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A TiO2 compact (cp) layer or blocking layer (bl) plays a crucial role in a hybrid 

organic-inorganic lead halide perovskite solar cell (PSC) because it prevents the carrier 

recombination at the interface of fluorine-doped tin oxide (FTO) and perovskite layers. 

In this work, fabrication, characterizations of cp-TiO2 and their effects on the PSC were 

studied. The cp-TiO2 layers in this work were fabricated by radio frequency (RF)-

magnetron sputtering method and spin coating method with various conditions. The cp-

TiO2 layer was incorporated into the PSC device structure consisting of Au/spiro-

OMeTAD/MAPbI3/mp-TiO2/cp-TiO2/FTO. For the sputtering method, cp-TiO2 could 

selectively block the transport of holes from TiO2 to the FTO layer, but it might not be 

appropriate to transfer electrons from the perovskite layer to the FTO. For a spin coating 

method, TiO2 layer cannot completely block the transport of holes from TiO2 to the 

FTO layer, but it can be used as an electron transporting layer for PSCs. Energy gaps 

of TiO2 by sputtering and spin coating were found to be in the range of 3.65 – 3.77 eV 

corresponding to the anatase phase. However, morphologies of TiO2 fabricated by 

sputtering and spin coating methods are not the same. For the sputtering method, 

morphology of TiO2 layer is similar to FTO. For spin coating, there are very fine round 

grains of TiO2 on FTO surface as observed in the AFM phase images. This directly 

affects the performance of the PSCs. It is found that the best condition for spin coating 

of compact and mesoporous TiO2 layers is 5,000 rpm for 30 s with the corresponding 

maximum power conversion efficiency of about 6.6%. 
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CHAPTER I 

INTRODUCTION 

1.1 Overview  

Nowadays, people around the world use a lot of energy per day for their 

activities in everyday life. Increasing energy demand and awareness about global 

warming lead to the concern about alternative sources of energy. One of the most 

interesting alternative sources of renewable energy is solar energy because energy from 

the sun falls on the earth in one hour more than it is used by everyone in the world in 

one year. There are several recent technologies for converting solar energy into 

electricity such as organic photovoltaic cells (OPVs) [1], dye sensitized solar cells 

(DSSCs) [2] and quantum dot solar cells (QDSCs) [3, 4]. Additionally, hybrid 

organometal halide perovskites, derived from DSSCs as light absorbers, get more 

attention due to the unprecedentedly rapid improvement of perovskite solar cells its 

power conversion efficiency [5]. 

Perovskite is a type of materials that have the same structure as calcium titanium 

oxide (CaTiO3). Perovskite structure is in a form of ABX3. It consists of BX6 octahedra 

that locates at the corners of a cubic with A at the center. A and B are cations of different 

sizes and X is an anion. For the hybrid organic-inorganic halide perovskite, A is an 

organic cation usually methylammonium (CH3NH3
+), ethylammonium 

(CH3CH2NH3
3+), or formamidinium (NH2CH=NH2

+), B is a metal cation usually Sn2+ 

or Pb2+ and X is an anion or a halogen usually Cl−, Br−, I−, or mixed halide material [6]. 

Figure 1 Schematic diagram represents ABX3 perovskite crystal structure [7]. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

6 

In 1991, DSSCs were first fabricated by O'Regan and Grätzel [8]. A DSSC 

consists of a transparent conducting oxide electrode such as fluorine-doped tin oxide 

(FTO) or indium-doped tin oxide (ITO), a dye-sensitized mesoporous semiconductor 

metal oxide film such as nanocrystalline TiO2, counter electrode such as a platinum 

(Pt), and an electrolyte containing redox couples such as I−/I3− dissolved in a solvent. 

This device architecture has power conversion efficiencies (PCEs) up to 13% [9]. 

However, there are some problems with this device such as potential leakage problems 

from corrosive and volatile nature of the liquid electrolyte. This problem was solved in 

1998 by using a solid hole-transporting material (HTM) 2,2′,7,7′-tetrakis (N,N-di-p-

methoxyphenylamine)-9,9′-spirobifluorene (spiro-OMeTAD or, in short as, spiro) 

instead of the conventional liquid redox electrolyte [10]. These devices are called solid-

state dye-sensitized solar cells (ss-DSSCs). In 2012, Grätzel et al. [11] and Snaith et al. 

[12] used CH3NH3PbI3 (MAPbI3) and CH3NH3PbI2Cl (MAPbI2Cl) perovskite 

nanocrystals for absorber layer and submicron thick mesoporous TiO2 film and spiro- 

OMeTAD for an electron- and a hole-transporting layer, respectively. Initially, the 

PCEs were 9.7% and 7.6% and there had long term stability [12]. Additionally, Snaith et 

al. also used insulating mesoporous Al2O3 instead of mesoporous TiO2. The FTO/blocking 

layer (bl)-TiO2/mesoporous (mp)-Al2O3/MAPbI2Cl/spiro-OMeTAD/Ag-based device 

showed a PCE of 10.9% [12].  Etgar et al. fabricated solar cells with FTO/bl-TiO2/mp-

TiO2/MAPbI3/Au and achieved a PCE of 5.5% [13]. All of the aforementioned studies 

showed that there were many types of perovskite solar cells (PSCs) depending on materials 

that were used. Moreover, most types of PSC need bl-TiO2 or compact (cp)-TiO2. 

Cp-TiO2 blocking layers are indispensable and play critical roles in preventing 

the carrier recombination at the interface of FTO and perovskite layer and avoiding 

short-circuit. So, high quality TiO2 blocking layers are necessary to achive high PCE. 

There are several methods to fabricate cp-TiO2 layer such as aerosol spray pyrolysis 

[14-16], thermal oxidation [17], spin-coating method [18], atomic layer deposition [19], 

and electrochemical deposition [20]. Gao et al.[21] compared deposition methods of 

cp-TiO2 between magnetron sputtering (MS) and sol-gel (SG). They employed a TiO2 

for target to sputter TiO2 blocking layer. It was found that TiO2 from sputtering method 

is more compact and can give high efficiency devices (Figure 2(E)). Therefore, the 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

7 

different morphological properties between MS-TiO2 and SG-TiO2 blocking layers that 

shown in Figure 2(a) - (d) can affect the performance of these solar cells. 

Chen et al. [22] fabricated TiO2 by radio frequency (RF)-magnetron sputtering 

using TiO2 target with a purity 99.99% and 52 mm in diameter. The sputtering 

processes were sputtered in pure Ar gas at a working pressure 3.5 Pa. and used 

sputtering power of 120 W. They studied the influence of TiO2 layer on PSCs with 

varying sputtering time. The results are shown in Figure 3. When the sputtering time is 

increased from 15 to 30 min as increasing cp-layer thickness, the Jsc increased. It means  

 

Figure 2 (a, b) Top-view and (c, d) cross-section FE-SEM images of TiO2 blocking 

layers prepared by magnetron sputtering (MS-TiO2) and solgel (SG-TiO2) methods, 

respectively (The black circle indicates for the gap at the valley between FTO layer and 

TiO2 blocking layer),and (e) IV curves of PSCs with MS-TiO2, and SG-blocking layers 

[21]. 

e 

a b 
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that to improved TiO2 layer can effect to the electron collection and effective hole 

blocking. Nevertheless, increasing time from 35 to 60 min corresponding to the 

thickness from 80 to 200 nm, the decreased device performance. When the thickness of 

cp layers increased or longer transmission distance so the recombination rates 

increased. This can be confirmed from the obvious decrease of FF parameters. 

Yanget et al. [23] used TiO2 layer from sputtering method to fabricated PSCs. 

They fabricated TiO2 layer by using DC magnetron sputtering power at 400 W and 3-

inch-diameter metallic plate of Ti (99.995%). The sputtering pressure was kept at 7.5× 

10-3 Torr with a mixture gas of Ar and O2. The thickness of TiO2 layer was about 60 - 

70 nm. The average efficiency of the PSCs was 15.37%  

Mali et al. [24] fabricated TiO2 layer with different thicknesses by RF 

magnetron sputtering, using an area of 2 cm2 and 99.99% purity of Ti metal target. For 

sputtering process, the sputtering pressure was at 10 mTorr with flowing Ar and O2 

gases during sputtering. And sputtering power was 130 W. The thicknesses were 30, 50 

and 100 nm. They found that RF-magnetron sputtered 50 nm-thick TiO2 layer showed 

a PCE in excess of 15% 

In this work, effects of electron transporting layer TiO2 on PSCs were 

investigated. The TiO2 layers were fabricated by RF magnetron sputtering and spin 

coating methods with various conditions using Au/spiro-OMeTAD/MAPbI3 and/or mp-

TiO2/cp-TiO2/FTO as the PSC structure with the MAPbI3, and spiro-OMeTAD 

fabricated by spin coating method, and Au electrodes by thermal evaporation. 

 

1.2 Objectives 

 To fabricate cp-TiO2 thin films by RF-magnetron sputtering and spin coating 

techniques and study the effects of deposition parameters on the textures and 

surface morphologies of TiO2. 

 To study effects of TiO2 textures and morphologies on the efficiency of 

CH3NH3PbI3 perovskite solar cells. 
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Figure 3 Plots of photovoltaic parameters of the devices based on different sputtering 

time. 12 solar cells were repeated and measured for each sputtering time [22]. 

 

1.3 Thesis outline 

In this thesis, it consists of six chapters. First, the theoretical backgrounds of 

perovskite solar cell and its structure, titanium dioxide and its properties are described 

in chapter II. The experimental procedures are described in chapter III. For the results, 

they are divided into two parts; the properties of TiO2 layers and the performance of 

perovskite solar cells that are described in chapter IV and chapter V, respectively. The 

last chapter is the summary of this thesis.  
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CHAPTER II 

MATERIAL PROPERTIES AND FABRICATION METHODS 

The depositions of TiO2, perovskite and related components as well as their 

properties are described in this chapter. The RF magnetron sputtering, which is the 

method to deposit TiO2 compact layer, are explained. In addition, spin coating process, 

which is the method to fabricate layers of PSCs, is also described. 

 

2.1 Principle of PSCs 

A standard configuration of a planar heterojunction perovskite solar cell is 

shown in Figure 4(a). It consists of a transparent conductive oxides coated glass (photon 

entrance side), an electron transport material or compact metal oxides, perovskite 

materials, a hole transport material and a metal electrode. The device comprises three 

a 

b 

Figure 4 Schematic diagrams represent (a) planar perovskite solar cell and (b) 

band diagram of PSC. 
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major components; an absorber to absorb photon, a semiconductor to accept electrons 

from photo-excited perovskite, and a hole-transporting p–type semiconductor. The 

working principle of a perovskite solar cell involves a promotion of electrons from the 

ground state of the perovskite to the excited state upon irradiation with photons and an 

injection of the excited electrons to the conduction band of the semiconductor. The 

positive charges on the perovskite are transferred to the hole-transporting material and 

then to the metal electrode as shown in Figure 4(b). The perovskite plays a critical role 

in this process for determining the amount of absorbed light both in intensity and 

wavelength range.  

 

The PSCs typically include the following components; 

 Photoanodes 

Fluorine-doped tin oxide (FTO) coated glass is electrically conductive and ideal to 

use in a wide range of devices, including thin film photovoltaics. FTO has been 

recognized as a very promising material because it is relatively stable under 

atmospheric conditions, chemically inert, mechanically hard, and high-temperature 

resistant. It also has a high tolerance to physical abrasion and is less expensive than 

indium tin oxide (ITO). 

 Electron transporting materials (ETM) 

For planar PSCs, a compact n-type metal oxide film (for examples, TiO2, ZnO or 

SnO2 [25]) is always required on a transparent conducting oxide (TCO) substrate as a 

blocking layer for electron selective contacts. TiO2 ETM has been used in most of the 

reported PSCs. The electron injection rates from the perovskite absorber to TiO2 ETM 

are ultra-fast, but the electron recombination rates are high due to low electron mobility 

and transport properties [26]. 

Titanium dioxide (TiO2) is an n-type semiconductor material that used in several 

applications, such as sensor devices [27], DSSCs [28], and photocatalysis [29]. The 

main reasons that TiO2 becomes favored are long-term photostability, non-toxicity, low 

cost availability of TiO2 [30]. Moreover, this material is sensitive to UV radiation, with 

notable transmittance in the visible region over 80% with high refractive index 

(between 2.5 and 2.7), chemical stability [31] and band gap of  ≥ 3 eV. 
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TiO2 is used as a photocatalytic material and its photocatalytic activity has been reported 

in several different studies [32-34]. TiO2 has three crystalline phases: rutile (a tetragonal 

structure), anatase (a tetragonal structure) and brookite (an orthorhombic structure). At 

ambient temperature [29], Rutile is the most stable phase. The optical band gap of  TiO2 is 

slightly above 3 eV (rutile: 3.0 eV, anatase: 3.4 eV and brookite: 3.3 eV) [29]. 

The form of TiO2 used as a photocatalyst under UV radiation is mostly anatase [35]. 

Rutile has a smaller electron effective mass, higher density and higher refractive index 

(rutile: 2.609, anatase: 2.488 and brookite: 2.583) [31]. Anatase contains more defects in the 

lattice, producing more oxygen vacancies and capturing the electrons [36]. Anatase and 

rutile are generally used in photocatalytic applications, while brookite is not. 

 

 

 

 

Figure 5 Pictures of crystallographic structures of different TiO2 crystal phases: 

anatase, rutile and brookite [37]. 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

13 

 Perovskite absorber layer 

Methylammonium lead iodide (CH3NH3PbI3 or MAPbI3) is one of perovskite 

materials commonly used to fabricate the solar cells. The effective absorption 

coefficient of MAPbI3 is around 1.0 × 105 (mol ∙ L−1)−1cm−1 at 550 nm [38, 39]. 

MAPbI3 can completely absorb light, when the thickness of the layer is 500 – 600 nm. 

The diffusion lengths of the electrons and holes in MAPbI3 are 130 nm and 100 nm, 

respectively [40]. 

 Hole transporting materials (HTM) 

The PSCs typically employ a wide variety of organic polymer hole conductors, e.g. 

PMMA, Spiro-OMeTAD, PCBM, etc. One of the most notable hole conducting 

polymers is spiro-OMeTAD [10]. The trade-off between the series and shunt resistance 

in PSCs is controlled by the performance of perovskite and/or HTM [41]. It is well 

known that perovskite is highly conductive, on the order of 10−3 S cm−1, which requires 

a thick layer of HTM to avoid pinholes. Spiro-OMeTAD are less conductive (∼10−5 S 

cm−1) and its thicker capping layer results in high series resistance [13]. It is 

indisputable that the HTMs play an important role in PSCs.  

 Metal electrode 

For PSCs, gold is used to make an electrode, and usually made by thermal 

evaporation or sputtering technique. Some metal electrodes such as aluminum can 

induce degradation in PSCs while gold can preserve the stability of the PSCs.  

 

2.2 Deposition methods 

2.2.1 Deposition of TiO2 

There are many methods that can be used to deposit TiO2 layer such as aerosol 

spray pyrolysis [14-16], thermal oxidation [17], spin-coating method [18], atomic layer 

deposition[19], and electrochemical deposition [20]. In this work, RF magnetron 

sputtering and spin coating methods are used to deposit cp-TiO2 layer. 
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RF magnetron sputtering process 

The process of basic sputtering is such that a target of material desired to be 

deposited is bombarded with energetic ions such as Argon (Ar+). These inert gas ions 

collide onto the target and remove target atoms and then these atoms condense on the 

substrate as a thin film. The process is limited by low deposition rates, high substrate 

heating and low ionization efficiencies. Therefore, magnetron sputtering was developed 

to solve these limitations. 

Magnetron sputtering is an effective process for deposition of a wide range of 

thin film materials. This process utilizes a strong magnetic field near the target area, 

which causes the travelling electrons to spiral along magnetic flux lines near the target. 

This arrangement confines the plasma near the target area without causing the damage 

to the thin films being formed on the substrate. Moreover, in an RF magnetron 

sputtering systems, the generated electrons travel a longer distance, hence increasing 

the probability of further ionizing the inert gas atoms (Ar+) and generating stable high-

density plasma that improves the sputtering process efficiency [42]. 

The reactive sputter deposition process is a process that when a reactive gas 

such as oxygen is added to the sputtering process. The O2 gas can react with the 

sputtered metal atoms on the substrate to form a metal oxide layer. Figure 6 shows the 

reactive sputter deposition process. Oxygen atoms, originating from plasma reactions 

with the O2 gas (a), or from sputtering the poisoned TiOx target (b), as well as O2 gas 

molecules, can react with sputtered Ti atoms on the substrate to form a TiOx film.  
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Figure 6 Schematic diagram representing the reactive sputter deposition process; O 

atoms originating from plasma reactions with the O2 gas (a), or from sputtering the 

poisoned TiOx target (b), as well as O2 gas molecules can reacting with sputtered Ti 

atoms on the substrate to form a TiOx film. 

 

Spin coating process 

Spin coating has been used for several decades for the application of thin film 

deposition. For this process, the substrate is first coated with a solution and then spun 

at high angular speed. Centripetal acceleration will cause the solution to spread out, and 

eventually off the edge of the substrate, leaving a thin film of solution on the surface. 

Properties and film thickness depend on the nature of the solution such as viscosity, 

drying rate, percent solids, surface tension, etc. Moreover, it depends on the parameters 

chosen for the spin process. Spin speed is one of the most important factors, because it 

can affect the film thickness. The film thickness is proportional to the inverse of the 

square root of spin speed, 

t ∝
1

√ω
  ,    (1) 

where t is the thickness and ω is the angular velocity. 

Furthermore, acceleration can affect the uniformity of coating. Since the 

solution begins to dry during the first part of the spin cycle, it is important to accurately 

control the acceleration. Moreover, fume exhaust can also affect the film. The drying 
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rate of the fluid during the spin process depend on the nature of the fluid and the air 

surrounding the substrate during the spin process such as air temperature and humidity 

[43]. 

 

2.2.2 Deposition processes for perovskite films 

There are many techniques to fabricate perovskite layers, e.g. one-step precursor 

deposition (OSPD), sequential deposition process (SDP), two step spin-coating 

deposition (TSSD), dual source vacuum deposition (DSVD), sequential vapor 

deposition (SVD), vapor-assisted solution process (VASP) and spray-coating 

deposition (SCD) [44].  

 

 

Figure 7 Schematic diagrams of solution-based deposition methods (e.g. MAPbI3); (a) 

one step precursor deposition (OSPD) [45], (b) sequential deposition process (SDP) 

[46], and (c) two step spin-coating deposition (TSSD) [47]. 
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2.1.1.1 Solution-based deposition methods (OSPD, SDP, TSSD, SCD) 

Figure 7(a) shows the one step precursor deposition for perovskite layer, which 

is a spin-coating of a mixture between MAX and PbX2 (X = halide group) to form 

perovskite film on the substrate. Changing the precursor concentration or spin speed 

can be used to control the thickness of a coating layer.  

Figure 7(b) is the sequential deposition process. First spin with PbX2 solution 

on the top of substrates and follow by dipping it into a solution of MAI in 2-propanol 

to transform into perovskite. 

Figure 7(c) depicts the two-step spin-coating deposition method. For this 

technique, PbI2 and MAI solutions are spin-coated sequentially on the substrate and 

followed by thermal annealing at 100°C to drive the inter-diffusion of precursors to a 

perovskite layer.   

 

2.1.1.2 Vapor-based deposition methods (DSVD, SVD, VASP) 

Vapor-based deposition methods are not commonly used to fabricate perovskite 

because the process requires have high cost equipment and as well as complex 

procedures.  

Figure 8(a) is a schematic diagram of the process using dual sources vacuum 

deposition, i.e. MAX and PbX2 are evaporated from two separate heating sources. 

Figure 8(b) is a process of sequential vapor deposition. In this process, PbX2 

and MAI are vapor-deposited on the substrates layer by layer. PbX2 reacts with MAI in 

situ, followed by thermal annealing to complete the perovskite crystal transformation. 

Figure 8(c) shows the process of vapor-assisted solution. In this process, first 

spin with PbI2 solution, then the PbI2-coated substrates are annealed in MAI vapor at 

150oC in N2 atmosphere. After cooling down, the as-prepared substrates are washed 

with isopropanol, dried and annealed to complete the deposition.  
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Figure 8 Schematic diagrams of vapor-based deposition methods; (a) Dual source 

vacuum deposition (DSVD) [48], (b) Sequential vapor deposition (SVD) (e.g. MAPbI3) 

[49], and (c) Vapor assisted solution process (VASP) [50]. 
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CHAPTER III 

FABRICATION AND CHARACTERIZATION OF TiO2 AND PEROVSKITE 

SOLAR CELLS 

In this chapter, the fabrications of the TiO2 and perovskite solar cells are 

described. The characterization techniques, such as field-emission scanning electron 

microscopy (FESEM), UV-VIS-NIR spectrophotometer, current-voltage (I-V) 

measurements, x-ray diffraction (XRD) and atomic force microscopy (AFM) were used 

to investigate the properties of TiO2 thin films and the perovskite solar cells (PSCs). 

 

3.1 Fabrication processes of PSCs 

3.1.1 Substrate preparation  

In this work, 3.0 cm × 3.0 cm FTO coated glasses with thickness of 3 mm were 

used as the substrates for the deposition of TiO2 compact layers. The thickness of FTO 

layer was approximately 800 nm. To avoid a short circuit, the FTO layer was patterned 

or etched by covering the substrate with a 2.0 cm × 3.0 cm polyimide tape to protect 

the underlying FTO. The uncovered area was spread with a thin layer of zinc-powder. 

A few drops of hydrochloric acid (HCl) were added in order to etch the FTO-layer. 

Then the polyimide tape was removed and left with the remaining FTO as shown in 

Figure 9.  

 

Figure 9 Schematic diagrams representing (a) 3.0 cm × 3.0 cm FTO coated glasses, (b) 

FTO coated glass covered by 2.0 cm × 3.0 cm polyimide tape, (c) covered with a thin 

layer of zinc-powder on (b) and adding HCl, and (d) Patterned-FTO conductive glasses.    
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The patterned-FTO conductive glasses were then cleaned in an ultrasonic bath filled 

with detergent diluted in deionized (DI) water, DI water, acetone, and methanol 

sequentially for 15 minutes each. Finally, they were rinsed with DI water and blown 

dry with N2 gas. Then, the substrates were kept in a humidity-reduced container. 

 

3.1.2 Deposition of TiO2 compact layers 

TiO2 compact layers in this work are deposited by RF magnetron sputtering and 

spin coating methods. 

 

3.1.2.1 RF magnetron sputtering of TiO2 compact layers 

The compact TiO2 blocking layers were deposited by RF magnetron sputtering 

onto the FTO coated glasses using a (4-inch diameter) Ti metallic target with a target-

to-substrate distance of 60 mm. Stainless steel foil with 1.4 cm × 1.4 cm opening area 

was used as a shadow mask to define an active area of the PSCs as shown in Figure 10 

(b). The base pressure before the deposition was 3.0 × 10−6 mbar. High purity oxygen 

(99.999% purity) and argon (99.999% purity) gases were used as the sputtering gas. 

During the deposition, the substrates were loaded in a carousel and rotated above the 

target at the rate of 5 rpm. The TiO2 layers were fabricated with O2/(O2+Ar) ratios of 

30% and 50%, RF power from 100 W to 250 W, deposition time from 120 to 240 

minutes, and finally annealed at 500oC for 1 hour in ambient air. The total sputtering 

gas pressure was approximately 1.1 × 10−3 mbar. 

 

Figure 10 Schematic diagrams representing (a) a cleaned patterned-FTO, (b) a stainless 

steel foil mask, and (c) a cp-TiO2 patterned on FTO used in the sputtering process. 
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Figure 11 Schematic diagrams representing (a) a cleaned patterned-FTO, (b) a cleaned 

FTO covered by 0.8 cm × 3.0 cm polyimide tape, and (c) a patterned cp-TiO2 on FTO 

used in spin coating method. 

 

3.1.2.2 Spin coating of TiO2 compact layers (cp-TiO2) 

For the spin coating method, the FTO coated glasses had to be patterned by 

covering with a polyimide tape to protect the underlying the FTO for making electrodes 

as shown in Figure 12. The compact TiO2 blocking layers were deposited by spin 

coating technique onto the FTO coated glasses using a Ti-Nanoxide BL/SP from 

Solaronix. TiO2 solution (200 µl) was spin-coated on the FTO coated glasses with 

various speeds for 30 s (without loading time). After spinning, the films were baked at 

550°C for 45 minutes on a hot plate. 

3.1.3 Deposition of TiO2 mesoporous layers (mp-TiO2) 

Ti-Nanoxide T600/SP (Solaronix) containing 15-20 nm titanium dioxide 

anatase particles was used to fabricate mesoporous TiO2 layer. The substrates were 

patterned by covering with a polyimide tape and then TiO2 solution (200 µl) was spin-

coated on the cp-TiO2 at 5000 rpm for 30 s (without loading time) as shown in Figure 

12(b) – (c). After spinning, the films were baked at 475 °C for 30 minutes. 
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Figure 12 Schematic diagrams representing (a) cp-TiO2 patterned on FTO, (b) a 

covered 0.9 cm × 3.0 cm polyimide tape on cp-TiO2 patterned on FTO, and (c) a 

patterned mp-TiO2 layer. 

 

 

 

Figure 13 Schematic diagrams representing a two-step spin coating method; (a) a 

patterned mp-TiO2 layer, (b) a covered 1.0 cm × 3.0 cm area with polyimide tape on 

mp-TiO2 layer, (c) PbI2 layer deposition by spinning on (b), (d) spinning MAI on (c), 

and (e) a perovskite layer. 
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3.1.4 Deposition of perovskite absorber 

A CH3NH3PbI3 layer was fabricated by using a two-step spin coating method. 

PbI2 solution (1 M) was prepared by dissolving 461 mg PbI2 (99%, Aldrich) in 1 ml 

N,N-dimethylformamide (DMF, 99.8%, Sigma-Aldrich) and stirred at 80 °C for 

overnight. Figure 13 shows a two-step spin coating method. First, the patterned mp-

TiO2 layer (Figure 13(a)) was covered by 1.0 cm × 3.0 cm polyimide tape (Figure 

13(b)). Then, PbI2 solution (100 µl) was dispersed and spin-coated on the mp-TiO2 

layer at 3,000 rpm for 30 s (without loading time) (Figure 13(c)). After spinning, the 

film was baked at 80 °C for 10 min, and left to cool down to room temperature, then 

0.063M (10 mg ml−1) CH3NH3I solution in 2-propanol was dispersed and spin-coated 

on the PbI2 film at 2000 rpm for 10 s and 4000 rpm for 10 s with loading time of 30s 

(Figure 13(d)), and then dried at 120°C for 15 min to transform into the perovskite 

(Figure 13(e)).  

 

3.1.5 Deposition of hole transporting layer 

Spiro-OMeTAD solution was prepared by dissolving 72.3 mg of spiro-

OMeTAD in 1 ml of chlorobenzene, to which 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, Sigma-Aldrich, 99.8%) was added [47]. The Spiro-OMeTAD 

solution was stirred overnight. The Spiro-OMeTAD solution (100 µl) was spin-coated 

on the perovskite film at 3,000 rpm for 30 s.  

Figure 14 A photograph of the fabrication of PSCs. 
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3.1.6 Deposition of electrode 

Gold (Au) is generally used as an electrode for PSCs. Thermal evaporation was 

used to fabricate 80-100 nm thick Au through a stainless steel foil shadow mask to 

make patterns on the surface of Spiro-OMeTAD. The base pressure was about 1.5 ×

10−5 mbar prior to the deposition of Au. Since cp-TiO2 layers from sputtering and spin 

coating methods have different patterns, stainless steel masks are designed differently. 

Figure15(b) and Figure16(b) show the mask patterns for cp-TiO2 sputtering method and 

spin coating method. 

 

Figure 15 Schematic diagrams representing (a) spiro-OMeTAD/MAPbI3/mp-TiO2/cp-

TiO2(sputtering)/FTO, (b) a mask pattern for cp-TiO2 sputtering method, and (c) a PSC 

with Au contacts. 

 

Figure 16 Schematic diagrams representing (a) spiro-OMeTAD/MAPbI3/mp-TiO2/cp-

TiO2(spin coating)/FTO, (b) a mask pattern for cp-TiO2 spin coating method, and (c) a 

PSCwith Au contacts. 
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Figure 17 A photograph of evaporated Au on PSCs 

 

3.2 Characterization techniques 

The characterizations of cp-TiO2 films and the PSCs were performed by I-V 

measurement, optical transmission spectroscopy, FESEM, AFM and XRD. 

 

3.2.1 Current-voltage (I-V) measurement 

When the fabrications of cp-TiO2 layers and the PSCs were complete, they were 

investigated by the I-V measurements. The I-V measurement set-up consists of a xenon 

arc lamp and a source-meter unit (Keithley model 238). The devices were analyzed 

under AM1.5 condition at room temperature (25oC) with the light intensity of 100 

mW/cm2. The data acquisition was run by Agilent VEE program. The parameters of 

interest for solar cell are open-circuit voltage (Voc), short-circuit current density (Jsc), 

fill factor (FF) and efficiency which can be determined from the I-V curve. 

 

3.2.2 Field Emission Scanning Electron Microscopy (FESEM) 

Surface morphology of TiO2 and its thickness are measured by JEOL JSM 7001 

FESEM. It is used to study microstructures or nanostructures of all layer in PSCs. In 

this study, the surface morphology is imaged at X10,000, X20,000, X30,000 and 

X50,000 magnifications. 
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Figure 18 Schematic diagram of optical transmission and reflection in thin film. 

 

 

3.2.3   Optical transmission spectroscopy 

The optical absorption and transmission properties of cp-TiO2 and perovskite 

thin film were characterized by the Perkin-Elmer Lambda 900 UV-VIS-NIR 

spectrophotometer in the wavelength from 300 nm to 1800 nm. 

 

3.2.3.1 Optical absorption properties 

Figure 18 shows a schematic diagram of normal incidence of light onto a thin 

film. The intensities of the incident wave, transmitted wave, and reflected wave are 

denoted Io, It, and Ir respectively. The intensity of a light wave (I) in the thin film 

decrease as  

I = I0e−αx,    (2) 

where x is the thickness of thin film and 𝛼 is the absorption coefficient. The 

transmission (T) and the reflection (R) can be expressed in terms of    

T =
It

I0
 ,    (3) 

    R =
Ir

I0
  .    (4) 

From Equations 3 and 4 the optical absorption coefficient can be obtained from 

     α =
1

d
ln (

I0

It
) .     (5) 

In the absorption process, a photon can excite an electron from lower-energy (valence 

band) to higher-energy state (conduction band). This is called an interband transition 

and it can be divided into the following cases [51]: 
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Allowed direct transition: α(h𝑣) =
A

h𝑣
(h𝑣 − Eg)

1/2
  ,   (6) 

Forbidden direct transition:  α(h𝑣) =
B

hν
(h𝑣 − Eg)

3/2
 ,   (7) 

Indirect transition:   α(h𝑣) =
C

h𝑣
(h𝑣 − Eg)

2
 ,   (8)  

where A, B, C are the constants, h𝑣 is the photon energy, and Eg is the energy gap of 

the semiconductor. From Equations 5 and 6, the energy gap is obtained from the 

extrapolation from the linear section of the plot between (αh𝑣)2 and hv. 

 

3.2.4   Atomic force microscopy (AFM) 

The surface roughness of TiO2 films can be analyzed by AFM technique. An 

AFM uses the van der Waals force between atoms to generate the surface morphology 

of the sample. Figure 19Figure 19 shows the basic scheme of AFM. It consists of a 

microfabricated flexible cantilever with one or multi-tips, a photo-sensitive detector 

and a feedback loop for detection. When the probe moves along the sample surface, the 

deformation changes or movements of the cantilever are simultaneously recorded. The 

vertical bending of the cantilever is measured by a photo-sensitive detector [52]. 

Figure 19 The basic scheme of atomic force microscopy. When the tip scans through 

the sample, the topography information is recorded by the photodetector, due to the 

changes of cantilever bending [52]. 
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The surface roughness value shows the total roughness of sample surface which 

is calculated via the root mean square (rms) method. It can be measured by a statistical 

analysis method. The distances between the highest and the lowest surface positions are 

given as z-range. The definition of surface roughness and z-range are shown by 

following equations,                               

rms − roughness (𝑅𝑞)  =  √Σi=1
N (hi−h̅)

2

N
 ,  (9) 

where hi is the height at position i th, h̅ is the average height, and N is the number of 

data points; 

z − range =   hmax  −  hmin ,            (10) 

where hmax is the maximum height of sample surface (nm) and hmin is the minimum 

height of sample surface (nm).     

In this work, the AFM (Veeco Dimension 3100) with tapping mode was used 

to study morphology of TiO2 layers. Tapping mode in AFM is a technique that maps 

topography by lightly tapping the surface with an oscillating probe tip. The cantilever’s 

oscillation amplitude changes with sample surface topography, and the topography 

image is obtained by monitoring these changes and closing the z feedback loop to 

minimize them. The size of scanning images is 5 µm × 5 µm, and the resolution of rms-

roughness values is about 1 nm. Moreover, the AFM images are shown in 2 types which 

are the height image (z) and the phase image (
dz

dx
) – the spatial derivative of the height 

image along the scan direction. 

 

3.2.5   X-ray diffraction (XRD) 

To determine the crystallographic structure of TiO2 layer, the Bruker D8 

Advance X-ray diffractometer (Figure 20) was employed. When the beam of X-rays is 

incident on a sample, it is diffracted from the crystal plane following the Bragg’s law. 

The path difference shows in Figure 21 related to the distance of each crystal plane (d) 

[53]. 

2dhkl sin θ = nλ,     (11) 

where dhkl is the inter-planar spacing of the crystal plane, 

θ    is the Bragg’s angle, 
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λ    is the wavelength of x-ray,  

and      n    is equal to one for the first order of diffraction. 

 

 

 

Figure 20 Photograph of Bruker D8 Advance X-ray powder diffractometer.  

 

 

 

 

Figure 21 Schematic diagram represents the diffractometer for crystal analysis [54]. 
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CHAPTER IV  

RESULTS AND DISCUSSION OF TiO2 LAYERS 

In this chapter, the results of TiO2 compact layers fabricated by sputtering and 

spin coating methods are discussed in terms of electrical properties, I-V characteristics, 

optical transmission, crystal structure, surface morphology, and rms roughness. 

 

4.1 Electrical properties and morphology of FTO substrate  

The thickness of the FTO layer is approximately 800 nm that was measured by 

using the cross-section FE-SEM images (Figure 22(b)). The resistivity and the carrier 

concentration at 300 K of the FTO film are approximately 6.5 × 10−4Ω ∙ cm and 3.7 ×

1020cm−3, respectively, as measured by the van der Pauw technique (using Keithley 

237 source-measure unit, Keithley 196 DMM, Agilent 34970A DAQ/Switch unit and 

1 Tesla electromagnet). This FTO has carrier concentration greater than 1020cm−3 

which is considered as a heavily doped semiconductor. 

The transmittance of the FTO film is above 80% with respect to air in the visible 

– NIR range and rapidly drops when the wavelength is greater than 1,300 nm as shown 

in Figure 23 due to free carrier absorption nature of the heavily-doped semiconductor. 

 

 

Figure 22 FE-SEM images of (a) surface morphology and (b) cross-section of FTO 

coated glass.  

 

 

a b 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

31 

 

Figure 23 A graph of transmittance of FTO coated glass. 

 

4.2 Characteristics of cp-TiO2 layer from sputtering method 

4.2.1 Dark I-V characteristics of TiO2/FTO  

Since the carrier concentration in the FTO layer is very high (heavily doped), 

one may consider it as a good transparent conductor, i.e. the TiO2/FTO interface could 

be considered as a semiconductor – metal contact. 

To find the suitable sputtering condition for the TiO2 film as an electron 

transport layer, first the RF sputtering power was varied from 100 W to 250 W by 

maintaining the O2/(O2+Ar) ratio at 30% and the sputtering time of 120 minutes. The 

results from the I-V characteristics of TiO2/FTO interface (Figure 24) show that the 

resistance between the TiO2/FTO interface deviates from an ohmic contact towards a 

diode behavior and thus the current is blocked in the reverse bias when the sputtering 

power is increased. A good film coverage is obtained when the sputtering power is 

increased and results in a better semiconductor – metal interface. For the 200 W and 

250 W sputtering power, the I-V curves show vanishing current leakage for the reverse 

bias. This suggests that the TiO2 layers act as hole blocking layers.  
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Figure 24 A plot of I-V characteristics of TiO2/FTO interface with different RF power; 

O2/(O2+Ar) ratio = 30%, sputtering time = 120 minutes. 

 

 

 

Figure 25 A plot of I-V characteristics of TiO2/FTO interface with different 

O2/(O2+Ar) ratios, sputtering power = 200W, sputtering time = 120 minutes. 
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Next the effect of 30% and 50% O2/(O2+Ar) ratio are considered from the I-V 

characteristics of TiO2/FTO interface using 200 W sputtering power and 120 minutes 

sputtering time (shortest deposition time). The results in Figure 25 show that series 

resistance from 50% of O2/(O2+Ar) ratio is less than that from 30% of O2/(O2+Ar) ratio. 

It can be inferred that 50% of O2/(O2+Ar) ratio sputtering condition is better than 30% 

of O2/(O2+Ar) ratio. Different O2/(O2+Ar) ratios can cause different crystal structures 

due to transport process of the sputtering particles between the substrate and the Ti 

metallic target [55].  

Figure 26 shows the I-V characteristics of TiO2/FTO interface with different 

deposition time from 120 to 240 minutes. For the sputtering time from 210 to 240 

minutes, there is no current leakage for the reverse bias. Some small current leakage for 

reverse bias is observed with the sputtering time from 120 to 180 minutes. However, 

the samples with the sputtering time from 120 to 180 minutes have a trend of higher 

series resistance than those of the sputtering time from 210 to 240 minutes.  

 

 

Figure 26 A plot of I-V characteristics of TiO2/FTO interface with different deposition 

time, O2/(O2+Ar) ratio = 50%, sputtering power = 200W. 
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Figure 27 A plot of I-V characteristics of TiO2/FTO interface with and without 

annealing at 500oC for 30 minutes in ambient air, O2/(O2+Ar) ratio = 50%, sputtering 

power = 200W, sputtering time = 120 minutes. 

 

Figure 28 Plots of transmittance of compact TiO2 layers on FTO coated glasses; (a) 

with different deposition time and (b) with and without annealing. 

 

For the effect of annealing process, the I-V characteristics of TiO2/FTO 

interface with and without annealing at 500oC for 30 minutes from the sample of 50% 

of O2/(O2+Ar) ratio, 200 W sputtering power and sputtering time of 210 minutes are 

shown in Figure 27. There is a slightly increase in both current leakages in the reverse 

bias and the series resistance in forward bias for the annealed sample.  

a b 
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4.2.2 The optical transmission of the TiO2 layers 

The optical transmission of the TiO2 layers was measured by the UV-VIS-NIR 

spectrophotometer.  Figure 28(a) shows the transmittance of compact TiO2 layers on 

the FTO coated glasses sputtered at 50% of O2/(O2+Ar) ratio and RF-power of 200 W 

with different deposition time from 120 to 240 minutes. It is noted that the transmittance 

measurement of the TiO2 compact layer was normalized with the FTO/glass substrates. 

When deposition time increases, the transmission decreases due to thicker TiO2 film as 

expected. The average transmittance of the TiO2 layers is above 80% in the visible 

regions. In addition, annealing the film does not affect optical transmission of TiO2 

layers as shown in Figure 28(b).      

Due to a very low deposition rate of sputtered Ti atoms, the TiO2 films obtained 

by this technique are very thin. The thickness could not be easily measured by FE-SEM 

due to the nonconductive substrate. The thickest TiO2 layer obtained from longest 

deposition time of 240 minutes, RF power of 200 W and 50% of O2/(O2+Ar) ratio was 

measured by the surface profilometer. The thicknesses of TiO2 with less deposition time 

are deduced from the deposition rate of the thickest one (1.375 Å/min) and summarized 

in Table 1. 

In addition, the energy gap (Eg) of the TiO2 can be calculated from the 

relationship expressed by Equation (6). The wavelength dependent optical absorption 

coefficient is determined from the optical transmission spectrum as described in 

Equation (5); α(λ) =
1

d
ln

100

T(λ)
, where T(λ) is a percentage of optical transmission of the 

film at the wavelength λ, and d is a thickness of the film. The energy gap is obtained 

from the extrapolation from the linear section of the plot between (αh𝑣)2 and h𝑣, where 

h𝑣 is the photon energy. From the calculation, the TiO2 films deposited using 50% of 

O2/(O2+Ar) ratio and 200 W has the energy gap about  3.65 ± 0.03 eV which is 

corresponding to the anatase phase and consistent with other work [56]. 
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Table 1 The thicknesses of TiO2 with different deposition time. 

Sputtering time 

(min) 

Approximated thickness 

(nm) 

120 17 

150 21 

180 25 

210 29 

240 33 

 

4.3 Characteristics of cp-TiO2 layer from spin coating method 

4.3.1 Dark I-V characteristics of TiO2/FTO 

To observe the nature of cp-TiO2 by spin coating method, first the spin speed 

was varied from 2000 rpm to 6000 rpm. The results from the I-V characteristics of 

TiO2/FTO interface (Figure 29) show that the resistance between the TiO2/FTO 

interface deviates from an ohmic contact towards a diode behavior, but all of the results 

show leakage current for the reverse bias. The magnitude of the leakage current does 

not show monotonic relationship with spin speed that is likely due to a non-uniformity 

of the films from the spin coating method. 

 

Figure 29 A plot of I-V characteristics of TiO2/FTO interface with different spin speed 

from 2000 rpm to 6000 rpm for 30 s. 
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Figure 30 An FESEM image of cross-section of TiO2/FTO for a spin speed 4000 rpm 

for 30 s. 

 

4.3.2 The thickness of TiO2/FTO 

The thicknesses of TiO2 with different spin speed as measured by FESEM, are 

summarized in Table 2. The energy gap is estimated from the optical transmission 

measurement to be 3.77 ± 0.02 eV. 

 

Table 2 The thicknesses of TiO2 with different spin speed. 

 

 

 

 

 

 

 

 

 

Spin speed 

(rpm) 

Approximate thickness  

(nm) 

2000 78-105 

3000 68-99 

4000 59-91 

5000 54-86 

cp-TiO2 
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Figure 31 XRD patterns of FTO and cp-TiO2/FTO fabricated by spin coating and 

sputtering methods.  

 

4.4 Crystal structure  

The XRD patterns of FTO and cp-TiO2 fabricated by spin coating and sputtering 

methods on FTO are shown in Figure 31. The results show that the FTO and FTO coated 

with cp-TiO2 samples have the same pattern of XRD, i.e. TiO2 peaks do not appear in 

the XRD results because its layer is very thin for the diffraction intensity to be detected. 

Therefore, the crystal structure of the very thin TiO2 fabricated by both methods 

mentioned previously cannot be identified by the XRD measurements.  

 

4.5 Surface morphology and rms roughness 

The FESEM and the AFM images of the surfaces of cp-TiO2 on FTO are 

compared and shown in Table 3. For sputtered TiO2 layers, the FESEM images show 

no difference between FTO and TiO2/FTO. But the AFM images show that the FTO 

grains with sharp edges become smoother when coated with TiO2 by the sputtering 

method. The structure of the grains of TiO2 on FTO is not distinguishable either by 
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FESEM or AFM. The roughness of the surface of sputtered TiO2/FTO is close to that 

of the FTO surface of ~40 – 50 nm as indicated in Table 3.   

In order to observe the shape of TiO2 grains from the sputtering and spin coating 

methods, the TiO2 films are deposited on bare soda-lime glass (SLG) substrates and 

scanned with the AFM. The small round-shape grains of TiO2 are observed from the 

sputtering method as shown in Table 4. The roughness of the surface of TiO2 on SLG 

is in the order of 20 nm and does not significantly change with the deposition time.  

On the other hand, for the spin coated TiO2 on SLG, the AFM images are 

relatively blurry in the height (z) images compared to those from the sputtering method. 

However, when looking at the phase images that represent the rapid change on the 

surface of the film, one can clearly see small round grains of TiO2 on the SLG surface 

as shown in Table 4. In addition, the rms roughness of the TiO2/SLG by the spin coating 

method decreases (from ~7 to ~3 nm) as the spin speed increases (from 2,000 to 5,000 

rpm) as summarized in Table 4. 

Now, when one considers the spin-coated TiO2/FTO, it is difficult to indicate 

the existence of TiO2 layer on the FTO surface via the FESEM, i.e. one can only observe 

the FTO grains similar to that of the bare FTO surface. On the other hand, the AFM 

height (z) images become blunt when compared with the images from the sputtering 

method. In addition, it is shown that the rms roughness is about 20 nm, as indicated in 

Table 3, which is approximately half of that obtained from the sputtering method. This 

suggests that the spin-coated TiO2/FTO which is started with the spread of liquid 

solution of TiO2 fills up the valleys on the FTO surface and smoothens out the surface 

during the spinning of the substrate causing flatter surface as indicated by decreasing 

of the rms roughness. Moreover, with further investigation, one can observe very small 

round grains in the phase images of the spin-coated TiO2 on the FTO grains that is 

consistent with the shape of TiO2 grains observed on the SLG substrates. 

In summary, the I-V measurements can be used to probe the coating of TiO2 on 

FTO substrates by the observation of the diode-like behavior. The morphology or grain 

shape of the coated TiO2 on FTO can be identified from the AFM measurement rather 

than from the FESEM images. The morphology of the sputter-coated TiO2/FTO is more 

compact than that of the spin-coated ones. The XRD is not suitable to identify the 

morphology or the phase of the very thin TiO2 films (less than 100 nm in this work). 
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CHAPTER V 

RESULTS AND DISCUSSION OF PEROVSKITE SOLAR CELLS 

In this chapter, the results of PSCs and the study of the effects of cp-TiO2 layer 

on the efficiency of the perovskite solar cells are described. 

 

5.1 The morphology of mp-TiO2 layer 

The FESEM image (Figure 32(a)) shows that the mp-TiO2 films are 

homogeneous but porous, and expected to help enhancing electron transport in this 

scaffold structure due to the increase of the surface area. Figure 32(b) shows that the 

thickness of mp-TiO2 layer is about 375 nm. 

 

5.2 The morphology of perovskite layer 

Figure 33 shows the surface of porous PbI2 film covered on TiO2 scaffold layers. 

The porous PbI2 films are composed of PbI2 nano-flakes connected to each other. A 

uniform coverage of PbI2 on the surface could be obtained from spinning PbI2 solution 

at 3000 rpm for 30 s. 

 

 

Figure 32 FESEM images of (a) surface morphology and (b) cross-section of mp-TiO2 

layer. 
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Figure 33 FESEM images of PbI2 layer. 

 

Figure 34 FESEM images of perovskite layers with varying loading time (a) 30 s, (b) 

60 s, (c) 120 s, and (d) 600 s. 
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- CH3NH3PbI3 perovskite layer 

Figure 34 shows the FESEM images of perovskite layer with a loading time of 

30 s, 60 s, 120 s, and 600 s. The effect of the loading time on morphology of perovskite 

layers show that 30 s loading time is sufficient because there is a full coverage with 

uniform grain size compared with others. Therefore, 30 s for loading time of MAI 

solution was employed in this work. Figure 35 shows the transmittance of PbI2 layer 

and perovskite layer after spinning MAI on PbI2 layers. With the use of the two-step 

spin coating method to fabricate the perovskite layer and in order to make sure that 

most of PbI2 layer has become perovskite layer, the number of times in spinning MAI 

on PbI2 layers are increased. From this graph, comparing between PbI2 layer and 1, 2 

and 3 spinning times of MAI, it is found that the PbI2 layer turns into perovskite material 

that can absorb light in the range of 750 – 800 nm. Moreover, no difference between 2 

and 3 spinning times of MAI can be observed. Thus, in this study, 2 times spinning of 

MAI were adequate to fabricate the perovskite absorber layer. 

 In this study, PSC using Au/spiro-OMeTAD/Perovskite/mp-TiO2/cp-

TiO2/FTO structure, as shown in Figure 36, was employed. The complete PSCs with 

cp-TiO2 from (a) the sputtering and (b) the spin coating methods are depicted in Figure 

37. 

Figure 35 A plot of transmittance of PbI2 layer and times of spinning MAI on PbI2 

layers. 
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Figure 36 FE-SEM images of cross-section of PSCs. 

 

5.3 Photovoltaic parameters of PSCs 

In this work, it was found that the PSC devices with cp-TiO2 layer deposited by 

the sputtering method showed very small response to light. It is likely that when we 

sputtered TiO2 from Ti metallic target, it may yield many phases or incomplete structure 

in the form of TiOx instead of a preferred anatase phase. The photovoltaic parameters 

of PSCs with the sputtered cp-TiO2 layer are shown in Table 5.  

Figure 38 shows the J-V curves of the PSCs with the spin-coated and sputtered 

TiO2. Current density of the PSC with sputtered TiO2 layer is less than 4 mA/cm2 

compared to that of PSC from spin-coated TiO2 layer which is up to 16 mA/cm2. This 

implies that TiO2 layer from the sputtering method cannot transfer electrons into FTO 

layer as good as anticipated. 

 

Figure 37 Photographs of complete PSCs with TiO2 from (a) sputtering and (b) spin-

coating methods. 
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Figure 38 A plot of J-V curves of PSCs with spin-coated and sputtered TiO2. 

 

Table 5 The photovoltaic parameters of FTO/cp-TiO2/mp-TiO2/MAPbI3/Spiro-

OMeTAD/Au with varying deposition time of cp-TiO2 sputtering (measured on an 

active area of 0.18 cm2). 

 

The photovoltaic parameters of the PSCs with the spin-coated cp-TiO2 layer are 

shown in Table 6. The results show that both compact and mesoporous TiO2 layers are 

necessary to achieve perovskite solar cell, with PCE higher than 4.5%. However, with 

only compact or mesoporous TiO2 layers, our devices yield very low PCE (<1.8%). 

For the PSCs with cp-TiO2 and mp-TiO2 layers, the average efficiency is about 

5.5% and the maximum is 6.55% when the cp-TiO2 and mp-TiO2 were spun at 5000 

rpm for 30 s. The open-circuit voltage and the short-circuit current density of the best 

Deposition 

time (min) 

Jsc 

(mA/cm2) 

Voc 

(V) 

FF 

(%) 

PCE 

(%) 

Rseries 

(𝛀/cm2) 

Rshunt 

(𝛀/cm2) 

120 3.882 0.628 53.55 1.31 7.77 2034 

150 4.106 0.473 43.83 0.85 9.28 770.4 

180 4.544 0.143 51.5 0.33 3.80 51.2 

210 3.232 0.451 33.75 0.49 13.76 63.5 

240 3.923 0.284 42.41 0.47 9.01 179.4 
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device is 915 mV and 16.02 mA/cm2, respectively. However, the fill factor is only 

44.70%, i.e. the junction formation is not quite good. Moreover, all of the layers in the 

PSCs were fabricated by spin coating method that can cause the variation in the 

uniformity of the films resulting in undesirably high series resistance and low shunt 

resistance. 

 

Table 6 The photovoltaic parameters of the perovskite solar cells with varying cp-

TiO2 and mp-TiO2 (measured on an active area of 0.18 cm2). 

 

 

 

Spin speed/time Jsc 

(mA/cm2) 

Voc 

(V) 

FF 

(%) 

PCE 

(%) 

Rseries 

(𝛀/cm2) 

Rshunt 

(𝛀/cm2) cp-TiO2 mp-TiO2 

3000rpm/30s 5000rpm/30s 

14.78 0.883 46.13 6.02 8.13 205.9 

13.68 0.920 43.71 5.50 9.62 297.8 

12.46 0.913 45.01 5.12 9.10 244.6 

4000rpm/30s 5000rpm/30s 

13.62 0.912 46.70 5.80 8.63 94.2 

9.39 0.954 53.00 4.75 11.10 62.3 

10.75 0.910 46.17 4.52 9.72 205.4 

5000rpm/30s 5000rpm/30s 

16.02 0.915 44.70 6.55 8.24 122.1 

13.27 0.884 54.50 6.39 6.29 103.1 

9.39 0.950 57.08 5.09 9.08 66.2 

3000rpm/30s - 7.27 0.840 24.41 1.49 88.36 99.7 

4000rpm/30s - 8.14 0.160 22.91 0.31 9.35 20.9 

5000rpm/30s - 10.04 0.640 27.42 1.78 34.38 85.8 

- 5000rpm/30s 4.89 0.690 30.61 1.04 33.65 75.2 
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CHAPTER VI 

SUMMARY 

This research presents the properties of TiO2 layer fabricated by sputtering and 

spin coating methods and their effects on the performance and the photovoltaic 

parameters of the MAPbI3 perovskite solar cells. 

The reactive RF magnetron sputtering was used to fabricate transparent TiO2 

ultra-thin film from a Ti metallic target. The suitable sputtering conditions were 200 W 

of RF power, sputtering pressure of 1.1 × 10−3 mbar with 50% of O2/(O2+Ar) ratio for 

the sputtering time of 180 minutes or more. This gave a thickness of TiO2 compact layer 

of approximately 25 nm. It can selectively block the transport of holes from TiO2 to the 

FTO layer as indicated by the diode behavior in the I-V characteristics between the 

TiO2/FTO interface and should be able to be used as electron transport material in 

perovskite solar cells. However, the cp-TiO2 fabricated by sputtering method did not 

give a positive result when integrated in our perovskite solar cells, i.e. the TiO2 layers 

fabricated from Ti metallic sputtering target might not be suitable for transferring of 

electrons from the perovskite layer to the FTO. The existence of the TiO2 layer 

fabricated by sputtering method could not easily be identified due to its ultra-thin 

thickness. It did not change the surface morphology of the underlying FTO surface as 

investigated by FESEM. On the other hand, the AFM images show the alterations on 

the surface of TiO2/FTO in such a way that the sharpness of the grains reduces 

significantly and the rms roughness of the surface of TiO2/FTO decreases from ~50 nm 

(bare FTO) to ~20 nm as well as the reduction in the z-range of the TiO2/FTO surface. 

In addition, very fine round grains in the phase images of spin-coated TiO2 on the larger 

FTO grains were observed, and consistent with the shape of TiO2 grains seen on the 

SLG substrates. This indicates the existence of the spin-coated cp-TiO2 layer on the 

FTO surface which is not visible on the sputter-coated TiO2/FTO by either FESEM or 

AFM. 

Besides, there are also other factors of the sputtering process that affect the 

properties of the film such as target size, power, power density, target – substrate 

distance, and sputter gas pressure. These factors depend on sputtering equipment used 

to fabricate TiO2. In this work, TiO2 fabricated by sputtering could not be used in the 
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PSCs due to the conditions in the process. Table 7 shows comparison of sputtering 

conditions of TiO2 between this work and the other work  [24]  that has been used to 

produce solar cells from TiO2. 

Since the maximum power of our system is only 300 W and our target size is 

much larger, as a result, the power density in our system is lower than that of the other 

work. Moreover, the volume of our chamber is large and the pressure of O2 gas cannot 

exceed 0.750 mTorr which can cause the pumping system to stop working. Therefore, 

it is not possible to use sputtering gas pressure and O2/(O2+Ar) ratio as in the other 

work. 

Despite the fact that the spin-coated TiO2 layer cannot completely block the 

transport of holes from TiO2 to the FTO layer and do not have a uniform film as that 

from the sputtering technique, it can be used to fabricate the PSCs. However, the I-V 

curves show some current leakage in the reverse bias. The morphology of the spin-

coated cp-TiO2 shows very fine and round grains on the underlying FTO surface. This 

results in the increase of the surface area leading to the increase of photo-generated 

currents in the PSCs. 

It is worth noting that the XRD cannot be used to confirm the existence of a 

very thin layer of the cp-TiO2 on the FTO substrate because the thickness of the cp-

TiO2 is only a few unit cells. As a result, the intensities of diffraction peaks could not 

be detected. 

 

Table 7 Sputtering conditions of TiO2. 

 

 This work Other work [24] 

target Ti Ti 

RF power 200 W 130 W 

target area 81.07 cm2 2 cm2 

power density 2.47 W/cm2 65 W/cm2 

sputter gas pressure 0.82 mTorr 10 mTorr 

O2/(O2+Ar) 30%, 50% 20% 
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Lastly, the PSCs in this work required both the cp-TiO2 and the mp-TiO2 layers 

in order to produce working devices. The best condition was achieved by spinning both 

cp-TiO2 and mp-TiO2 at 5,000 rpm for 30 s. It was found that the maximum power 

conversion efficiency is 6.55%. However, the junction formation of PSCs are not good 

as indicated by the fill factor of 44.7% which is lower than a typical requirement of 

70%. There are still many factors affecting the low value of fill factor such as the non-

uniformity, non-homogeneity of the coating layers that is consistent with low shunt 

resistance and high series resistance of the devices obtained in this work. 

For the future work, the morphology of cp-TiO2 fabricated by spin coating 

method may be improved for higher PCE of the PSCs by optimizing the other factors 

such as changing concentration of TiO2 solution, annealing temperature, and humidity, 

etc. Moreover, there are many other factors required to achieve high PCE of the PSCs. 

The morphology and grain size of perovskite are the factors among others because 

uniform perovskite films with high surface coverage can also affect the transport of 

electrons and holes.  
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