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ENGLISH  ABSTRACT 

# # 5870335921 : MAJOR CHEMICAL ENGINEERING 
KEYWORDS: TIO2 NANOTUBES / ELECTRON TRANSPORTING LAYER / PEROVSKITE 
SOLAR CELL / LEAD SULFIDE QUANTUM DOTS / ENERGY BAND GAP 

NATTHAPAT RATTANAWICHAI: Effects of PbS Quantum Dot doped TiO2 
Nanotubes as Electron Transporting Layer on the Efficiency of Perovskite Solar 
Cells. ADVISOR: PARAVEE VAS-UMNUAY, Ph.D.{, 85 pp. 

TiO2 nanotubes (TNTs) are used as an excellent electron transporting layer for 
high efficiency perovskite solar cells. In this work, TNTs were synthesized via hydrothermal 
process from different particle sizes of TiO2 nanoparticle precursors as follows: 5 nm, 25 
nm, and 50 nm. The highest surface area of 312.39 m2/g of TNTs was obtained from TiO2 
precursor with particle size of 25 nm and was used to dope with lead sulfide quantum 
dots (PbS QDs). Due to a large band gap and poor conductivity of TNTs which limits the 
efficiency to transport electrons in the perovskite solar cell, PbS QDs doped TNTs were 
prepared to modify the valence and conduction energy bands of TNTs which can enhance 
the power conversion efficiency of perovskite solar cells. A slight decrease in the energy 
band gap of PbS QDs doped TNTs to about 2.97 eV was obtained. Both pure TNTs and 
PbS QDs doped TNTs were deposited onto the perovskite layer as the ETL with various 
concentrations of TNTs and PbS QDs doped TNTs in TiOX. The best power conversion 
efficiency (PCE) of the perovskite device prepared from the concentrations of 0.3 mg/ml 
of PbS QDs doped TNTs in TiOX is 14.95%, which is about 15% higher than that of 
perovskite solar cell with pure TNTs in TiOX. As a consequence, ETL in nanotube structure 
has proved to be an efficient structure for transporting electrons in the perovskite solar 
cell. Moreover, high surface area TNTs offer the enhanced interfacial area for doping with 
PbS QDs, which ultimately improved the property of ETL and resulted in the enhanced 
PCE as a consequence of appropriate band gap. 
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CHAPTER 1 
INTRODUCTION 

 

1.1 Introduction  

Electrical energy is the most essential and useful for human being and it is also 
one of the fundamental factors for manufacturing industries. Most of electrical energy is 
produced from fossil fuels, such as petroleum, natural gas and coal, which are non-
renewable energy. The use of energy from fossil fuel combustion gives excessive 
greenhouse gas emissions, which causes air pollution, acid rain and leads to global 
warming. Because of limitation of fossil fuels and the hazard to the environment, 
researchers have been attempting to find new alternative energies to produce electricity 
and reduce the use of energy from fossil fuels [1].  

Clean and renewable energies, for instance, wind energy, biomass, hydro energy, 
water wave energy, tidal power, geothermal energy and solar energy are basically defined 
as the energy that can be collected from natural resources around us which cannot be 
exhausted. They can be constantly renewed in short time without any negative effects to 
the environment [2]. 

Solar energy is one of the most important and the first choice renewable energy 
sources, which is the most abundant, widely distributed all around the world, not limited, 
pollution free and clean. Solar cells are electrical device, made from semiconductor, 
which can convert solar energy into electrical energy directly [3]. Solar cells can be 
classified into 3 main generations [4]  ; the first generation solar cells are crystalline silicon 
solar cell made from crystalline silicon materials, such as single crystalline (sc-Si) and 
multi crystalline (mc-Si). The second generation solar cells are thin film solar cell made 
from amorphous silicon materials and compound semiconductors, such as amorphous 
silicon solar cell   (a-Si), copper indium gallium diselenide solar cells (CIGS), cadmium 
telluride solar cells (CdTe) and copper zinc tin sulphide solar cells (CZTS). Both of the 
first and second generation solar cells are produced from inorganic materials, which have 

https://dict.longdo.com/search/air%20pollution
https://dict.longdo.com/search/air%20pollution
https://dict.longdo.com/search/lead%20to
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high power conversion efficiency (PCE) and stability, but manufacturing of these cells is 
still too expensive, complicated process to produce with high technology and hazardous 
for health and environment [5].  Currently, researchers are searching and developing the 
new generation solar cells, which are produced from organic materials, such as dye 
sensitized solar cell (DSSC), organic photovoltaic cell (OPV), quantum dot solar cell, and 
hybrid materials solar cell. The DSSC and OPV have low cost of materials and a simple 
fabrication process but they have low power conversion efficiency as compared to those 
of the first and second generation solar cells. Furthermore, their long-term stability and 
durability is still limited [6]. 

 Consequently, the hybrid materials solar cells have been developed, which are 
fabricated from a combination of organic and inorganic semiconducting materials. The 
advantages of these solar cells consist of a high power conversion efficiency, low cost, 
lightweight and easy fabrication [7].  

Perovskite solar cells are one of the most promising hybrid materials due to their 
high power conversion efficiency, low cost, light weight, superb light-harvesting 
characteristics, easy improve energy band gap and simple fabrication process at low 
temperature. [ 8 ]  Perovskite is the crystal structure with a general chemical formula of 
ABX3, where A is cation, such as CH3NH3

+, or NH2CHNH2
+), B is metal cation, such as 

Pb2+, Sn2+  and X is halide anions, such as Cl-, Br-, or I- [9]. In 2009, Miyasaka and 
colleagues incorporated perovskite semiconductors into photovoltaic devices and 
obtained a power conversion efficiency (PCE) of 3.81% [10]. The power conversion 
efficiency of perovskite solar cells have been increasing from approximately 4% to over 
20% in the past few years  , as shown in Figure1.1.[11] 
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Figure 1.1 The developments of different kinds of solar cells are depicted [2]. 

 

The device structures of perovskite solar cell are respectively depicted in Figure 
1.2. [11] The transparent conductive oxide (TCO) layer, for instance, Indium tin oxide (ITO) 
and fluorine-doped tin oxide (FTO), is usually coated on a substrate such as glass, which 
makes it as the transparent electrode of the solar cell. Electron transporting layer (ETL) is 
thin film of a semiconductor coated on the substrate which helps to transfer electrons from 
the perovskite layer. Perovskite layer or absorber layer is a layer which absorbs the sun 
light and transfers electron and hole to the next layer. Hole transporting layer (HTL) is 
another important layer for preventing the contact between the metal and perovskite 
layers so, it can reduce the problem of recombination between electrons and holes. Also, 
it helps to transfer a hole to the next layer. Metal is a counter electrode which will receive 
hole and makes a completely electric circuits. Normally, it is made from Au and AI [12] . 
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Figure 1.2 The device structure of perovskite solar cell. 

 

Preparation methods for perovskite solar cells consist of two main methods, 
including one-step deposition method and two-step deposition method. For one-step 
deposition method, a precursor solution is prepared by mixing CH3NH3I (MAI) or 
CH(NH2)2I (FAI) and PbI2 in polar aprotic solvents such as Dimethylacetamide (DMA) or 
gamma-butyrolactone (GBL). After that spin-coating the precursor solution on the 

substrate, then drying and heating at low temperatures (70°C ∼ 170°C). For two-step 
deposition method, a precursor solution is prepared by mixing PbI2 and N,N –
dimethylformamide (DMF), which is first coated on the substrate by spin-coating and then  
Iso-propyl alcohol (IPA) of CH3NH3I (MAI) or CH(NH2)2I (FAI) is spun on the PbI2 film, then 

dry and heat at low temperatures (70°C ∼ 170°C) [13]. 

Titanium dioxide (TiO2) is a well-known n-type semiconductor with good 
photocatalytic activities and great potential in many other areas, including converting 
sunlight to electricity (solar cell), environmental purification, photovoltaic and gas sensors. 
Furthermore, TiO2 can be used as an electron transporting layer for perovskite solar cells 
which helps to transfer electrons from perovskite layer [14].  

 Gratzel and colleagues [15]  used one-step and two-step deposition methods onto 
the TiO2 film for perovskite solar cells, which resulted in power conversion efficiency (PCE) 
of 7.5% and 13.9%, respectively. Dongqin Bi’s group [16] used a two-step deposition 
method for preparing CH3NH3PbI3 perovskite solar cells onto ZrO2 and TiO2 mesoporous 
layer, resulting in power conversion efficiency (PCE) of 10.8% and 9.5%, respectively.   
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Kang- Du et al [17] improved the efficient absorption of solar energy from the sun 
light and modified the energy band gap of TiO2 nanotubes (TNTs) by depositing PbS QDs 
into anodized TiO2 nanotube via ultrasonic-assisted dip coating approach. The absorption 
spectra of TNTs decorated with PbS QDs have been extended to the visible light and 
enhanced the photocurrent of TiO2 nanotubes.       

However, TiO2 possesses a large band gap which limits the efficiency of energy 
conversion [18]. In this research, TiO2  nanotubes (TNTs) were synthesized via 
hydrothermal process. Then, lead sulphide (PbS) quantum dots (QDs) are applied to 
modify the band gap of TiO2 to match with the solar spectrum. Perovskite solar cells will 
be fabricated and developed by one-step solution processes via spin coating and rapid 
convective deposition processes and investigated to find the optimized operating 
conditions. Characterization of physical and electrical properties of the obtained cell will 
be investigated in order to achieve high power conversion efficiency. 

 

1.2 Objectives of Research. 

 

1. To investigate the effect of different sizes of TiO2 precursors to prepare TiO2 
nanotubes as the electron transporting layer on the morphology, surface area and 
crystal structure.  

 
2. To investigate and compare the effect of bare TiO2 nanotubes and PbS quantum 

dot doped TiO2 nanotubes, as the electron transporting layer (ETL), in perovskite 
solar cells in terms of the absorption spectrum and solar cell performance. 
 

3. To investigate and find the optimized operating condition based on various 
concentrations of TiO2 nanotubes and PbS quantum dot doped TiO2 nanotubes, 
which will be added in TiOX as the electron transporting layer for conventional 
planar perovskite solar cells in terms of the solar cell performance. 
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1.3 Scope of research 

 

 
 

Figure 1.3 Scope of research. 

 

This research is focused on the study of fabrication of perovskite solar cells using 
one-step deposition solution process. According to figure 1.3, the effects of fabrication 
process parameters on power conversion efficiency (PCE) will be investigated, including 
types of electron transporting layer, different precursors to prepare electron transporting 
layer and concentration of TiO2 nanotubes (TNTs) and PbS quantum dot (PbS QDs) doped 
TNTs, which will be added in TiOX as the electron transporting layer. The followings 
describe the fabrication method of each layer of perovskite solar cell, including film 
characterization and device performance. 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

7 

 
 

Figure 1.4 Preparation of electron transporting layer. 

 

According to figure 1.4, the effects of preparation of electron transporting layer for 
perovskite solar cell on power conversion efficiency (PCE) will be investigated, which can 
be described as follows: 

 

1. Investigate the effect of different sizes of TiO2 precursors, i.e. 5, 25 and 50 nm, to 
prepare TNTs which will be added in TiOX as the electron transporting layer. 

 

2. Investigate the effect of PbS QDs doped TNTs with the highest surface area and 

suitable energy band gap obtained from the first step, which will be added in TiOX 
as the electron transporting layer. 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

8 

1.3.1 Characterization of TNTs. 

 

 
 

Figure 1.5 Characterization of TiO2 nanotubes. 

 

  Figure 1.5 demonstrates all of the characterization methods required for the 
investigation of the obtained TNTs, which can be described as follows: 

1. Transmission electron microscopy (TEM): Observe morphology and structure. 

2. X-ray diffraction (XRD): Analyse the phase structure. 

3. Brunauer-Emmett-Teller (BET) : Measure the surface area 

4. Dynamic light scattering (DLS): Analyse the particle size distribution. 

5. UV-Vis spectroscopy: Measure the light absorbance spectra and energy band 
gap. 
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1.3.2 Characterization of PbS QDs doped TNTs. 

 

 
 

Figure 1.6 Characterization of PbS QDs doped TNTs. 

 

According to figure 1.6, the characterization of PbS QDs doped TNTs, which can 
be described as follows: 

1. Transmission electron microscopy (TEM): Observe morphology and structure.  

2. Energy dispersive x-ray spectroscopy (EDS) in the TEM: Analyse the elemental 
and chemical composition. 

3. X-ray diffraction (XRD): Analyse the phase structure. 

4. UV-Vis spectroscopy: Measure the light absorbance spectra and energy band 
gap. 
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1.3.3 Characterization of perovskite solar cells. 

 

 
 

 

Figure 1.7 Characterization of perovskite solar cells. 
 

 As can be seen in figure 1.7, all of the characterization techniques required for the 
investigation of the solar cell performance, which can be described as follows 

1. Scanning electron microscope (SEM):  Observe morphology and thickness of 
perovskite thin films. 

2. UV-Vis spectroscopy: Measure the light absorbance, transmittance spectra and 
energy band gap. 

3. Quantum Efficiency Measurement System: Measure the external quantum 
efficiency. 

4. Solar simulator: Measure power conversion efficiency (PCE), Fill factor (FF),  
open circuit voltage (Voc) and photocurrent density-voltage (J-V) curves. 
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CHAPTER 2 
THEORY AND LITERATURE REVIEW 

2.1 Solar cells. 

 Solar cells or photovoltaic cells are electrical device, made from semiconductor, 
can convert solar energy into electrical energy directly by the photovoltaic effect, which 
is a physical and chemical phenomenon. Assemblies of solar cells are used to make solar 
modules which generate electrical power from sunlight, as distinguished from a "solar 
thermal module" or "solar hot water panel". A solar panel will be generate solar power 
using solar energy, as shown in Figure 2.1 [19]. 

 
Figure 2.1 A solar cell to a PV system [19]. 
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 2.1.1 Principle of solar cells. 

 In terms of device operation, the most basic structure of solar cell is p-n junction 
of silicon solar cell, in which its function is built an electric field to separate negative 
charge (electron) and positive charge (hole). Silicon solar cell composes of a p-type 
semiconductor with doping boron (B-) which has ability to accept electrons and n-type 
semiconductor with doping phosphorous (P+) which has ability to donate electrons [20], 
as shown in Figure 2.2.  

  When photon contacts with silicon solar cell, three things can occur:  
  (1) The photon can pass straight through the device.  
  (2) The photon can reflect back the surface.  
  (3) The photon can be absorbed on the silicon semiconductor.  

  In case of the absorbed photon in solar cell, it can produce electrons and holes 
since the electrons are excited and then they can transport through n-type to front 
electrode (-). While the holes flow through p-type to back electrode (+). Finally, when the 
both electrodes of solar cell connect to load, light bulb, they can create direct electric 
current [21]. 

 
 

Figure 2.2 Basic operating principle of solar cells [20]. 
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2.1.2 Types of solar cells. 

Solar cells can be separated into two groups, mainly based on types of 
semiconducting material as photoactive layer and charge transporting layer, i.e. organic 
and inorganic materials. Furthermore, solar cells can be classified into three main 
generations [19], mainly based on technologies of solar cells, as shown in Figure 2.3. The 
first generation solar cells are crystalline silicon solar cell made from crystalline silicon 
materials, in which these cells have been currently the commercial solar cells. Silicon solar 
cells have high performance, with the power conversion efficiency up to 25%, but these 
cells are high costs because the production costs of devices are still expensive and 
hazardous for health and environment [28]. For example, single crystalline (sc-Si) or 
monocrystalline silicon solar cell and multi crystalline (mc-Si) or polycrystalline silicon 
solar Cell [22], as shown in Figure 2.4. 

The second generation solar cells are thin film solar cell made from amorphous 
silicon materials and compound semiconductors such as amorphous silicon solar cell (a-
Si) which is the non-crystalline form of silicon, requires low process temperature, enabling 
module production on flexible and low cost substrates, efficiency achieved ~ 15 % in lab 
scale and it is abundant and non-toxic, copper indium gallium diselenide solar cells 
(CIGS) which is manufactured by depositing a thin layer of copper, indium, gallium and 
selenide on glass or plastic backing, along with electrodes on the front and back to collect 
current and the highest efficiency achieved about 20.4%, cadmium telluride solar cells 
(CdTe) which is based on the use of cadmium telluride, a thin semiconductor layer 
designed to absorb and convert sunlight into electricity and the highest efficiency 
achieved about 21% and copper zinc tin sulphur solar cells (CZTS) which is compound 
semiconductor made of copper, zinc, tin and sulphur. The second generation solar cell 
has high power conversion efficiency (PCE) and stability, but these cells are still too 
expensive, complicated process to produce with high technology and hazardous for 
health and environment because of some toxic material (cadmium) and some rare earth 
material (indium) [23].   
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From the previous problems, the researchers are searching and developing the 
third generation solar cells, which are produced from organic materials such as dye 
sensitized solar cell (DSSC) is based on a semiconductor formed between a photo-
sensitized anode and an electrolyte, a photo electrochemical system [24], polymers in 
organic solar cells (OPVs) is a type of photovoltaic that uses organic electronics, a branch 
of electronics that deals with conductive organic polymers or small organic molecules for 
light absorption and charge transport to produce electricity from sunlight by the 
photovoltaic effect [25], quantum dot solar cell is a solar cell design that uses quantum 
dots as the absorbing photovoltaic material and hybrid materials solar cell [26]. The DSSC 
and OPV have low cost of materials and a simple fabrication process but they have low 
power conversion efficiency as compared to those of the first and second generation solar 
cells. Furthermore, they have long-term stability and durability is still limited [27]. 

Consequently, the hybrid materials solar cells have been developed, which are 
fabricated from a combination of organic and inorganic semiconducting materials. 
Organic materials can absorb light as the electron donors and hole-transporters and 
inorganic materials can use as the electron acceptors and transporters in the hybrid solar 
cell structure. Advantages of these solar cells have high power conversion efficiency, low 
cost, lightweight and easy fabrication [28]. Recently, the hybrid organic-inorganic 
perovskite solar cells (PSCs) as new generation solar cells, due to their high power 
conversion efficiency, low cost, light weight, superb light-harvesting characteristics, easy 
improve energy band gap and simple fabrication process at low temperature [29]. 
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Figure 2.3 Diagram of type of solar cells classified by generation. 

 

 

 
 

Figure 2.4 Crystalline and amorphous silicon solar cell [5]. 
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2.2 Perovskite Solar Cells and device structure. 

 Perovskite solar cell is a type of solar cell that has been attracting a prominent 
attention in recent years due to its progress in power conversion efficiency in comparison 
to other types of solar cells, ease of fabrication by a low-temperature solution technique, 
low cost, superb light-harvesting characteristics and easy to improve energy band gap 
[30]. 

  

2.2.1 Perovskite crystal structure. 

Perovskite is a calcium titanium oxide mineral composed of calcium titanate, with 
the chemical formula CaTiO3. The mineral was named after the Russian mineralogist Lev- 
Perovski. Compounds which have the same type of crystal structure as CaTiO3, i.e., ABX3 
are called perovskites, as shown in Figure 2.5, where A is a large cation, such as Cs+ 
CH3NH3

+, or NH2CHNH2
+, B is small metal cation, such as Pb2+, Sn2+ and X is halide 

anions, such as Cl-, Br-, or I- .  In organic–inorganic hybrid perovskite compounds, the 
advantages of organic materials, such as the functional versatility, mechanical flexibility, 
low-cost process ability, can be well combined with the inorganic components by 
interacting with weak bond [31].      

 
 

Figure 2.5 Unit cell of basic ABX3 perovskite structure [31]. 
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ABX3 perovskite materials have revolutionized solar cells due to their ease of 
processing and outstanding electronic and optical properties. Thus the standard 
compound is methyl ammonium lead triiodide (CH3 NH3 PbI3 ) , with mixed halides 
CH3NH3PbI3-XClX and CH3NH3PbI3-XBrX also being important [32]. 

  Mostly, the common hybrid organic–inorganic perovskite material, applied in the 
field of photovoltaics, is CH3NH3PbI3 perovskite as light harvester. This perovskite material 
consists of a large organic cation (methylammonium CH3NH3+), lead (Pb) as the smaller 
metal cation, and iodine as the halide anion. CH3NH3PbI3 is a direct band gap 
semiconductor with a band gap of 1.55 eV, which determines its absorption offset up to 
800 nm, high VOC value (1.15 V) and the weak photo generated exciton binding energy of 
merely 0.03 eV facilitates the charge separation at ambient temperature [33]. 

 

2.2.2 Planar structure of Perovskite Solar Cells. 

 The device structures of perovskite solar cell are respectively depicted in Figure 
2.6, where the transparent conductive oxide (TCO) layer usually coated on a substrate 
such as glass, make the transparent electrode of the solar cells and also used in 
optoelectronic devices and displays, for instance, Indium tin oxide (ITO) and fluorine-
doped tin oxide (FTO). These two types are similar in application and performance, but 
different in surface roughness and resistance, which can result in different surface 
wettability and electrical conductivity, respectively. Electron transporting layer (ETL) is a 
semiconductor that has a thin film coating on substrate which helps to transfer electrons 
to perovskite layer. Perovskite layer or absorber layer is a layer which absorbs sun light 
and transfers electron. Hole transporting layer (HTL) is another important layer for 
preventing the contact between metal and perovskite layer so, it can reduce the problem 
of recombination between electron and hole. Also, it helps to transfer a hole. Metal is a 
counter electrode which have a high-work function and will receive hole and make 
completely electric circuits. Normally, Au, Ag and Al have been employed widely in 
perovskite solar cells [12, 34]. 
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Figure 2.6 The device structure of perovskite solar cell [35]. 

 

 In planar structure, the heterojunction architecture can divide in two devices, i.e., 
conventional “n-i-p” and inverted “p-i-n” planar perovskite solar cells, depending on the 
direction of electric current. The “n-i-p” planar architecture, as shown Figure 2.7 (a), 
inherits from the features of the mesoscopic perovskite solar cells, so its term is 
conventional structure. First layer, the n-type interlayer (or compact oxide layer as an 
electron collection layer) is deposited on a transparent conductive substrate, which 
common substrate uses in this structure is FTO, since it can endure to annealed device 
at high temperature (500°C). Then it sequentially follows with coating of hybrid perovskite 
layer as light absorber, p-type interlayer (hole selective layer), and top metal contact. In 
device operation, photon first passes through the bottom electron selective layer and then 
the photon is absorbed in the perovskite material. Exciton (electron-hole pair) is then 
created and this electron-hole pair can be dissociated at a donor-acceptor interface of 
perovskite layer. Once separated, the electron can transfer to the n-type, electron-
transporting layer, and be transported to the cathode (FTO) for charge collection. 
Meanwhile hole moves pass through p-type, hole-transporting layer, and then be 
collected at the anode (Au). For instance, the common “n-i-p” conventional device is FTO/ 
TiO2/perovskite/spiro-OMeTAD/Au [11, 36] . 

  In inverted architecture, the “p-i-n” devices, as shown in Figure 2.7 (b), based on 
solution processing of organolead (Pb) halide perovskite sandwiched between p-type 
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conducting polymer (PEDOT:PSS) and an n-type fullerene derivative (PC61BM). The 
PEDOT:PSS layer deposited directly on the transparent conductive substrate (ITO), which 
the inverted planar perovskite configuration is ITO/PEDOT:PSS/perovskite/PC61BM/Al. 
Initially, the first assumption of this structure was the perovskite has good p-type 
characteristics and heavily influenced by the p-n heterojunction concept in organic solar 
cells. In operation principle, after the exciton is generated, the electron-hole pair can be 
dissociated at a donor-acceptor interface. To opposite the electron-hole pathway of 
conventional device, the electron can transfer to the n-type, electron-transporting layer, 
and then be transported to the cathode (Al) for charge collection. Meanwhile hole moves 
pass through p-type, hole-transporting layer, and then be collected at the anode (FTO) 
[11, 36]. 

 
Figure 2.7 Schematic diagram of planar heterojunction solar cells with  
(a) conventional “n-i-p” and (b) inverted “p-i-n” configurations [36]. “ 

 

 In this work, we will be fabricated and developed conventional “n-i-p perovskite 
solar cells by one-step solution processes. The structure of this hybrid compound is 
consisted of FTO/ TiOX (Nanotec)/ perovskite solution (Nanotec)/ Spiro-OMeTAD/Au solar 
cell. 
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2.2.3 Principles of Perovskite Solar Cells. 

 The device positive charges are contacted by transparent bottom electrode 
(cathode). Besides, the active layer is contacted with n-type material for electron 
extraction and a p-type material for hole extraction. In working principle of this 
architecture, when the photons are absorbed by coated perovskite material, the photo 
generated electrons are transferred from perovskite active layer to the mesoporous 
scaffold TiO2 layer through n-type contact and then transported to the electrode (FTO). 
Meanwhile, the holes are transported through p-type contact and collected at counter 
electrode [37], as shown in Figure 2.8. 

 

 
 

Figure 2.8 Principles of Perovskite Solar Cells [38]. 
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A range of device strategies yielding high efficiencies has been reported: the 
regular and inverted electrical geometries with or without mesoporous oxide supports and 
using a variety of transport materials. The energy band gaps levels of commonly used 
organometallic perovskite materials as light absorbers, which its band gap can be tuned 
in the range of 1.48 - 2.23 eV by replacing the methylammonium cation with the slightly 
larger formamidinium cation. Moreover, various commercially available electron transport 
materials such as TiO2, ZnO, PCBM, etc. While hole transport materials have various 
commercially, for examples, spiro-OMeTAD, P3HT, NiO, etc, [39] as shown in Figure 2.9. 

 

 
 

Figure 2.9 Energy level diagram of the materials used in perovskite solar cells [39]. 
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2.2.4 Solution processing techniques. 

The solution processing techniques for the perovskite layer, electron and hole 
transporting layer can be broadly classified into various groups, more commonly used 
spin-coating methods and dip-coating [40]. Moreover, rapid convective deposition is new 
solution processing techniques, which has been attracting a prominent attention in recent 
years due to its low cost, simple adjustment and less solution lost in comparison to other 
solution processing techniques [41].  

 

2.2.4.1 Spin-coating technique. 

Spin coating is one of the most common techniques for applying thin films to 
substrates. Spin-coating process can deposition of perovskite solution and other solution 
such as PEDOT: PSS, spiro-OMeTAD, TiO2, etc. onto a substrate, including glass, plastic, 
quartz, silicon and sapphire. According to Figure 2.10, the solution is dropped on the 
substrate and then it is rotated at high speed in order to spread the fluid by centrifugal 
force. Finally, it is dried in order to evaporate residual solvent and improve crystallinity, 
resulting in a formation of thin film. Thickness and uniformity are sensitive to viscosity of 
the solution, temperature and spinning velocity. The advantages of spin coating are low-
cost, fast processing, relative ease with a process can be set up and small quantities of 
solution needed for covering large substrate area. In contrast, disadvantages compose 
of significant losses of coating material (over 90%), sensitivity to the rate of evaporation, 
and non-uniform film thickness [40, 42]. 
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Figure 2.10 Schematic of the spin-coating process [43]. 

 

2.2.4.2 Dip-coating technique. 

Dip coating is very simple by producing film formation through immersion of 
substrate in coating solution because it can provide easy and fast deposition of polymer 
films over a large area [44]. Dip coating is a process where the substrate to be coated is 
immersed in a liquid and then withdrawn with a well-defined withdrawal speed under 
controlled temperature and atmospheric conditions, as shown in Figure 2.11. Several 
parameters, such as precise speed control and minimal vibration of the substrate and 
fluid surface could be controlled an accurate and uniform coating thickness [45]. The 
advantages of dip coating are low-cost and simple process. While the disadvantages are 
non-uniform film surface and no patterning [40]. 

 
Figure 2.11 Schematic of the dip-coating process [46]. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

24 

2.2.4.3 Rapid convective deposition. 

Convective deposition is a well-known technique for depositing microspheres into 
closed packed structures and has proven very useful tool in fields like coatings for LED’s 
and solar cells, membranes, cell capture devices, and in functionalizing Janus particles, 
as shown in Figure 2.13. Convective deposition, the evaporation-driven flow and capillary-
driven assembly of colloidal particles on a substrate in the thin film following the receding 
meniscus, not unlike the “coffee ring effect” [41]. Advantages of Rapid convective 
deposition, surfaces with controlled roughness, low cost, easy adjustment of film 
thickness and uniform layer thickness. On the other hand, disadvantages compose of 
limited to highly wet substrate and must coat onto hydrophilic substrate. 

 

 
Figure 2.12 Schematic showing rapid convective deposition experimental setup with the 
inset highlighting the evaporating meniscus and thin film. The deposition blade is 
stationary while the glass substrate translates to the right [47]. 
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2.2.5 Solution process fabrication of perovskite layer. 

 The deposition methods for the perovskite layer onto substrates are followed by 
solution deposition methods, either based on one-step deposition or two-step deposition 
(sequential deposition) by employing mixture of two precursors. Perovskite thin film can 
be formed either by spin coating a mixed CH3NH3I (MAI) and PbI2 solution (one-step 
coating) or by spin-coating PbI2 followed by deposition of CH3NH3I (two-step coating) [48], 
as shown in Figure 2.13.  

For the one-step solution deposition process, a precursor solution is prepared by 
mixing CH3NH3I (MAI) or CH(NH2)2I (FAI) and PbI2 or PbCl2 in polar aprotic solvents such 
as Dimethylacetamide (DMA) or gamma-butyrolactone (GBL). After that spin-coating the 
precursor solution on the substrate, then drying and heating at low temperatures (70°C 

∼ 170°C). The result of perovskite film coverage relies on annealing temperature during 
solution processing, which it should be optimum annealing temperature. The higher 
annealing temperatures result in degraded active layer while lower an annealing 
temperature leads to poor film coverage [39].  

For two-step deposition method, a precursor solution is prepared by mixing PbI2 
and N,N –dimethylformamide (DMF), which is first coated on the substrate by spin-coating 
and then a Iso-propyl alcohol (IPA) of CH3NH3I (MAI) or CH(NH2)2I (FAI) is spun on the 

PbI2 film, then dry and heat at low temperatures (70°C ∼ 170°C) [13] .  

  This process is expected to be benefit for preparation of organometallic film 
system, which organic and inorganic components have incompatible solubility 
characteristics, or for systems in which the organic component is difficult to evaporate. 
Furthermore, the two-step solution process gives the great result of film with significantly 
large surface roughness that was frequently peeled off from the substrate. Also, this 
process has been greatly achievable in films with solid-state mesoscopic solar cells [49]. 
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Figure 2.13 Two general deposition methods for preparing perovskite active layers.  
(a) One-step coating deposition method, (b) Two-step coating deposition method [2]. 

 

2.3 Titanium dioxide (TiO2) 

  One of the key efforts to improve power conversion efficiency (PCE) of planar 
perovskite solar cells has been directed toward the enhancement of surface area of 
titanium dioxide (TiO2), representing as an electron transporting layer (ETL). 

  

2.3.1 Properties and applications of Titanium dioxide. 

Titanium dioxide (TiO2) is a very well-known semiconductor material and versatile 
material due to its superior photo-reactivity, available in low cost, non-toxicity and long 
term stability. It has a great potential in many applications, including photo-catalysis to 
degrade the pollutants in water, solar cells, environmental purification, and gas sensors, 
etc. [50] It has been developed and used in in recent years with photocatalysis being 
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used in a variety of products across a broad range of research areas, including especially 
environmental and energy-related fields [51], as shown in Figure 2.14. 

  Moreover, TiO2 as a semiconductor with photocatalytic activities and using as 
electron transporting layer for perovskite solar cells which helps to transfer electrons to 
perovskite layer due to suitable energy band gap, light sensitive materials and high 
electron mobility [52]. 

 
Figure 2.14 Applications of TiO2 photo catalysis [53]. 

 

Semiconductor molecules contain a valence band (VB) occupied with stable 
energy electrons and empty higher energy conduction bands (CB). The photocatalytic 
properties of TiO2 are derived from the formation of photogenerated charge carriers (hole 
and electron) which occurs upon the absorption of ultraviolet (UV) light corresponding to 
the band gap. The electrons in the valence bands are excited by UV light and energy (hv) 
to conduction bands and the mechanism of the electron and hole pair formation when the 
TiO2 particle is irradiated with light of adequate energy [53, 54], as shown in Figure 2.15.  
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Figure 2.15 Schematic illustration of the formation of photogenerated charge carriers (hole 
and electron) on absorption of ultraviolet (UV) light [54]. 
  

2.3.2 Phases structure of Titanium dioxide. 

Titanium dioxide can be separated into three phases, mainly based on crystalline 
phases, i.e. anatase (tetragonal), rutile (tetragonal) and brookite (orthorhombic), as shown 
in Figure 2.16. The primary source and the most stable form of TiO2 is rutile, whereas 
anatase and brookite phases can be transformed to rutile phase when heated under high 
temperature exceeding in the range 600–800 °C (1,112–1,472 °F) [55]. Titanium dioxide 
is an n-type wide energy band gap semiconductor due to oxygen deficiency. The energy 
band gap of about 3.20, 3.00 and 3.20 eV of, anatase, rutile and brookite [56], 
respectively. Anatase and rutile TiO2 are most often reported as photocatalysts and their 
physical properties are summarized in Table 2.1.  
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Figure 2.16 Crystalline structures of titanium dioxide (a) anatase, (b) rutile and              
(c) brookite [56]. 

 

 Anatase TiO2 has been used as a catalyst for photodecomposition and solar 
energy conversion due to its high photo activity.  
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Table 2.1 Physical properties of crystal structure of Titanium dioxide [56]. 

 

Property Anatase Rutile 

Molecular weight (g/mol)  

Melting point (oC) 

Boiling point (oC) 

Light absorption (nm) 

Mohr’s Hardness 

Refractive index 

Dielectric constant 

Crystal structure 

Lattice constants (A˚ ) 

 

Density (g/cm3) 

Ti-O bond length (A˚ ) 

79.88 

1825 

2500-3000 

<390 

5.5 

2.55 

31 

Tetragonal 

a=3.78 

c=9.52 

3.79 

1.94 (4) 

1.97 (2) 

79.88 

1825 

2500-3000 

<415 

6.5-7.0 

2.75 

114 

Tetragonal 

a=4.59 

c=2.96 

4.13 

1.95 (4) 

1.98 (2) 

 

2.3.3 Morphologies and Nanostructures of Titanium dioxide. 

The disadvantages of TiO2 nanoparticles photocatalyst include the requirement of 
large amount of catalysts, difficulty in catalyst recycling and problematic agglomeration 
of TiO2 nanocrystals into large particles. Currently, the researchers are searching and 
developing the others one-dimensional ( 1 D) nanostructured TiO2 such as nanotubes, 
nanorods, nanofibers, nanosheets, ect, as shown in Figure 2.17, in order to enhance 
photocatalytic activity, facilitate catalyst separation after photocatalytic reaction and 
charge recombination probability [57].   
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Figure 2.17 TEM images of TiO2 nanostructures: (a) nanofibers, (b) nanowires and (c) 
nanotubes [58, 59]. 

 

 From previous study, TiO2 nanotubes, nanofibers and nanowires were prepared 
by the hydrothermal treatment of TiO2Degussa P-25 as TiO2 precursors. Table 2.2 shows 
the results of the surface area, pore volume, average pore diameter and band gap of 
the different TiO2 nanostructure. The surface areas of the nanostructured NP, NT, NF, 
and NW samples were increased after using the sol–gel and alkaline hydrothermal 
methods, in comparison with the conventional TiO2 Degussa P-25 [60]. 
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Table 2.2 BET surface areas and band gap for TiO2 nanoparticle (NP), nanotube (NT), 
nanofiber (NF), nanowire (NW) and Degussa P-25 nanostructured samples [60]. 

 

Sample 

 

Surface area, 
SBET (m/2gr) 

Average pore size, 
Dp (Å) 

Pore volume, 
Vp (cm/3gr) 

Band gap 
(eV) 

Nanoparticles 228 

 

44 0.34 3.18 

Nanotubes 354 

 

45 0.34 3.00 

Nanofibers 219 

 

67 0.44 3.10 

Nanowires 189 

 

60 0.30 3.09 

Degussa P-22 58 

 

120 0.36 3.21 

 

 From Table 2.2, TiO2 nanotubes have the highest surface areas and the least 
band gap. Therefore, TiO2 nanotubes can be used as an electron transporting material 
for solar cell, resulting in the enhanced efficiency. 

 

2.3.4 Typical methods to synthesize TiO2 nanotubes. 

In reviewing the synthesis of TiO2 nanotubes are presented to developed methods 
of fabricating TiO2-based nanotubes including the template-assisted method, the sol–gel 
process, electrochemical anodic oxidation and hydrothermal treatment [61]. 

2.3.4.1 Template-assisted method. 

The dimensions (diameter and length) of TiO2nanotubes formed through hard 
template approach membranes can be controlled easily by the dimension of templates. 
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Template can be divided into two types: positive and negative templates as shown in 
Figure 2.18. Positive template synthesis is employed when oxide materials are coated on 
the outer surface of the template. While negative template synthesis involved oxide 
materials which are deposited inside the template channel space [57]. However, the 
template-assisted method has disadvantage being difficult to separate the nanotubes 
product from template material and complicated fabrication process. 

 
Figure 2.18 Illustration of two different types of hard templates: (a) positive template and 
(b) negative template [57]. 

 

2.3.4.2 Sol–gel process. 

The sol–gel method has generated a large scope of interest in the preparation of 
inorganic ceramic and glass materials. It has many advantages, including simple, cost 
effective and low temperature synthesis procedure. The underlying principal of sol–gel 
method is the transition of a system from a colloidal particles (sol for nanoscale particle) 
into a solid gel phase (integrated network).  The sol–gel procedure includes the process 
of hydrolysis, water condensation and alcohol condensation during which process M–
OH–M or M–O–M bridges are established between the metallic atoms M of the precursor 
molecules such as Si, Zr, Ti, Sn and Alkyl group. Specifically for TiO2, titanium alkoxides 
(such as titanium isopropoxide, titanium n-butoxide), alcohol, and acid/water are 
introduced into the reaction system [55]. Extra steps of drying and subsequent 
calcinations of gel are usually carried out for densification of films and burn out organic 
residues coming from the solution.  
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2.3.4.3 Electrochemical anodic oxidation. 

Electrochemical anodization method can be produced highly ordered 
arrangement, high aspect ratio and crystallized array films of TiO2 immobilized on a 
titanium foil surface. Basically, TiO2 nanotubes grow on the surface of the anode of tita-
nium foils or thin sheets. The dimensions of nanotubes formed in various electrolytes can 
be controlled by applying different electrolyte composition, applied voltage, pH and 
anodizing time [57]. Electrochemical anodization method has many advantages, 
including controllable pore size, good uniformity and conformability over large areas, 
which is applied in electrochemistry, photocatalysis and self-cleaning surfaces. 
Nevertheless, this process suffers from an environmental concern, as the anodization of 
Ti foil must be processed in highly toxic hydrofluoric acid aqueous solutions [62] . 

2.3.4.4 Hydrothermal treatment. 

Hydrothermal treatment is an important tool and widely used to prepare advanced 
nanostructural material processing, covering the processing of electronics, ceramics and 
catalysis zeolite catalysts in industry. Hydrothermal treatment is defined as any 
heterogeneous chemical reaction in the presence of an aqueous solvent above room 
temperature and at a pressure greater than 1 atm in a closed system. In generally, 
hydrothermal synthesis is conducted in steel autoclaves with or without Teflon liners under 
controlled temperatures (T < 200°C) and/or pressures (p < 10 MPa) with the reactions in 
aqueous solutions in order to covers the process of crystal growth, crystal transformation 
and phase equilibrium [55]. Hydrothermal method is the most popular to synthesize high 
yields of slender TiO2 nanotubes (diameter<10 nm.) with vast pore and unique 
nanotubular structures due to the simple control of the aqueous solution, cost-effective, 
high reactivity, low energy requirement and environmental friendly method for largescale 
production of nanotubes [60]. However, this synthesis method has the main 
disadvantages such as long reaction duration in concentrated sodium hydroxide (NaOH), 
which lead to the excessive intercalation of sodium ions in the produced nanotubes and 
difficult in achieving uniform size of nanotubes [57]. 
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2.3.5 Formation mechanism of TiO2 nanotubes.  

The formation mechanisms of TiO2 nanotubes can be explained as Figure 2.19. 
The TiO2 nanoparticles are dissolved by NaOH in the hydrothermal treatment; on the other 
hand, NaOH can react with TiO2 to form layered alkali titanate nanosheets, as shown in 
Reaction (1). Then, with time going on, the lamellar nanosheets begin to curl, forming 
nanotubes little by little. After the hydrothermal treatment, the obtained precipitate should 
be washed with HCl solution and DI water, in which process, H+ will exchange with Na+, 
as shown in Reaction (2). After calcination, TiO2 nanotubes are formed finally as shown in 
Reaction (3).[55] 

 

TiO2 + 2NaOH → Na2TiO3 + H2O  (1) 

Na2TiO3 + 2H+→ H2TiO3 + 2Na+  (2) 

H2TiO3→ TiO2 + H2O    (3) 

According to Figure 2.19, the currently most widely accepted formation 
mechanism of TNTs during the hydrothermal process involves four steps[62]:  

Step 1: Dissolution of TiO2 precursor and breaking of Ti-O-Ti bonds in the 
concentrated alkaline solution in the primary stage of hydrothermal treatments.  

Step 2: Formation and growth of layered nanosheets of sodium titanates. 

Step 3: Subsequently, nanosheets are exfoliated. 

Step 4: Growing of nanosheets with the increasing tendency of curling and 
scrolling lead to the nanotube formation. 
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Figure 2.19 Schematic drawing of the exfoliation and scrolling mechanism of nanotubes 
formation [63]. 

 
2.4 Lead Sulfide Quantum Dots (PbS QDs). 

 Quantum dots (QD) are very small semiconductor particles composed of II-VI, III-
V or IV-VI group elements, only several nanometres in size, so small that their optical and 
electronic properties differ from those of larger particles. Quantum dots are synthesized 
in such a way that the diameter is below the characteristic exciton Bohr radius of the 
material and can be adsorbed on nanostructured wide band gap semiconductors using 
two general in situ synthesis methods: chemical bath deposition (CBD) and successive 
ionic layer adsorption and reaction (SILAR). Quantum dots exhibit properties that are 
intermediate between those of bulk semiconductors and those of discrete molecules. 
Their optoelectronic properties change as a function of both size and shape [18].   
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2.4.1 PbS QDs doped TNTs. 

 Many semiconductors have been employed to sensitize TiO2, including CdS, 
CdSe, PbSe, PbS, etc. Lead sulfide (PbS) is an attractive semiconductor for this approach 
because of its small band gap (0.41 eV) in the IR region and its large exciton Bohr radius 
of 18 nm and the multiple exciton generation effect, which leads to extensive quantum 
size effects and their high absorption coefficient [64]. In addition, due to the narrow band 
gap of PbS quantum dots, they could be utilized as a surface blocking layer between the 
nanocrystalline TiO2 photoanode and the MAPbI3 light absorber, which is similar to Sb2S3, 
and thus could reduce electron recombination between the two. PbS quantum dots (PbS 
QDs) can further improve the photocatalytic activity of TiO2 because of multiple exciton 
generation (MEG) and efficient spatial separation of photogenerated charge, preventing 
electron-hole recombination [65] . 

 The formation mechanisms of PbS quantum dots doped TiO2 nanotubes can be 
explained as Figure 2.20. The TiO2 nanotubes were modified with PbS QDs by using a 
bifunctional thiolactic acid linker. The carboxylic group of thiolactic acid reacts with the 
surface of TNTs and leaves the thiol group to bind with Pb2+. The growth of PbS 
nanocrystals occurs after adding a Na2S solution [66]. 

 
Figure 2.20 Preparation of PbS QDs on TiO2 nanotubes [66]. 
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2.5 Performance Characteristics. 

2.5.1 Current-voltage (I-V) characteristics. 

In terms of the solar cell performance characteristics, the power conversion 
efficiency (PCE) of a solar cell is defined as 

𝑃𝑜𝑤𝑒𝑟 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (𝑃𝐶𝐸) =  
   𝐽𝑠𝑐 ∙ 𝑉𝑜𝑐 ∙ 𝐹𝐹  

𝑃𝑖𝑛
 (1) 

 

 Where, Jsc is short-circuit current density (mA/cm2), Voc is open-circuit voltage 
(V), FF is fill factor, and Pin is incident input power .  

From Figure 2.21, Current-Voltage (I-V) Curve, ISC (short circuit current) is 
maximum intensity that can generate a photovoltaic cell or module when measuring the 
current if performing a short circuit (output voltage of 0 volts), VOC (open circuit voltage) is 
maximum voltage that can generate a photovoltaic cell or module when measuring the 
voltage if not flowing current (current of 0 amps), PMAX (Maximum power) is maximum 
power that can generate a photovoltaic cell or module and it’s the product of maximum 
voltage and current, VMAX (Maximum Voltage) is the voltage at maximum power (around 
80% of open circuit voltage) and IMAX (Maximum Current) is the current at maximum power. 

 
Figure 2.21 I-V characteristics of photovoltaic module [67]. 
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In addition, the fill factor (FF) describes the ‘squareness’ of the J-V curve, which 
is largest rectangular area under the curve. Its practical value is less than the ideal value 
of 1. It is defined as: 

𝐹𝐹 =
  𝐽𝑚 ∙ 𝑉𝑚  

  𝐽𝑠𝑐 ∙ 𝑉𝑜𝑐
            (2) 

 

 Where, Jm and Vm are the maximum power point current density and voltage, 
respectively. 

 

2.5.2 External quantum efficiency (EQE). 

The term quantum efficiency (QE) may apply to incident photon to converted 
electron (IPCE) ratio of a photosensitive device or it may refer to the TMR effect of a 
Magnetic Tunnel Junction. The QE is the ratio of the number of carriers collected by the 
solar cell to the number of photons of a given energy incident on the solar cell. The 
quantum efficiency may be given either as a function of wavelength or as energy. If all 
photons of a certain wavelength are absorbed and the resulting minority carriers are 
collected, then the quantum efficiency at that particular wavelength is unity. The quantum 
efficiency for photons with energy below the band gap is zero. A quantum efficiency curve 
for an ideal solar cell as shown in Figure 2.22. QE can be separated into two types. 

External Quantum Efficiency (EQE) is the ratio of the number of charge carriers 
collected by the solar cell to the number of photons of a given energy shining on the solar 
cell from outside (incident photons), includes the effect of optical losses such as 
transmission and reflection. Internal quantum efficiency (IQE) refers to the efficiency with 
which photons that are not reflected or transmitted out of the cell can generate collectable 
carriers. By measuring the reflection and transmission of a device, the external quantum 
efficiency curve can be corrected to obtain the internal quantum efficiency curve. The 
external quantum efficiency therefore depends on both the absorption of light and the 
collection of charges. Once a photon has been absorbed and has generated an electron-
hole pair, these charges must be separated and collected at the junction. A "good" 
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material avoids charge recombination. Charge recombination causes a drop in the 
external quantum efficiency [68]. 

 

 
Figure 2.22 The quantum efficiency of a silicon solar cell. Quantum efficiency is usually 
not measured much below 350 nm as the power from the AM1.5 contained in such low 
wavelengths is low [69]. 

2.6 Literature review. 

Yu-Zhen Zeng et al. (2014) synthesize nanosized titanium dioxide with tubular 
structure for the photocatalytic applications, and self-prepared anatase TiO2 powder is 
the precursor. We investigated the influence of different pH values of acid washing on the 
crystalline-structure, optical absorption range, porosity, specific surface area, and photo-
catalytic activity of nanotubes. The results show that TiO2 nanotubes had been proved to 
be generated with acid washing pH value of 1.3, the outer diameter and length of the 

nanotube is about 10 nm and 1μm respectively. Moreover, it possesses the largest 
surface area of 381.2 m2/g, band gap of 3.12eV and the best photocatalytic activity[69]. 

Ratanatawanate et al. (2009) were prepared PbS quantum dots on to the inside 
and outside surfaces of TiO2 nanotubes (TNTs) by using thiolactic acid as an organic 
linker in order to modify the band gap of TiO2 to match with the solar spectrum for the 
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photodegradation of organic dyes. The photoactivity of the PbS/TNTs was maintained 
even when irradiated at longer wavelengths than the absorption wavelength of TNTs. The 
PbS QDs decorated TNTs were superior catalysts for the photodegradation of cationic 
dyes compared with the commercial P25 catalyst and we are currently exploring the 
oxidation of more challenging organic pollutants [65]. 
 Kang Du et al. (2015) improved the efficient absorption of solar energy from 
sunlight and modified energy band gap of TiO2 nanotubes by depositing PbS QDs into 
anodized TiO2 nanotube via ultrasonic-assisted dip coating technique in different 
concentration solutions. Resulted in the absorptive spectra of TNTs decorated with PbS 
QDs have been extended to the visible light and enhanced the photocurrent of TiO2 
nanotubes. The band gap energy (Eg) of the PbS QDs decorated TNTs were determined 
from 3.05~3.12eV, which are slightly smaller than that of the anatase phase (Eg=3.23eV). 
It is possible that incorporation of PbS QDs makes the band gap narrower [17].  

 In 2009, Miyasaka and colleagues incorporated perovskite semiconductors into 
photovoltaic devices. A photovoltaic cell was constructed by combining the CH3NH3PbX3-
deposited TiO2 electrode (CH3NH3PbX3/TiO2) as the photoelectrode (anode) and a Pt-

coated FTO glass as the counter electrode (cathode) with insertion of a 50 μm thick 
separator film, where X was halide anions, such as  Br-, or I-. The perovskite iodide, 
CH3NH3PbI3/TiO2 resulted in a power conversion efficiency (PCE) of 3.81% and the 
perovskite bromide, CH3NH3PbBr3/TiO2 resulted in a PCE of 3.13% [10] . 

Im et al. (2014) studied and compared the photovoltaic performances of 
perovskite CH3NH3PbI3 light absorber, which is deposited on the mesoporous TiO2 layer 
via one-step and two-step coating methods. Average short-circuit current density (Jsc), 
open-circuit voltage (Voc), fill factor (FF), and power conversion efficiency (PCE) of 19.15 
mA/cm2, 0.828 V, 0.470, and 7.5% are observed from the one-step deposited perovskite 
solar cells, while higher values of 21.47 mA/cm2, 1.024 V, 0.634, and 13.9% are obtained 
from the two-step deposited ones. The electron life time of two-step deposited perovskite 
is about one order of magnitude longer than that of one-step implying that the 
recombination kinetics highly depends on the perovskite structure determined by 
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deposition method. In conclusion, the PCE of CH3NH3PbI3 using two-step coating 
methods more than the PCE of CH3NH3PbI3 using one-step coating methods [70] . 

 Dongqin Bi’s group. (2013) used a two-step deposition methods for preparing 
CH3NH3PbI3 perovskite solar cells onto ZrO2 and TiO2 mesoporous layer, resulting in a 
power conversion efficiency (PCE) of 10.8% and 9.5%, respectively. The ZrO2 based solar 
cell shows higher photovoltage and longer electron lifetime than the TiO2 based solar cell 
because the Jsc can be higher because of a larger amount of perovskite that can be 
deposited by two-step deposition method because of better solubility and Voc for the solar 
cell based on ZrO2 is higher, which is the reason for the higher efficiency [16]. 

 Xianfeng Gao’s group. (2014) studied and compared to photo conversion 
efficiency (PCE) and morphology of perovskite solar cell with TiO2 nanotube, TiO2 
nanoparticle and different thickness of TiO2 nanotube film. Freestanding TiO2 nanotube 
(TNTs) arrays were prepared by a two-step anodization process and using iodide liquid 
electrolytes to control the nanotube thickness. Perovskite precursors as 1 M PbI2 and 
0.1887 M CH3NH3I (MAI), TiO2 nanotube and TiO2 nanoparticle as electron transporting 
layer (ETL). Perovskite solar cells based on freestanding TiO2 nanotube arrays improved 
light absorption with more than 90% of light absorbed in the whole visible range and a 
reduced charge recombination rate, leading to a significant improvement of the 
photocurrent and efficiency. The photovoltaic performance increases with a decrease of 
the TiO2 nanotube film thickness, attributing to the different photo excited charge 
extraction and collection efficiencies [71] . 

 Yan Huang’s group. (2015) studied and compare to the photo conversion 
efficiency and morphology of perovskite solar cell with TiO2 nanotubes in different lengths 
using of a two-step deposition method. Resulting in a the photovoltaic performance of 
devices was found to be significantly dependent on the length of the TiO2 nanotubes, and 
the power conversion efficiency decreased as the length of the TiO2 nanotubes increased 

from~ 0.40 μm to ~0.65 and then to ~0.93 μm. The highest power conversion efficiency 

of the perovskite device prepared from ~0.40 μm-long anatase TiO2 nanotube arraysis 
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11.3% and fill factor of 0.68 under illumination of 100 mW/cm2 AM 1.5G simulated sunlight 
[72].  

 Ying Yang and Wenyong Wang. ( 2015)  studied the effects of incorporating PbS 
QDs in hybrid perovskite solar cells based on MAPbI3 and improved light absorption after 
incorporating PbS QDs and photovoltaic performance of PbS QDs-modified perovskite 
solar cells. TiO2 film was deposited by spin coating a TiO2 paste on FTO substrate and 
then, PbS quantum dots (QDs), prepared by the successive ionic layer adsorption and 
reaction (SILAR) method, After that, MAPbI3 precursor solution and P3HT was deposited 
by spin coating on the substrate with PbS covered TiO2 electrode, respectively. In 
conclusion, the incorporation of PbS QDs between TiO2 and MAPbI3 could improve the 
crystallization of MAPbI3 film and enhance light absorption, it is also found that the long-
term stability of the PbS QD-modified perovskite solar cells, as measured over 97 h under 
ambient conditions without sealing, is much better than that of the cell without PbS QDs 
[73].  
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CHAPTER 3 
EXPERIMENTAL 

This chapter describes the experimental procedures for materials, fabrication 
methods, including the preparation of TNTs, deposition of PbS QDs onto TNTs and 
fabrications of perovskite solar cells by one-step deposition solution processes, as well 
as characterizations of PbS QDs doped TNTs and of perovskite solar cell devices. 

3.1 Preparation of TNTs. 

  In this work, TNTs were synthesized via hydrothermal process from different 
particle sizes of TiO2 nanoparticle precursors as follows: 5 nm, 25 nm, and 50 nm. 

3.1.1 Materials. 

1). Sodium hydroxide anhydrous (CARLO ERBA, 98%, ACS reagent) 
  2). Hydrochloric acid (CARLO ERBA, 37%) 
  3). Deionized water (DI water) 
TiO2 Precursors 
  4). TiO2 (DK-NANO, 99.9% Anatase, particle size~5 nm) 
  5). TiO2 (Sigma-Aldrich, 99.7% trace metals basis, particle size~25 nm) 

  6). TiO2 (Sigma-Aldrich, ≥99.5% trace metals basis, particle size~50 nm)  
3.1.2 Synthesis of TNTs. 

 1). TiO2 Precursors were baked at 500oC for 1 hr. 
  2). 0.5 g of TiO2 precursors were mixed with 30 mL of 10 M NaOH aqueous 
solution in a 50 ml hydrothermal autoclave. 
 3). The solution was stirred at room temperature for 10-15 min and then heated 
at 150°C for 24 hr. 
  4). The obtained white precipitates were washed and centrifuged with 0.1 M HCl 
and DI water until a pH became 7 (Neutralization). 
  5). The sample was dried at 90oC for 10 hr, and then annealed at 350oC for 75 
min. 
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3.2 Deposition of PbS QDs onto TNTs. 
Materials. 
  1). TNTs (synthesis via a hydrothermal process). 
  2). Thiolactic acid (Sigma-Aldrich, 95%). 
  3). Lead nitrate (Sigma-Aldrich, <99%, ACS reagent). 
  4). Sodium sulfide nonahydrate (CARLO ERBA, <98%, ACS reagent). 
Experimental methods. 
  1). 0.25 g of TNTs were treated with a 25 mL of 0.3 M thiolactic acid aqueous 
solution for 30 min, and then dried at 50oC overnight. 
  2). A 25 mL of 0.2 M Pb(NO3)2 aqueous solution was then added into the 
pretreated TNTs for 30 min, and then dried at 50oC overnight.                                               
  3). A 25 mL of 0.5 M Na2S aqueous solution was added into the pretreated TNTs 
for 30 min. 
  4). Gray precipitates were obtained and were washed and centrifuged with DI 
water. 
  5). The samples were dried at 50oC overnight. 
 

3.3 Fabrications of perovskite solar cells. 

 The perovskite solar cells were fabricated on FTO glass substrates with the 
following device configuration: FTO/ electron transporting layer/perovskite/ hole 
transporting layer/cathode, by solution processing techniques, including spin coating and 
rapid convective deposition, as shown in Figure 3.1. Spiro-OMeTAD is used as a hole 
transporting material and helps to transfer a hole to the next layer. 
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Figure 3.1 The conventional (n-i-p) planar perovskite solar cells. 

TNTs = TiO2 nanotubes. 

PbS QDs = Lead (II) sulfide quantum dots. 

Spiro-OMeTAD = 2,2',7,7'-Tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9'-spirobifluorene. 

 

3.3.1 Device Preparation. 
3.3.1.1 Transparent Conducting Oxides Substrate. 

  Fluorine doped tin oxide coated (FTO,15 ꭥ) glass substrates were purchased 
from Lumtec and were cleaned by sequential ultrasonic treatment in a detergent, 
deionized water, and isopropyl alcohol (IPA) at 60oC for 15 min and dried by a flow of 
nitrogen gas.  

3.3.1.2 TiOX solution (Nanotec). 
  A mixture of 1 ml of TiOX and 8 ml of Iso-propyl alcohol (IPA) was stirred at room 
temperature for 1 hr. 

3.3.1.3 Perovskite precursor solution (Nanotec). 
3.3.1.4 Preparation of PbS QDs doped TNTs suspension. 
  1). PbS QDs doped TNTs were dispersed in anhydrous 2-butanol.  
(Concentration: 1.0, 3.0, 5.0, 7.0 and 9.0 mg/ml) 
  2). Using ultrasonic bath for 30 min. 
  3). 100 µl of PbS QDs doped TNTs suspension were mixed with 900 µl of TiOX 

(Nonotec). 
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3.3.2 Fabrication of conventional planar perovskite solar cell by one-step deposition. 

 1). 20 µl of TiOX or TiOX : PbS QDs doped TNTs solution was coated on FTO 
substrate (Cleaned with alconox, deionized water and 2-propanol by ultrasonic 
treatment) by rapid convective deposition, at a deposition speed of 3000 µm/s for two 
layers. 

 2). The TiOX coated sample was heated at 500°C for 1 hr, and cooled down at 
room temperature. 

 3). 50 µl of perovskite solution (Nanotec) was spin coated at a speed of 1,000 
rpm,10 S on top of the sample prepared in the previous step, and 150 µl of 
chlorobenzene solution was spin coated at a speed of 3,500 rpm,30 S. 

 4). Then, the perovskite coated sample was heated at 100 °C for 1.30 hr and 
cooled down at room temperature for 15 min. 

 5). Lastly, 40 µl of Spiro-OMeTAD solution was spin coated at 4,000 rpm on top 
of the sample prepared from the previous step.  

6).Then, the sample was aged overnight under vacuum conditions.  

 7).An electrode of Au was performed by thermal evaporation technique to 
complete a cell device. 

 

3.4 Analytical instruments. 

1). Transmission electron microscopy (TEM; JEOL-2100Plus).  
2). X-ray diffraction (XRD; Bruker, Germany). 
3). Surface area analyser based on nitrogen adsorption (BET, BelSorp-Mini II). 
4). Particle size analyser based on dynamic light scattering (DLS; Zetasizer   
nano size, ZEN 3600, Malvern). 
5). UV-Vis spectroscopy (Perkin Elmer, Lambda 950). 
6). Energy dispersive x-ray spectroscopy ((EDS; FE-SEM with EDS (Hitachi 
SU8230)). 
7). Scanning electron microscope (SEM; FE-SEM with EDS (Hitachi SU8230)) 
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8). Solar simulator (model SN 258, ABET) 
9). ORIEL Intelligent Quantum Efficiency (IQE) 200TM Measurement system. 

 

3.4.1 Characterization of TNTs. 

 TNTs were characterized by transmission electron microscopy (TEM) operating at 
200 kV to observe the morphology and structure. The phase structure was investigated 
by X-ray diffraction (XRD) with 2θ ranging from 5O to 55O for 5O min-1 of scan speed with 

40 kV operating voltage and 30 mA current and by using a Cukα radiation source at 
ambient temperature. The surface area of the TiO2 nanotube was measured by the 
Brunauer-Emmett-Teller (BET) method. The particle size distributions were characterized 
with dynamic light scattering (DLS). UV-vis light absorbance spectra and energy band 
gap were recorded by UV-vis spectrophotometer in the range of 200 to 700 nm. 
 
3.4.2 Characterization of PbS QDs doped TNTs. 

 PbS QDs doped TNTs were characterized by a transmission electron microscopy 
(TEM) to observe morphology and structure. The elemental and chemical composition 
were characterized by energy dispersive x-ray spectroscopy (EDS) in the TEM. The phase 
structure was investigated by an X-ray diffraction (XRD) with 2θ range from 5O to 55O of 

scan speed with 40 kV operating voltage and 30 mA current and by using a Cukα 
radiation source at ambient temperature. The optical absorption spectra and energy band 
gap of PbS QDs doped TNTs were measured from 200 to 700 nm on a UV-vis 
spectrophotometer. 
 
3.4.3 Characterization of Perovskite Solar Cells. 

Perovskite thin films were characterized by a scanning electron microscope (SEM) 
to observe morphology, structure and film thickness. The optical absorption, transmission 
spectra and energy band gap of TiOX : PbS QDs doped TNTs thin film were measured 
from 300 to 800 nm on a UV-vis spectrophotometer. EQE efficiency were measured by 
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EQE spectra. The measurement was done in air using an Quantum Efficiency 200TM 
Measurement System established with the tunable light source. Power conversion 
efficiency (PCE) fill factor (FF), open circuit voltage (Voc) and photocurrent density-voltage 
(J-V) curves were measured under an ambient atmosphere and simulated solar light, AM 
1.5, 100 mW/cm2 by using a solar simulator with a xenon lamp.  
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CHAPTER 4 
RESULTS AND DISCUSSION 

 In this work, we investigated the effect of different particle sizes of TiO2 precursors 
used for preparing TNTs that results in a variation of surface area. The obtained TNTs with 
highest surface area will be applied with PbS QDs and deposited onto the perovskite layer 
as the electron transporting layer (ETL), in order to achieve the enhanced power 
conversion efficiency of perovskite solar cell. 
 

4.1 Synthesis of TNTs via hydrothermal process 

TNTs were synthesized via hydrothermal process from different particle sizes of 
TiO2 nanoparticle precursors as follows: 5 nm, 25 nm, and 50 nm. 

 

4.1.1 Morphology and structure of TNTs.  

The formation and morphology of TNTs prepared via NaOH hydrothermal treatment from 
different particle sizes of TiO2 nanoparticle precursors after annealing at 350 °C were 
observed by Transmission electron microscopy (TEM), as shown in Figure 4.1- 4.3. 

 

    
 

Figure 4.1 TEM images of TNTs synthesized via hydrothermal process from TiO2 precursor 
with particle size of 5 nm. a) Magnification of 100,000 times and b) Magnification of 
300,000 times. 

a).  b). 

20 nm. 100 nm. 
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Figure 4.2 TEM images of TNTs synthesized via hydrothermal process from TiO2 precursor 
with particle size of 25 nm. a) Magnification of 100,000 times and b) Magnification of 
300,000 times. 

 

      
 

Figure 4.3 TEM images of TNTs synthesized via hydrothermal process from TiO2 precursor 
with particle size of 50 nm. a) Magnification of 100,000 times and b) Magnification of 
300,000 times. 

 As can be seen in the figures, TNTs prepared from 25 nm of TiO2 precursor are in 
long tubular structures with a uniform morphology. While TNTs prepared from 5  and 50 
nm of TiO2 precursors have a combination of short and long tubular structures grouping 
in small bundles and exhibiting non-uniform morphologies, which can be seen in Figure 
4.1, and Figure 4 .3, respectively. According to the formation mechanism of TNTs 
synthesized via hydrothermal process, as previously shown in Figure 2.19, TiO2 precursor 

a). b). a). b). 

20 nm. 100 nm. 

a). b). a). b). 

20 nm. 100 nm. 
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with particle size of 5 nm has a very small particle size, causing a collapse of lamellar 
structure of the nanosheets in step 3 and subsequently leading to TNTs with a short 
tubular structure bunching up in small bundles. While TiO2 precursor with particle size of 
50 nm is larger than TiO2 precursor with particle size of 5 nm, causing the breakage of 
curling and rolling of nanosheets in step 4 which subsequently leading to a combination 
of short and long tubular structure of TNTs. On the other hand, TiO2 precursor with particle 
size of 25 nm, which is between the sizes of 5 and 50 nm, has a suitable particle size for 
the transformation of the TiO2nanosheets into TNTs, followed in step 3 and 4, which 
consequently leads to TNTs with a uniform long tubular structures [74]. 

Based on TNTs prepared from the TiO2 precursor with particle size of 25 nm, it 
can be seen in Figure 4.4 that the average outer diameter and inner diameter of the 
nanotubes are about 10-15 nm and 5-8 nm, respectively. The length is ranging from 
several tens to several hundreds of nanometers. The obtained samples are in uniform 
morphology, which should be proper as a site for doping with PbS QDs and consequently 
suitable to transport electrons continuously within the electron transporting layer without 
recombination in perovskite solar cells. 

 

           
 

Figure 4.4 TEM images of a). High magnification of about 500,000 times of outer diameter 
and b). High magnification of 500,000 times of inner diameter of the TNTs synthesized via 
hydrothermal process from TiO2 precursor with particle size of 25 nm. 

 

a). b). a). b). 

20 nm. 
20 nm. 
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4.1.2 Phase structure of TNTs. 

The phase structure of TNTs synthesized via NaOH hydrothermal treatment from 
different particle sizes of TiO2 nanoparticle precursors after annealing at 350  °C, was 
examined by XRD, which is demonstrated in Figure 4.5. All the samples present the major 
XRD peaks observed at 25.6, 37.9, and 48,2°, indicating the formation of the TiO2 anatase 
phase. All the peaks are assigned to (101), (004) and (200) planes of tetragonal crystal 
structure, respectively (JCPDS number: 21-1272) [75]. TNTs with anatase phase were 
successfully synthesized which is suitable for use as ETL due to its high stability. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5 XRD patterns of TNTs synthesized via hydrothermal process from different 
particle sizes of TiO2 nanoparticle precursors: (a) standard TiO2 with crystal structure of 
anatase from JCPDS 21-1272, (b) TiO2 50 nm, (c) TiO2 25 nm, and (d) TiO2 5 nm.   
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4.1.3 Particle size distributions of synthesized TNTs. 

The particle size distribution of TNTs was examined by dynamic light scattering 
(DLS) analyses, as shown in Figure 4.6. TNTs prepared from TiO2 precursors of 5 nm and 
50 nm exhibited a relatively broad size distribution and non-uniform size of nanotubes. 
This is attributed to a mixture of short and long tubular structure, presented in the previous 
section. While TNTs prepared from 25  nm of TiO2 precursor exhibited a narrow particle 
size distribution, corresponding to the uniform structure previously shown in TEM result. 

 

 
 

Figure 4.6 Particle size distributions from DLS measurement of TNTs prepared from NaOH 
hydrothermal treatment with different sizes of TiO2 precursors. 
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4.1.4 Surface area of TNTs. 

To investigate and select the most appropriate structure of TNTs for using as a 

site for doping with PbS QDs which were prepared from different sizes of precursors, a 

measurement of surface area was performed. According to the Brunauer–Emmett–Teller 

(BET) results, a variation in the average surface area obtained from different particles size 

of TiO2 nanoparticles and TNTs was observed, which is presented in Table 4.1. It indicates 

that the surface area of TNTs prepared from different sizes of precursors are about 5-7 

times higher than those of TiO2 nanoparticles. The largest surface area of TNTs (312 m2/g) 

was obtained from TiO2 precursor with particle size of 25 nm. Therefore, TNTs samples 

derived from this condition will be used for doping with PbS QD and as ETL in the next 

step. 

Table 4.1. The average surface area of TiO2 nanoparticles and TiO2 nanotubes (TNTs) 

prepared from different sizes of TiO2 precursors.  

sample Surface area 
(m2/g) 

TiO2   (5 nm.) 
TNTs (5 nm.) 

34.78 ± 0.34 
258.35 ± 0.53 

TiO2 (25 nm.) 
TNTs (25 nm.) 

62.81± 0.33 
312.39 ± 0.54 

TiO2   (50 nm.) 
TNTs (50 nm.) 

48.10± 0.28 
280.44 ± 0.57 
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4.1.5 UV-vis absorption spectrum and energy band gap of TNTs. 

  To apply TNTs as the ETL in perovskite solar cells, the optical properties of TNTs 
were investigated. The absorption spectra of TNTs prepared from different particle sizes 
of TiO2 precursors were examined by UV-Vis spectrophotometer, which are shown in 
Figure 4.7. It can be seen that all samples of TNTs absorb UV light radiation at the 
wavelength below 400 nm. No difference in optical properties was observed from TNTS 
obtained from different particle sizes of TiO2 nanoparticles. Moreover, the energy band 
gaps of TNTs synthesized from TiO2 nanoparticle precursors of 5, 25 and 50 nm, could 
be determined by Kubelka Munk function [76], as shown in Figure 4.8.  

 
 

Figure 4.7 UV-vis absorption spectra of as-prepared TNTs via hydrothermal process from 

different particle sizes of TiO2 nanoparticle precursors 5, 25 and 50 nm. 

 

Note: the sharp peak at the wavelength about 330 nm comes from a change in light 

sources, which changes from a UV source to a visible source during a continuous 

detection.  
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Figure 4.8 The energy band gaps of TNTs as-prepared via hydrothermal process from 
different particle sizes of TiO2 nanoparticle precursors 5, 25 and 50 nm. 

 

Table 4.2 summarizes the results of energy band gaps of TNTs prepared from 
different sizes of TiO2 precursors. The energy band gaps of about 3.27, 3.24 and 3.30 eV 
were obtained from TNTs synthesized from TiO2 precursors of 5, 25 and 50 nm, 
respectively. This range of band gaps is suitable to be used as the ETL in perovskite solar 
cells. Although the band gaps derived from various precursors are not significantly 
different, based on previous study, TNTs prepared from 25 nm of TiO2 precursor with the 
highest surface area was selected to be doped with PbS QDs in the next step.   
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Table 4.2 The energy band gap of TNTs prepared from different sizes of TiO2 precursors. 
 

Samples Energy band gap (eV) 

TNTs (5 nm.) 3.27 

TNTs (25 nm.) 3.24 

TNTs (50 nm.) 3.30 

 

According to all investigated studies and obtained results, TNTs synthesized from 

different particle sizes of TiO2 precursors show no big difference in terms of phase 

structure, absorption and energy band gap. However, in terms of the surface area, TNTs 

prepared from 25 nm of precursor have the highest surface area, which was expected to 

be the most suitable for doping with PbS QDs with a good distribution.  

 

4.2 Deposition of PbS QDs onto TNTs. 

 The highest surface area of TNTs of 312.39 m2/g with uniform structure, obtained 
from TiO2 precursor with particle size of 25 nm, was applied with PbS QDs and deposited 
onto the perovskite layer as the electron transporting layer (ETL), in order to achieve the 
enhanced power conversion efficiency of perovskite solar cell. 

4.2.1 Morphology and structure of PbS QDs doped TNTs. 

 The formation and morphology of PbS QDs doped TNTs were observed by 
Transmission electron microscopy (TEM). 

 The TEM image with low magnification in Figure 4.9a shows open-ended TNTs 
without PbS QDs. While that with high magnification in Figure 4.9b shows several of PbS 
QDs with a few nanometers in size scattering all over TNTs. 
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Figure 4.9 a). Low magnification of TEM image of TNTs synthesized from TiO2 precursor 
with particle size of 25 nm. b). High magnification of TEM image of PbS QDs on TNTs. 

 

PbS QDs were attached well onto TNTs on both inside and outside surfaces of the 
TNTs, as a result of thiolactic acid as an organic linker, as shown in Figure 4.10a. The 
TEM image in Figure 4.10b shows the average size of PbS QDs of about 3-4 nm, which 
was calculated based on the measurement from TEM images (high magnification about 
of 800,000 times). 

 

 
 

a). b). 

 20 nm.  20 nm. 

a). 

 10 nm. 
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Figure 4.10 TEM images of a). PbS QDs inside and outside TNTs b). The average size of 
PbS QDs. 

 

4.2.2 Phase structure of PbS QDs doped TNTs. 

The XRD patterns of the TNTs synthesized via hydrothermal process and PbS QDs 
doped TNTs, were demonstrated in Figure 4.11.  As shown in figure, both XRD patterns 
derived from pure TNTs and PbS QDs doped TNTs after annealing at 350 °C show the 
anatase phase of TiO2 , where the diffraction peaks appear at 2θ  = 24.9, 28.7, and 48.6o

 

(JCPDS 71-5576). No distinct difference in diffraction patterns between these two samples 
was observed. Moreover, no peaks of PbS are presented, according to a reference 
pattern from JCPDS 05-0592. It could be due to a very small size of quantum dot structure, 
therefore the diffraction patterns of PbS QDs could be submerged in the background 
noise. [17].   

 

b). 

 10 nm. 
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Figure 4.11 XRD patterns of (a) standard TiO2 with crystal structure of anatase from JCPDS 
71-5576, (b) TNTs synthesized via hydrothermal process after annealing, (c) PbS QDs 
doped TNTs and (d) Galena (PbS) from JCPDS 05-0592. 

 

4.2.3 The elemental and chemical composition of PbS QDs doped TNTs.  
 

Table 4.3 shows the results of the elemental and chemical composition of PbS 
QDs doped TNTs from area scan of energy dispersive x-ray spectroscopy (EDS) in the 

transmission electron microscopy (TEM). The result confirms the presence of Pb and S 
doping onto the TiO2 nanotubes, even though the ratio of Pb:S does not correspond to the 
stoichiometric ratio of PbS. The average atomic percentage of Pb and S elements are 
about 2.33% and 0.11%, respectively. 
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Table 4.3 The elemental and chemical composition of the synthesized PbS QDs doped 
TNTs. 

 

Element Mass% Atom% 

O 54.73 84.40 

S 0.14 0.11 

Ti 25.57 13.17 

Pb 19.56 2.33 

Total 100.00 100.00 

 

 

4.2.4 Comparison of UV-vis absorption spectra and energy band gap of pure TNTs and 
PbS QDs doped TNTs.  

The absorption spectra of pure TNTs prepared from NaOH hydrothermal 
treatment is compared with that of PbS QDs doped TNTs. As seen in Figure 4.12, pure 
TNTs absorb UV light radiation at the wavelength below 400 nm, while the absorption 
spectrum of PbS QDs doped TNTs has been extended towards the visible light region 
from 400 nm to 700 nm. This behavior is due to the energy band gap of about 0.5 – 2.0 
eV of PbS QDs, therefore it can absorb all light in the UV, VIS and NIR of the 
electromagnetic spectrum [77].  

Furthermore, the energy band gaps of pure TNTs and PbS QDs doped TNTs were 
determined by Kubelka Munk function [76], as shown in Figure 4.13.  
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Figure 4.12 UV-vis absorption spectra of TNTs without PbS QDs and PbS QDs doped 
TNTs. 

Note: the sharp peak at the wavelength about 330 nm comes from a change in light 

sources, which changes from a UV source to a visible source during a continuous 

detection.  

 
Figure 4.13 The energy band gaps of TNTs without PbS QDs and PbS QDs doped TNTs. 
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Table 4.4 summarizes the results of energy band gaps of TNTs without PbS QDs 
and PbS QDs doped TNTs. The energy band gap of about 3.24 eV of pure TNTs 
synthesized from hydrothermal process was obtained, whereas the energy band gap of 
PbS QDs doped TNTs was determined to be about 2.97 eV. A slight decrease of energy 
band gap is observed. Due to a small band gap of PbS QDs of about 0.41 eV, the band 
gap of PbS QDs doped TNTs did not change significantly.  The resulting band gap can 
be matched well with the solar spectrum which can also act as an efficient light absorbing 
material [17, 65].  Apparently, PbS QDs doped TNTs are one of the most suitable materials 
whose energy band gap is appropriate to be used as the electron transporting layer for 
perovskite solar cells, in order to enhance the power conversion efficiency of the solar cell 
device for practical use.   

 

Table 4.4. The energy band gaps of TNTs without PbS QDs and PbS QDs doped TNTs. 

 

Samples Energy band gap (eV) 

TNTs without PbS QDs 3.24 

PbS QDs doped TNTs 2.97 

 

4.3 Fabrications of perovskite solar cells by one-step deposition solution processes. 
 

Among the obtained results in terms of physical, chemical and optical properties 
of TNTs, described in previous sections, TNTs prepared from 25 nm of TiO2 precursor 
was apparently the most suitable for using as electron transporting layer for perovskite 
solar cells due to its suitable energy band gap, uniform morphology and the highest 
surface area. 

Moreover, even though TNTs were doped with PbS QDs, the energy band gap 
remained suitable for transporting electrons from perovskite layer to the electrode in 
perovskite solar cell. 
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Next, both pure TNTs and PbS QDs doped TNTs were applied and deposited onto 
the perovskite layer as the ETL, as can be seen in Figure 3.1. 

 

4.3.1 Morphology and microstructure of perovskite film with PbS QDs doped TNTs as 
ETL. 

The surface morphology and microstructure of perovskite film with PbS QDs 
doped TNTs as ETL using the one-step solution processes via spin coating and rapid 
convective deposition processes, was characterized by  scanning electron microscope 
(SEM), as shown in Figure 4.14. 

 
 

Figure 4.14 Cross-sectional SEM image of perovskite solar cell using one-step deposition 
method.  

 Figure 4.14 shows the device structure of the hybrid compound, consisting of 
glass /FTO / TiOX : PbS QDs doped TNTs as ETL / perovskite as absorber layer /  Spiro-
OMeTAD as HTL/ Au as counter electrode. It was observed that perovskite layer was 
formed all over the surface of ETL. The Spiro-OMeTAD layer is in between the capping 
layer from perovskite films and the top layer of Au electrode. The formation of each layer 
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is a close-packed film structure with highly uniform crystalline structures. For this reason, 
the deposition methods such as convective deposition and spin coating, including the 
operating parameters are suitable for fabrication of perovskite solar cells [78].  

Moreover, as seen in Figure 4.14,  the thickness of ETL, perovskite and Spiro-
OMeTAD layers are about 80-100 nm, 350-400 nm and 250-300 nm, respectively, which 
are in the optimal thicknesses for each layer for perovskite solar cells, reported in previous 
work [79].  

 

4.3.2 UV-Vis spectrum and energy band gap of TiOX : PbS QDs doped TNTs thin film 
with various concentrations.  

In order to investigate the optical properties of ETL of perovskite solar cell, 
transmittance (T) of this layer was measured by UV–Vis-NIR spectrophotometer in the 
wavelength ranging from 300 to 800 nm. The transmittance of ETL films prepared from a 
solution of TiOX in 2-butanol with different concentrations of PbS QDs doped TNTs in TiOX 
as follows: 0.1, 0.3, 0.5, 0.7 and 0.9 mg/ml, are shown in Figure 4.15. It can be seen that 
transmittance of the films is above 71%, indicating that the light can transmit through ETL 
into the perovskite layer. The high transmittance region on a wide range of wavelength in 
the visible region (from 390 to 700 nm) has been observed and is suitable in the 
applications of solar cells [80]. 
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Figure 4.15 Transmittance spectra of ETL with various concentrations of PbS QDs doped 
TNTs in TiOX. 

 

The absorption spectra of TiOX : PbS QDs doped TNTs layers with various 
concentrations of PbS QDs doped TNTs in TiOX, as follows: 0.1, 0.3, 0.5, 0.7 and 0.9 
mg/ml, are shown in Figure 4.16. It can be seen that the layers prepared from TiOX in 2-
butanol with 0.1 and 0.9 mg of PbS QDs doped TNTs absorbs UV light radiation at the 
wavelength below 400 nm, while for those with 0.3, 0.5 and 0.7 mg of PbS QDs doped 
TNTs, the absorption spectra are extended to the visible light region from 380 nm to 600 
nm.  

Moreover, the energy band gaps of ETL layer with various concentrations of PbS 
QDs doped TNTs in TiOX, could be determined by Kubelka Munk function [76], as shown 
in Figure 4.17.  
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Figure 4.16 UV-Vis absorption spectra of ETL with various concentrations of PbS QDs 
doped TNTs in TiOX. 

 

 
Figure 4.17 Energy band gaps of ETL with various concentrations of PbS QDs doped 
TNTs in TiOX. 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

69 

Table 4.5 summarizes the results of energy band gaps of ETL with various 
concentrations of PbS QDs doped TNTs in TiOX, corresponding to Figure 4.17. Energy 
band gaps of about 3.37, 3.34, 3.19, 3.31, 3.33 and 3.44 eV of ETL prepared with 
concentrations of PbS QDs doped TNTs in TiOX, as follows: No doping, 0.1, 0.3, 0.5, 0.7 
and 0.9 mg/ml, respectively. Apparently, the concentration of 0.3 mg/ml of PbS QDs 
doped TNTs in TiOX exhibits the most suitable electron transporting layer for perovskite 
solar cells due to its least energy band gap. It can be explained that, the low energy band 
gap leads to a high electron mobility because the gap between the conduction band and 
the valence band decreases [81]. According to Figure 4.18 which shows the energy level 
alignment of perovskite solar cell with TiO2 as ETL and PbS as interlayer between 
perovskite and TiO2, it can be seen that the presence of a PbS layer between TiO2 and 
perovskite is expected to facilitate electron transfer from perovskite to TiO2 [82]. 

So, the concentration of 0.3 mg/ml of PbS QDs doped TNTs in TiOX is the 
optimized condition to fabricate ETL whose energy band gap is appropriate to be used 
as electron transporting layer for perovskite solar cells in order to enhance the power 
conversion efficiency of the solar cell device.  

In this work, the conduction band and valence band of PbS QDs doped TNTs 
were not investigated but from previous study, carbon quantum dots (CQDs) were doped 
into TiO2 in order to improve the efficiency of charge carrier extraction and injection 
between the TiO2 and perovskite layers in perovskite device. According to Figure 4.19, 
the energy level alignment of the perovskite solar cell structure with the CQDs doped TiO2 

as ETL compared to TiO2 as ETL is shown. It can be seen that the presence of the valence 
bands of TiO2 and CQDs doped TiO2 was calculated to be -7.25 and -7.35 eV, 
respectively. The conduction bands of TiO2 and CQDs doped TiO2 were calculated to be 
-3.95 and -4.05 eV, respectively. A higher conduction band of CQDs doped TiO2 increases 
the driving force for electron injection from the conduction band of perovskite to its layer 
which results in enhancing the power conversion efficiency of the solar cell device [83]. 
Therefore, it is expected in our work that the behavior of PbS QDs doped TNTs as ETL is 
similar to that of the previous study. 
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Figure 4.18 The energy level alignment in the hybrid perovskite solar cell [82]. 

 

 

 
Figure 4.19 Energy diagram of TiO2 and CQDs/TiO2 as ETL in perovskite solar cells [83].  
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Table 4.5. Energy band gaps of ETL with various concentrations of PbS QDs doped 
TNTs in TiOX. 
 

 

4.3.3 Photovoltaic properties of perovskite solar cells  

Generally, perovskite solar cell structure is composed of an active layer between 
electrodes. To increase the PCE of perovskite solar cell, an electron transporting layer 
and a hole transporting layer are added before and after the active layer, respectively. 
For electron transporting layer, TiOX (Nanotec; TiO2) is commonly used as electron 
transporting material (ETM) but TiO2 possesses a large band gap which limits the 
efficiency of energy conversion and low surface area. In this study, TNTs, synthesized via 
hydrothermal process from TiO2 precursor with particle size of 25 nm, were applied and 
deposited onto the perovskite layer as the ETL, as can be seen in Figure 3.1, in order to 
achieve the enhanced power conversion efficiency of perovskite solar cell. Moreover, 
TNTs thin films were deposited with various concentrations of TNTs in TiOX, as follows: 0, 
0.1, 0.3, 0.5, 0.7 and 0.9 mg/ml.  

 

 

Concentrations of PbS QDs doped TNTs in 
TiOX 

(mg/ml) 

Energy band gap (eV) 

0 3.37 

0.1 3.34 

0.3 3.19 

0.5 3.31 

0.7 3.33 

0.9 3.44 
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Current density-voltage (J-V) curves of perovskite devices with a TNTs layer 
deposited at various concentrations of TNTs in TiOX compared to the reference cell with 
TiOX (Nanotec) layer as an ETL were measured under illumination of a solar simulator in 
air are shown in Figure 4.20. The photovoltaic parameters including open-circuit voltage 
(Voc), short-circuit current (Jsc), fill factor (FF), and power conversion efficiency (PCE) of 
perovskite devices are also shown in Table 4.6. Among TNTs films deposited at different 
concentrations of TNTs in TiOX, the concentrations of 0.3 mg/ml gives the best 
performance device. The PCE of perovskite device with concentrations of TNTs in TiOX of 
0.3 mg/ml is 12.82% which was calculated from Voc of 1.12 V, Jsc of 20.94 mA/cm2, and fill 
factor of 54.64%, which shows a better performance compared to the un-doped TNTs 
based solar cell was found to be Voc of 1.12 V, Jsc of 18.56 mA/cm2, fill factor of 58.52% 
and PCE of 12.18%. As the doping concentration of TNTs in TiOX increases the Jsc and 
PCE are also increased due to the fact that TNTs has a high surface area leading to 
increasing of contact between the perovskite layer and electron transporting layer and its 
longer electron life time. Nevertheless, increasing the doping concentration of TNTs in 
TiOX to 0.5, 0.7 and 0.9 mg/ml, the cell performance gradually decreases, respectively, 
as shown in Figure 4.21. This is attributed to the aggregation and precipitation of TNTs at 
high concentration, leading to a poor size distribution in which the particles start to 
agglomerate to increase in the particle sizes, resulting in a non-uniform film thickness [84]. 
According to Figure 4.22, it can be observed that the as-prepared solution of TNTs in TiOX 
becomes slightly more cloudy with increasing concentration.   
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Figure 4.20 Photovoltic performance of perovskite devices with various concentrations 
of TNTs in TiOX as ETL. 

 

Table 4.6. The performance of perovskite devices with difference concentrations of 
TNTs in TiOX as ETL. 

 

Concentrations of TNTs 
in TiOX as ETL.  

(mg/ml) 

J
sc

 

(mA/cm
2
) 

V
oc

 

(V) 

Fill Factor  
(%) 

PCE  
(%) 

0 18.56 1.12 58.52 12.18 

0.1 19.32 1.14 56.51 12.49 

0.3 20.94 1.12 54.64 12.82 

0.5 17.49 1.14 52.27 10.47 

0.7 14.18 1.13 51.80 8.37 

0.9 15.42 1.09 46.73 7.91 
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Figure 4.21 Power conversion efficiency of perovskite devices with various concentrations 
of TNTs in TiOX as ETL. 

 

 
Figure 4.22 TNTs suspension with various concentrations of TNTs in TiOX (mg/ml). 
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 Furthermore, PbS QDs doped TNTs were applied and deposited onto the 
perovskite layer as the electron transporting layer (ETL), as can be seen in Figure 4.23, in 
order to achieve the enhanced power conversion efficiency of perovskite solar cell. PbS 
QDs doped TNTs thin films were deposited at various concentrations of PbS QDs doped 
TNTs in TiOX, as follows: 0, 0.1, 0.3, 0.5, 0.7 and 0.9 mg/ml. 

 

 
Figure 4.23 The conventional (n-i-p) planar perovskite solar cells. 

 

The current density-voltage (J-V) characteristic of perovskite devices with a PbS 
QDs doped TNTs layer deposited at various concentrations of PbS QDs doped TNTs in 
TiOX compared to the reference cell with TiOX (Nanotec) layer as a ETM were acquired 
under illumination of a solar simulator in air are shown in Figure 4.24. The photovoltaic 
parameters including open-circuit voltage (Voc), short-circuit current (Jsc), fill factor (FF), 
and power conversion efficiency (PCE) of perovskite devices are summarized in Table 
4.7. It was observed that the concentrations of 0.3 mg/ml of PbS QDs doped TNTs in TiOX 
base perovskite devices achieved the highest PCE of 14.95%, Voc of 1.14 V, Jsc of 23.38 
mA/cm2, and fill factor of 56.03%. Whereas the un-doped PbS QDs doped TNTs (0 mg/ml) 
based perovskite devices shows less performance compared to the PbS QDs doped 
TNTs in TiOX. Photovoltaic parameters for the devices with un-doped PbS QDs doped 
TNTs are PCE of 13.01%, Voc of 1.14 V, Jsc of 20.98 mA/cm2, and fill factor of 54.10%. 
However, increasing the doping concentration of PbS QDs doped TNTs in TiOX to 0.5, 0.7 
and 0.9 mg/ml, the cell performance decreases, respectively, as shown in Figure 4.25. 
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Similarly, this is because of the aggregation and precipitation of PbS QDs doped TNTs at 
high concentration, leading to a poor size distribution, in which the particles start to 
agglomerate to increase in the particle sizes, resulting in a non-uniform film thickness [84]. 
Accordingly, it can be observed in Figure 4.26 that the as-prepared solution of PbS QDs 
doped TNTs in TiOX becomes slightly more cloudy with increasing concentration.   

From previous sections, the PbS QDs doped TNTs in TiOX as ETL based 
perovskite devices achieved the better performance compared to the un-doped and 
doped pure TNTs due to the effect of the small band gap of PbS QDs of about 0.41 eV, 
leading to a significant decrease of energy band gap of TNTs for enhancing the power 
conversion efficiency of the perovskite device. 

 

 
Figure 4.24 Photovoltic performance of perovskite devices with various concentrations of 
PbS QDs doped TNTs in TiOX as ETL. 
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Table 4.7. The performance of perovskite devices with difference concentrations of PbS 
QDs doped TNTs in TiOX as ETL. 

. 

Concentrations of PbS 
QDs doped TNTs in TiOX 

as ETL. 

(mg/ml) 

J
sc

 

(mA/cm
2
) 

V
oc

 

(V) 

Fill Factor 
(%) 

PCE 
(%) 

0 20.98 1.14 54.10 13.01 

0.1 20.07 1.12 58.69 13.21 

0.3 23.38 1.14 56.03 14.95 

0.5 17.65 1.16 57.61 11.86 

0.7 19.91 1.12 50.50 11.31 

0.9 15.60 1.11 52.25 9.11 
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Figure 4.25 Power conversion efficiency of perovskite devices with various concentrations 
of PbS QDs doped TNTs in TiOX as ETL. 

 

 
Figure 4.26 PbS QDs doped TNTs suspension with various concentrations of PbS QDs 
doped TNTs in TiOX (mg/ml). 
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 In addition, to confirm the accuracy of the PCE results, the external quantum 
efficiency (EQE) of the best solar cells un-doped, doped pure TNTs and PbS QDs doped 
TNTs were also measured by ORIEL Intelligent Quantum Efficiency (IQE) 200TM 
Measurement system established with the tunable light source. According to Figure 4.27, 
the EQE curve of these devices reveal a significant contribution at wavelength between 
310 and 810 nm and a maximum EQE appearing around 510 nm. The perovskite device 
with PbS QDs doped TNTs prepared from the concentration of 0.3 mg/ml of PbS QDs 
doped TNTs in TiOX shows a higher EQE of about 78% in the wavelength of 510-560 nm, 
which is consistent with its higher JSC, shown in Figure 4.24, compared to the reference 
cell (un-doped) and doped pure TNTs [85].  

 
Figure 4.27 External Quantum efficiency curves of the best perovskite solar cells prepared 
with different in ETL. 
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In summary, the best power conversion efficiency of the perovskite device 
obtained from the ETL which was prepared from the concentrations of 0.3 mg/ml of PbS 
QDs doped TNTs in TiOX is 14.95%, which is about 15% higher than those with un-doped 
PbS QDs doped TNTs in TiOX (Reference Cell), as shown in Figure 4.28. 

 
Figure 4.28 Power conversion efficiency of the best perovskite solar cells prepared with 
different in ETL. 
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CHAPTER 5 
CONCLUSION 

 
5.1 Conclusions 

1. TNTs were successfully synthesized via hydrothermal process from various 
particle sizes of TiO2 precursors. The highest surface area of TNTs of 312.39 m2/g 
with a uniform morphology was obtained from TiO2 precursor with particle size of 
25 nm, which was suitable for using as the electron transporting layer (ETL). High 
surface area TNTs offer the enhanced interfacial area for doping of PbS QDs, 
which ultimately improved the property of ETL and resulted in the enhanced power 
conversion efficiency of perovskite solar cell.   

2. The energy band gap of PbS QDs doped TNTs was determined to be about 2.97 
eV, which was slightly decreased from that of pure TNTs. Therefore, doping with 
PbS QDs did not significantly change the optical property of ETL. A change in 
valence and conduction energy bands of PbS Qds doped TNTs was expected to 
enhance the power conversion efficiency of perovskite solar cell.  

3. The best power conversion efficiency of the perovskite device obtained in this 
work is 14.95%, which is about 15% higher than that of perovskite solar cell with 
un-doped PbS QDs doped TNTs in TiOX (Reference Cell). 
 

4. The best performance of perovskite solar cell was obtained from PbS QDs doped 
TNTs ETL which was prepared from the concentration of 0.3 mg/ml of PbS QDs 
doped TNTs in TiOX solution. 
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5.2 Recommendations for the future work. 

 

1. To investigate and find the optimized operating condition based on various ratios 
of PbS QDs doped TNTs: TiOX as the electron transporting layer for conventional 
planar perovskite solar cells in terms of the solar cell performance. 

 

2. Characterization of conduction band and valence band levels by Ultraviolet 
photoelectron spectroscopy (UPS) should be investigated, in order to observe a 
change in valence and conduction energy bands of pure TNTs and PbS QDs 
doped TNTs. This study would help elucidate the mechanism of how the power 
conversion efficiency is improved.  
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