposition 

condition compared to 1 sccm oxygen flow rate condition. Deposited TiO 

films have high carrier concentration and high electrical conductivity and 

possess p-type characteristic.  

 

• These NiO and TiO thin films were used in the production of perovskite solar 

cells as hole transport layer. Cells were produced in n-i-p configuration using 

TiO2 compact, TiO2 mesoporous layer and CH3NH3PbI3 perovskite layer. This 

study consists of three sub studies. As a first study, suitable deposition 

conditions were evaluated for titanium dioxide compact layer. Defect free 

compact layer formation was presented by SEM images. It is obtained that 

crystallinity was obtained after the heat treatment process, opposite to the 

formation of amorphous structure in as deposited condition. Also, higher 

oxygen flow rate minimizes the absorption and produces more stoichiometric 

structure; for this reason, 25 sccm oxygen flow rate deposition condition was 

used in the production of TiO2 compact layer. Secondly, perovskite thin films 

were examined regarding to their crystal structure and morphology. Perovskite 

absorbers were obtained at high quality due to the formation of perovskite 

absorber in fully dense and the presence of only CH3NH3PbI3 phase. Finally, 

optimized electron beam deposition condition check was carried out for NiO 

and TiO HTLs. Controlled deposition parameters were selected as different 

deposition temperature, oxygen flow rate and layer thicknesses for the 

deposition of NiO HTL. Oxygen flow rate and coating thickness are the 

changing parameters for the use of TiO HTL. Photoconversion efficiency of 

perovskite solar cells heals with increase in oxygen flow rate during the 

deposition of NiO HTL. Main reason of the performance healing is the 

enhancement of conductivity with increase in oxygen flow rate. Performance 

healing no longer continues at 50 sccm oxygen flow rate due to the fact that 

too much increase in band gap yields damaging of the band levelling. Best cell 
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performance was obtained when the deposition temperature is 80C. The 

decrease in the cell performance is due to the low conductivity at lower 

deposition temperatures and formation of cuboidal structure at higher 

deposition temperatures. 75 nm HTL thickness maximizes the cell efficiency 

as 6.13 %. This cell provides a high current density and fill factor due to the 

good coverage of the film on the perovskite layer. TiO HTLs were firstly 

deposited using different coating thicknesses in perovskite solar cells. Highest 

performance was obtained when the thickness of the TiO layer is 25 nm. This 

thickness of the TiO thin film yields a good coverage of the substrate surface 

together with a high charge extraction. Study was followed by the production 

of TiO at different oxygen flow rates. Highest open circuit voltage was 

obtained when the deposition was carried out at 1 sccm oxygen flow rate. 

While oxygen free deposition condition creates metallic TiO, small amount of 

oxygen provides p-type conductivity. However, more addition of oxygen 

dramatically decreases the conductivity of TiO thin film. Best cell 

performance was obtained as 5.72 % efficiency when 2 sccm oxygen flow rate 

is used due to the high photocurrent and fill factor values of the cell.  

 

• Final study evaluates the use of electron beam evaporated Nb2O5 thin films as 

compact electron transport layer instead of widely used counterpart of TiO2 for 

the production of perovskite solar cells. Nb2O5 thin films were deposited in 

single layer form using the deposition parameters of different oxygen flow rate 

and plasma assistance conditions. As a first inference, thin films yield an 

absorbing nature when the deposition is carried out without any oxygen 

addition. This absorbing character lowers the transmittance and it is an 

unwanted condition for efficient light harvesting. Additionally, the increase in 

oxygen flow rate and plasma assisted deposition minimize the absorption 

providing stoichiometry of thin films. Thin films were formed at higher band 

gap when higher oxygen flow rate was used due to the reduced oxygen vacancy 

sites. Plasma assistance provides lower band gap because of the localized state 
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formation. Thin films were created in good adherence to the substrate with 

defect free and amorphous nature. Oxygen addition is an important parameter 

which controls stoichiometry. Compared to non-plasma assisted deposition, 

stoichiometric Nb2O5 thin films were sustained at lower oxygen flow rates. 

Electron transport layer was used in the forms of Nb2O5 compact layer, heat 

treated Nb2O5 compact layer and Nb2O5 compact – TiO2 mesoporous bilayer. 

Perovskite absorber was not well-spread on the Nb2O5 compact layer and 

interface problems were observed. Introduction of the mesoporous layer 

provides a good host for the homogenous deposition of perovskite layer. 

Mesoporous cells dramatically increase cell efficiencies compared to the 

planar and heat treated planar cell configurations. Oxygen additions yield 

improved cell efficiencies for the plasma assisted deposition condition; 

however, oxygen addition decreases the cell performance for non-plasma 

assisted deposition. Band edges of Nb2O5 thin films can be tuned by 

controlling the oxygen flow rate and this condition supplies better charge 

transport. Best cell performances are 13.87 % and 12.95 % for plasma assisted 

and non-plasma assisted conditions, respectively. Resistance to recombination 

was obtained at higher value in mesoporous cell configuration compared to 

planar configuration in electrochemical impedance measurements due to the 

improved interface characteristics. 

 

This thesis aimed the production of perovskite solar cells based on inorganic ETLs 

and HTLs which were produced using electron beam evaporation. Also, produced 

perovskite solar cells were evaluated using the knowledge which was obtained from 

the single layer deposition of inorganic charge transport layers. Performed studies in 

this thesis provided a new approach for the deposition of inorganic HTLs in normal 

(n-i-p) configuration. Although there are a few studies using of NiO as HTL, this is 

the first study which uses TiO as HTL. Also, this study presented the importance of 

Nb2O5 as ETL. Also, all the layers were deposited at around 80°C which showed the 

performance of these coating on flexible polymeric substrates.  
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Photo conversion efficiencies of the cells do not provide a sufficient performance for 

the replacement of these materials as the alternative materials; however, obtained cell 

performances are promising for the future studies.  

 

Some of the possible future studies can be described as below: 

 

• Thickness optimization for perovskite absorber should be studied for better 

charge transfer process between the absorber and inorganic charge transport 

layers. 

• Alternative perovskite absorbers should be studied to provide better band edge 

matching with inorganic charge transport layers. 

• Electron beam evaporation technique can be compared with the sputtered 

deposition of inorganic charge transport layers. 

• Hole transport layers can be deposited on the tilted substrates to provide better 

coverage of perovskite absorber. 

• Studies performed in this thesis can be applied on flexible polymeric 

substrates.  

• Lower deposition rates can be used for hole transport layers to provide a time 

for a better localization and good coverage without damaging the perovskite 

absorber. 

• Nb2O5 compact layers can be exposed to post processes such as etching, 

cleaning or using chemical agents to provide better host for perovskite 

absorber. 

• Thickness optimization can be carried out for Nb2O5 compact layers which can 

minimize the interface problems. 

• Alternative deposition techniques and alternative perovskite absorbers can be 

studied together with Nb2O5 compact layer. 
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