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PREFACE 

 

       The worldwide increase in energy consumption has motivated scientists to explore 

the potential of solar energy. At present, solar energy harvesting is carried out mostly 

(more than 90%) by the inorganic crystalline silicon (Si) solar cells. Moreover, Si-based 

solar cells are now approaching their maximum theoretical limiting efficiency of 

~29.43%. The latest advancements in technology and materials have led to the 

development of novel photosensitive materials that enabled the fabrication of low cost 

and highly efficient photovoltaic devices. The state of the art growth in various 

perovskite materials like inorganic (CsPbX3: X=I, Cl, Br) and hybrid (ABX3; A= 

organic compound, B= inorganic compound, and X= halides) have attracted huge 

interest among the researchers. Recently, methylammonium lead halides 

(CH3NH3PbX3) have shown highly encouraging photosensitive for photovoltaic 

application, which gained immense research attention since its discovery and has 

boosted hopes for new photovoltaic technologies. 

Typically, the optical and electrical characteristics of photovoltaic devices depend upon 

the device design, fabrication procedures, semiconductor/active material, etc. The 

different synthesis and deposition techniques may be used for the tuning of the 

electronic and optical properties of as-grown thin films. Additionally, the low-

dimension nanostructures such as nanorods or nanowires that offer large surface-to-

volume ratios are mostly used for the charge transport layer in perovskite solar cells 

(PSC). From this perspective, the present thesis deals with the TCAD simulation, 

fabrication, and characterization of TiO2/ZnO nanorods electron transport layer (ETL) 
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based hybrid perovskite (CH3NH3PbI3) solar cells. In PSCs' design, the PTAA/Spiro-

OMeTAD polymer is employed as hole transport material where small molecule 

materials (Li-TFSI and TBP) are used as doping elements to enhance the conductivity 

of the hole transport layer (HTL). 

The primary focus of this thesis is to explore the performance parameter of PSC by 

means of the synergic effects of the modified synthesis process for ETL through 

optimized doping in HTL. The uniformly distributed and vertically aligned TiO2/ZnO 

Nanorods have been grown on FTO substrates by the hydrothermal method, whereas 

both HTL and absorber layers are deposited via spin-coating techniques. Later, the 

optical and electrical properties of TiO2/ZnO Nanorods have been explored in detail. 

The thesis consists of six chapters, which are briefly outlined as follows: 

       Chapter-1 introduces the hybrid perovskite material's optoelectronic properties, 

thin-film synthesis process, and the working principle of perovskite solar cells. A brief 

introduction about device models and thin film characterization techniques have been 

discussed. Finally, a detailed literature survey, motivation, and scope of the thesis have 

been presented. 

        Chapter-2 presents TCAD simulation and fabrication of hybrid perovskite solar 

cells. The electrical and optical characterization has been investigated for the device 

structure Pd/PTAA/hybrid perovskite (CH3NH3PbI3)/TiO2 Nanorods (TNRs) grown on 

an FTO coated glass substrate. The TNRs layer is synthesized by a low-cost 

hydrothermal process and acts as the ETL, whereas the PTAA acts as the HTL. The 

solar cells are optimized, fabricated, and characterized for different TNRs thickness and 

then several device performance parameters such as short circuit current density (JSC), 
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open-circuit voltage (VOC), fill factor (FF), and power conversion efficiency (PCE) and 

etc. are studied. The Solar Cell Capacitance Simulator-One Dimensional (SCAPS-1D) 

is used to simulate the proposed solar cell structure and validated via our experimental 

results. The effects of thickness variation of ETL on the solar cell parameters have been 

investigated by solving the drift-diffusion model. The measurements show that the 

efficiency of the solar cell is decreased with the increase in ETL thickness, which is 

attributed to higher trap sites in the active layer and ETL. The maximum optimized 

efficiency of 15.04% is obtained for ETL thickness of 500 nm. On the other hand, the 

simulated results are in close resemblance to the experimental results, having an 

efficiency of 15.69%. 

Chapter-3 reports the efficiency improvement of perovskite solar cells (PSCs) by 

solvothermal etching and TiCl4 treatment of TNRs based ETL. The TiO2 NRAs have 

been explored for the ETL due to their better direct carrier transportation over other 

TiO2 nanostructures. The solvothermal etching of TiO2 NRAs enhances the surface-to-

volume ratio of the ETL, which, in turn, enhances the power conversion efficiency 

(PCE) of the PSCs. All the measurements have been performed at room temperature 

and high humid (with ~65% humidity) conditions to demonstrate the performance of the 

PSCs under normal environmental conditions. A noteworthy efficiency of 15.16% with 

an improved fill factor (FF) and short circuit current density (JSC) has been reported in 

the proposed PSCs. The PSC performance is further improved by the TiCl4 treatment of 

the solvothermally etched TiO2 NRs as the ETL in the device. 

       Chapter-4 discusses the effect of the seed layer, which directly affects the growth 

of the ZnO Nanorods (ZNRs) and related photovoltaic parameters of the hybrid 
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perovskite solar cell. Four different types of ZnO seed layer samples have been 

synthesized using four methods, namely: ZnO drop-cast, ZnO nanoparticles (NPs), ZnO 

quantum dots (QDs), and ZnO solvothermal on the FTO substrate. ZnO drop-cast 

results in less density, tilted, and non-uniform deposition of the nanorods. But uniform 

coverage, high volume to the surface, and vertical direction growth of ZNRs are 

observed in the ZnO QD seed layer sample compared to the other three samples. 

Morphology and crystalline structure were analyzed with HRSEM, TEM, and XRD, 

whereas optical absorption, emission, and transmittance are recorded using UV-Visible, 

and Photoluminescence, respectively. Subsequently, the electrical characterization 

reveals that the optimum photovoltaic parameters are obtained on the seed layer of ZnO 

QD, which leads to the power conversion efficiency of 10.69% for ZnO NR based 

perovskite solar cell structure (FTO/ZNRS/CH3NH3PbI3/PTAA/Au). 

Chapter-5 presents the simulation, fabrication, and characterization of ZnO 

Nanorod (ZNRs) based PSCs under ambient air conditions. The proposed PSC 

structures use a CH3NH3PbI3 hybrid perovskite-based active layer sandwiched between 

a ZnO Nanorods (NRs) ETL and a Spiro-OMeTAD (undoped and doped) HTL. The 

ZnO NRs are grown using a low-cost solvothermal process at relatively low 

temperature. The performance of fabricated PSCs is analyzed for both the undoped and 

doped (with TBP and LiTFSI) spiro-OMeTAD based HTLs. All the solar parameters, 

namely, short circuit current density (JSC), open-circuit voltage (VOC), fill factor (FF), 

power conversion efficiency (PCE), and external quantum efficiency (EQE), are 

calculated from experimentally measured current density versus voltage (J-V) and 

wavelength transient characteristics in ambient condition. The maximum PCE of 

10.18% is obtained for the doped HTL, whereas 9.51% for undoped HTL. The 
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improved performance due to HTL doping is attributed to the enhanced charge 

transportation of the HTL. The experimental results obtained from the fabricated PSCs 

are also compared with the SetFos
TM

 TCAD simulation data using the drift-diffusion 

model. The simulated results are observed to be well matched to the experimental data.  

Chapter-6 includes the major findings of the thesis along with a brief outline for 

the future scope of research related to the present thesis.  

----XXX---- 
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CHAPTER 1 

 

Introduction and Scope of the Thesis 

 

1.1 Solar Cell 

Modernization and urbanization of societies and industries have significantly 

increased the use of energy in everyday life. Over the past several years, increased 

consumption of non-renewable resources like coal, petroleum, and gases will 

exhaust all the available natural sources [1]. The limited resources of fossil fuels 

and environmental pollution caused by the burning of fossil fuels have primarily 

encouraged the researchers for clean and green energy harvesting through 

renewable energy sources to meet the high demand for energy in the various 

electrical and electronic applications [2]. The major non-renewable and renewable 

sources are shown in Figure 1.1. 

Solar energy is considered one of the most important renewable sources to 

solve the present and future energy problems because of its abundant availability 

and pollution-free generation [3]. Solar energy is converted to electrical energy by 

a typical solar cell, which has the edge of resolving large energy demand, less 

effect on climate change, control global warming, clean and unlimited energy 

source [3]. Various types of solar cells are fabricated using different photoactive 

materials, namely silicon, germanium, gallium arsenide, cadmium telluride, dyes, 

conducting polymers, perovskites, etc. [4]. The power conversion efficiency 

(PCE) of the solar cell primarily depends on photoactive materials and the device 
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structures. 

 

           Figure 1.1: Various non-renewable and renewable energy sources.  

1.1.1 Origin of Solar Cells 

The Concept of the photovoltaic effect was first experimentally discovered by 

French physicist Edmond Becquerel in 1839 [5]. Later, Willoughby Smith passed an 

electric current through selenium and found the effect of light on electric current in 

1873 [6]. He described that the light is striking a photosensitive semiconductor material 

result in electrical energy. This remarkable discovery is considered as the beginning of 

the new era for the conversion of solar energy into electrical energy using a solar cell 

[7]. In 1883, Charles Fritts invented the first solid-state photovoltaic (solar) cell using 

the thin film coating of gold on light-sensitive material selenium to form the junctions 

[8]. Although this device had only 1% efficient, it paved the way for future solid-state 

photovoltaic devices [8]. In 1905, Albert Einstein proposed a new theory of quantum 

physics and described the photoelectric effect [9]. The research on photovoltaic cells 
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was revolutionized after experimental validation of Einstein‟s photoelectric theory in 

1916 and the Nobel Prize to Albert Einstein in 1921 [9]. 

Further, p-n junction based solar cells using Cu2O and Ag2S was reported by 

Vadim Lashkaryoy in 1941. The modern device structure of the junction based solar 

cells was proposed by Russell Ohl [10] in a patent filed in 1946. The first commercial 

standard solar cell having 6% power conversion efficiency (PCE) was developed using 

inorganic materials by Daryl Chapin, Calvin Fuller, and Gerald Pearson in Bell 

Laboratory in 1954 [11]. Later, the production of solar cells was started for commercial 

use. The first silicon-based solar cell panel was incorporated into US satellite Vanguard 

1 in 1958 [Internet Source]. Several satellites such as Explorer III, Vanguard II, and 

Sputnik-3 were launched with solar cell-powered system onboard in the next few years. 

1.1.2 Generation of Solar Cells 

Silicon (Si) is the most widely used material in the electronic industry for the last 

seven decades. Fabrication of Si-based solar cells requires high-temperature processing 

and various sophisticated requirements, including nanofabrication facilities, ultra-high 

vacuum deposition process, etc. Further, the preparation of Si from silica is a high 

energy draining method, which makes very low energy payback time (EPBT) of the 

silicon-based solar cells. Moreover, the management of extremely large e-wastes 

resulting from the worldwide use of solar cells made of Si and other inorganic 

semiconductors have become a challenge for environment and water management 

systems. Thus, rigorous research is focusing on developing organic and hybrid 

semiconductors for environment-friendly and low-cost solar cells. The organic material 

was first introduced in the solar cell by Calvin in the 1960s [12]. The idea of a multi-
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junction solar cell came in 1970, and the layer of different semiconductor material was 

used in a solar cell to absorb a broad spectrum. The real breakthrough in the field of 

photovoltaic devices came with the introduction of two different photosensitive 

semiconductors instead of one semiconductor material by Tang in 1986 [13].  The 

German and French scientists built a multi-junction solar cell and recorded 46% power 

conversion efficiency in 2014 [14]. The solar cell development using various types of 

material in the different periods is categorized into four generations of the solar cells, as 

illustrated in Figure 1.2. 

The present day‟s solar market is dominated by the first two generations [15], [16]. 

The first generation includes eminent and medium-cost technologies (i.e., mono or 

polycrystalline Si and GaAs based solar cells), which results in moderate yields. The 

second-generation mainly comprises thin film (TF) technology-based solar cells that are 

cheaper to manufacture but have lower efficiency [16]. Copper Indium Gallium 

Selenide (CIGS) and CdTe/CdS based solar cells are examples of the second generation. 

Then, the third-generation solar cells are very efficient but expensive as they explore the 

usage of novel materials and the variability of designs [17]. They involve technologies 

based on newer compounds, stacked or tandem multilayers of III-V materials 

(inorganics based), Quantum Dots (QDs), Dyed Sensitized Solar Cells (DSSCs), etc. 

Finally, the fourth generation is currently under investigation and is also recognized 

as “Inorganics-in-Organics”. It mainly syndicates the flexibility or low cost of polymer 

TFs with the efficient and stable novel inorganic nanostructures (such as metal oxides 

and nanoparticles) along with organic-based nanomaterials (like graphene or its 

derivatives, carbon nanotubes) [18]. The recent development in solar cell manufacturing 
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includes solar cells made of several organic, inorganic, and organometallic halide 

perovskite materials. The exceptional improvement in the power conversion efficiency 

from 3.8% to 25.2% in the perovskite solar cell (PSC) has been observed in a very short 

span of time. Moreover, the cost to manufacture a perovskite solar cell is a fraction of 

the cost of other thin-film technology with almost equivalent performance. Although 

PSC has lower stability over time, it has several advantages, such as low-temperature 

solution processing and the ability to produce a flexible solar cell. All these advantages 

and the availability of a wide range of perovskite materials can be used to fabricate 

more exciting and appropriate solar cells.  

 

           Figure 1.2: Different generations of solar cells. 
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1.2 Perovskite Solar Cell 

Perovskite solar cell comes under the most recent generation of the solar cell. It has 

the inherent advantage of high efficiency, low cost, and easy fabrication process. The 

PSCs are made using perovskite structured material as photoactive. The efficiency of 

the PSC depends mainly on the perovskite material used. The achieved efficiency for 

perovskite solar cells is comparable to the Si and other materials-based solar cells‟ 

efficiency, as shown in Figure 1.3. The improvement in the PCE has been achieved by 

optimizing the thin-film processing technology and bandgap engineering of the 

perovskite film in the solar cells [19]. Efficiency has also been enhanced by choosing a 

suitable wide bandgap organic or inorganic material for electron transport layers 

(ETLs), hole transport layers (HTLs), and bandgap alignment in the device structure. 

Moreover, the defects such as pinholes and grain boundaries created during the 

fabrication process and the material properties such as extinction coefficient, carrier 

mobility, diffusion length, bandgap, etc., affect the PCE of the solar cells. 

 

                         Figure 1.3: Comparative rapid growth in PCE for perovskite-based solar cells [20]. 
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1.2.1 Perovskite Material 

Perovskite material was first discovered by the Russian mineralogist Gustav Rose 

in 1839 in a piece of chlorite rich skarn. The mineral was CaTiO3, named after the 

legendary Russian mineralogist Count Lev A. Perovskiy [21].  Later, the name 

perovskite was also referred for the three-element metal oxides such as PbTiO3, BiFeO3, 

BaTiO3, etc., having a perovskite structure with the formula ABO3. These metal oxides 

find use in several ferroelectric, dielectric, pyroelectric, and piezoelectric applications. 

Nowadays, the name perovskite does not only refer to metal oxides but also to halides, 

which have halide anions (F
-
, Cl

-
, Br

-
, I

-
) in place of oxide anions (ABX3; A = cation, B 

= divalent metal cation, X = halogen anion).  The halide perovskite was discovered by 

Well et al. in 1893 during their experiments on the synthesis of cesium-based lead 

halide compounds, CsPbX3 (X = Cl, Br, I) [22].  The real breakthrough for the 

perovskite occurred in 1957, when C. K. Møller, a Danish researcher, reported that 

CsPbCl3 has the perovskite structure [23]. 

The first three-dimensional organic-inorganic hybrid perovskite was discovered by 

replacing cesium in CsPbX3 (X = Cl, Br or I) with methylammonium cations (MA = 

CH3NH3+) by Dieter Weber in 1978 [24]. The organic-inorganic hybrid perovskite 

(CH3NH3PbI3) is most commonly used as photoactive material for making highly 

efficient photovoltaic and optoelectronic devices. The lead halide perovskite materials 

possess unique and much suitable semiconductor properties such as high absorbance 

coefficient, direct bandgap, large diffusion length, etc., which allow them to manifest 

into efficient photovoltaic cells and other optoelectronic applications such as light-

emitting diodes (LEDs), photodetectors, X-ray detectors, and so on. Despite their 

eccentric electronic and optoelectronic properties, the two major issues are that stability 
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and toxicity of the perovskite materials have held up their commercial applications in 

the current scenario. In this thesis, 3D organic-inorganic lead halide perovskites have 

been analyzed for photovoltaic applications. 

1.2.1.1  Crystal Structure 

The crystal structure of hybrid perovskite compounds is similar to CaTiO3 or in 

more general form ABX3. Typically, the „A‟ atoms are larger than the „B‟ atoms. The 

„A‟ and „B‟ cations coordinate with 12 and 6 „X‟ anions, respectively, to form 

cuboctahedral and octahedral geometries, as shown in Figure 1.4.  

Table 1.1: Comparison of optical properties of perovskite with other materials. 

 

The halide perovskites have semiconducting properties that are highly desirable for 

photovoltaic (PV) and other optoelectronic applications. The essential parameters of 

perovskite are compared with other common materials used for solar cell fabrication 

and listed in Table 1.1. 
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Figure 1.4: (a) Structure of ABX3 perovskite (b) Cubic unit cell of CH3NH3PbI3 [25]. 

1.2.1.2 Optoelectronic Properties 

The ionic nature of organic-inorganic halide perovskite materials and their 

semiconducting properties, i.e., allow a free tuning of absorption edge wavelength 

(bandgap)  and optical absorption by varying or combining halide ions (Cl, I, Br), 

thereby developing mixed-halide solid solutions. Methylammonium lead iodide 

(MAPbI3) is a unique intrinsic semiconductor [26] showing superior mobility of both 

photogenerated holes and electrons. Figure 1.5 illustrates the band diagram for MAPbI3, 

where the valence band (VB) incorporates nearly ~25% Pb 6s
2
 orbitals (lone pair) and 

70% I 5p orbitals, while the conduction band (CB) contains a mixture of 6p
2
 orbitals of 

Pb and several other orbitals. In such a case, there exists strong coupling in VB orbitals 

between I 5p orbitals and Pb lone-pair 6s
2
 [27]. The structure of MAPbI3 is highly 

symmetric, which results in the direct bandgap in this material. Moreover, Pb s orbital 

lone pair enables p-p electronic transitions from VB to CB. Therefore, the combination 

of these factors imparts extraordinarily high optical absorption coefficients to MAPbI3 

(~10
5
 cm

−1
) [28]. The acclaimed defect tolerant properties of perovskite material are 

credited to its ionic characteristics, strong I p-Pb s anti-bonding coupling, and weak I p-

Pb p coupling [27]. This property is replicated by the MAPbI3 having large carrier 



Chapter 1                                                                                                                                                       Introduction and Scope of the Thesis 

12 

 

diffusion lengths. Moreover, as MAPbI3 is an intrinsic semiconductor, it has ambipolar 

carrier mobility owing to its ionic crystal. On a final note, recombination between 

electrons and holes is suppressed in halide perovskites due to a charge-screening effect 

against Coulombic interaction, which is assisted by the high ionic density of the 

perovskite. 

 

Figure 1.5: Band structure of MAPbI3 [29]. 

     The optical bandgap of the hybrid perovskite material can be tuned by the changing 

in “A” site cation and “B” site cation [30]. Perovskite quantum dots (QDs) offers 

tunability with size, which can be controlled using changing the concentration of the 

capping agents or surfactants (octyl amine and oleic acid) [31]. CH3NH3PbI3 also has 

the ability to be used in photodetector because it shows the high gain of the 

photoinduced current, which exceeds 100%. Nowadays, perovskites have potential use 

for color image sensors in digital cameras. The perovskite-based color sensors and 

photodetectors take advantage of the low-cost and printable semiconductors and are 

expected to be commercialized soon. Perovskites are also used for the detection of X-
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Rays in the medical diagnosis. It works well because lead-based perovskites have high 

absorption coefficients for X-ray radiation. Samsung‟s research group and Park et al. 

reported the detection of an actual X-Ray image by using a 2D patterned image sensor 

[32]. Organic lead halide perovskite-based optoelectronic semiconductor devices may 

also be used as radiation sensors for space explorations owing to their high defect 

tolerance nature.  

1.2.2 Working Principle of Perovskite Solar Cells 

The perovskite-based solar cells are commonly made in p-i-n structure, as shown in 

Figure 1.6. The organic-inorganic hybrid perovskites (i.e., CH3NH3PbI3, CH3NH3PbBr3, 

CH3NH3PbI3, etc.) are used as intrinsic (i) layer and work as photoabsorber. The wide 

bandgap conducting polymers (i.e., spiro-OmeTAD, PTAA, etc.) and metal oxides (i.e., 

TiO2, ZnO, etc.) are used for the p and n layer, respectively. The photovoltaic operation 

in the p-i-n structured perovskite solar cell is based on three basic concepts: (a) 

Generation of charge carrier in absorber (i) layers, (b) Separation of charge carrier by 

transport (p and n) layers, and (c) Collection of charge carrier at electrodes. When the 

solar cell is illuminated with sunlight having photon energy (hv) greater than the 

bandgap (Eg), the photon is absorbed by the absorber layer, and the charge carrier is 

generated. Due to the internal electric field, the electron-holes pair are separated by 

consecutive electron and hole transport layers. If these charge carriers are not separated, 

they will recombine shortly. Finally, the charge carrier is collected by the top and 

bottom electrodes of the solar cell and creates the photovoltage across the device. The 

polarity of the output voltage is the same as the “forward bias” direction of the device, 

but the photocurrent is opposite to the direction of the forward current through the 
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device under dark condition. 

Solar light causes a current (I) to flow from the solar cell to the load. The magnitude 

of this current (I) is the algebraic sum (without sign) of generated current (IPH), the 

current flowing in the non-linear junction (ID), and the current passing through shunt 

resistance (ISH). The equivalent electrical circuit of the solar cell has been shown in 

Figure 1.7. The I-V characteristics equation for the equivalent electrical circuit of the 

solar cell under illuminating condition is given as, 

 

where IPH is photogenerated current, IS is reverse saturation current, and VT is the  

thermal voltage. 

Top Electrode 

HTL 

Perovskite  (Absorber Layer) 

ETL 

TCO 

Glass 

Figure 1.6: General structure of perovskite solar cell. 
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Figure 1.7: Electrical equivalent model of the perovskite solar cell [16].  

It is evident from the I-V characteristic equation that solar cell parameters are 

greatly affected by series and shunt resistance. The impact of series resistance and shunt 

resistance on solar cell parameters are analyzed by the equivalent circuit shown in 

Figure 1.7.  The series resistance RS, represented in the equivalent circuit, can arise due 

to the contact resistance, resistance of semiconducting layers, and the contact resistance 

of electrodes. The shunt resistance, RSH, can similarly be caused by various factors, such 

as surface leakage along the edge boundaries, crystal defects, or pinholes in the surface.  

The thickness of the different layers is also a factor that changes the resistance of the 

device and affects the performance of the solar cell. It can be observed that the zero 

value of RS and the infinite value of RSH gives the best performance (ideal case).  

The performance of the solar cell is specified using four main solar cell parameters, 

namely open-circuit voltage (VOC), short circuit current (JSC), fill factor (FF), and power 

conversion efficiency (ƞ). The electrical equivalent model, shown in Figure 1.7, and the 

current density-voltage (J-V) curve, shown in Figure 1.8, are used to analyze these 

characteristics of the solar cell. For all the values of J and V, the product of these two 

quantities gives the power density (P=J×V), and the product has a maximum value 

(called Pmpp) at a particular current and voltage value (called Jmpp and Vmpp). The 

short circuit current density and open-circuit voltage are described as: 
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I (at V=0) = ISC and  

V (at I = 0) = VOC 

Or 

ISC = Im = Iℓ and VOC = Vm for forward-bias power quadrant 

 

 

Figure 1.8: J-V curve for PSC device where the red curve is for under illumination and black is for 

dark. The area in the shade gives maximum achievable power.  

     On the other hand, the fill factor (FF) is evaluated by comparing the maximum 

power to the theoretical power (PT). The fill factor also reflects the J-V curve‟s 

squareness, which represents the effects of resistive and recombination losses. The 

fill factor depends on open circuit voltage and short circuit current density, so there 

can also be a reduction in short circuit current below the value of the photocurrent 

due to the forward biasing across the junction as a result of the voltage drop across 

the series resistance (RS).  Finally, power conversion efficiency (ɳ) is defined as the 

ratio of output energy of the solar cell (PMPP) to the incident optical power density 

from the sun (Pin). PCE can also be written as,  
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1.2.3 Numerical Modelling of Perovskite Solar Cells 

           A numerical simulation-based modeling approach is performed to develop a 

highly efficient solar cell, obtain optimum solar cell parameters, and understand the 

device physics. The fabrication cost can be minimized by optimizing device 

characteristics using technology computer-aided design (TCAD) simulation. Several 

TCAD simulation tools, such as SCAPS-1D, Lumerical, AMPS, SETFOS (Fluxim), 

etc., are available for the electrical and optical simulation of organic and hybrid 

perovskite solar cells [33]. Among these two popular tools, SCAPS-1D and SETFOS
TM

 

(Fluxim) are used in the present thesis work for the validation of the experimental 

results. 

The numerical simulation model for the DSSC, silicon solar cell and other 

hybrid solar cells explains the behavior of the charge movement and the factor that 

affects the performance of the device. The performance of DSSC is based on the redox 

level in electrolytes, so the model includes a solvent that conducts ions and current. 

Similarly, the simulation models of the silicon-based photovoltaic device involve the 

doping that forms the p-n junction. The working principle of the perovskite solar cell is 

different from DSSC and silicon solar cells. The redox level and doping level is not 

required for the PSCs simulation model. Electrons and holes contribute to the current 

generated by photons energy in the PSC. So the numerical simulation plays a vital role 

in understanding carrier transportation mechanism and device performance. 
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The SCAPS-1D simulator can efficiently simulate the CIGS,  CdTe, and 

crystalline solar cell (Crystalline Si and GaAs ), which comprises up to 7 layers, 

whereas SETFOS can also be used for simulation of organic LED, solar cell as well as 

tandem solar cell structure with different layers. The simulation and modeling of hybrid 

perovskite solar cells are reported first time by Agrawal et al. [34] in 2015. The 

SETFOS simulation tool includes four different types of models, such as drift-diffusion, 

absorbance, advanced optics, and emission for a solar cell with a fitting and 

optimization algorithm. The Emission module deals with dipole emission, full-

spectrum, color filter, and substrate optics, whereas the scattering module helps in 

improving the optical efficiency of the material. The charge generation, recombination, 

and transportation profile are managed by the absorption and drift-diffusion modules. 

The basic parameters required for electrical simulation are electron affinity (X), 

Bandgap (Eg), dielectric constants, the density of states of the conduction band and 

valence band (NC and NV), mobility of electrons and holes (µe and µh), the thermal 

velocity of electrons and holes, doping concentration of acceptor and donor (NA and 

ND), absorption coefficient, defect density (Nt) of different layers and also working 

temperature. 

In these simulation tools, there is the flexibility to choose parameters either 

graded or different profiles.  Optically we can separately define reflection, transmission, 

and other parameters. It also provides the option to vary the illumination spectra such as 

AM1.5G, AM0, AM1.5D, etc. SCAPS-1D provides generation- recombination status, 

energy band, quantum efficiency, and J-V characteristics, which is used for the 

calculation of open-circuit voltage (Voc), short circuit current (Jsc), power conversion 

efficiency (PCE), and fill-factor. The sweep function is also available in the tools, 
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which is very useful for optimizing the performance of the solar cell by varying the 

material parameters such as thickness, defect density, doping, etc., of the different 

layers. 

The simulation tools solve Poisson‟s equation for the electric field, which 

depends upon charge flow and trap centers in the material. Poisson‟s equation for a 

semiconductor can be stated as [35]: 

 

The current density due to electron or hole at any point in the device must be identical at 

all the points under the steady-state condition in dark condition. However, generation 

and recombination affect the current density under illumination. The continuity equation 

for electrons and holes can be inscribed as [35]: 

 

 

Also, the total currents are calculated from drift and diffusion components as [35]:  
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Where Jn and Jp are current densities due to electron and hole, G is generation rate R is 

recombination rate, ɸ is electrostatic potential, e is electric charge,  

ɛo is vacuum permittivity, ɛr is relative permittivity, p and n are electron and hole 

concentration, NA and ND are charged impurities of donor and acceptor and  is defect 

charge density. 

The recombination models commonly used are band-to-band recombination, 

SRH (Shockley-Read-Hall) recombination, and Auger recombination, as illustrate in 

Figure 1.9. Band to band (rediative recombination) and Auger recombination are 

unavoidable because these are intrinsic material properties. Band-to-band recombination 

is the process in which the electrons fall back from the conduction band to the valence 

band to recombine with holes. The expression for the band to band recombination is 

given as [35]: 

        

Where  is the recombination coefficient. The SRH (Shockley-Read-Hall) 

recombination takes place due to the impurities and defects in a material. These defects 

create trap states, which are essential for this recombination; hence it is also called trap-

assisted recombination. The rate of this recombination can be expressed as: 
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Where  and  are electron and hole lifetime, ni is intrinsic carrier concentration. 

 

                   Figure 1.9: Band-to-band (radiative recombination), SRH, and Auger recombination. 

  SRH recombination occurs extensively when defects between crystal grains are 

present and cause increased trap states. Therefore, single-crystal materials have 

generally lesser SRH recombination due to extrinsic impurities and dangling bonds at 

the surface. In Auger recombination, the energy released by a band to band 

recombination of an electron-hole pair is given to another carrier. It can be expressed as 

[35]: 

      

Where  and  are constants. 

1.3 Fabrication Process for Perovskite Solar Cells 

The perovskite solar cell is a multilayered thin-film device. The different layers, 

namely electrodes (anode and cathode), photo absorber, hole transport layer, electron 

transport layer, and other interface layers, are composed of different materials in the 
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solar cell structure. Some key processing steps should be considered for high-

performance solar cells. First of all, a suitable bandgap material (absorber material) is 

chosen to absorb the maximum solar light spectrum, the next one is selecting the wide 

bandgap electron and hole transport material to separate maximum charge carriers, and 

finally, the suitable work function material for electrodes are required to collect the 

maximum charge carriers. This section briefly discussed the various layers of perovskite 

solar cells. 

1.3.1 Electrodes 

The suitable top and bottom electrodes are used for better collection of charge carriers 

to get high-performance solar cells. Different physical vapor deposition (PVD) 

techniques such as sputtering, thermal, electron beam, etc., are commonly used to obtain 

a thin film of metals (Al, Ag, Cu, Au, Pd, Pt, etc.) and doped semiconductors (ITO, 

FTO, etc.) for the electrodes.  

 

     Figure 1.10: Block diagram of physical vapor deposition. 
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A block diagram of a typical PVD system is illustrated in Figure 1.10. The  ITO/FTO is 

primarily deposited by the sputtering method and used as transparent conducting oxide 

electrodes at the bottom of the solar cell so that maximum light can pass through it. 

Noble metals, Au and Pd, with high work function (~4.8 to ~5.1 eV) are the most 

suitable top electrodes (avoiding fast oxidation and degradation) for perovskite solar 

cell is commonly deposited by thermal and electron beam evaporation. Thermal 

evaporation is also employed to deposition high purity Ag/Al film as a top electrode on 

both the solution-processed and thermally deposited metal oxide ETL. 

1.3.2 Photoabsorber Layers 

The photoabsorber layer is the most crucial layer, and perovskite material is used 

for this layer. The LUMO and HUMO level of hybrid perovskite material can be easily 

modified by using the composition of different halide anions (i.e., the composition of 

Cl, Br, and I in hybrid perovskite), and thus the absorbance coefficient changes. In the 

last few years, the power conversion efficiency of perovskite solar cells has been 

remarkably increased by gradual development in deposition techniques of perovskite 

thin film. The film coating controls the morphology and crystallinity of hybrid 

perovskite material that affects the absorbance coefficient of perovskite material and 

significant impact on short circuit current density. The stability of perovskite film also 

depends on the growth and crystallinity of perovskite material. 

The high solar cell performances achieved in this short period are primarily due to 

the extensive efforts that have been invested over the years to develop and optimize 

these perovskite thin film deposition procedures [27]. These deposition methods include 

single step deposition [36], sequential deposition [37], vapor assisted deposition (via 
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single source and dual source) [38], screen printing, and anti-solvent methods [39]. 

Among these, sequential deposition and anti-solvent methods are two of the most 

widely used (methods) for the fabrication of solar cells. The PCE of hybrid PSC is 

achieved over 25.2% via sequential deposition technique [40]. In general, the spin 

coating deposition technique has enormous potential for the development of highly 

efficient perovskite solar cells for large scale production. Therefore, these achievements 

are very promising for the scale up of perovskite photovoltaics in the near future [27]. 

The three common deposition methods are discussed in following sub-sections: 

 

Figure 1.11: Deposition methods for the perovskite thin film: (a) One step deposition, (b) Two step 

deposition, and (c) Physical vapor deposition [41]. 

1.3.2.1 One Step Deposition via Spin Coating 

The perovskite thin-film is initially deposited via spin coating in a single step on 

mesoporous metal oxide films using an equimolar ratio of PbX2 and CH3NH3X in a 

common solvent [42]. Polar solvents, such as dimethylformamide (DMF), 
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dimethylsulfoxide (DMSO), g-butyrolactone(GBL), or N-methyl-2-pyrrolidone (NMP), 

are commonly used [43]. Spin coating is followed by heating the film at 70–150
o
C to 

evaporate the high-boiling point solvent and in order to increase the grain size and 

crystallinity of hybrid perovskite (MAPbX3) thin film [43]. The perovskite deposited 

substrate is converted from light yellow to dark brown after cooling at ambient 

temperature and confirmed the formation of perovskite film [42]. The problem with 

these deposition methods is that non-uniformity and uncontrolled grain size. Typically, 

it leads to uncontrolled precipitation of the perovskite with large morphological 

variations in photovoltaic performance in the resulting devices. 

1.3.2.2 Two Step Deposition via Spin Coating 

A sequential deposition method for perovskite thin layer is first employed by Liang et 

al. [28] to enhance the performance of PSC. For the preparation of organic-inorganic 

lead halide (CH3NH3PbI3) thin film, the solution of organic compound (PbI2) is 

infiltrated in the mesoporous layer of Al2O3 or TiO2, and the film is dried by 

evaporating the solvent. In the 2
nd

 step, the PbI2 deposited substrate is dipped into the 

solution of organic compound (CH3NH3I).  Conversion of perovskite thin-film occurs 

within the mesoporous when both the compound organic and inorganic comes into 

contact, permitting much better control over the perovskite morphology. The sequential 

deposition technique is further optimized for performance improvement of hybrid PSCs 

by Burschka et al. [37]. This significantly increased the reproducibility of device 

performance and achieved a PCE of approximately 15%. Further, with the development 

of technology, the anti-solvent technique has been employed for enhanced performance 

parameters of perovskite solar cells. Jeon et al. [44] have used an anti-solvent method 
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during deposition of perovskite thin film to fabricate highly efficient hybrid perovskite 

solar cells.  

1.3.2.3  Vapor assisted deposition technique 

Vapor assisted deposition process is a novel techniques for the deposition of high 

quality and uniform perovskite thin film. In this method, the first step includes the 

deposition of the inorganic compound via solution process followed by deposition of 

physical vapor of organic compound from a single source. This technique provides full 

surface coverage and moisture stability in a non-vacuum solution. The vapor assisted 

solution process is distinct from other traditional solution deposition techniques because 

it decelerates nucleation and permits robust reorganization of thin-film growth. Ping fan 

et al. reported a PCE of 10.90% for perovskite solar cells based on the single-source 

physical vapor deposition method [32]. The vapor deposition via dual-source process is 

used for well-defined grain structure, extremely uniform deposition, and full surface 

coverage of perovskite thin-film without post-heating treatment. But the simultaneous 

control of evaporation of both the organic and inorganic compound is very difficult to 

handle with dual-source evaporation methods. 

1.3.3 Charge Transport Layers 

Wide bandgap hole blocking and electron blocking materials are commonly used 

for ETL and HTL, respectively, in the PSCs. The structural and material engineering of 

the ETL and HTL plays an important role in the performance improvement of the PSCs. 

Efficiency can be enhanced by choosing a suitable wide bandgap material for ETL, 

HTL, and bandgap alignment in the device structure [45]. The primary function of the 

ETL and HTL layer is to extract the electron and hole from the absorber layer and 
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transport them to electrodes. The energy band alignment between HTL (ETL) and 

absorber layer plays an essential role for transportation of hole (electron) and blocking 

of the electron (hole) to minimize charge carrier recombination.  

The structural, chemical, electrical, and optical properties of the charge transport layers 

(ETL/HTL) strongly depend on the deposition techniques and the environment under 

which the deposition of the materials is performed on the desired substrate. Various 

methods such as spin coating, thermal evaporation, electrochemical, hydrothermal, 

spray coating, screen printing, vapor deposition, chemical bath deposition, etc., are 

employed for the deposition of ETL and HTL of the solar cell. The comparison of 

various methods is listed in Table 1.2.  The spin coating and screen printing (Blade 

coating, slot die coating), spray coating, hydrothermal, etc., are chemical solution-

based, low-cost techniques. Metal oxide electron transport layers such as TiO2 and ZnO 

are deposited by all techniques. However, the hydrothermal method is mostly used for 

the nanostructures (nanorods, nanowires, nanotubes, etc.) based thin film of TiO2, ZnO, 

and other metal oxides at low cost and low temperature. The hydrothermal process 

provides a controlled size and shape of the nanostructures with highly crystallized and 

uniform. 
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Table 1.2: Comparison of different deposition techniques for charge transport layers. 

Methods Advantages Disadvantages 

Sputtering: Thin-film is deposited by 

ion bombardment of the source (target) 

by generated plasma on the desired 

substrate.  

1. Large surface area 

deposition 

2. Good reproducibility 

1. It may be surface damage 

in the substrate used. 

2. A high-cost vacuum 

chamber is required 

 

E-beam evaporation: The electron 

beam is used to deposition thin-film by 

the transformation of atoms into the 

gaseous phase. 

 

1. Good for liftoff  

3. Highest purity  

4. High precision of film 

thickness  

5. Ease of operation  

6. Excellent material 

utilization  

1. Some CMOS processes 

sensitive to radiation and 

heat  

2. Difficult for alloys 

3. Poor step coverage and 

decomposition  

4. A high-cost vacuum 

chamber is required 

Chemical bath deposition (CBD): The 

thin film layer is deposited by dipping 

substrates in solutions with ions of 

interest (particularly metal ions). 

1. Simple and low-cost 

experimental set up requires 

2. Easy Control of the 

thickness of the film 

1. Lack of reproducibility 

compare to other chemical 

deposition methods 

Sol-Gel: This method is based on 

inorganic polymerization reactions in 

which colloidal solution is used for 

deposition of the thin film of metal 

oxide. It includes four steps: hydrolysis, 

polycondensation, drying, and thermal 

decomposition. 

1. Excellent composition 

control 

2. Can be used for large scale 

production. 

3. Low cost and low-

temperature technique  

1. Film thickness control 

2. Optimization for the 

particle size of the colloidal 

solution required  

2. Surrounding environment 

affects the film 

3. Porosity control is 

difficult  

4. Multiple thin film layer 

may cause cracks 

Chemical Vapor deposition (CVD): 

Deposition by chemical reaction of 

reactants at the substrate surface and 

energy for the reaction is provided by 

heat. 

1. High purity 

2. Relatively high deposition 

rates 

3. High quality, high-

performance thin film 

1. High temperatures 

requirement 

2. The precursors material 

should be volatile at room 

temperature 

PECVD: The chemical vapor deposition 

the technique uses plasma to improve 

the yield and performance of the 

synthesis 

1. Less temperature required 

2. Good material properties of 

the deposited thin film. 

1. In some cases, toxic 

precursors are needed 

2. High-cost equipment 

3. Plasma could damage the 

deposited thin films  

Spray Pyrolysis: The traditional 

multisource CVD process can be 

converted to a single-source deposition 

process by spraying a solution onto a 

surface at an adequate temperature 

1. Simple and low– cost 

method 

2. Suitable for large scale 

deposition 

1. Size of droplets of the 

initial solution is not the 

same 

which can lead to 

inhomogeneity in the 

material 

Hydrothermal deposition: This is a 

simple deposition technique that requires 

a specific growth temperature under high 

pressure to synthesize single-crystalline 

material using an aqueous solution. This 

is commonly used for the deposition of 

TiO2/ZnO nanorods. 

1. Better control of size 

and shape of thin film 

2. It is possible to obtain high 

crystallized nanostructures 

1. Optimization is required 

for the process 

2. Problems in 

reproducibility. 
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1.4 Characterization Techniques for Perovskite Solar Cells 

The different types of characterization techniques are commonly used to analyze 

and verify different layers in the solar cell structure. The characterization includes 

surface, optical, and optoelectronic for the thin films and devices, as follows: 

1.4.1 Surface Characterization 

Some essential surface characterizations are performed to understand the basic 

properties of the synthesized perovskite and other associated materials in the solar cell 

structure. The brief discussion on these characterization tools are discussed in the 

following subsections: 

1.4.1.1 Atomic Force Microscopy 

 Atomic force microscopy (AFM) is a surface imaging technique used to find the 

surface topography of the deposited film. It is a type of scanning probe microscopy 

(SPM) and is widely used for height, surface roughness, and magnetism measurements. 

The resolution of the AFM is in the order of a fraction of nanometer that is 1000 times 

higher than the optical diffraction limit. Surface imaging through AFM is taken place by 

measuring the force between the tip of the probe and the sample under process, as 

depicted in Figure 1.12 (a). Three modes of operations of the AFM are as follow: 

Contact mode: The raster scanning of the sample with respect to the tip of the probe 

for a minimal area is taken place to obtain the image.  

Non-contact mode: In this mode of operation, the probe oscillates at the resonance 

frequency, the sample under process is kept standstill, and the force between probe and 

sample is measured to get the exact image.  



Chapter 1                                                                                                                                                       Introduction and Scope of the Thesis 

30 

 

Tapping mode: It is somewhere between contact and non contact mode of operation 

and takes advantage of the above two. The sample is escaped from being damaged by 

incorporating intermittent contact. 

1.4.1.2 Scanning Electron Microscopy 

Scanning electron microscopy (SEM) is a powerful tool to get the morphological, 

topographical, and compositional information of the sample through a focused beam of 

electrons. High resolution (better than 1 nanometer) image is produced by raster 

scanning of the electron beam and combining the beam‟s position with the detected 

signal, as depicted in Figure 1.12 (b). The most common mode of operation of the SEM 

is the detection of the secondary electron emitted by the atoms excited by the electron 

beam. The topographical image of the sample is produced by detecting the number of 

secondary electrons emitted by atoms excited by the electron beam. Energy dispersive 

X-ray (EDX) attached with SEM is used to find the elemental composition of the 

sample. Data produced by EDX analysis shows spectra consist of unique peaks 

corresponding to the elemental composition of the material. 

1.4.1.3 Transmission Electron Microscopy 

Transmission Electron Microscopy (TEM) is a technique to study the topography, 

morphology, composition, and crystallography of the material. TEM utilizes high 

energy electrons and electromagnetic lenses for characterization, as depicted in Figure 

1.12 (c). TEM generates high-resolution images with a maximum resolution near 0.5Å. 

The selected area electron diffraction (SAED) pattern is primarily used for 

crystallographic measurement utilizing the wave nature of electrons instead of particle 
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nature. A high energy (~100-400 keV) parallel beam of the electron is passed through 

the sample. The electron beam has a wavelength in the nanometer range compared to 

atom spacing in the prepared sample. Electrons are diffracted by atoms of the material, 

and the scattering angle defines the crystal structure of the sample. 

1.4.1.4 X-Ray Diffraction 

      X-ray Diffraction (XRD) is a widely used tool to extract information about crystal 

structure, phase, texture, and other parameters such as average grain size, defects, etc., 

of the nanomaterial. Data produced by XRD analysis is based on the diffraction pattern, 

as depicted in Figure 12 (d). The X-Ray strikes on each set of lattice planes of the 

sample at a specific angle in the process of the extraction of the sample information. 

 

Figure 1.12: Meaurement setup for (a) AFM (b) HRSEM, (c) TEM, and (d) XRD. 
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1.4.2 Optical Characterizations 

       The optical characterization technique is a non-contact and non-destructive type 

analysis. It is commonly used to find the parameters such as absorbance, reflectance, 

transmittance, emission, film thickness, crystal structure, optical constant, etc., of the 

sample under investigation.    

1.4.2.1 Absorbance  

       The absorbance technique is an extensively used technique for the evaluation of 

various parameters, namely absorbance, reflectance, transmittance, film thickness, 

crystal structure, optical constant, etc. The absorbance is also measured in reflectance 

and transmittance mode. It is also used to study the spectral composition of the light 

reflected from the surface with respect to the angularly dependent intensity and the 

composition of the light initiated from the light source. This study provides the film 

thickness as well as refractive index, coating homogeneity, and the other optical 

constant. Absorbance is primarily measured using the UV-Vis spectroscopy technique, 

as depicted in Figure 1.13 (a). In this technique, UV/visible light is passed through the 

sample, and the difference in intensity after transmission gives information about the 

optical characteristics of the sample. 

1.4.2.2 Photoluminescence 

      The photoluminescence technique is a powerful non-contact and non-destructive 

type technique widely used to extract information about the electronic structure of the 

semiconducting materials. Under light illumination, photoexcitation occurs by 

absorbing the light and imparting the excess energy into the material. This excess 

energy can be dissipated in the form of light emission called photoluminescence, as 
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depicted in Figure 1.13 (b). Data generated by this analysis provides excitation and 

emission peaks corresponding to the materials, and based on these peaks electronic 

structure of the corresponding material is extracted. 

 

Figure 1.13: Measurement setup for (a) Photoluminescence spectrometer and (b) UV-Vis absorption 

spectroscopy.  

1.4.3 Optoelectronic Characterizations 

Electrical characterization of semiconducting materials or devices plays an essential 

role in examining its suitability for the integrated circuit used in different kinds of 

electronic devices such as mobile phones, computers, digital cameras, etc. The electrical 

characterization of electronic devices is called electronic characterization, and the 

measurement of change in electronic characteristics under optical illumination is called 
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optoelectronic characterization. The complete experimental setup for the measurement 

of various electrical and optoelectronic characteristics is depicted in Figure 1.14. 

Current (I)-voltage (V) characteristic of any device shows how the current flowing 

through the device is being changed with respect to the voltage applied on terminals. An 

I-V characteristic is very crucial to evaluate various device parameters such as ideality 

factor, barrier height, etc. Capacitance (C)-voltage (V) characterization of any device 

represents the relationship between junction capacitance and the voltage applied across 

the terminal of the device. C-V characteristics are junction dependent and are used in 

the calculation of barrier height, carrier concentration, and depletion width. Impedance 

spectroscopy is used to study the resistance or capacitance properties of the device by 

applying the AC sinusoidal excitation signal. On the other hand, the I-V characteristics 

under dark and solar light illumination are used for the evaluation of various solar cell 

parameters. 

 

Figure 1.14: Optoelectronic characterization setup for perovskite solar cells. 
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1.5 Literature Review 

This section aims to summarize the gradual development of perovskite solar cells and 

the detailed discussion on hybrid perovskite-based solar cells. First of all, the perovskite 

solar cell with different hole transport materials and some additives have been reviewed. 

Later, some crucial works on TiO2 and ZnO nanorods based hybrid perovskite solar 

cells have been reviewed.  

1.5.1 Review of Perovskite Based Solar Cells 

       The inorganic-organic hybrid perovskite is the emerging photosensitive material for 

photovoltaic applications due to its high absorbance coefficient and suitable bandgap 

[46]. The journey of perovskite solar cells began in 2006 with a power conversion 

efficiency (PCE) of 2.2% by Miyasaka et al. [47]. They have also reported the PCE of 

3.1% and 3.8% by using CH3NH3PbBr3 and CH3NH3PbI3 sensitizers, respectively, in 

the dye-sensitized solar cell (DSSC) [48]. Considerable efforts have been made in the 

last few years to improve the PCE of the hybrid perovskite solar cells (PSCs) to near 

25% [49]-[53], as depicted in Figure 1.15. 

Perovskite sensitizer used with liquid electrolyte faced serious stability issues in the 

solar cell structure. In 2008, Miyaska et al. have employed a solid-state hole transport 

layer in PSC and fabricate carbo/conductive polymer composite based first solid-state 

PSC with PCE of 1% [54]. Later, Gratzel et al. reported Sb2S3 and poly(3-

hexylthiophene) (P3HT) based solid-state perovskite photovoltaic device with 5.13% 

PCE [55]. Park et al. fabricated the first perovskite solar cell based on perovskite 

quantum dot (an equimolar mixture of the organic and inorganic compound in g-
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butyrolactone solvent) and achieved PCE of 6.5% in 2011 [56]. Later, Park et al. made a 

full solid-state device by employing nanoparticles (NPs) of CH3NH3PbI3 as a light 

sensitizer on mesoporous ETL  and recorded the PCE of 9.7%  in 2012 [57]. Snaith et 

al. fabricated solar cells by incorporating a new deposition technique (dual-source vapor 

deposition) for perovskite thin film and get an excellent PCE of over 15% in 2013 [58]. 

In 2014, Juan et al. investigated the impedance spectroscopy measurement for 

CH3NH3PbI3-XClX solar cell and studied the physical parameters of carrier transport and 

recombination in compositions based perovskite thin film [59].   

 
   Figure 1.15: Progress in the power conversion efficiency of PSCs from 2006 to 2018 [60] 

Further, Luo et al. [61] reported first-time perovskite nanowire-based hybrid 

solar cell and recorded 14.71 % PCE in 2015.  Madhavan et al. [62] reported more than 

20% PCE in 2D/3D perovskite-based PSC using CuSCN as a hole transport layer. They 

have also reported a photovoltaic device with photo-electrochemical systems that 

employ mesoscopic forms of semiconducting oxides as light absorbers. In 2015, Niu et 
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al. [63] investigated the chemical stability of perovskite material in different 

environmental conditions such as oxygen, moisture, UV-light, etc. The charge carrier 

transport behavior of quantum dots in perovskite material has been explained by Ning et 

al. [64], whereas the optical and electrical properties of perovskite material for 

photovoltaic and optoelectronic applications have been reported by Jung and Park [65] 

in 2015.  Yang et al. [66] have investigated different electron transport layer-based 

perovskite solar cells in 2017. The performance of organic HTL and ETL based hybrid 

PSCs with a different annealing temperature for the perovskite layer have been studied 

by Jhong et al. in 2017 [67]. Hayase has reported a compositional mix of PbI2 and SnI2 

based hybrid and toxic-free hybrid perovskite solar cell [68]. 

Furthermore, the performance of CH3NH3SnI3-based solar cells with several 

types of HTM layers such as CuSCN, Cu2O, and spiro-OMeTAD are optimized using 

the TCAD simulation [69]. The ZNRs are employed for ETL in all the PSC structures 

and achieved remarkable PCE of 18.34%, 20.23%, and 20.21% for CuSCN, Cu2O, and 

spiro-OMeTAD based HTL. Li et al. [70] have grown ZNRs on the aluminum-doped 

ZnO seed layer and fabricated PSCs with the following structure: ITO/AZO seed-

layer/ZnO-NRs/perovskite/spiro-MeOTAD/Au. They analyzed the surface preheating 

effect on parameter performance of ZNRs based PSCs and achieved optimum Jsc of 

21.43 mA/cm
2
, Voc of 0.84 V,  FF of 57.42%, and PCE of 10.34% with reduced 

pinholes in perovskite layer due to substrate preheating. P.S.Chandrasekhar et al. [71] 

demonstrated the performance of nitrogen-doped graphene/ZnO nanorod 

nanocomposites based PSC with improved device parameters photocurrent of 21.98 

mA/cm
2
 and PCE of 16.82% compare to without graphene-based PSCs.  
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1.5.2 Review of TiO2 nanorods Based Perovskite Solar Cells 

     Various types of organic and inorganic materials such as PCBM, C60, TiO2, ZnO, 

SnO2, and Al2O3 have been reported as ETL in the PSCs [72], [73]. Among them, TiO2 

is the most promising material for the ETL due to its large bandgap, high stability, and 

desired band bending with perovskite material [74]. The TiO2 based ETL improves the 

stability of the PSCs and hence is mostly preferred over other metal oxides [73]. 

Different TiO2 nanostructures such as nanotube, nanosheets, nanoparticles, nanorods, 

and nanowires have been used as ETL in highly efficient PSCs [75]-[78]. However, 

TiO2 nanorod is preferred over other nanostructures in the PSCs due to its better charge 

transportation and robustness with perovskite materials [74]. 

Alberti et al. and Lozhkina et al. [79], [80] have developed thin solid-state hybrid solar 

cells composed of mesoscopic TiO2, based solar cells using solution-printable 

processes. They have also developed other perovskite cell structures toward the 

realization of full printable technology of high-performance hybrid solar cells. The 

perovskite layer in PSC structure FTO/TiO2/Perovskite/SpiroOMeTAD/Au was 

fabricated via blade coating, and ETM/HTM material was deposited using thermal 

evaporation technique with an active solar cell area of 100 cm
2
 by Razza et al. [77] and 

achieved 4.3 % PCE. Recently, Wan et al. [81] have improved the efficiency of CdS-

sensitized TiO2 solar cells by hydrothermal etching treatments of TiO2 nanorods 

(TNRs). Priyadarshi et al. [82] introduced another deposition technique, drop cast for 

perovskite material for large area (70 cm
2
) fabrication of PSCs structure of 

FTO/TiO2/ZrO2/Carbon/Perovskite and recorded 10.74% PCE.  The PSC with 11.32% 

PCE based on an active area of 1.47 cm
2
 was fabricated by Gao [83] using 50 nm 



Chapter 1                                                                                                                                                       Introduction and Scope of the Thesis 

39 

 

compact layer of TiO2, spiro-OmeTAD based HTM layer by spin coating, and 300 nm 

thin perovskite layer via knife coating method.  

1.5.3 Review of ZnO Nanorod Based Perovskite Solar Cell 

The ZnO nanomaterials are among the most promising wide bandgap material for solar 

cell applications, LED, and photodetectors. ZnO is a widely used electron transport 

material due to its high mobility, easy synthesis, abundant availability, and high stability 

[84], [85].  In general, ZnO nanostructure is preferred in the ETL over its bulk 

counterpart due to the larger surface-to-volume ratio. The surface to volume ratio plays 

a vital role in photocatalytic activity [86]. Although 0D material (colloidal quantum dot) 

has a large surface to volume ratio, its use in perovskite solar cell structure is very less 

due to poor charge transportation. One dimensional material (ZnO nanorods) offers 

increased photocatalytic efficiency compared to bulk ZnO. Compared to other 

nanostructures, ZnO nanorods have fast electron transportation, a large conduction 

band, and high electron density. Son et al. [86] have reported the maximum PCE of 

14.35% using (NH4)2TiF6 treated ZnO NRs based ETL in the PSC structure. Xu et al. 

[87] have obtained the PCE of 9.15% using ZnO NR (ZNR) arrays synthesized by 

modified solvothermal method.  

       Liu et al. have reported PCE of 15.4%% using ZnO ETL and vapor deposited 

hybrid perovskite material [58]. From the last two decades, there was some 

modification in the quality of single-crystalline ZNRs to improve the performance of 

optoelectronic and photovoltaic devices [88], [89]. Several techniques such as seed 

layer via spin coating, sputtering, chemical bath deposition (CBD), electrostatic 

spraying, atomic layer deposition (ALD) have been used for uniform growth of ZNRs 
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for minimizing the defects and traps [87], [90]–[92]. The bandgap of ZnO 

nanomaterials can be tuned by doping with some metal dopants like Al, Mg, and P. 

[88], [93], [94]. Shirazi et al. have also reported the ZNRs based HTL free hybrid PSC 

and achieved efficiency improvement by increasing the conductivity of ZNRs by Al 

doping [93].  Jeon et al. found the uniform and defect-free layer of perovskite when the 

toluene has been used as anti-solvent during spin coating deposition of perovskite thin 

film. The better phase formation and crystallinity of PbI2 with MAI (methylammonium 

iodide) are achieved when DMSO has been used as a solvent for PbI2 precursor instead 

of DMF [44]. 

Peng et al. [95]  minimized the decomposition of the hybrid perovskite layer by 

insertion of the SnO2 layer on ZnO nanorods. The core-shell SnO2-ZnO nanostructures 

have been used to increase the oxygen vacancies at the ZnO-hybrid perovskite interface 

[95] for stabilization of perovskite later. The power conversion efficiency of hybrid PSC 

is significantly improved from 6.92% to 12.17%, and hysteresis is eliminated from the 

J-V curve by taking the core-shell nanostructure of the SnO2-ZnO layer. 

Zhang et al. [96] used a relatively fast and low temperature processed electrochemical 

method for deposition of ZnO layer and demonstrated low J-V curve hysteresis with 

PCE of 11% in the fabricated ZnO nanostructures based PSCs on ITO coated flexible 

substrate. The charge carrier mobility and charge recombination mechanism have also 

been investigated by Zhang et al. [97] for ZnO thin film deposited via electrospraying 

technique-based PSCs.  They have also reported the performance of ZnO 

nanostructured based PSCs for perovskite thin film deposition via one-step and two-step 

deposition methods.   
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Later, several ZnO nanostructures deposited via different techniques such as pulsed 

laser deposition [98], electrophoretic deposition [99], PECVD [100], magnetic 

sputtering [101] have been explored for the fabrication of different types of PSCs 

structures, including planner [102], inverted planner [103], and mesoporous [97]. 

Kumar et al. [104] fabricated the perovskite/Spiro-OMeTAD/Au based PSCs with four 

different planner structure for ETL, namely FTO/ZnO(CL), FTO/ZnO(CL)/ZNRs, 

PET/ITO/ZnO(CL), and PET/ITO/ZnO(CL)/ZNRs. They have synthesized ZNRs using 

chemical bath deposition technique on FTO/ITO substrate with and without ZnO seed 

layer and recorded PCE of 8.90% for FTO substrates and 2.62% for flexible PET/ITO 

substrate-based PSCs. 

1.5.4 Major Observation from the Literature Survey 

The milestones achieved in the area of perovskite solar cells during their development 

are interesting to note [60]. It is observed that the period of 2013-2015 was focused 

primarily on the development of high-efficiency cells by using appropriate material 

selection and deployment of methods for high-quality perovskite film formation. This 

period also addressed issues regarding hysteresis and interfacial engineering. In 2016-

2017, compositional engineering is applied widely, which resulted in improvement in 

both structural stability and efficiency. Extensive efforts are made to develop lead-free 

perovskites too. Now, after developing and optimizing methods of synthesis, the 

attention of researchers is on making the perovskite solar cell more stable for long-term 

use by addressing issues regarding light, moisture, oxygen, and thermal instability. 

Currently, attempts are made to scale up the production of solar cells for meeting 

industrial requirements, and the methods such as mechanochemical synthesis are 
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gaining popularity due to their solvent-free nature. Also, extensive research is being 

carried out in the area of all-inorganic halide based perovskites solar cells. 

1.6 Issues and Challenges in Perovskite Solar Cells 

The commercialization of hybrid PSC is still challenging because of toxicity issues 

(during fabrication, deployment, and disposal), long term chemical and phase stability, 

and cost-effectiveness. The perovskite material pertains to its stability and degradation 

due to moisture, oxygen, UV radiation, and temperature. The three major areas of thrust 

in perovskite research are: improving the material stability like phase stability, thermal 

stability, and replacement of the toxic heavy metal (Pb
+2

). One possible modification 

has come through the substitution of cations, metal ions, and halogen to solve these 

challenges.  Tin (Sn) is a candidate for the replacement of lead (Pb
2+

) cation and can 

help in bandgap tuning of the perovskite material.  

 Compositional engineering is the leading interest in perovskite research for 

optimizing structure and usability governing factors. The hybrid perovskite decomposed 

in methylammonium, hydrogen iodide, and lead iodide in the presence of water. The 

prominent approach is the substitution of a methyl group with a bulky organic cation, 

leading to a 2D perovskite structure. The 2D layered and 3D bulk perovskite material 

can then be used to alternatively coat layers to prevent moisture impingement due to the 

hydrophobic nature of the alkyl group and avoid further degradation; however, with its 

own challenges such as disorientation, grain size improvement. Though, to enhance air 

stability, some butyl halide groups could be used. The compositional change by n-butyl 

ammonium iodide in the methyl group can yield towards low dimensionality. So, 

Goldschmidt tolerance factor will change accordingly based on the composition of 
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methyl and butyl group. A suitable tolerance factor will make a more stable perovskite 

material against moisture and oxygen.  

1.7 Motivation and Problem Definition 

It is discussed that the perovskite solar cells have some inherent challenges for 

commercialization. The identified challenges and their possible solutions are listed as 

follows:  

 The 3
rd

 generation of solar cells (organic solar cells) has low efficiency. 

 The absorbance coefficient of perovskite material is relatively more so efficiency 

can be improved by incorporating perovskite material. 

 The low energy photons of solar spectrum  (having energy less than the bandgap of 

active material) incident on photovoltaic device can‟t be converted into electricity 

and lost while the excess energy of high energy photon (having energy greater than 

the bandgap of active material) have been lost in heat form.  

 This can be easily overcome by changing the “A” cation of the perovskite 

material, and the suitable bandgap material (quasi-2D/3D perovskite) can be 

employed in PSCs for wide bandgap absorption. 

 The efficiency of planar PSCs is less compare to mesoscopic PSCs. 

 The efficiency can be enhanced using TiO2 and ZnO nanostructure in PSCs. The 

mesoporous layer (nanorods, nanowires, nanotubes, etc.) permits the perovskite 

photo absorber to penetrate mesoporous framework material, enhancing the 

absorption due to the high surface volume ratio of the perovskite material. So the 

incorporation of mesoporous material into PSCs improves the efficiency of PSCs.   

 The planar perovskite solar cell has less stability 
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 By the incorporation of TiO2 and ZnO NRs in PSCs, the stability can be 

improved. The monohydrate phase forms rapidly when the hybrid perovskite 

layer is deposited on a compact layer, but the decomposition rate of hybrid 

perovskite material is reduced when mesoporous scaffolds are employed. 

Therefore, in this thesis, we focussed on optimizing the mesoporous n-type electron 

transport layer to improve the efficiency and stability of the perovskite solar cell.  

1.8 Scope of the Thesis 

The present thesis deals with the fabrication, characterization, and TCAD 

simulation of some CH3NH3PbI3 hybrid perovskite-based PSCs using TiO2 nanorods 

(TNRs)/ ZnO nanorods (ZNRs) as the ETL and Spiro-OMeTAD/PTAA as the HTL in 

the device. All the PSCs considered in the present thesis are of conventional n-i-p 

mesoporous device structure where the n-region represents the ZNRs/TNRs based ETL, 

i-region includes CH3NH3PbI3 hybrid perovskite-based active layer, and the p-region 

represents the Spiro-OMeTAD or PTAA based HTL in the PSCs. The thesis consists of 

SIX chapters, including the present chapter. The outline of the remaining FIVE chapters 

is briefly described as follows:  

Chapter 2 reports the fabrication, simulation, and characterization of FTO/TiO2 

Nanorods/CH3NH3PbI3 (Hybrid-Perovskite)/PTAA/Pd structure-based perovskite solar 

cells (PSCs) where the FTO (fluorine-doped tin oxide) is the substrate, TiO2 nanorods 

(NRs) layer acts as the electron transport layer (ETL), hybrid perovskite (CH3NH3PbI3) 

is the active layer, PTAA is the hole transport layer (HTL), and Pd film acts as the 

contact electrode in the device. The TNRs are grown by the hydrothermal process 

followed by TiCl4 treatment for enhancing the performance of the device. The 
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perovskite thin-film active layer and PTAA based HTL are deposited using the spin-

coating technique. The effect of the ETL thickness on the performance parameters of 

the PSCs has been investigated and compared with the simulation data. The fabrication 

and characterization have been performed in open atmospheric conditions. The 

measured electrical and optical characteristics for three devices with three different ETL 

thicknesses were compared with the TCAD simulation results for comparing 

performance parameters of the proposed structure under real operating conditions and 

theoretically ideal conditions.    

Chapter 3 investigates the effects of solvothermal etching and TiCl4 treatment of 

the TiO2 NRs based ETL on the performance of the FTO/TiO2 NRs/CH3NH3PbI3 

/Spiro-OMeTAD/Pd  PSCs. This study is carried out to basically show that not only the 

thickness of the ETL but also its surface morphology plays an important role in the 

performance optimization of the proposed PSC. Three different devices have been 

studied: The first device contains hydrothermally grown TNRs based ETL, the second 

device uses a TiCl4 treated TNRs based ETL, and the third device uses solvothermally 

etched and TiCl4 treated TNRs ETL, maintaining remaining parts of the device same as 

used in Chapter-2. The growth of other layers in the device is the same as considered in 

Chapter-2. Finally, the electrical and optical parameters are compared for all three PSC 

devices mentioned above.  

Chapter 4 deals with the investigation of the effect of ZnO NRs ETL (grown on 

four different types of ZnO seed layers by hydrothermal method) on the performance of 

FTO/ZnO NRs/CH3NH3PbI3/PTAA/Au based PSC structures. Four different types of 

seed layers of drop-casted ZnO film, spin-coated colloidal ZnO nanoparticles (NPs) 
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film, spin-coated colloidal ZnO quantum dots (QDs) film, and solvothermally grown 

ZnO NRs film were deposited on four FTO substrates. Then the seed layer coated FTO 

substrates were processed for growing ZnO NRs (of four different morphologies on four 

different seed layers) by the hydrothermal method. The CH3NH3PbI3 perovskite active 

layer, PTAA based HTL, Au were successfully deposited for fabricating four different 

PSC devices under study. The surface morphologies of the four different types of ZnO 

NRs ETLs were studied by XRD and SEM analyses. The electrical and optical 

characteristics of the four PSCs with four different morphologies of ZnO NRs based 

ETLs have been studied in detail. The PSCs with ZnO NRs ETL grown on the ZnO 

QDs based seed layer showed better electrical and optical characteristics over the other 

devices. 

Chapter 5 investigates the effects of doped and undoped Spiro-OMeTAD based 

HTL on the performance of FTO/ZnO NRs/CH3NH3PbI3/Spiro-OMeTAD/Pd PSCs. 

The two types of hybrid-PSCs with doped and undoped HTLs were fabricated and 

characterized. Measured results were compared with the TCAD simulation data to 

validate the results measured under open atmospheric conditions.  

Finally, Chapter-6 summarizes the major observations and findings of the present 

thesis. Some future scopes of research related to this thesis have been outlined at the 

end of this chapter. 

 



47 

 

CHAPTER 2 

 

Effect of TiO2 Nanorods (TNRs) ETL Thickness on the 

Performance of FTO/TNRs/CH3NH3PbI3/PTAA/Pd Strcuture 

Based Perovskite Solar Cells* 

 

Contents 

2.1 Introduction .......................................................................................................... 48 

2.2 Experimental Details ............................................................................................ 50 

2.2.1 Material Used ............................................................................................... 50 

2.2.2 TiO2 Nanorods synthesis and TiCl4 treatment .............................................. 50 

2.2.3 CH3NH3I Perovskite Synthesis ..................................................................... 51 

2.2.4 Device Fabrication ........................................................................................ 51 

2.3 Numerical Modeling and Device Simulation ...................................................... 52 

2.4 Results and Discussion ........................................................................................ 56 

2.4.1 Thin Film Characterization ........................................................................... 56 

2.4.2 Solar Cell Characterization ........................................................................... 58 

2.5 Conclusion ........................................................................................................... 62 

 

 

*Part of this work has been published as:   

1. Jarwal, Deepak Kumar, et al. "Fabrication and TCAD simulation of TiO2 nanorods electron 

transport layer based perovskite solar cells." Superlattices and Microstructures (2020): 

106463. 



48 

 

CHAPTER 2 

 

Effect of TiO2 Nanorods (TNRs) ETL Thickness on the 

Performance of FTO/TNRs/CH3NH3PbI3/PTAA/Pd Strcuture 

Based Perovskite Solar Cells  

 

2.1    Introduction 

Thin film-based solar cells are getting much attention to meet the global demand 

for low-cost and clean energy [105], [106]. Recently, thin-film solar cells are dominated 

by the inorganic-organic hybrid perovskites, which are synthesized and deposited by 

low-cost solution processing methods [107]-[109]. The hybrid perovskite materials are 

now synthesized with a high absorbing coefficient, long diffusion length, ambipolar 

charge transport, tunable bandgap, and low exciton binding energy [110]–[115]. 

Considerable efforts have been made in the last few years to improve the PCE of the 

hybrid perovskite solar cells (PSCs) [49]–[52]. The improvement in the PCE has also 

been achieved by optimizing the thin-film processing technology along with bandgap 

engineering of the perovskite film in the solar cells [19]. 

As discussed in Chapter-1, PCE is significantly enhanced by hybrid perovskite or 

by choosing a suitable wide bandgap material for electron transport layers (ETLs), hole 

transport layers (HTLs), and bandgap alignment in the device structure. In the hybrid 

PSCs, TiO2 and ZnO are widely used materials for the ETL, while PTAA and spiro-

OMeTAD are commonly used for the HTL due to their better alignment of energy 

levels with those of the perovskite materials [9], [20], [21]. The one-dimensional (1-D) 

nanostructure is preferred over their bulk counterparts for ETL, as discussed in Chapter-

1. The 1-D TiO2 NRs (TNRs) provide the direct path for the charge carrier transport, 
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thereby enhancing the carrier transportation by nearly 50 to 80 times that obtained in 

nanoparticles and other nanostructures [27], [28]. Further, TNR also provides enhanced 

chemical and mechanical stability for the perovskite solar cell structures [28]. 

Moreover, the low-cost solution processing techniques [28]–[30] are preferred for the 

large area growth of NRAs. 

It is observed from the literature survey discussed in Chapter-1 that no systematic 

investigations are carried out for the effect of TNRs transport layer thickness on the 

performance of PSCs. Furthermore, PSCs' performance optimization for different 

parameters (i.e., dimensional or material) using the computer-aided design (CAD) 

simulation tool will be an added advantage for practical feasibility, time effectiveness, 

and cost-cutting. Fabrication and simulation of a Pd/PTAA/hybrid perovskite 

(CH3NH3PbI3)/TiO2 nanorods (TNRs) based PSC is carried out on an FTO coated glass 

substrate in this chapter. The CH3NH3I (Perovskite), TNRs, and PTAA layers act as 

active, ETL, and HTL, respectively. Three devices have been considered with three 

different TNRs based ETL thicknesses. The PSC devices have been fabricated by a 

chemical solution method in an open environment condition. Measurements have also 

been carried out in the open atmospheric condition to demonstrate the performance of 

the PSCs under robust conditions. The measured experimental results for as-fabricated 

PSCs have been compared with the SCAPS-1D simulation tool to show the difference 

between the results obtained under the practical and ideal conditions. The content of the 

rest of this chapter is outlined as follows: 

Section 2.2 presents the experimental details for the fabrication techniques for PSCs. 

Section 2.3 deals with the methodology and process for the numerical simulation of the 

PSCs. Further, the detailed results and discussion for the fabricated and simulated PSCs 
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are presented in Section 2.4. Finally, the finding and observations of this chapter are 

summarized in Section 2.5.  

2.2 Experimental Details 

The fabrication techniques for the perovskite thin films and the PSCs are presented 

in this section. 

2.2.1 Material Used 

All chemicals used in the PSCs fabrication were of analytical grade and used directly 

without any further purification. The materials, PTAA, PbI2, and FTO coated substrate, 

were purchased from Ossila (UK). Titanium (IV) isopropoxide (TTIP), titanium 

tetrachloride (TiCl4), dimethylformamide (DMF), hydroiodic acid (HI, 55–58 wt%), 

methylamine (40 wt%), and hydrochloric acid (HCl, 37 wt%) were purchased from 

Fisher Scientific. 

2.2.2 TiO2 Nanorods Synthesis and TiCl4 Treatment 

The synthesis of TiO2 nanorods was done by a facile hydrothermal method. First of 

all, fluorine-doped tin oxide (FTO) substrate (1515 mm
2
) was cleaned using a soap 

solution, acetone, and isopropanol in an ultrasonic bath for 15 minutes, respectively. 

After that, the cleaned FTO substrate was placed in a tilted position (FTO in the 

downward direction) in Teflon lined cylinder. Now the solutions of 560 μl TTIP, 30 ml 

  l   35%) and 30 ml DI water prepared separately were poured into a Teflon lined 

cylinder. The cylinder was then sealed properly and kept in a digital muffle furnace 

(Escon lab. Inst, India) at 180°C. By this method, three types of TNRs samples were 

prepared of different thicknesses by varying the growth time in the order of 3.5 hour, 5 

hour, and 7 hour. The length and diameter of TNRs depend on growth temperature and 
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time. After the cooling at room temperature, the substrate was rinsed in DI water and 

then washed with ethanol to remove acids and other impurities. Subsequently, the 

substrate was annealed at 400°C for 1 hour in the air for a proper crystalline TiO2 layer. 

The prepared TNRs sample was post-treated in 40 mM aqueous solution of TiCl4 

prepared by dissolving 0.5 ml TiCl4 in 100 ml deionized (DI) water at 80°C for 90 

minutes [116]. The TiCl4 treatment helps in the minimization of voids and traps in 

synthesized TNRs ETL [116]. Finally, the sample was annealed at 450°C for 1 hour. 

2.2.3 CH3NH3I Perovskite Synthesis   

     The perovskite precursor CH3NH3I (MAI) was synthesized by reacting 15.5 mL HI 

acid (55–58 wt% aqueous solution) and 13 ml methylamine (40 wt%) in an ice bath 

while stirring up to 4 hours [117]. The light-yellow color product was obtained after 

vacuum evaporation at 45
o
C, followed by washing four times with diethyl ether. 

Finally, the light-yellow color powder was converted into white color crystalline 

powder after drying for 48 hours in a vacuum oven at room temperature. 

2.2.4 Device Fabrication   

       The whole PSCs fabrication was carried out under an open-air atmosphere at a 

relative humidity of 60% measured by a commercially available hygrometer. The 

hybrid perovskite thin film was deposited via two-step spin coating methods on TiCl4
 

treated TNRs samples. 10 mg CH3NH3I and 462 mg PbI2 were dissolved in 1 ml 

isopropanol and 1 ml DMF, respectively, for the perovskite precursor [116]. In the first 

step, synthesized CH3NH3I was deposited on TiCl4 treated TNRs via spin coating at 

3000 rpm for 30 seconds, and then the sample was transferred upon the hot plate to 

anneal for 10 minutes at 70
0
 C. In the second step, PbI2 was spin-coated for 30 seconds 

at 3000 rpm. Subsequently, a 20 µl solution of toluene was also spin-coated for fully 
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crystalline perovskite film and then annealed at 90
0
C for 1 hour to obtain a thickness of 

350 nm. The 100 nm PTAA was deposited as HTL on perovskite film at 2000 rpm for 

30 seconds. Finally, 80 nm top electrode palladium was thermally deposited on HTL. 

The block diagram of the fabricated PSC structure is shown in figure 2.1 (a). The 

possible band diagram for the PSC device structure is shown in figure 2.1 (b). 

 

Figure 2.1: (a) Device structure of the PSCs; (b) Band diagram for the fabricated PSCs structure under 

equilibrium. 

 

Figure 2.2: (a) Equivalent circuit of perovskite solar cell; (b) Equivalent J-V characteristic and 

performance parameters of PSC. 

2.3 Numerical Modeling and Device Simulation 

The investigated PSC device is analyzed using the simplified equivalent circuit with 
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solar parameters shown in figure 2.2 (a) and (b). The governing current density-voltage 

(J-V) equation under dark and Sun-light is expressed as [118]:  

    ph
Sh

S
BS J

R

JRV
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where, 0J , q , ƞ, BK , SR , ShR  are the reverse saturation current density, carrier charge, 

ideality factor, Boltzmann constant, series resistance, and shunt resistance, respectively. 

T and phJ  are the temperature and photon current density.  

The 1D TCAD simulation has used the drift-diffusion and  Shockley-Read-Hall 

(SRH) recombination models for computing recombination, trapping, doping, and 

electric field distribution in the device [119]-[120]. In a hybrid perovskite solar cell, the 

output current is a result of the diffusion and drift phenomenon of electrons and holes. 

The light absorbance is calculated by the transfer matrix methods. The drift-diffusion 

equations for holes and electrons are given as [121]: 
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where the p  and n are electron and hole mobility, nD   and  
pD are electron and hole 

diffusion constants while E is the electric field in the active layer defined by 

d

VV
E bi
  

Where V and biV  are the biasing voltage and built-in potential across the ETL/Active 

layer junction, and d is the thickness of the active layer. 

The continuity equations for holes and electrons under illuminated conditions are given 
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by [33]: 
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where nG ( nR ) and 
pG (

pR ) are the electron generation (recombination) and hole 

generation (recombination) rates, respectively.  

To include the effects of defects and traps in various materials on the performance of 

the PSCs, we have used the SRH recombination model defined by [45].: 

)()(

. 2
int

tntp ppnn

npn
R







                                               (2.8 

where p  and n  are the mean lifetime of the holes and electrons, respectively; R is the 

recombination rate of the charge carriers; and tn ( tp ) is electron (hole) trap density.  

The parameters used for the numerical simulation are listed in Table 2.1. The charge 

generation rate in the absorbing layer under 1 sun is considered. The amplitude of light 

intensity in different layers is formulated by using the transfer matrix method, where 

light intensity, ),( xI , is modeled as a function of position and wavelength. The short-

circuit current can be described as [45]: 





ddx

h

xQ
qISC ..

),(
max,                                                           (2.9) 

where ),( xQ  is dissipated power per meter square, which can be expressed as 

),().(),(  xIxQ                                                           (2.10) 
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where α is the absorption coefficient.  

The maximum short circuit current (ISC, max) enumerates us a rough idea for the 

optimization of layer thickness without affecting the charge transport phenomena in the 

drift-diffusion model. Maximization of the photon absorption profile in the drift-

diffusion model for a particular layer thickness can also be performed to make it more 

robust. With the help of the photon absorption profile, the generation function for the 

charge or the exciton continuity equation can be designed depending on the type of 

solar cell under study. 

Table 2.1. The Material Parameters for Numerical Simulation.  

Parameter and Units 

TiO2 NRs 

[69], [122]-

[124] 

Perovskite 

[125]-[127] 

  PTAA 

   [125]                   

Dielectric Constant ( ) 9.0 10 3 

Bandgap (eV) 3.2 1.52 3.3 

Electron affinity ( ) 4 3.85 2.30 

Electron Mobility ( )- 112  sVcm  100 2.2 0.002 

Hole  Mobility ( )- 112  sVcm  25 2.2 0.004 

CB effective density of states (NC) (cm
-3

)       2×10
18

 3×10
18

 2.2×10
18

 

VB effective density of states (NV) (cm
-3

) 1.8×10
18

 3.97×10
18

 1.8×10
19

 

Electron thermal velocity (cm/s) 1×10
7
 1×10

7
 1×10

7
 

Hole thermal velocity (cm/s) 1×10
7
 1×10

7
 1×10

7
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2.4 Results and Discussion  

In this section, optical and electrical characterizations of fabricated as well as 

simulated devices with various thickness variations are presented. 

2.4.1 Thin Film Characterization 

         The hydrothermally grown TNRs samples are first investigated for 

morphology/composition and crystalline structure using high-resolution scanning 

emission microscopy (Nova Nano SEM 450, FEI, USA) with in-situ energy dispersion 

spectroscopy (EDS) (EDAX Inc.) and X-ray diffractometer (XRD, Miniflex, Rigaku, 

Japan) respectively. The photoemission spectra of perovskite thin film is measured 

using photoluminescence (PL) spectroscopy (FLS 980 from Edinburgh Instruments, 

UK). The optical absorption in TNRs and perovskite thin film has been measured using 

a thin film analyzer (from Filmetrics, USA). 

It is found that the grown TNRs have uniform distribution on the surface, as shown in 

figure 2.3 (a), and desire elemental composition, as shown in figure 2.3 (b). The 

optimized TNRs with a growth time of 3.5 hour having an average length and average 

diameter around ~500 nm and ~70 nm were observed from the HRSEM image. The 

XRD patterns also confirm the formation of good quality crystalline TNRs with mostly 

rutile phase, as shown in figure 2.4 (a). The perovskite film exhibits single peak 

emission spectra at an excitation wavelength of 450 nm, as shown in figure 2.4 (b). The 

morphology of perovskite film on the TNRs is shown in figure 2.5 (a). The cross-

sectional image is taken to analyze the thickness of individual layers of 

FTO/TNRs/Perovskite structure. It is found that the TNRs have an average length of 

500 nm and perovskite film has a thickness of ~350 nm, as shown in figure 2.5 (b). 

The optical absorption in the optimized TNRs is shown in figure 2.6 (a), which is 
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comparable to the simulated absorption spectra obtained in the SCAPS-1D simulation 

tool. It is found that the optical band gap (Eg) and absorbance coefficient  α) have a 

relation obtained from the tau plot as below [128]: 

                  
 mgEhAh                                                        (2.11) 

where  
d

Tlog33.2 , T is transmittance, d is the sample thickness, h = 1240(incident 

light (nm)), and m is a constant. The bandgap of the TNRs is estimated as ~3.2 eV from 

the experimentally obtained transmittance. The experimental and simulation absorbance 

spectra of the perovskite layer are shown in figure 2.6 (b). 

 

Figure 2.3: (a) HRSEM image of TNRs and (b) EDS image of TNRs. 

 

Figure 2.4: (a) XRD pattern of hydrothermally synthesized TNRs and (b) PL emission spectra of 

perovskite thin film. 
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Figure 2.5: HRSEM image of (a) perovskite thin film surface (b) Cross-sectional view of PSC structure 

without metal electrode. 

 

Figure 2.6: (a) Absorbance spectra of hydrothermally synthesized and simulated TNRs on FTO coated 

glass substrate, (b) Absorbance spectra of synthesized and simulated perovskite thin film. 

2.4.2 Solar Cell Characterization  

The current density (J)-voltage (V) characteristics of the fabricated PSCs have been 

compared with the simulation results in figure 2.7 (a)-(c) for different thicknesses of the 

TNRs-based ETL of the device. The standard solar light is obtained from the solar 

simulator (AAA150 from PET, USA). The solar cell parameters (JSC, VOC, FF, and ƞ) 

and external quantum efficiency (EQE) are obtained from the J-V characteristics. The 
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TNRs with smaller lengths in the ETL reduce the shunt resistance (which, in turn, 

increases the dark current) while larger lengths of TNRs enhance the recombination of 

the photo-generated carriers (which, in turn, reduces the photocurrent) [129], [130]. It is 

observed that TNRs with lengths ~500 nm result in optimum performance in PSCs 

considered in the present study. The efficiencies for 200, 350, 500, 650, and 800 nm 

lengths of TNRs are measured as 13.47, 14.65, 15.04, 11.70, and 10.73%, respectively, 

in ambient conditions. The efficiencies are slightly lower than other reported works for 

measurements under a robust open-air atmosphere [131]. A part of perovskite materials 

breaks into lead iodide and methylammonium iodide in the presence of atmospheric 

moisture, which limits the efficiency of the PSCs [132]. We have carried out the 

measurements in the open atmosphere to demonstrate the operation of the PSCs in 

actual conditions rather under controlled environments. The experimentally estimated 

performance parameters are compared with the corresponding values obtained from the 

simulated results in Table 2.2. The simulation results are found to be in close proximity 

to the experimental data. It may be noted from Table 2.2 that JSC is decreased with 

increased thickness of the TNRs-based ETL layer due to the possible increase in the 

series resistance of the solar cell. The open-circuit voltage is reduced from 1.06 ± 0.01 

V to 0.95±0.02 V when the thickness of the ETL is increased from 500 nm to 800 nm, 

possibly due to enhancement in the recombination of charge carriers in nanorods or 

limitation of diffusion length of charge carriers. As a consequence, overall, the PCE is 

decreased with the increase in ETL layer thickness above 500 nm. Further, the thickness 

of different layers changes the electric field in the layers, which, in turn, affects the drift 

current of the device. The diffusion current also depends on the thickness of the active 

layer. If the thickness of the active layer is less than the diffusion length of the electron 

(hole), all photo-generated electrons (holes) contribute to the diffusion current. 
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Otherwise, a part of the photo-generated carriers is lost due to recombination, which 

affects the device performance. 

 

Figure 2.7:  J-V curve of fabricated and simulated PSCs with (a) 500 nm TNRs, (b) 650 nm TNRs, (c) 

800 nm TNR. 

Table 2.2 shows that the current density decreases when the ETL thickness increases. 

The increase in the ETL thickness decreases the light intensity entering into the active 

layer, which reduces the photon absorption and hence increases the series resistance of 

the solar cell. The open-circuit voltage of the solar cell is given by [45]: 

)ln(
0J

J

q

KT
V SC

OC                                                   (2.12) 

The increased ETL thickness enhances the recombination of carriers. This increases 

J0 and reduces VOC. Thus, internal power consumption increases with increased ETL 
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thickness, which affects the fill factor (FF) and the PCE ( ) of the PSC. The 

relationship between FF and PCE is given by [133]: 

OCSC

mm

OCSC

m

VJ

VJ

AVJ

P
FF

.

.

..
                                           (2.13) 

in

OCSC

P

AVJFF ...
                                                 (2.14) 

where inP  is the incident power from the solar simulator, A is the area of the top 

electrode of the fabricated PSC and mm VJ , , and mP  are the maximum current density, 

maximum voltage, and maximum power obtained from the device. The thickness of the 

ETL needs to be chosen in such a way that the diffusion length of charge carriers is 

larger than the thickness of the ETL. For high power conversion efficiency, a 500 nm 

optimum thickness of ETL is obtained for our proposed structure. 

Table 2.2. Fabricated and Simulated Results for Different ETL of the PSCs 

 ETL Thickness 

(nm) 

Performance Parameters 

ETL Defect 

Density 

(1/cm
3
) 

Active Layer 

Defect Density 

(1/cm
3
) 

(TNRs Growth 

Time) 
VOC JSC FF η 

10
13

 10
7
 

500 (3.5 

Hour) 

Exp. 1.06 ± 0.01 22.19 ± 0.2 0.63±0.01 15.04±0.03 

Sim. 1.07 23.71 0.63 15.69 

10
14

 10
8
 

650 (5 

Hour) 

Exp. 0.96±0.02 19.62±0.2 0.62±0.01 11.70±0.05 

Sim. 0.96 21.91 0.59 12.58 

10
15

 10
9
 

800 (7 

Hour) 

Exp. 0.95±0.02 19.26±0.2 0.58±0.02 10.73±0.05 

Sim. 0.84 20.71 0.55 9.67 
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The EQE is computed by the following expression [134]: 

1001240 


R
EQE                                             (2.15) 

where R is the responsivity defined as 

 
in

Ph

P

I
R                                                       (2.16) 

where inP  and PhI  are incident power and output photocurrent of the device at the 

wavelength   of the incident light. The external quantum efficiency (EQE) of the 

fabricated and simulated device is compared in figure 2.8. A close matching is observed 

for the optimized thicknesses of 500 nm, 100 nm, and 350 nm of the ETL, HTL, and 

active layers, respectively. 

 

Figure 2.8: External quantum efficiency of fabricated and simulated PSCs with 500 nm ETL, 350 nm 

active layer, and 100 nm HTL. 

2.5 Conclusion 

This chapter examines the FTO/TNRs/Perovskite/PTAA/Pd structure-based PSC, where 
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TNR acts as the ETL, PTAA as the HTL, and hybrid perovskite (CH3NH3PbI3) as the 

active layer of the device. The effects of TNRs thickness on the performance parameters 

have been investigated using fabricated and simulated solar cells. The morphological, 

structural, electrical, and optical properties of FTO/TNRs/Perovskite/PTAA/Pd 

structure have been analyzed for their suitability in solar cell applications. The 

simulation tool has been explored for optimizing various parameters of the PSC. All the 

experimental measurements have been carried out in the ambient-air condition. The 

PCE of the PSC is observed to be decreased for ETL thickness above 500 nm. The 

optimum values of the PSC parameters VOC, JSC, FF, and PCE are obtained for the 

thicknesses of 500 nm, 100 nm, and 350 nm of the ETL, HTL, and the active layer, 

respectively. Optimized simulated values of JSC, VOC, FF, and PCE are obtained as 

23.71 mA/cm
2
, 1.07 V, 0.63, and 15.69%, respectively, against their corresponding 

experimentally measured values of 22.19 mA/cm
2
, 1.06 V, 0.63, and 15.04%, 

respectively for the aforementioned optimized thicknesses of the ETL, HTL, and the 

active layer. The EQE of the simulated and experimental devices matches well for the 

optimum values of different layers. The close proximity of the simulated electrical and 

optical characteristics with the experimental results confirms that the TCAD tools can 

be effectively explored for other PSC structures. The result shows that TNRs thickness 

also plays a very significant role in the solar cells performance. 
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CHAPTER 3 

 

Effects of Solvothermal Etching and TiCl4 Treatment of TiO2 

Nanorods (TNRs) ETL on the Performance Characteristics of 

FTO/TNRs/CH3NH3PbI3/Spiro-OMeTAD/Pd Solar Cells 

 

3.1 Introduction 

The effect of the TiO2 nanorods (TNRs) based ETL thickness on the performance 

parameters of FTO/TNRs/CH3NH3PbI3/PTAA/Pd perovskite solar cells (PSCs) has 

been discussed in Chapter-2. It may be mentioned that the morphology and shape of the 

TNRs surface play crucial roles in the performance improvement of the PSCs [135]. 

Thus, an attempt has been made in this chapter to improve the performance of the 

FTO/TNRs/CH3NH3PbI3/Spiro-OMeTAD/Pd  by solvothermal etching and TiCl4 

treatment of the hydrothermally grown TNRs based ETL by the low-cost hydrothermal 

method considered in Chapter-1 [136]. To show the robustness of the PSCs, both the 

fabrication and measurements have been carried out at room temperature and the high 

humid open-air environment with a relative humidity of ~65% or above. The top of 

TNRs in the ETL has been split into small nanowires and nanotubes by the 

solvothermal etching of the TNRs to speed-up electron transportation, enhance porosity, 

and increase the effective surface-to-volume ratio of the ETL [81]. The TNRs have been 

finally treated with TiCl4 to improve the fill factor (FF) and open-circuit voltage (VOC) 

of the hybrid PSCs under study [63]. The outline of the rest of the present chapter is as 

follows: 

Section 3.2 contains the experimental detail for the synthesis of materials and 

fabrication of PSCs. The measurement of different solar parameters and their discussion 
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are presented in Section 3.3. Finally, the finding and observations of the present chapter 

are summarized in Section 3.4. 

3.2    Experimental Details 

This section deals with the fabrication and characterization details of the TNRs ETL 

based hybrid PSC solar cells on fluorine-doped tin oxide (FTO) coated glass substrates.  

4-tert-butylpyridine, lithium bis (trifluoromethanesulfonyl)-imide, and Spiro-OMeTAD 

were purchased from Ossila (UK). 

3.2.1 Preparation of Electron Transport Layer (ETL) 

TiO2 NRAs used for the ETL were grown on a cleaned FTO coated substrate through 

multiple steps, as demonstrated in Figure 3.1. A seed layer (~20 nm) of TiO2 

nanoparticles was first deposited on FTO coated substrate to achieve fast nucleation for 

the growth of isolated and uniform TNRs [137]. Then TiO2 NRAs were grown on the 

seed layer by the hydrothermal method under optimized time and temperature. 

Solvothermal etching of TiO2 NRAs was then performed to enhance the effective 

surface area of the ETL. Finally, TiCl4 treatment of the NRAs was performed for 

removing the traps and voids in the TiO2 NRAs. Four major steps in the fabrication of 

TiO2 NRA based ETL is described below: 

1) TiO2 Seed Layer Deposition 

A solution of TiO2 nanoparticles (NPs) was prepared from TTIP by modifying the 

synthesis method reported in [138]-[139]. First of all, 740 µl of TTIP and 70 µl of HCl 

(~35 wt% concentration) are mixed in 2.5 ml ethanol separately. Diluted HCl solution 

was added drop by drop to the diluted solution of TTIP under magnetic stirring for 3 

hours till the mixed solution was turned to opaque in color at room temperature. Finally, 

the prepared TiO2 NPs solution was filtered by PVDF filter to achieve colloidal TiO2 
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NPs of uniform size. The FTO coated glass substrates of 15 mm×45 mm was cleaned 

ultrasonically using soap solution, DI water, acetone and iso-propanol sequentially for 

15 minutes each. The substrates were then dried at 100
o
C and processed for plasma 

cleaning for 10 minutes. After the plasma cleaning of the FTO substrates, a seed layer 

(~ 20 nm thicknesses) of TiO2 NPs was grown on the cleaned FTO substrates by spin 

coating of the colloidal TiO2 NPs at 4000 rpm. The TiO2 NPs coated FTO substrates 

were then annealed at 450
o
C for 1 hour to prepare the compact layer (C-TiO2) to block 

holes in the hybrid PSC. 

2) TiO2 Nanorod Grown by Hydrothermal Process  

TiO2 nanorods were grown hydrothermally on spin-coated TiO2 seed layer (C-TiO2) 

by using a Teflon lined autoclave at 170
o
C through a modified synthesis route [137]. 

First of all, TTIP of ~560 µl was added to DI water, and the obtained white precipitate 

at the bottom of the solution was dissolved further in the solution of HCl (35 wt% 

concentration) and DI water (1:1 ratio). The mixed solution was put in a Teflon lined 

cylinder and the seed layer deposited FTO substrates (with FTO coated surface in the 

backside) were placed tilted in the TTIP solution of the cylinder in such a way that the 

TiO2 NRA could grow on FTO coated surface in the downward direction as shown in 

Figure 3.1 (c). The Teflon lined cylinder was then sealed properly and kept into an 

autoclave, which was heated in the digital muffle furnace (Escon lab. Inst, India) at 170
o
 

C for 3 hours. Since the length and diameter of TNRs are dependent on the growth time 

and temperature, the above temperature and duration were optimized for the desired 

length and diameter of the NRs in the present study. Then the autoclave was cooled 

down to room temperature for getting TiO2 NRs of ~450 nm long in 3 hours. The glass 

substrate with TNRs grown on the FTO coated side was ringed in DI water, washed in 

ethanol and dried at 100
o
C. Finally, the samples with TiO2 NRs were annealed at 450

o
C 
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for 1.30 hours in the air environment for preparing the ETL layer. 

3) Solvothermal Etching of TiO2 Nanorods 

The FTO coated glass substrates with TiO2 nanorods (TNRs) were processed for 

solvothermal etching of the TNRs [140]. The TNRs based substrates were placed in an 

etching solution prepared by mixing of 15 ml concentrated HCl (35 wt%) and 15 ml DI-

water in a Teflon lined cylinder. 

 

Figure 3.1: (a) FTO coated glass, (b) TiO2 seed layer on FTO coated glass, (c) Hydrothermal Process at       

170
0
C in Teflon lined cylinder, (d) TNRs after hydrothermal process, (e) Solvothermal etching of TNRs 

at 180
0
 C and (f) TiO2 NRs after solvothermal etching. 

 

 The cylinder was placed in the autoclave, which was heated in the digital muffle 

furnace at a temperature of 180
o
 C for an optimized duration of 4-5 hours. The 

autoclave was then cooled down to the ambient temperature to achieve the 

solvothermally etched TNRs on the FTO coated glass substrates. The reaction for 
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solvothermal treatment is given as follows [81]: 

TiTiO 2 (Ⅳ) complex                                            (3.1) 

This dissolution reaction is dynamic in nature, which results in the formation of TiO2 

hollow rectangular structure (nanotubes) with filaments like appearance at the top with 

small nanoparticles. 

4) TiCl4 Treatment to Etched TiO2 Nanorod 

The substrates containing solvothermally etched TNRs were processed for TiCl4 

treatment to remove trap states and voids present in the TNRs based ETL. For TiCl4 

treatment, the substrate was immersed in a 40 mM aqueous solution of TiCl4 for 30 

minutes at the optimized temperature of 70
o
C, followed by washing with DI water to 

remove excess salt, and annealed at 500°C for 1 hour [81]. 

3.2.2 Solar Cell Fabrication  

The hybrid perovskite layer was obtained by two-stage spin-coating of organic and 

inorganic precursor solutions prepared by dissolving 462 mg of PbI2 in 1 ml of DMF 

solvent and 10 mg of methylammonium iodide (CH3NH3I) in 1 ml isopropanol solvent, 

respectively. The PbI2 solution was heated at 70℃ with stirring for 1 hour and then used 

to deposit on the TNRs by spin coating at 3000 rpm for 40 seconds. The sample was 

then heated on the hot plate at 70
o
C for 10 minutes. The CH3NH3I solution was then 

deposited on the PbI2 layer as a second precursor at 3000 rpm by spin coating to 

complete the perovskite film. Toluene was used as an anti-solvent during the spin 

coating of CH3NH3I for improving the surface morphology of the perovskite film. 

Toluene was also used to improve the conductivity of the hybrid perovskite film by 

removing the voids and residues in methylammonium and halide ions [141]. The 

substrate containing the hybrid perovskite film was heated at 100 
o
C for 30 minutes for 
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improving its crystalline structure. Since perovskite behaves as conductive material, a 

thick (~100 nm) capping layer or hole transport layer (HTL) of p-type Spiro-OMeTAD 

(i.e. hole transport material (HTM)) was grown on the perovskite layer by spin coating 

method to avoid the possibility of short-circuiting between perovskite layer and top 

electrode of the solar cell. The HTM solution was prepared by mixing of 17.5 μl lithium 

bis (trifluoromethanesulfonyl)-imide [Li-TFSI] (520 mg/ml in acetonitrile), 28.8 μl of 

tert-butylpyridine (4-TBP), and 72.3 mg of Spiro-OMeTAD in 1 ml of chlorobenzene. 

The HTM solution of ~40 µl was dispersed onto perovskite and then used for spin 

coating at 2000 rpm for 30 seconds to achieve a ~100 nm capping layer. The capping 

layer also helps in improving the performance by making a balance between the shunt 

resistance and series resistance of the solar cell [40]. 

To complete the fabrication of the PSC under study, a ~ 60 nm film of palladium was 

deposited for top electrode by thermal evaporation (FL400, Hind High Vacuum Ltd, 

India with in-built thickness monitor: SQM-160, INFICON) at a vacuum of ∼210
−6

 

mbar. The complete fabrication steps of three types of PSCs- Device A: PSC with 

simple TNRs based ETL without TiCl4 and solvothermal etching; Device B: PSC with 

only TiCl4 treated TNRs based ETL but no etching; and Device C: PSC using TNRs 

ETL treated with both the TiCl4 and solvothermal; is illustrated in Figure 3.2. The block 

diagram of as-fabricated PSCs after solvothermal etching is shown in Figure 3.3 (a). 

The energy level of various material layers in the PSC structure is analyzed through the 

energy band diagram shown in Figure 3.3 (b). Note that electrons and holes after 

separation of the photo-generated electron-hole pairs travel in opposite directions with 

the help of ETL and HTL. 
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3.2.3 Material and Device Characterization 

The crystalline structure of the prepared TNRs grown on FTO coated glass was 

characterized by X-ray diffractometer (XRD, Miniflex, Rigaku, Japan) by using Cu-Ka 

at a wavelength of λ = 1.5406Å for an operating voltage of 45 kV and current of 40 mA. 

The structure and crystallinity of TNRs are analyzed using transmission electron 

microscopy (TEM) (FEI G2 T20 STWIN).  The elemental composition of the sample 

was evaluated by energy dispersion spectroscopy (EDS) (EDAX Inc.), and the surface 

morphology of the sample was recorded by high-resolution scanning emission 

microscopy (HRSEM) (Nova Nano SEM 450, FEI, USA). The roughness of the TiO2 

layer and perovskite layer is analyzed by atomic force microscopy (AFM) (NTEGRA 

Prima, NT-MDT Service & Logistics Ltd.). The transmittance and absorbance spectra 

were obtained from the dual-beam UV-Vis  

 
 

Figure 3.2: Fabrication steps used for device A, B and C. 
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Figure 3.3: (a) The device structure of PSC after solvothermal etching of TiO2 NRs and (b) 

Schematic representation of the energy band diagram of PSC. 

spectrophotometer (Jesco, V-750, Japan). The photoluminescence measurement is 

performed using spectrometer (FLS 980 from Edinburgh Instruments, UK).  The 

electrical measurement including current-voltage (IV) and impedance of the solar cells 

was performed using probe station attached to the semiconductor parameter analyzer 

(B1500A, Keysight). Solar light spectrum of 100 mW/cm
2
 and 1.5 AM G is obtained 

from solar simulator (PET corp., USA). The external quantum efficiency (EQE) was 

measured from the experimental setup of monochromator (SP2150i, Princeton 

Instruments, USA) connected with light source (Princeton Instruments) and digital 

multimeter (DMM, 34410A, Agilent). The power of the incident light and output 

current of the device at different wavelength was measured using power meter 

(PM100D, Thorlabs) and DMM, respectively, connected through LabVIEW software. 

3.3 Results and Discussion  

The measured solar characteristics and parameters are presented in this section. 

Further discussion on the solar cell characteristics is also listed in this section. 
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3.3.1 Thin Film Characterization 

X-ray diffraction analysis was used to investigate the crystallinity and phase of the 

TiO2 film. The diffractogram of the TNRs is shown in Figure 3.4 (a) from 5 degrees to 

80 degree for a step of 0.0200 degree. It is observed that grown TNRs have both anatase 

and rutile phases. The experimental XRD pattern is well-indexed to the tetragonal rutile 

phase (JCPDS No. 21-1276). Stronger diffraction peaks at 26.90 degree, 36.49 degree 

and 54.89 degree over two minor peaks (at 63.15 degree and 70.17 degree) of the 

anatase phase confirm rutile as the majority phase in the TNRs. Two spurious 

diffraction peaks at 42.84 degree and 71.08 degree are also observed. The XRD pattern 

of the TNRs before and after the solvothermal treatment exhibit the same diffraction 

peaks as shown by the Wan et al.[81]. This clearly rules out any possibility of phase 

transformation or any new phase formation during the solvothermal etching process. 

The elemental composition analysis through energy dispersive spectroscopy (EDS) is 

shown in Figure 3.4 (b). 

The surface morphology and structure of individual TNR obtained by TEM analysis is 

shown in Figure 3.5. The bright field images in Figure 3.5 (a) and (c) show the diameter 

of TNRs before and after solvothermal etching of TNRs. The selected area electron 

diffraction pattern (SAED) in Figure 3.5 (b) and (d) confirm that TNRs are of single 

crystalline rutile phase. Figure 3.5 (c) also shows small TiO2 nanoparticles with TNRs 

which could have formed due to dissolution and reprecipitation during solvothermal 

etching treatment. 

The scanning electron microscopy (SEM) images of TiO2 NRs are shown in Figure 3.6. 

The SEM images of the TNRs before the solvothermal etching in Figure 3.6 (a) and (b) 

show that TNRs are uniformly distributed over the FTO substrate having average length 

around ~ 450 nm and an average diameter of ~150 nm. The length and diameter are also 
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measured from the cross-sectional HRSEM shown in the inset of Figure 3.6 (b). The 

surface morphology and density of TNRs can be optimized by changing the 

concentration of precursor (TTIP) in the solution. The length and diameter of TNRs are 

dependent on the temperature and time of the hydrothermal process. It is also observed 

that there is a significant space between any two TNRs, which can be explored to place 

the perovskite material  

 

Figure 3.4: (a) XRD analysis of TiO2 NRs annealed at 450
0
 C. (b) Energy dispersive spectroscopy (EDS) 

and elemental composition of TNRs. 

 

of the PSC under study. The solvothermal etching improves the net surface area of the 

TNRs by splitting their top surfaces into small nanowires and hollow rectangular 

structures in the form of nanotubes ~70 nm diameter and ~ 100 nm depth, as shown in 

Figure 3.6 (c) and (d). The inner diameter and depth of the rectangular hollow voids can 

be increased by enhancing the etching time and temperature. The surface morphology 

and grain of the perovskite layer deposited on TiO2 NRs (TNRs) at room temperature 

and 65% relative humidity are shown in Figure 3.6 (e) and (f). The surface roughness 

and grain boundaries of the TNRs layer before and after the solvothermal treatment are 

analyzed from AFM images shown in Figure 3.7 (a)-(b) and 3.7 (c)-(d), respectively. 
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Figure 3.5: (a) and (c) are the TEM images of pristine rutile TNRs and TNRs after solvothermal etching 

respectively. Figure (b) and (d) are the selected area electron diffraction patterns corresponds to Figure (a) 

and (b) respectively. 

The AFM images of the perovskite layer deposited on the solvothermally etched 

TNRs layer have been shown in Figure 3.7 (e)-(f). The root-mean-square (RMS) surface 

roughness of TNRs before solvothermal etching, TNRs after solvothermal etching, and 

perovskite layer on TNRs are measured as ~100 nm, ~112 nm, and ~56 nm, 

respectively. The roughness profile confirms that the TNRs layer after solvothermal 

etching has larger surface roughness than that of the TNRs layer without etching. In 

other words, the overall active surface area of the device is increased by solvothermal 



Chapter 3  Effects of Solvothermal Etching and TiCl4 Treatment of TiO2 Nanorods (TNRs) ETL on the Performance 
Characteristics of FTO/TNRs/CH3NH3PbI3/Spiro-OMeTAD/Pd Solar Cells 

76 

 

etching, which can be explored for enhancing the efficiency of PSC. The AFM results 

are found to be agreed with the SEM results shown in Figure 3.6.  

 

Figure 3.6: Top view SEM image of TNRs annealed at 450
0
 C in ambient environment before 

solvothermal etching: (a) 200 nm scale, (b) 500 nm scale (Inset of Figure 3.6 (b) shows the cross-

sectional image of TNRs at 500 nm scale); after solvothermal etching: (c) 200 nm scale, (d) 500 nm scale. 

Top SEM image of perovskite thin film deposited on solvothermal etched TNRs (e) 200 nm scale and (f) 

500 nm scale. 
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Figure 3.7: AFM image of TNRs without solvothermal etching (a) 2D and (b) 3D. AFM image of TNRs 

with solvothermal etching (c) 2D and (d) 3D. AFM image of perovskite film deposited on etched TNRs 

(e) 2D and (f) 3D. 

The transmittance (T) spectra of TNRs without solvothermal etching and with 

solvothermal etching are shown in Figure 3.8 (a). Note that absorption in TNRs can be 

written as 

A=log (1/T) [143]. Similar transmittance spectra pattern confirms that no change in 

phase of the TNRs is introduced by the solvothermal etching process except change in 

their effective surface area as also supported TEM image and SAED pattern of TNR (as 

shown in Figure 3.5). Also, the TNRs along with nanoparticles (as confirmed by TEM 

image) may 
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further enhance the surface to volume ratio of the TNRs layer, which enhances the 

absorbance. A step-change in the transmittance spectra observed at ~405 nm due to an 

abrupt reduction in absorption near the optical bandgap edge of TiO2. The value of 

optical band gap can be calculated from the tauc relationship [143]: 

( )m
gh h E                                                      (3.2) 

 Where            )/log(33.2 dT                                                   (3.3) 

is the absorbance coefficient, d is the sample thickness, and hv = 1240/(incident light 

(nm)) is the photon energy. The estimated bandgap of the TiO2 is ~3.2 eV, which has 

been derived from the plot of (αhν)
1/2

 versus (hν). For wavelengths below 400 nm, the 

absorption in TNRs (TiO2 nanorods) after etching is more than the TNRs without 

etching, which may be attributed to the partial dissolution of TNRs in solvothermal 

etching as also noticed in the SEM images. It is observed that the perovskite layer on 

solvothermal etched TNRs has more absorbance compare to the perovskite layer on the 

other two kinds of TNRs layers, as shown in Figure 3.8 (b). 

The charge transport and traps in different ETL films of the solar cell structure are 

studied using the electrical as well as optical measurements shown in Figure 3.9. The I-

V characteristics of three Ag/TNRs based junction diodes made of three different types 

of TNRs (Device 1: TNRs, Device 2: TNRs/TiCl4 treated, and Device 3: 

TNRs/Etched/TiCl4 treated) are compared in Figure 3.9 (a). The improved diode current 

in Device 2 and Device 3 over Device 1 is clearly observed due to a reduction in traps 

in the modified TNRs treated with TiCl4. The space charge limited current (SCLC) 

region of the IV characteristics are shown in the inset of Figure 3.9 (a). It can be noted 

from the SCLC region that the carrier mobility is increased significantly with the 

solvothermal etching followed by TiCl4 treatment.  The effect of modified TNRs on the 
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optically generated charge carriers of PSCs is also investigated in terms of the PL 

quenching shown in Figure 3.9 (b). The subsequent decrease in PL intensity for Device 

B and Device C confirms the enhancement in the photoabsorption and photocurrent in 

the PSCs under study. The enhanced absorption also agrees with the results shown in 

Figure 3.8 (b). Finally, the impedance characteristics of all the three 

 
 

Figure 3.8: (a) Transmittance of TiO2 NRs before and after solvothermal etching. (b) UV-VIS 

absorbance spectrum of perovskite film deposited on TiO2 nanorods without TiCl4 treatment, TiO2 

nanorods with TiCl4 treatment before and after solvothermal etching. 

 

solar cell structures measured at an applied voltage of 1 V in the frequency range of 1 

kHz to 1 MHz are plotted in the inset of Figure 3.9 (b). It is found that the impedance is 

reduced due to TiCl4 treatment of the TNRs based ETL. 

3.3.2 Solar Cell Characterization  

The photocurrent density (Jph) vs. voltage (V) characteristic was recorded by a 

semiconductor parameter analyzer under the illumination of the solar spectrum through 

a circular mask having an area equal to the cell area of 0.0314 cm
2
. The solar cell 

parameters such as VOC, JSC, FF, and PCE are obtained from the Jph-V characteristic 

shown in Figure 3.10 (a). The solar cell parameters for different device structures are 
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summarized in Table 3.1. The performance of the following three types of fabricated 

PSC is investigated in this article. The average PCE of 11.46%, VOC of 0.97 V, JSC of 

20.75 mA/cm
2,

 and FF of 0.55 are obtained for “Device A”. The performance 

parameters are observed to be improved by TiCl4 treatment of the ETL since the PCE of 

12.90%, VOC of 1.01 V, JSC of 22.19 mA/cm
2
, and FF of 0.57 are measured for “Device 

B”. The performance improvement in “Device B” over “Device A” is attributed to the 

enhancement of carrier lifetime and diffusion length achieved by removing the traps and 

voids from TNRs by the TiCl4 treatment of “Device B”. Note that traps and voids in 

TNRs enhance the recombination of charge carriers and limit the diffusion length of 

carriers. “Device C” fabricated by using TNRs ETL with solvothermal etching followed 

by TiCl4 treatment has an average PCE of 14.78%, FF of 62%, VOC of 1.05 V, and JSC 

of 22.31 mA/cm
2,

 which are the best among all the three types of PSCs (i.e., A, B, and 

C) considered in this study. 

It is important to mention that the cell parameters discussed above are directly affected 

by the values of the shunt resistance (RSh), series resistance (RS), and other losses in the 

devices [144]. The decrease in series resistance and increase in shunt resistance enhance 

the value of FF, which, in turn, results in higher PCE and optimizes the output power 

close to the theoretical maximum value [144]. The results confirm that the solvothermal 

etching process along with TiCl4 treatment can be explored for improving the 

performance of the TNRs ETL based hybrid PSCs by reducing the surface traps and 

defects in TNRs by the TiCl4 treatment and enhancing the effective light absorption area 

by the solvothermal etching process. The highest PCE of 15.16% is achieved for the 

champion Device-C along with FF of 0.64, JSC of 22.64 mA/cm
2,

 and VOC of 1.04, 

which are possibly the best under open-air measurements. The power conversion 

efficiency of MAPbI3 and different type of TiO2 ETL based PSCs are compared in 
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Table 3.2. Clearly, the use of modified TNRs based ETL in our proposed device shows 

promising power conversion efficiency under high humid and open atmosphere. The 

efficiency is believed to be enhanced further if the fabrication and measurements are 

performed in a controlled environment which is not available in our laboratory. We will 

consider the external quantum efficiency (EQE) of the devices A, B, and C compared in 

Figure 3.10 (b). The EQE is computed by using the following relation [145]: 

1001240 











R
EQE %                                          (3.4) 

Where „R‟ is the photoresponsivity and λ in the wavelength of the incident light. 

Figure 3.10 (b) shows the highest value of EQE in Device C, which again confirms its 

superior performance over the other two devices. 
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Figure 3.9: (a) I-V characteristics of the junction diode made of modified TNRs. Inset of (a) shows SCLC 

region in all the diode. (b) Emission characteristics in three solar cell structures.  of TiO2 NRs before and 

after solvothermal etching. Inset of (b) shows impedance characteristics of three solar cells. 

Table 3.1: Device Comparison based on TiO2 NRs ETL 

 
 

 
  Device Parameter 

      ETL 
JSC (mA/cm2) VOC (V) FF PCE (%) 

TNRs 
(Device A) 

Average 20.75 ± 02.25 0.97 ± 0.04 0.55 ± 0.05 11.46 ± 0.65 

Champion 20.18 0.964 0.61 12.03 

TNRs/TiCl4 treated 
(Device B) 

Average 22.19 ± 01.5 1.01 ± 0.04 0.57±0.04 12.90 ± 1.36 

Champion 22.18 1.07 0.61 14.55 

TNRs/Etched/TiCl4 
treated 
(Device C) 

Average 22.31 ± 0.30 1.05 ± 0.04 0.62 ±0.02 14.78 ± 0.45 

Champion 22.64 1.04 0.64 15.16 
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Figure 3.10: (a) Jph-V characteristics of device A, B & C; (b) Comparison of EQE of device A, B & C. 

 

TABLE 3.2: POWER CONVERSION EFFICIENCY OF TIO2 ETL BASED PSCS. 

ETL PCE (%) Ref. 

TiO2 nanorods 9.4 [146] 

TiO2 nanowire 11.7 [75] 

Bare TiO2 NR 
TiCl4-treated TiO2 NR 
4.8 nm TiO2 nanoparticle on TNRs 
TiCl4-treated mesoporous- TiO2 

5.03 
7.98 

13.45 
9.58 

 
[147] 

TiO2 NP film 
(0.4 vol %) rGO/mesoporous- TiO2 

11.5 
13.5 

[148] 

TiO2 nanoparticles 
TiO2 nanotubes 
TiO2 nanotube/TiO2 nanoparticle 

6.56 
7.63 
9.16 

[149] 

TiO2 mesoporous 12.62 [150] 

Rutile TiO2 nanorod 16.11 [151] 

Compact- TiO2 
Compact- TiO2 / mesoporous- TiO2 

11.85 
14.76 

[152] 

TiO2 (Compact + mesoporous) 
0.5 mol% Al TiO2 

11.49 
14.05 

[153] 

TNRs/ TNRs Etching/TiCl4 treatment 15.16 
This 
Work 
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3.4 Conclusion 

The performance improvement in hybrid PSCs by solvothermal etching and TiCl4 

treatment of TNRs based ETL grown on the FTO coated glass substrates have been 

analyzed in this chapter. The performance parameters of three types of PSCs using 

hydrothermally synthesized TNRs based ETLs without etching and TiCl4 treatment 

(Device A); with only TiCl4 treatment but no etching of TNRs (Device B); and TNRs 

with solvothermal etching followed by TiCl4 treatment (Device C) are compared. The 

PCE, VOC, JSC and FF are measured as 11.46%, 0.97 V, 20.75 mA/cm
2
 and 0.55 for 

“Device A”; 12.90%, 1.01 V, 22.19 mA/cm
2
, and 0.57 for “Device B”; and, 14.78 %, 

1.05 V, 22.31 mA/cm
2
 and 0.62 for and “Device C”. The EQE is also found to be the 

best for “Device C” among the three devices. The improvement in the performance 

parameters of “Device C” is attributed to the enhancement of recombination lifetime of 

carriers due to the reduction of traps and voids in the TNRs by TiCl4 treatment as well 

as to the enhancement of the effective surface area of the TNRs by solvothermal 

etching.  
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CHAPTER 4 

 

Fabrication and Characterization of FTO/ZnO Seed Layer/ 

ZnO Nanorods/CH3NH3PbI3/PTAA/Au Solar Cells with 

Different Seed Layers 

 

4.1    Introduction 

The effects of thickness and surface morphology of hydrothermally grown TNRs 

based ETL on the performance of FTO/TNRs/CH3NH3PbI3/PTAA (or Spiro-

OMeTAD)/Pd perovskite solar cells (PSCs) have been investigated in Chapter-2 and 

Chapter-3 respectively. It is discussed in Chapter-1 that, like the TiO2 nanorods (TNRs), 

ZnO nanorods (ZNRs) can also be used for the ETL in the solar cells [154].  In view of 

the above, we will now explore the hydrothermally grown ZnO nanorods (ZNRs) for 

the ETL in the PSCs in this chapter. The ZnO seed layer on the FTO substrate deposited 

by various methods can be used for the growth of ZNRs by the hydrothermal method. 

Various methods such as spray pyrolysis, electrochemical deposition, CVD, spin 

coating, sol-gel, dipping method, etc., are used for the seed layer deposition on the FTO 

substrates [155]-[158]. The deposition method of the seed layer plays a crucial role in 

determining the properties of the ZNRs grown by hydrothermal methods [90]. In this 

chapter, four different types of ZnO seed layers of drop-casted ZnO film, spin-coated 

colloidal ZnO nanoparticles (NPs) film, spin-coated colloidal ZnO quantum dots (QDs) 

film, and hydrothermally grown ZnO NRs film were deposited on four FTO substrates. 

The seed layer coated FTO substrates were then processed for growing ZnO NRs 

(ZNRs) based ETL by the hydrothermal method. Then spin-coated CH3NH3PbI3 hybrid 

perovskite active layer and PTAA based HTL layers and thermally evaporated Au film 
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for contact electrode were successively deposited for fabricating four different PSC 

devices. The effects of coverage density, surface morphology, and orientation of the 

four different types ZNRs based ETLs on the performance parameters of 

FTO/TNRs/CH3NH3PbI3/PTAA/Au structure-based PSCs have been investigated in this 

chapter. The content of the present chapter is outlined as follows: 

Section 4.2 describes the details of the deposition process of ZnO seed layers, 

ZNRs, and the fabrication of PSCs. The measurement results for different seed layers 

and subsequent discussion are presented in Section 4.3. Finally, Section 4.4 summarizes 

the major finding and observations of this chapter.  

4.2    Experimental Details 

In this section, deposition of different seed layers, hydrothermal growth of ZNRs, 

and fabrication steps for different types of ZNRs based PSCs are presented. 

4.2.1 Solution Preparation for Seed Layer 

       The FTO coated substrates (15 × 15 mm
2
) were first cleaned using soap solution 

and rinsed in deionized (DI) water. Subsequently, the substrates were cleaned with 

acetone, 2-propanol, and then dried at 90°C for 10 minutes. Four different types of seed 

layer samples were prepared for the growth of ZNRs using ZnO drop-cast, ZnO 

nanoparticles (NPs), ZnO quantum dots (QDs), and solvothermal (ZnO NRs itself). The 

solution for the first sample (ZnO drop-cast) was made using 25 mM of zinc acetate 

dihydrate and 50 mM of sodium hydroxide (NaOH) in ethanol [159]. The sodium 

hydroxide solution was added dropwise to the zinc acetate dihydrate solution under 

vigorous stirring at 65
0
C for 2 hours. The prepared solution was washed with ethanol 

several times after completing the reaction. The “ZnO NPs” sample was synthesized 

using 0.1 M solution of zinc nitrate (Zn(NO3)2.6H2O) and 0.2 M solution of potassium 
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hydroxide (KOH)  in DI water [160]. The KOH solution was added slowly into the zinc 

nitrate solution and kept under vigorous stirring continuously for 1 hrs. The prepared 

solution has an appearance of milky white in color. Finally, the solution was centrifuged 

at 5000 rpm for 5 min and was then washed with ethanol. Further, the prepared NPs are 

dried, and 10 mg of NPs are dissolved in 1 ml of chloroform.  

“ZnO QDs” was prepared by mixing zinc acetate dihydrate (100 mM) in 2-methoxy 

ethanol (coordinating ligand) and constantly stirred on a hot plate at a temperature of 

60°C in a nitrogen environment. An equimolar concentration of monoethanolamine 

(MEA) was added drop-by-drop in the solution at a constant temperature of 60
0
C with 

continuously stirring [161].  

 

Figure 4.1: Graphical view of the preparation process of the solutions for the seed layers (a) ZnO drop-

cast (b) ZnO NPs (c) ZnO QDs (d) Solvothermal ZnO NRs. 

 

By controlling the reaction time, a uniform particle size of ZnO QD is obtained in 
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the order of Bohr’s radius (∼2.34 nm for ZnO). After that solution was filtered out by 

using a PVDF filter (0.22 μm) to remove unreactive particles. The last sample, “ZnO 

solvothermal,” was prepared by using a mixture of 0.01 M concentration of zinc nitrate 

hexahydrate (Zn(NO3)2·6H2O) and HMTA in DI water. The ZnO seed layer solution 

preparation is graphically demonstrated in Figure 4.1. 

 

4.2.2 Growth of ZnO Nanorods   

     There are several methods reported for the fabrication of the ZNRs. In the present 

work, the hydrothermal synthesis route was used for the fabrication of nanorods. A seed 

layer of different precursor solutions was deposited with the help of drop-cast, spin 

coating, and solvothermal methods. 40 µl precursor solution of the first sample was 

deposited using drop-cast technique onto cleaned FTO substrate, and the substrate was 

dried on a hot plate. This method (step) was repeated several times and annealed at 

350
0
C for 1 hour in ambient condition. The seed layer in sample 2 (NP) and 3 (QDs) 

were deposited via spin coating (SPM-150LC, GmbH) technique at 3000 rpm for 30 sec 

and heated on the hot plate at 100°C for 10 minutes. This process was repeated 3 times 

for the conformal deposition of the seed layer. The seed layer in sample 4 was deposited 

by hydrothermal process. FTO coated substrate (FTO side kept facedown) was 

immersed vertically in prepared solution in Teflon lined stainless steel autoclave for 1 

hour at 90
0
C for growth of ZnO seed layer. After the set time, the autoclave was kept 

outside the furnace and cooled slowly till room temperature. The sample was taken out 

from the autoclave and washed with running DI water several times, and dried with N2 

gas flow. The sample was rinsed in DI water and annealed at 150
0
C for 1 hour to form a 

ZnO compact layer, which acts as a seed layer. Finally, all the seed layer coated 

substrate was annealed at 350°C. The deposition process of different seed layers is 
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illustrated in Figure 4.2. 

 

Figure 4.2: Seed layer deposition process using drop-cast, spin coating, and solvothermal. Growth of 

nanorods in the last step using the solvothermal process. 

 

The seed layer coated FTO substrates were placed in the autoclave for the 

hydrothermal process as discussed for the seed layer of sample 4 and shown in Figure 

4.2. The ZnO nanorod (ZNRs) on every sample was grown using an equimolar 50 mM 

solution of zinc nitrate hexahydrate (Zn(NO3)2·6H2O) and hexamethylenetetramine 

(hexamine) in DI water at  65
0
C for 2 hours. Zinc nitrate and hexamethylenetetramine 

were used as the source of Zn
+
 and OH

-
, respectively in the hydrothermal process. No 

precipitate occurred when hexamine was mix in solution. By increasing in temperature, 

hexamine was converted into Zn(OH)2 by decomposition. Further, the ZnO nuclei were 

created on the sample and continuously increased with time. The nuclei grew up, and 
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the thin film of ZnO formed on the sample. The possible reaction mechanism for ZNRs 

growth is given as [162]:  

 

  

                                        (4.1) 

 

                                               (4.2) 

 

                                                  (4.3) 

 

                                                (4.4) 

 

 

4.2.3 Solar Cell Fabrication   

       A hybrid perovskite layer was coated on the ZNRs via a two-stage spin coating 

method.  The separate precursor solution of methylammonium iodide (CH3NH3I (~ 10 

mg)) and lead iodide (PbI2 (~ 462 mg)) was prepared in 1 ml of 2-propanol and N, N-

dimethyl formamide (DMF) solvent. A solution of PbI2 was heated at 90°C and 

continuously stirred at 300 rpm for 1 hour on the hot plate. 50 µl of this solution was 

then spin-coated at 3000 rpm for 30 seconds and heated at 70°C for 10 minutes on the 

hot plate. After that, the CH3NH3I solution was spin-coated at 3000 rpm as the second 

precursor. Toluene was used as an anti-solvent on top of perovskite thin-film during 

spin coating, which improves the surface morphology as well as conductivity by 

removing the voids and residues from methylammonium and halide ions [41]. The film 

was then heated at 100°C for 30 minutes to improve the crystallinity of the film. A thin 

layer (~100 nm) of PTAA was spin-coated at 2000 rpm for 30 s for the proper charge 

separation from the active layer (i.e., perovskite layer). 

Finally, a thin layer (~80 nm) of gold (Au) was deposited on PTAA, which acts as a 

top electrode by using a thermal evaporation unit (FL400, HHV). The detailed 
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fabrication step is depicted in Figure 4.3. A comparative study was done to investigate 

the effect of different types of the seed layer on the PSCs’ parameter. The four different 

types of PSCs have been fabricated with a different seed layer and named as follows: 

PSC A:-Au/PTAA/CH3NH3PbI3/ZNRs/ZnO Drop-cast seed layer/FTO 

PSC B:-Au/PTAA/CH3NH3PbI3/ZNRs/ZnO NPs seed layer/FTO 

PSC C:-Au/PTAA/CH3NH3PbI3/ZNRs/ZnO QDs seed layer/FTO 

PSC D:-Au/PTAA/CH3NH3PbI3/ZNRs/ZnO NR seed layer/FTO 

 

Figure 4.3: Fabrication flow diagram for the perovskite solar cell. 

 

4.3      Results and Discussion  

This section presents the optical and electrical characterizations of PSCs fabricated 

with different ZnO seed layers. 
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4.3.1 Thin Film Surface Characteristics 

         The scanning images of the top view of ZNRs grown on on different seed layer of 

ZnO deposited using drop-cast, spin coating, and solvothermal is shown in Figure 4.4. 

A significant morphological difference is observed. The nanorods which are grown on 

the first sample (ZnO seed layer by drop cast) are not well aligned and randomly 

distributed on the substrate. The growth is not perpendicular to the c-axis, even though 

growth is observed in all directions. It happened since the seed layer is not uniformly 

distributed throughout the substrate. The growth of ZNRs is uniform, well-distributed, 

and aligned for the ZnO QDs based seed layer. The nanorods’ growth is in all directions 

and also perpendicular to the c-axis. It is possible because of the uniform growth of the 

seed layer. The size distribution and alignment of ZNRs are highly influenced by the 

particle size and the surface roughness of the seed layer. The particle of the seed layer 

acts as a nucleation center for the growth of ZNRs. The ZnO seed layer deposited from 

NPs solution has a larger particle size compared to ZnO QDs coated sample. It is shown 

in Figure 4.4 (b) and (c) that the diameter of ZNRs is more in the ZnO NPs based seed 

layer. It is observed from the SEM image that the surface to volume ratio is more in 

NPs and QDs seed layer based ZNRs compared to the other two samples, and it’s also 

confirmed from the TEM image shown in the inset of Figure 4.4 (b) and (c). The ZNRs 

deposited on solvothermally grown seed layer have random distribution and non-

uniformity due to poor nucleation of ZNRs. So it can be analyzed that solvothermally 

grown seed layer has a large particle size compared to the particle size of the other three 

samples. ZNRs deposited on the ZnO QDs seed layer are well decorated, better 

vertically aligned, and high packing density throughout the surface.  The height and 

thickness are also consistent in ZnO QDs seed layer based ZNRs. It is possible due to 

good crystalline and uniform particle size (which is also supported by TEM image in 



Chapter 4  Fabrication and Characterization of FTO/ZnO Seed Layer/ ZnO Nanorods/CH3NH3PbI3/PTAA/Au Solar 
Cells with Different Seed Layers 

94 

 

the inset of Figure 4.4 (c)) of ZnO QDs seed layer.  

 

Figure 4.4: Top view of ZnO nanorods grown on different seed layers of (a) drop-cast (b) spin coated 

(ZnO NPs) (c) spin coated (ZnO QD) (d) solvothermal. 

 

Figure 4.5 shows the X-ray diffraction (XRD) pattern of ZNRs grown on four different 

seed layer samples (Drop-cast, NPs, QDs, and solvothermal). The XRD image shows 

that most of the dominant diffraction peaks are corresponds to the wurtzite phase of 

ZnO and reveals uniform crystallinity. The major high-intensity peaks, such as 002, 

101, 103, and 111, are common in all four samples (JCPDS 65-3431). The indexed 

peaks at 2Ɵ≈31.77˚, 34.42˚, 36.25˚, 47.53˚, 56.60˚, 62.85˚, 66.38˚, 67.95˚ and 72.56˚ 

correspond to the reflections from (100), (002), (101), (102), (110), (103), (200), (112) 

and (004) crystal planes of the wurtzite phase ZnO, whereas others peaks belong to the 

crystal plane of  FTO. The intense and strongest peak was observed for the (002) plane. 

It is analyzed from the XRD pattern that the extra peak in the QDs based ZNRs sample 
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is coming at 2θ=56.60° and 72.56
o
 due to the good orientation of ZNRs along the c-

axis. So, it can be concluded from the XRD pattern that the QDs based ZNRs have a 

uniform and better crystallinity compared to other samples. 

 

Figure 4.5: XRD pattern of ZnO NR grows on different ZnO seed layers deposited using (a) drop-cast (b) 

spin coated (ZnO NPs) (c) spin coated (ZnO QD) (d) solvothermal. 

4.3.2 Optical Characterization  

       The optical absorbance and photoluminescence (PL) in the four types of seed layers 

on FTO coated substrate are plotted in Figure 4.6. A sharp change in absorbance has 

been observed at 395 nm wavelength in three seed layers (Drop-cast, NPs, and 

solvothermal based samples), while the QDs based seed layer sample has absorbance 

change at a wavelength of 375 nm. The optical characteristics are also verified by 
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photoluminance (PL) emission spectra, where the intensity curve of PL is matched with 

the band edge of absorbance spectra. The QDs deposited seed layer sample has lower 

band edge spectra, which is due to the smaller particle size with respect to the other 

three samples. It can be observed from Figure 4.6 that nanoparticle and drop-cast seed 

layer based samples have similar absorbance pattern, which is also confirmed from the 

PL emission graph. The optical band gap is also calculated by using the Tauc plot 

corresponding to the respective graph depicted in Figure 4.7.  

 

Figure 4.6: Photoluminescence emission and optical absorbance spectra of ZnO seed layer samples 

deposited on FTO substrate. 

 

An abrupt change in absorbance spectra near the optical bandgap edge of ZNRs is 

calculated by the Tauc relationship [163]. The Tauc relationship is given as:  

αhυ = A(hυ − Eg)
m

 

Where α = 2.33 log (T /d) is the absorbance coefficient, d is the film thickness, and hv = 

1240/[incident light (nm)] is the photon energy. The absorption in ZNRs can be written 
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as A = log (1/T). The estimated bandgap is 2.95 eV for drop-cast, 3 eV for NP, 3.05 eV 

for solvothermal, and ~3.1 eV for QDs based seed layer sample, which have been 

derived from the plot of (αhν)
1/2

 versus (hν). The derived optical band gap value can be 

correlated to the particle size of seed layer samples. The larger optical band gap of ZnO 

QDs seed layer based ZNRs sample calculated from the Tauc plot confirms the smaller 

particle size compared to other samples. 

 

Figure 4.7: Tau plots for different ZnO seed layer samples.  

 

     The transmittance spectra of ZNRs grown on different ZnO seed layer is recorded by 

UV-Vis spectrometer for the wavelength range from 250 nm to 800 nm, as shown in 

Figure 4.8. The ZNRs grown on the ZnO QDs seed layer exhibits enhanced 

transmittance spectra in the visible range (from 400 nm to 700 nm) because of vertically 

oriented ZNRs compared to the other three samples. The ZNRs grown on nanoparticle 

and drop-cast based seed layer substrate have almost similar transmittance spectra but 
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less than the transmittance spectra of ZnO QDs seed layer based ZNRs. The reduction 

in transmittance spectra in ZnO nanoparticle and drop-cast based sample is because of 

photon scattering phenomena, while the ZNRs deposited on solvothermally grown seed 

layer based sample have reduced transmittance due to random growth of ZNRs and an 

increase in surface roughness of the samples. Note that the optical band gap for ZNRs 

can also be derived from the transmittance spectrum. The ZNRs have strong band edge 

transmittance near ~370 nm due to crystalline ZNRs, which reveal more transmittance 

towards the visible range. In addition, ZNRs deposited on ZnO QDs seed layer having 

more transmittance among all samples due to single crystallinity, uniform distribution, 

and vertically well-aligned on the substrate or in other words, solvothermal seed layer 

based sample has less transmittance due to more scattering within ZNRs. The less 

transmittance in solvothermal-based ZNRs sample results in less optical absorbance for 

PSC D, consequently poor device performance. 

4.3.3 Electrical Characterization 

       The four perovskite solar cells’ impedance measurement is recorded at an applied 

voltage of 1 V in the frequency range of 1 kHz–1 MHz, as shown in Figure 4.9. It is 

estimated from Figure 4.9 that the impedance is lowest for PSC C because of fewer 

defects in the electron transport layer. The current density-voltage (J-V) characteristics 

of the solar cells in the PTAA/CH3NH3PbI3/ZNRs structure on the different types of 

seed layer are shown in Figure 4.10.  The J-V characteristics reveal that power 

conversion efficiency is maximum for PSC C, which has a seed layer of quantum dots. 

It is also observed that there is no significant change in PCE of drop-cast and NP seed 

layer based PSCs. The FF of PSC C is highest while it is lowest in the case of PSC D. 

The possible reason for that is ZNRs of PSC C are well aligned and perpendicular to the 
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substrate, so that collection of charges takes place effectively. The FF is decreased due 

to the fact that the NR is not well aligned and not perpendicular to the c-axis in PSC A 

and D. The VOC is minimum in case of solvothermal deposited PSC due to more internal 

series resistance and more chance of short-circuiting of the device. Whereas VOC is 

maximum in the case of QDs seed layer based PSC due to lower series resistance. The 

increment in the VOC is observed due to better alignment of ZNRs (As shown in SEM 

image) or less chance of short-circuiting and long electron pathway in the QDs seed 

layer based PSC. The photovoltaic parameters of four types of cells based on different 

seed layers are compared in Table 4.1.  

Table 4.1: Photovoltaic parameter of different PSCs based on different seed layers. 

 

ZnO Seed Layer VOC JSC FF Efficiency (%) 

PSC A 0.95 19.26 0.58 9.12 

PSC B 0.98 17.77 0.55 9.68 

PSC C 1.01 19.14 0.64 10.69 

PSC D 0.91 13.98 0.48 6.09 

 

The overall optical absorbance is higher in both devices (PSC A and C) due to the large 

surface to volume ratio, which results in more current density.  The voids and defects in 

the solvothermally deposited seed layer-based device enhance the possibility of 

recombination of electron-holes, resulting in a decrease in PSCs’ performance.  The 

distribution of ZNRs is non-uniform, so more voids and defect states in ZNRs, which 

results in a decrement in the VOC as well as current-density in PSC D. 

External quantum efficiency (EQE) of the solar cell is determined by using the 

following relation [164]:  
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                                        (4.5) 

 
 

Figure 4.8: Transmittance spectra of ZnO nanorods deposited on various ZnO seed layer  

 
 

Figure 4.9: Impedance characteristics of PSCs  A, B, C, & D  
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where “R” is the photoresponsivity and λ is the wavelength of the incident light. EQE 

for all the PSCs has been plotted in Figure 4.11 to compare the optical energy to 

electrical energy conversion in the selected wavelength range. The measured EQE is 

almost identical (~75%) for PSC A and PSC B in the range of 300-900 nm.  

 

Figure 4.10: Current density vs voltage (J-V) curve of four ZNRs based PSCs fabricated on different 

ZnO seed layers    

 

The highest EQE is obtained in PSC C, which again confirms its superior performance 

over the other three devices. Photon corresponding to this wavelength is well absorbed 

in the PSC C, and the generated charge carriers are transported effectively to the 

electrode. However, a significant improvement in the EQE of PSC B is also observed 

due to the growth of less defective ZNRs in a particular direction, which enhances the 

considerable absorption of light and also helps in collecting the generated charge 

carriers. 
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Figure 4.11: External quantum efficiency (EQE) of PSCs A, B, C, and D 

4.4     Conclusion 

The different types of seed layers based PSCs are fabricated and characterized for the 

performance improvement in the present chapter. The FTO/seed layer/ 

ZNRs/CH3NH3PbI3/PTAA/Au structure is implemented on the glass substrate. The 

identical growth technique is used for the ZNRs in four types of seed layer based PSCs. 

The comparative study shows that the ZNRs grown on the ZnO QDs seed layer is more 

suitable for the perovskite-based solar cells. The current density (JSC) of 19.14 mA/cm
2
, 

VOC of 1.01, fill factor of 0.64, and PCE of 10.69% have been achieved for ZnO QDs 

seed layer based PSC. The improvement in the solar parameters is attributed to the well 

align ZNRs grown on the seed layer with smaller particle size (ZnO QDs), directly 

affecting the VOC and FF of the PSC. ZnO QDs based seed layer on the FTO substrate is 

uniform and more compact, which provides better nucleation sites for the vertically 

aligned ZNRs with a high surface to volume ratio. 
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CHAPTER 5 

 

Effect of Doped Spiro-OMeTAD Based HTL on the 

Performance of FTO/ZnO Nanorods/CH3NH3PbI3/Spiro-

OMeTAD/Pd Perovskite Solar Cells 

 

5.1     Introduction 

We have investigated the performance characteristics of FTO/ZnO Seed Layer/ZnO 

Nanorods/CH3NH3PbI3/PTAA/Au where ZnO nanorods (ZNRs) have been synthesized 

from the four different types seed layers by hydrothermal method in Chapter-4. The 

ZNRs have increased mobility, easy synthesis, low-temperature processing, and high 

stability [115], [126], [165]. Although ZNRs based PSCs have good power conversion 

efficiency (PCE), some modification is required in the synthesis process of ZNRs to 

remove voids and traps on the surface. Son et al. [90] have reported the maximum PCE 

of 14.35% using (NH4)2TiF6 treated ZNRs based ETL in the PSCs. The surface-treated 

ZNRs minimize the recombination for the generated charge carriers. On the other hand, 

the use of doping engineered hole transport layer (HTL) in the PSCs improves their  

efficiency, stability, and environment-friendly operations [127], [166]-[168]. It is found 

that the mobility/conductivity of spiro-OMeTAD can be increased by appropriate 

doping. The common p-type dopants to the spiro-OMeTAD are  bis(trifluoromethane) 

sulfonamide lithium salt (Li-TFSI) and 4-tert-butylpyridine (TBP) [166]. It is observed 

that lithium salt helps in the oxidation process of spiro-OMeTAD, whereas TBP 

improves the conductivity of the active layer by dissolving in the perovskite layer [169]. 

In this chapter, we will investigate the effects of doped HTL based 

ZNRs/CH3NH3PbI3/Spiro-OMeTAD based hybrid PSCs using LiTFSI and TBP 
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dopants. The experimental results have been compared with the commercially available 

SetFos
TM

 TCAD simulation data for their validation. The outline for the rest of this 

chapter is as follow: 

Section 5.2 describes the details of the synthesis process of ZNRs and the 

fabrication steps of PSCs. The simulation methodology and the factors affecting the 

parameters of simulated solar cells are discussed in Section 5.3. The measurement 

results, their comparison with simulated results, and discussion are presented in Section 

5.4. Finally, Section 4.5 summarizes the finding and observations of this chapter.  

5.2       Experimental Details 

5.2.1 Thin Film Growth and Perovskite Solar Cells Fabrication 

FTO coated glass substrate in 15 mm × 15 mm square size was cleaned 

ultrasonically step by step in a soap solution, acetone, and isopropanol, respectively, for 

15 minutes each [170]. The wet cleaned substrates were kept in the plasma chamber for 

10 minutes for dry cleaning under nitrogen and argon flow to make the surface more 

hydrophilic. Two types of PSCs with fixed ZnO NRs ETL and variation in HTL 

(undoped and spiro-OMeTAD) were fabricated on FTO coated glass substrates.  First of 

all, the ZnO QDs solution was prepared using dissolving zinc acetate dihydrate in 2-

methoxy ethanol at 60
0
 C and stirred for 24 hours under an inert environment (Nitrogen 

gas) [171]. Further, the solution was filtered using a 0.22 um PVDF membrane to 

remove uncreated particles. A very thin seed layer of as-synthesized ZnO quantum dot 

was deposited using a spin coating on cleaned FTO substrate to make uniformly 

distributed ZnO nanorods. The ZnO NRs were grown on ZnO QDs coated FTO 

substrate using a solvothermal process [154]. In brief, the precursor solution was 
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prepared by mixing of 500 mM zinc acetate and 500 mM HTMA in de-ionized (DI) 

water. The mixed precursor solution was then transferred in Teflon lined cylindrical 

autoclave. The ZnO coated FTO substrates were kept in an autoclave with an angle. The 

autoclave was moved in a digital muffle furnace at a constant temperature of 95
0
 C for 4 

hours to obtain ZnO NRs with an average length of 400 nm. After the growth of ZnO 

NRs, the samples were rinsed in DI water for removal of unreacted salts and annealed at 

250
0
 C for 1 hour to make a fully crystalline phase. Further, surface modification using 

TiCl4 treatment was performed by dipping in 40 mM TiCl4 solution in DI water for 30 

minutes at 70
0 

C [116]. The TiCl4 treatment overcomes the separation between two 

consecutive ZnO NRs. The perovskite was deposited on grown ZnO NRs using two-

step spin coating methods. The precursor solution was prepared by dissolving 462 mg 

lead iodide (PbI2) and 10 mg methylammonium iodide (CH3NH3I) in 1 ml DMF and 1 

ml isopropanol, respectively. Both the inorganic material (PbI2) and organic material 

(CH3NH3I) were deposited on grown ZnO NRs sample using spin coater (SPM-150LC, 

GmbH). The precursor’s solutions of PbI2 and CH3NH3I were deposited at 2000 and 

3000 rpm, respectively, for 30 seconds. The overall thickness of 300 nm was achieved 

for the perovskite film.  The obtained perovskite layer (active layer) was annealed at 

90°C for 30 minutes to evaporate the solvent.  Further, HTL of undoped spiro-

OMeTAD and doped spiro-OMeTAD (dopant are LiTFSI and TBP) were deposited 

separately for the identical thickness of 80 nm [172]. Finally, 100 nm Pd was deposited 

using a thermal evaporation coating unit (Hind High Vac, model smart coat 3.0A) at a 

vacuum of 2×10
-6

 mbar. The fabrication steps for the proposed PSCs have been 

illustrated in Figure 5.1 (a). The complete device structure (FTO/ 

ZNRs/Perovskite/Spiro-OMeTAD/Pd) of the fabricated PSCs is shown in Figure 5.1(b). 
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5.2.2 Film and Device Characterization 

The surface roughness is measured by atomic force microscopy (AFM, model: 

NaioAFM from Nanosurf, Switzerland) in dynamic mode. The surface morphology was 

taken by high resolution scanning electron microscope-HRSEM (Nova Nano SEM 450, 

FEI, USA).  The absorbance spectra were obtained using UV-VIS spectroscopy (Jesco 

Corp.). The current density-voltage characteristic was obtained using a parameter 

analyzer (KeySight, B1500A). The light of one sun (100 mW/cm
2
) was obtained from a 

solar simulator (Model: SS50AAA, AM 1.5G Photo Emission Tech Inc, USA). The 

external quantum efficiency (EQE) of the PSC was measured using a digital multimeter 

(Agilent, 34410A) and a monochromator (Princeton Instruments, SP2150i). The optical 

power density of the light sources (Halogen lamp, 150 watts) was measured using a 

PM100D (from Thorlabs) detector. 
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Figure 5.1: (a). Fabrication flowchart for the PSCs; (b) Complete device structure of the fabricated 

PSCs. 

5.3 TCAD Simulation and Models   

The carrier transportation in the proposed device structure is illustrated using a band 

diagram shown in Figure 5.2 (a). It can be observed that spiro-OMeTAD performs well 

as efficient HTL. The HTL efficiency improves further under doped condition. The 

fabricated device structure shown in Figure 5.2 has been considered for the simulation. 

The equivalent circuit [170] for the fabricated and simulated PSC is shown in Figure 5.2 

(b). The current-voltage equation for the equivalent circuit is given as [173]: 

    ph
Sh

S
BS J

R

JRV
TKJRvqJJ 


 }1/{exp0                              (5.1) 

Here, J and phJ  are the dark and photon current of the device. The 0J , q , ƞ, BK , SR , ShR  

are the reverse saturation current density, carrier charge, ideality factor, Boltzmann 

constant, series resistance, and shunt resistance, respectively. The numerical simulation 
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has been performed using SetFos
TM

 (from Fluxim) TCAD simulation tool. The 

parameters used for the device simulation of the PSC are shown in Table 5.1. 

 

Figure 5.2: (a) Energy band diagram of perovskite solar cell  and  (b) Equivalent electrical circuit. 

Table 5.1:  Different parameters used in the simulation of PSCs. 

Parameters 

ZNRs 

(ETL) 

[126], [127], 

[174] 

Perovskite 

[126], [127] 

Spiro-

OMeTAD 

(HTL) [122], 

[175], [176] 

Doped Spiro-

OMeTAD 

(HTL) [166], 

[169], [177]  

Dielectric constant (ԑr) 

Band gap (eV) 

Electron affinity (χ) 

Electron mobility (cm
2
/V-s) 

Hole mobility (cm
2
/V-s) 

VB effective DOSs (cm
-3

) 

CB effective DOSs (cm
-3

)    

Defect density (cm
-3

) 

Acceptor concentration (cm
-3

) 

Donor concentration (cm
-3

) 

9 

3.2 

3.9 

10
 

2
 

1 × 10
18 

1 × 10
18 

1 × 10
14 

0 

1 × 10
19 

10 

1.5 

3.85 

2.2 

2.2 

3 × 10
18 

1 × 10
18 

1 × 10
15 

1 × 10
17 

1 × 10
17

 

3 

3 

2.45 

3.6 × 10
-4 

3.6 × 10
-4 

1.8 × 10
19 

2.2 × 10
18 

1 × 10
13 

1 × 10
16 

0 

3 

2.96 

2.45 

1.6 × 10
-3 

1.6 × 10
-3 

1.8 × 10
19 

2.2 × 10
18 

1 × 10
13 

1 × 10
17 

0 
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The simulation tool solves the following Poisson and continuity equation [178]: 

    

                                            (5.2) 

                                                 

                                                      (5.3)      

                                                      (5.4) 

          Where ψ, NA, and ND are the electrostatic potential, acceptor, and donor 

concentration, respectively. The parameters R, Jn, and Jp are the rate of recombination, 

electrons, and holes current density, respectively.  The drift-diffusion mechanism for 

electron and hole conduction is taken in the model. Here, drift phenomena is influenced 

by the internal electric field and the diffusion mechanism is happened due to 

concentration gradient. The equations used for drift-diffusion of electrons and holes 

conduction are: 

 

                                                   (5.5)                                   

 

                                                   (5.6) 

                                                                            

Where µn, µp are the mobility of electron and hole. DP and Dn are the diffusion 

coefficient for holes and diffusion coefficient for electrons.  

5.4 Results and Discussion  

In this section, first perovskite thin film and charge transport layers are 

characterized, and then solar cell characteristics are presented and discussed in detail. 
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5.4.1 Thin Film Characterization 

The performance of the perovskite solar cell is improved by controlling the diameter 

and length of ZnO NRs. The ZnO NRs length is a function of the growth time, synthesis 

temperature, and the precursor concentration. The transmittance spectra of ZnO NRs 

treated with TiCl4 is shown in Figure 5.3 (a). The relation between transmittance and 

absorbance is given as [116]: 

 

The characteristic plot of the optical bandgap and the absorbance coefficient has been 

shown in Figure 5.3 (b). The relation between the optical band gap and the absorbance 

coefficient is given by equation [128]: 

 mgEhAh                                                   (5.7) 

Where, h, ν, Eg, A, and m are Planck constant, frequency of light, optical band gap, 

absorbance, and material constant.  And,  
d

Tlog33.2  is the absorbance coefficient; 

where T is transmittance and d is film thickness. The estimated bandgap of the 

synthesized ZnO NRs is ~3.2 eV. 

The surface roughness of ZNRs without treated and with TiCl4 treated has been 

analyzed in dynamic mode. The obtained surface images are shown in Figure 5.4 (a) 

and (b). The surface roughness is expressed in terms of root-mean-square (rms) 

roughness values. The untreated ZnO NRs surface has rms roughness of 132 nm, 

whereas the TiCl4 treated ZnO NRs surface has rms roughness of 110 nm. On the other 

hand, the deposited perovskite film has minimized the roughness on the surface. The 
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roughness of the perovskite deposited surface is shown in Figure 5.4 (c). The rms 

roughness is reduced to 80 nm on the perovskite deposited surface. The HRSEM image 

of ZnO QDs thin film (seed layer) on FTO is depicted in Figure 5.5 (a). The optimized 

ZnO NRs with an average length of ~450 nm and diameter of ~80 nm are synthesized as 

measured from the HRSEM image shown in Figure 5.5 (b). 

 

Figure 5.3: (a) Transmitance spectra of ZnO NRs and (b) Tauc plot for ZnO NRs. 

The grain size and surface morphology of perovskite thin film deposited on ZnO NRs 

are depicted in Figure 5.5 (c). The thickness of perovskite film over ZnO NRs measured 

using cross-sectional HRSEM image is shown in Figure 5.5 (d). 
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Figure 5.4:  AFM image of (a) ZnO NRs without TiCl4 treated, (b) ZnO NRs with TiCl4 treatment, and 

(c) Perovskite layer on ZnO NRs 
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Figure 5.5:  HRSEM image of (a) ZnO quantum dot, (b) Solvothermally synthesized ZnO NRs, (b) 

Perovskite thin film on ZnO NRs, and (d) Cross-sectional image of perovskite layer on ZnO NRs. 

5.4.2 Solar Cell Characterization 

The performance of PSC depends on the electrical and optical properties of HTM, 

ETM, and active layer materials. The film thickness for these layers has been optimized 

for the enhanced performance parameters of the PSCs. The ETL made of consecutive-

grown ZnO NRs have some gap in the adjacent rods, and this void will lead to leakage 

current, which enhances the dark current. This also increases defect density, which 

reduces the performance of PSCs. Thus, the TiCl4 treated ZnO NRs were used as ETL 

in the PSC structure. TiCl4 treatment of ZnO NRs at an optimized temperature creates 

an ultrathin layer of TiO2, which makes ZnO/TiO2 core-cell structure [179].  The TiCl4 

treatment enhances the chemical stability of ZnO NRs and reduces the voids/defects. 

The two types of HTL (undoped spiro-OMeTAD and doped spiro-OMeTAD) based 
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PSCs have been characterized for their performance. It is observed that the doping 

reduces the impedance in the doped spiro-OMeTAD, as shown in the Nyquist plot in 

Figure 5.6 (a). This reduced impedance is due to increased carrier density in the doped 

spiro-OMeTAD, which results in improved PSC parameters. The impedance 

characteristics have been recorded over a frequency range of 1 kHz to 1 MHz under 100 

mW/cm
2 

(1.5 AM) illumination at a bias voltage of 900 mV. Based on impedance 

characteristics, the equivalent circuit for the PSCs having a series resistance as well as 

Rrec and Crec in parallel combination along with RHTL and CHTL in parallel combination is 

shown in Figure 5.6 (b). Where series resistance (RS) is related to contact resistance of 

individual layers and electrodes (Pd and FTO). The high-frequency region describes the 

behavior of hole diffusion in the HTL layer, which is denoted by the parallel 

combination of RHTL and CHTL. Whereas the lower frequency region shows the parallel 

combination of recombination resistance (Rrec) and capacitance (Crec), which is related 

to the Fermi level of ETL [180]. The PSC with a doped  HTL layer shows a smaller 

semicircle, which represents the better charge transportation compare to undoped HTL 

based PSCs [181]. Imaginary impedance (Z”) vs. frequency graph has been shown in 

Figure 5.7 (a). This graph explains about the relaxation frequency, and the relaxation 

frequency is inversely proportional to relaxation time, i.e. (fmax α 1/ τ). It can be seen 

from Figure 5.7 (a) that the relaxation frequency peak in doped HTL based PSC is 

shifted towards a higher frequency region in comparison to undoped HTL based PSCs, 

which implies a fast charge transportation rate in doped PSCs [181]. The relaxation time 

defines the charge transfer rate at the interface of the transport layer with the active 

layer. For the fast separation rate of the charge carrier, the relaxation time should be 

lower. Further, Figure 5.7 (b) shows the frequency-dependent real part of the 
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impedance, which corresponds to the RHTL [180]. In Figure 5.7 (b), the PSC with doped 

spiro-OMeTAD shows a lower value of impedance as compared to the PSC with 

undoped spiro-OMeTAD, which confirms the transport layer exhibit the better interface 

in doped spiro-OMeTAD based PSC [182] that results in better performance. 

 

Figure 5.6: (a) Nyquist plot for fabricated PSC with undoped and doped HTL layer; (b) Equivalent 

circuit model employed using impedance characteristics.  

 

Figure 5.7: (a) Imaginary impedance vs. frequency plot, and (b) Real impedance vs. frequency plot of 

fabricated PSCs 

The obtained electrical characteristics using the current-density vs. voltage (J-V) 

curve of the fabricated PSCs have been shown in Figure 5.8 (a) and 5.8 (b). Whereas the 

extracted parameters from the experimental finding (as shown in Table 5.1) are used in 
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the TCAD simulation to obtain the electrical characteristic of the solar cells as in Figure 

5.8 (a) and (b). It is found that the simulated results are in good agreement with the 

experimental for both types of PSCs. The calculated solar parameters namely VOC, JSC, 

FF, and PCE from J-V characteristics of Figure 5.8 (a) are 0.98 V, 15.84 mA/cm
2
, 61%, 

and 9.51 %, respectively for fabricated, whereas 1.001 V, 15.83 mA/cm
3
, 0.60%, and 

10.13%, respectively for simulated undoped spiro-OMeTAD based PSC. On the other 

hand, VOC, JSC, FF, and PCE calculated from J-V characteristics of Figure 5.8 (b) are 

found as 1.01 V, 18.53 mA/cm
2
, 64%, and 10.18%, respectively for fabricated, whereas 

1.001 V, 17.27 mA/cm
3
, 0.66%, and 11.53%, respectively for simulated doped spiro-

OMeTAD based PSC. The calculated solar parameters are compared in Table 5.2. The 

improved solar parameters in doped spiro-OMeTAD based PSC is due to increased 

charge carrier density and better band alignment. 

 

Figure 5.8: Current density vs. voltage curve for (a) Undoped spiro-OMeTAD and (b) Doped spiro-

OMeTAD. 

The external quantum efficiency (EQE) for both types of PSCs has been calculated 

from wavelength versus photocurrent characteristics. The monochromatic light of 350 

nm to 800 nm is illuminated to the PSCs, and the corresponding photocurrent is 
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measured. The ratio of obtained photocurrent and optical power of incident light is 

defined as the responsivity (R) for the PSCs [183]. The EQE of the PSC is calculated 

using the responsivity characteristics [116]. The obtained EQE characteristics for both 

the PSCs have been shown in Figure 5.9 (a) and (b). It is observed that the EQE is 

slightly improved with doping and the simulated characteristics are in good agreement 

with the experimental. 

Table 5.2: A comparison of fabricated and simulated PSC parameters.  

 

Simulation 

(Undoped spiro-

OMeTAD) 

Experimental 

(Undoped spiro-

OMeTAD) 

Simulation  

(Doped spiro-

OMeTAD) 

Experimental 

(Doped spiro-

OMeTAD) 

VOC (V) 1.001 0.98 ± 0.1 1.001 1.01 ± 0.1 

JSC (mA/cm
3
) 15.83 15.84 ± 0.35 17.27 18.53 ± 0.30 

FF 0.60 0.61 ± 0.1 0.66 0.64 ± 0.1 

PCE (%) 10.13 9.51 ± 0.2 11.53 10.18 ± 0.2 

 

 

Figure  5.9: External quantum efficiency of (a) Undoped spiro-OMeTAD based  PSC and (b) Doped 

spiro-OMeTAD based PSC. 
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5.5 Conclusion 

In this chapter, the effect of both the undoped and doped spiro-OMeTAD HTL on the 

performance of a ZNRs ETL based FTO/ZNRs/Perovskite/Spiro-OMeTAD/Pd solar 

cell structure has been studied. The p-type dopant TBP and LiTFSI in the spiro-

OMeTAD are used to improve the performance by enhancing the hole carrier density in 

the HTL. For undoped HTL, the proposed PSC gives an optimized PCE value of 10.18 

% with VOC of 1.01 V, JSC of 18.57 mA/cm
2
, and fill factor (FF) of 64% under ambient-

air environment. However, improved performance with PCE of 11.53%, VOC of 1.001 

V, JSC of 17.27 mA/cm
2
, and FF of 0.66 are obtained for the doped spiro-OMeTAD 

HTL based PSC. The results have also been compared with the commercially available 

Set-Fos
TM

 TCAD tool for showing the reliability of the measured data. The reasonably 

good matching is observed between the experimental results and TCAD simulation 

data. 
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CHAPTER 6 

 

Conclusions and Future Scope 

 

6.1  Introduction 

Perovskite materials are widely used in many optoelectronic applications, such as 

solar cells, photodetectors, laser, LED, electronic sensors, radiation detectors, image 

sensors, etc. Hybrid perovskite materials have been projected as one the most important 

4
th

 generation organic solar cell materials due to their possibility of bandgap tuning to 

achieve the power conversion efficiency (PCE) of more than 25%. In view of the above, 

the present thesis reports the fabrication, TCAD simulation and characterization of 

some CH3NH3PbI3 hybrid perovskite solar cells (PSCs) with TiO2 nanorods 

(TNRs)/ZnO nanorods (ZNRs) as the electron transport layer (ETL) and PTAA/ Spiro-

OMeTAD hole transport layer (HTL). The major objectives of the thesis are to 

investigate the effects of thickness and morphological engineering of the ETL and 

doping engineering of the HTL on the performance optimization of the proposed PSCs 

in this thesis. Four types of CH3NH3PbI3 hybrid perovskite based inverted PSC 

structures fabricated on the transparent fluorine doped tin oxide (FTO) substrates have 

been investigated in this thesis: FTO/TNRs/Perovskite/PTAA/Pd, 

FTO/TNRs/Perovskite/Spiro-OMeTAD/Pd,   FTO/ZNRs/Perovskite/PTAA/Au and 

FTO/ZNRs/Perovskite/Spiro-OMeTAD/Pd. The perovskite thin film is used as an active 

layer (absorber layer), whereas Spiro-OMeTAD and PTAA are used as hole transport 

layers in solar cell structure. The fabrications and measurements have been carried out 

under robust open atmospheric conditions. That is why, the experimental results for 

FTO/TNRs/Perovskite/PTAA/Pd and FTO/ZNRs/Perovskite/Spiro-OMeTAD/Pd PSCs 
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have been compared with the TCAD simulation data to show the deviations of the 

measured results under real environmental conditions from the ideal theoretical results. 

The present chapter summarizes the chapter-wise objectives and major findings of the 

thesis as described in the following: 

6.2  Chapter-Wise Major Observations  

Chapter-1 introduces the optoelectronic and photovoltaic properties of hybrid 

perovskite materials and their applications in solar cells, sensors, and LEDs. Different 

materials used for ETL and HTL and ETL/HTL engineering for the performance 

improvement of the PSCs are discussed. The optical and electrical characterization 

techniques such as spectrophotometry, XRD, TEM, SEM, UV-Vis spectroscopy, 

photoluminance spectroscopy, and impedance measurement used for the solar cells are 

also briefly discussed. A detailed literature survey has been carried out on the hybrid 

perovskite materials based solar cells. Literature surveys on various performance 

improvement techniques of the solar cells are also discussed. Based on the observations 

from the literature survey, the scopes of the thesis have been outlined at the end of this 

chapter.  

Chapter-2 investigates the effect of ETL thickness on the electrical and optical 

characteristics of the FTO/TNRs/CH3NH3PbI3/PTAA/Pd structure based perovskite 

solar cells (PSCs). The TNRs layer has been used for the ETL, PTAA as the HTL, and 

CH3NH3PbI3 hybrid perovskite has been used for the active layer of proposed PSC. The 

TNRs are grown using the low-cost hydrothermal method at a temperature of 180
0
 C, 

whereas both the CH3NH3PbI3 active layer and HTL are deposited by the spin coating 

method. Both the fabrication processes and measurements are carried out in the open air 

condition for three proposed PSC devices with three different ETL thicknesses of 500 
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nm, 650 nm and 800 nm. The measured results have been compared with the TCAD 

simulation data to confirm the measured results with the ideal theoretical characteristics. 

The major observations of this chapter are listed below: 

 The XRD pattern shows good crystallinity and rutile phase of the 

hydrothermally grown TNRs ETL.  

 The effects of different ETL thicknesses on JSC, VOC, PCE, and EQE are 

compared for fabricated and simulated solar cells. 

 The ETL thickness of 500 nm shows the best solar parameters for the 

proposed PSCs. 

 The PCE of both the fabricated and simulated PSCs is decreased for ETL 

thickness above 500 nm. 

 The optimum simulated values of VOC (1.07), JSC (23.71), FF (0.63) and 

PCE (15.69 %) against their corresponding experimentally measured values 

of VOC (1.06), JSC (22.19), FF (0.63) and PCE (15.04 %) are observed for 

the ETL thickness of 500 nm, perovskite thickness of 100 nm, and HTL 

thickness of 350 nm. 

 The close proximity of the simulated electrical and optical characteristics 

with the experimentally measured results confirms that the TCAD tools can 

be effectively explored for other PSC structures. 

Chapter-3 reports the effects of solvothermal etching and TiCl4 treatment of the 

hydrothermally grown TNRs ETL of the electrical and optical characteristics of 

FTO/ZNRs/CH3NH3PbI3/Spiro-OMeTAD/Pd structure based PSCs. The solvothermal 

etching is used to modify the surface morphology of the TNRs ETL. The performance 

parameters of the solvothermally etched ETL have been compared with those of PSCs 
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with un-etched TNRs ETL. Fabrication and measurements are carried in a robust 

atmospheric condition with more that 60% humidity. The performance parameters of 

three types of PSCs have been carried out: (i) TNRs-based ETL without etching and 

TiCl4 treatment (Device A); (ii) ETL with only TiCl4 treatment but no etching of TNRs 

(Device B); and (iii) TNRs ETL with solvothermal etching followed by TiCl4 treatment 

(Device C). The major observations are summarized below: 

 The solvothermal etching of the TNRs ETL is shown to enhance the 

performance of fabricated PSC due to the increase in the effective surface-

to-volume ratio of the ETL and absorption layers.  

  The application of both the solvothermal etching followed by TiCl4 

treatment of the hydrothermally grown TNRs in “Device C” are observed to 

be the best among the three devices under study. This is attributed to the 

increased surface-to-volume ratio of the ETL by etching and increased 

carrier lifetime in the active layer owing to the reduced traps and voids by 

TiCl4 treatment of the TNRs. 

 The PCE, VOC, JSC, and FF of the fabricated champion device “C” are 

measured as 15.16 %, 1.04 V, 22.64 mA/cm2, and 0.64, respectively.  

 The EQE of device “C” is also found to be the best among the three devices. 

Chapter-4 investigates the electrical and optical performance characteristics of 

FTO/ZnO Seed Layer/ZNRs/CH3NH3PbI3/PTAA/Au structure based PSCs where 

PTAA is used for HTL in the device. Four devices containing four different 

morphologies of ZNRs-ETLs grown by the hydrothermal method on four different types 

of seed layers (of drop-casted ZnO, spin-coated colloidal ZnO nanoparticles (NPs), 
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spin-coated colloidal ZnO quantum dots (QDs), and hydrothermally grown ZnO NRs) 

were studied in this chapter. The major findings of the chapter are summarized below: 

 The surface and structural morphologies of different types of ZNRs ETLs 

grown from different seed layers are analyzed by XRD and SEM 

measurements. The XRD confirms the uniform crystallinity of ZNRs while 

SEM confirms the growths of good quality ZNRs  

 The PSC with the ZNRs-ETL grown from ZnO QDs based seed layer gives 

better electrical and optical performances over ZNRs-ETL based devices. 

The device shows improved shunt and series resistance over the other three 

devices. 

 The values of JSC, VOC, FF and PCE of the ZnO QDs seed layer based PSC 

are 19.14 mA/cm
2
, 1.01, 0.64, and 10.69% respectively.  

Chapter-5 investigates the effects of doped and undoped spiro-OMeTAD based 

HTL on the performance of FTO/ZNRs/CH3NH3PbI3/Spiro-OMeTAD/Pd solar cell. 

The hydrothermally grown ZNRs layer is used as the ETL of the device. The device 

parameters are compared for undoped and doped spiro-OMeTAD HTL based PSCs. 

The devices are fabricated and characterized in open air environment. The measured 

results have been compared with the numerical simulation data using Setfos
TM

 TCAD 

simulation tool for validating the measured data. The major observations of this chapter 

can be summarized as follows: 

 The small molecules TBP and LiTFSI are used as additives in Spiro-

OMeTAD to enhance the conductivity of the HTL layer. The doped Spiro-

OMeTAD HTL based PSCs give better performance over the undoped 

Spiro-OMeTAD HTL based PSCs.  



Chapter 6                                  Conclusion and Future Scope 

126 

 

 For undoped HTL, the fabricated PSC gives an optimized PCE value of 

9.51% with VOC of 0.98 V, JSC of 15.84 mA/cm
2
, and fill factor (FF) of 61% 

under ambient-air environment. However, improved performance 

with PCE of 10.18%, VOC of 1.01 V, JSC of 18.57 mA/cm
2
, and FF of 64% 

are obtained for the doped Spiro-OMeTAD HTL based PSC.  

  The results are compared with the commercially available SetFos™ TCAD 

tool for showing the reliability of the measured data. Reasonably good 

matching is observed between the experimental results and TCAD 

simulation data.  

 In simulated PSC, the PCE, VOC, JSC, and FF for undoped and doped HTL 

devices are observed as 10.13%, 1.001 V, 15.83 mA/cm
3
, and 0.60: and 

11.53%, 1.001 V, 17.27 mA/cm
3
, and 0.66, respectively.  

6.3 Future Scope of Work 

 The PSCs based on the organic ETL and HTL can be fabricated on flexible 

substrates such as polyamide, PET, PEN, etc., for the flexible device. 

 2D/3D perovskite can be introduced as an active layer to make more stable 

PSCs. 

 The introduction of perovskite quantum dots with a suitable bandgap can 

enhance photo absorbance in perovskite material. 

 Doping of lanthanide materials can also be used to improve the device 

efficiency by up conversion and down conversion phenomenon. 

 The blending of nanoparticles in ETL as a metamaterial can be used as an 

anti-reflection layer and enhanced optical properties by the plasmonic effect. 
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 Composites of graphene with metal oxides (ZnO, TiO2, SnO2, etc.) can be 

used as ETL in PSCs for fast charge transportation in the photovoltaic 

device. 

 Multifunction tandem architecture could be explored to overcome the 

Shockley-Quiesser limit by utilizing larger spectrum absorbance. 
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