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Abstract 
Objective of this work was to develop a processing protocol to develop devices 

with Hole Transport Layer (HTL) free architectures in ambient air conditions of 

high humidity. This would result in considerable cost savings and rapid 

commercialization of this technology.  We developed a synthesis technique 

allowing us to achieve reliable and reproducible films of CH3NH3PbI3 while 

processing under ambient air conditions. Effect of ambient air synthesis on 

morphology and photoconductivity was investigated to reach to an optimum 

CH₃NH₃I concentration for our devices. Morphology and photoconductivity 

measurements determined that a concentration of 0.050 M of CH₃NH₃I in iso-

propanol offered the best compromise between grain size and 

photoconductivity. Photoconductivity measurements were recorded for both 

room and elevated temperatures. This ensured that the impedance 

measurements for completed devices at elevated temperatures truly reflected 

device artifacts.  

The efficiencies achieved for devices with HTL free architecture were low. We 

experimented by varying the compositions of electron selective contacts to 

achieve reasonable working efficiencies for our devices. Investigations with sol 

gel TiO2 compact film achieved an efficiency of 3.74 %. We incorporated ZnO 

compact film through sol gel chemistry and achieved an efficiency of 3.03 %. In 

order to increase the efficiency of devices we investigated the completed 

devices through impedance spectroscopy and identified that if the series 

resistance component could be lowered and recombination resistance 

increased we could increase the efficiencies working in the regime we identified 

at the outset. Material of choice to achieve these properties have been GO with 

its remarkable electronic and optical properties. We dispersed GO in ZnO and 

achieve an efficiency of 4.74 %. Investigation of TiO2 - GO composite was more 

challenging owing to the stringent requirement of GO dispersions in TiO2 sol. 

This process was not reproducible and the results achieved were less than 

perfect. We devised a novel synthesis route to achieve reliable and 
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reproducible TiO2 - GO composite by in situ incorporation of GO during the sol 

gel reaction. Devices using this composite as electron selective contacts 

achieved an efficiency of 5.9 %. 

Another approach to enhance the efficiency of these devices in this synthesis 

regime was to increase the absorption of these devices using 2D material with 

superior absorption properties. CH3NH3PbI3 was identified as having good 

absorption in the middle of the solar spectrum while the absorption falls off at 

the edges of the spectrum. We investigated MoS2 composite with TiO2 as 

electron selective contact allowing greater photon harvesting toward the lower 

wavelength region of the solar spectrum. We again had to develop a novel 

synthesis technique to reliably imbed few to monolayer sheets of MoS2 in TiO2 

matrix, a requirement critical to the working of this concept as the band gap of 

MoS2 shifts from 1.85 eV of monolayer to 1.2 eV for bulk. We achieved an 

efficiency of 4.3 % for devices employing this composite as electron selective 

contact.  
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Chapter 1 

Introduction 
 

 

“Solar energy is not evenly distributed over the surface of the earth. There are 

privileged regions, and others that are less favored by the climate. The former 

ones would be the prosperous ones if we should become able to utilize the 

energy of the sun. The tropical countries would be conquered by civilization 

which would in this manner return to its birth-place. . . If our black and nervous 

civilization, based on coal, shall be followed by a quieter civilization based on 

the utilization of solar energy.” 

Giacomo Luigi Ciamician 

The Photochemistry of the Future  

Lecture delivered in New York in 1912  
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1. Introduction 

Planet earth is our home and for the time we don’t have an alternate. 

Conservation of what we have is imperative to the sustenance of all and 

humans have the biggest onus. Fast depleting resources on one side and the 

effect of industrialization on the other have had detrimental effect on the planet. 

Recent extreme weather patterns have transformed the erstwhile scientific 

fantasy of global warming to the realm of real life. Fossil fuels are at the 

forefront to be blamed. This, coupled with ever growing energy needs, presents 

a paradox, the answer to which can only be renewable energy. 

Wind, geothermal, hydroelectric, biomass and solar energy are some of the 

major alternate energy technologies. Out of the mix, solar energy has the 

potential of meeting the long term energy needs as sun is considered the 

ultimate renewable source. Solar energy harvesting can be broadly categorized 

as active or passive technologies. For passive technologies an analogy can be 

the design of an energy efficient building making maximum use of the incident 

sunlight. The active solar technologies in the form of photovoltaic cells offer the 

most direct conversion of incident solar electromagnetic radiation to electric 

power.  

While abundant, the limiting factor for this technology to date has been the cost 

associated with it. For any future technology to succeed the cost has to be 

brought down at parity with the fossil fuel driven power plants. Notwithstanding 

the present day glut in oil markets, this reality must be impressed that the future 

of energy is renewable and the direction is to reduce the cost and enhance the 

stability and efficiency of this technology. 

Rarely has a material development seen such breathtaking development on the 

back of sustained research effort. From modest beginnings in 2009 it has 

achieved a certified efficiency of 20.1 %. Facile solution processing, earth 

abundant materials, ambipolar charge transport properties, high extinction 

coefficient, broad spectrum absorption and tuneable band gaps in an ever 
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increasing number of compositions, this material offers exciting opportunities 

and holds great promise.  

Breakthrough efficiency was achieved by using Li doped Spiro-MeOTAD as 

hole transport material and following rigorous high vacuum processing 

protocols. Spiro-MeOTAD is expensive and development of any commercial 

large scale application warrants a search for a cheaper alternative or even a 

device with a HTL free architecture. Amazingly good efficiencies have been 

achieved in HTL free geometries owing to long diffusion lengths of excitons.  

1.1 Motivation 

Motivation behind this work was to prepare low cost solar cells based on 

perovskite absorbers. Though perovskite absorbers are earth abundant, major 

costs incurred during the processing of solar cells are the need of energy 

intensive controlled environment processing. Added to this is the specific issue 

of high cost associated with hole transport material, Spiro-MeOTAD. Thus, we 

set forth to formulate a protocol to prepare CH3NH3PbI3 based solar cells 

employing ambient air synthesis route and used a hole transport layer free 

device geometry. Based on this synthesis philosophy we determined the 

optimum concentration of CH3NH3PbI3 and coupled it with electron selective 

contacts based on novel wide band gap semiconductors - 2D materials 

nanocomposites to fabricate solar cells on glass substrates. 

1.2 Outline of the Thesis 

This thesis is divided into seven chapters. In chapter 1 overview of the research 

question being addressed in this research was presented. Fundamental physics 

of solar cells is discussed briefly in chapter 2 along with current state of the art 

in solar cell technology with particular emphasis on perovskite absorber based 

solar cells. Chapter 3 summarizes the experimental procedures used and the 

characterization techniques employed during this research. In chapter 4, 

optimization of CH3NH3PbI3 films by varying the concentration of CH₃NH₃I in 

iso-propanol is discussed. Morphological and photoconductivity properties are 

presented which led to the identification of optimum concentration of CH₃NH₃I 
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to be used in subsequent devices. Chapter 5 and 6 elaborate the completed 

devices based on TiO2 and ZnO electron selective contacts. For the complete 

devices, we experimented with solution processed TiO2 and ZnO electron 

selective contacts. The efficiencies achieved with pristine TiO2 and ZnO were 

low so we incorporated GO to achieve higher mobilities and reduced series 

resistance component of these layers improving the efficiencies with maximum 

efficiency of 5.9 % for TiO2 based devices. In chapter 7 we present another 

approach to improve efficiency while working under these processing 

constraints by absorption enhancement of CH3NH3PbI3 at the lower wavelength 

edge was by employing few layer MoS2. Liquid exfoliated MoS2 was dispersed 

in sol gel synthesized TiO2 offering enhanced optical absorption and improving 

device efficiency.  
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Chapter 2 

Literature Review 

2.1 Light Matter Interaction  

Interaction of light with matter is at the heart of a functioning solar cell [1–3]. We 

summarize major concepts to put in perspective the discussion to follow in 

succeeding chapters. 

Visible light is part of electromagnetic spectrum where electric and magnetic 

fields are perpendicular to each other and to the direction of the propagation. 

Electromagnetic wave interacting with any charged particles in its path causes it 

to oscillate about its mean position and the oscillating particle radiates 

electromagnetic radiations on its own, at a certain relationship between the 

frequency of oscillation and the propagating wave. Wave particle duality 

dictates the particle nature of the light propagation in the form of packets called 

photons. 

Matter is composed of negatively charged electrons orbiting around nucleus, 

consisting of protons and neutrons. Location of electrons around the nucleus is 

defined by quantum mechanics in terms of probability of its existence denoted 

by a wavefunction ɸ and the spatial distribution of this number defines the 

rotational orbit around nucleus. Simplest of this distribution results in spherical 

orbital denoted as s and more complex as p, d and f. Molecules are formed by 

atoms combining these orbital’s to achieve stable inert gas configuration. 

Overlap of s orbital’s result in σ and σ* orbital’s called bonding and antibonding 

orbital’s. Bonding orbital’s are at lower energy state by being located between 

the two nuclei and shielding the repulsive forces between the two while 

antibonding orbital’s are at higher energy state where shared electrons are 

located at the opposite ends and the repulsive forces between the nuclei 

increase. Overlap of p orbital’s result in π and π* orbital’s which are at higher 

and lower energy states when compared to respective σ and σ* orbital’s. 
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Electronic transitions between the orbital’s are possible upon light excitation, 

promoting electrons from lower to higher energy orbits. This transition results in 

an increase in the distance from the nucleus generating an instantaneous 

dipole moment. Molecular orbital’s can either exist as singlet or as triplet state. 

In molecular orbital’s first interactions take place between highest occupied 

molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO), 

and these are the ones of most interest in light matter interaction. 

Energy levels in atoms and molecules are not continuous but quantized so a 

discrete energy is needed for electronic transition between energy levels. These 

transitions follow certain rules which are briefly discussed in subsequent text. 

Absorption of Incident photon of discreet energy excites an electron from the 

lower energy level to higher energy level. Excited electron can decay through 

either radiative or non-radiative route. Radiative decay involves emission of a 

photon of the same energy as involved during absorption, while non radiative 

decay involves release of energy as heat. Another route of emission and 

absorption can be stimulated emission where an incident photon is absorbed by 

an excited electron causing it to return to its ground state emitting two photons 

in the process. 

In kinetic terms above processes can be depicted by the following equations 

     

  
          

     

  
         

   

Where M represents a ground state, M* an excited state and I is the photon 

concentration. A21 and B12 are Einstein coefficients for emission and absorption. 

For the case of stimulated emission the equation can be written as 

     

  
         

   

Conditions for transitions between the levels are dictated by the overlap of 

wavefunctions for the initial and final state or the ground and the excited state. 
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Wavefunction for a specific level is a product of rotation, vibration and electronic 

wavefunctions. Oscillatory strength ranges between 0 and 1 and describes the 

possibility or otherwise of a transition and is dependent upon Einstein 

coefficients. Overlap factors associated with oscillatory strength are:-  

f = fspin fspatial fsym fvib 

Multiplicity defines the spin overlap factor and is 1 for same multiplicity (Singlet-

Singlet and Triplet-Triplet transition) and is 0 for different multiplicities. Spatial 

overlap factor is dependent on how close or far are two levels involved in 

transition, no transition being possible if they are spatially located farther apart. 

Symmetry factors dictates that the angular momentum be conserved in the 

transition, hindering the transitions which involve changes in angular 

momentum. Vibration wavefunction determines the vibration overlap factor and 

is also known as Franck-Condon factor. For allowed transitions none of the 

overlap factors should be zero. Schematic illustrations of allowed transitions 

along with time scale are presented by Jablonski diagrams in Figure 2.1. Upon 

excitation an atom or molecule can decay though either radiative or non-

radiative transition. 

 

Figure 2.1 Jablonski Diagram: S0 and S1 are ground and excited states, abs is the transition 

between ground and excited states. ic is the internal conversion, isc is the interstate crossing 

between singlet and triplet states, vr is the vibrational relaxation between different vibration 

level in excited state, f is fluorescence from lowest vibration level in excited state to a level in 

ground state. 
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2.1.1 Absorption 

At room temperature, ground state is the only electronic level available to the 

electrons. Any transition to the higher electronic level will then be a radiative 

transition dictated by the Einstein coefficient B12. Transitions on light absorption 

are at the order of attoseconds and can only take place vertically at the same 

nuclear geometry as stated by Born-Oppenheimer approximation. This is only 

possible, if the two vibration wavefunctions for the electronic states involved 

overlap. In the excited state, vibrational decay occurs to the lowest vibration 

level of that excited state by releasing heat at the picoseconds timescale. 

2.1.2 Fluorescence 

Fluorescence occurs by radiative decay from lowest vibrational energy level of 

the excited electronic state to any of the vibrational energy level of the ground 

state of the same multiplicity. These conditions are dictated by Kasha’s rule 

though there are several known exceptions to this rule. Fluorescence usually 

occurs in nanosecond time scale. 

2.1.3 Phosphorescence 

Spin forbidden fluorescence is named Phosphorescence and is the radiative 

decay between excited triplet state to ground singlet state. The process itself is 

slow in time scale and may last anywhere from millisecond to hours. 

Non radiative transitions relax by dissipating heat in the form of phonons. As for 

radiative transitions, these are also controlled by the overlap factors of the 

wavefunction between initial and the final state. Additional conditions apply in 

the form of necessity of isoenergetic crossing between the potential energy 

curves for the two energy levels involved in transition. If the transition is 

between the states with the same spin multiplicity, it is known as internal 

conversion. For transition where change in spin multiplicity is involved, 

momentum has to be conserved and such transitions involve changes in the 

angular momentum and are called interstate crossing. 
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Energy from excited state can also be transferred to an external molecule and 

is regarded as quenching. Quenching can either be through energy transfer or 

charge transfer. Charge transfer mechanism of quenching can lead to 

generation of new species and is the most important aspect of photochemistry. 

Charges are transferred from excited molecules to the neighboring molecules 

provided proper energetic alignment exist between energy levels of the two. 

This area of photochemistry is the basis of functioning of solar cells and is the 

theoretical framework of current work.  

2.2 Generations of Solar Cells 

Since the discovery of photovoltaic (PV) effect, PV devices can be broadly 

divided into three generations based primarily on the timelines of their advent. 

First generation of PV devices consist of single junction solar cells based on 

silicon wafers developed to meet the requirement of satellite applications. 

Module efficiencies at 25% have been achieved and the maximum efficiency is 

limited at around 30% as envisaged by Shockley–Queisser limit [2]. Material 

and processing cost associated with this generation of PV technologies led to 

the development of second generation of PV technologies. Copper Indium 

Gallium (di) Selenide (CIGS), Cadmium Telluride (CdTe), Cadmium  Sulfide 

(CdS)  and amorphous Si have been the most successful technologies in this 

generation. Highest recorded efficiencies for this class of materials stand at 19 

% for lab scale devices and 14 % for commercial modules [4]. Successful in 

addressing the high material and process cost associated with first generation 

technology, limiting factor for second generation has been lower efficiencies 

and the difficulties in achieving large area thin films. Advent of newer materials 

and device concepts in the form of organic PV devices and dye sensitized solar 

cells (DSSCs) promised to usher in a new era of low cost technologies. 

Demonstration of application on flexible substrates presented unique 

opportunities and building integrated design approach heralded a new paradigm 

in renewable energy landscape. This generation of technology has been under 

extensive research for over a decade and achieved a maximum efficiency of 12 
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% for DSSCs. Limiting factors for commercialization of this generation of 

devices have been the lower efficiency and stabilities.  

 2.3 Cost 

Using 0.2 % of incident solar irradiance is sufficient to meet the energy 

requirement of our time. Limiting factor in realizing this goal is the cost 

associated with these technologies. At $0.04/kilowatt-hours (kWh) [5] coal fired 

power plants are the cheapest source of electricity while PV costs at $0.20 to 

$0.35 for equivalent amount of electricity [5]. Processes associated with 

production of a PV module include production of semiconductor absorber, 

production of PV cells, assembly of PV modules and the installation. Final step 

also includes the cost of inverters and energy storage devices. Out of the total 

cost outlay, PV module account for 30-50 % of the system cost, allied costs 

being higher for off grid systems accounting for higher costs associated with 

storage devices. For a complete PV system price at $1/W as envisaged in US 

government Sunshot Initiative, PV module actually cost around $0.5/W.  

Estimated module cost for crystalline Si (c-Si) module stands at $0.65/W [6]. 

Thin film technologies requiring less energy intensive processing and thin 

semiconductor layers cost less than Si modules. For CdTe module at an 

efficiency of 17.5 % module cost stands at $0.61/W and is projected to drop to 

$0.35/W by 2018 [7]. For a CIGS module at 15.7 % efficiency, module cost is 

estimated at $0.64/W [6]. PV market is undoubtedly dominated by crystalline 

technology being the most matures technology. Current market share of c-Si is 

estimated at 85-90% while thin film technologies contribute about 13% [8]. Over 

the years considerable cost reductions have been achieved but issues remain 

and material scarcity and processing cost impede the realization of true 

potential of these technologies. 

Processing crystalline Silicon requires energy intensive techniques to achieve 

solar grade material from metallurgical grade Si. CIGS and CdTe require high 

temperature and high vacuum processing at 500-600 oC [5]. Gallium arsenide 

(GaAs) modules require epitaxial growth rendering them extremely expensive. 
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By 2050, generating 16 % of world electricity demand requires approximated 

5TW of installed capacity of PV modules. Of the current technologies, c-Si is 

prohibitively expensive; Te will run out at 0.3TW. For CIGS, indium, Gallium and 

Selenium are estimated to run out at 0.09TW of installed capacity [5]. Thus 

meeting the projected requirement, it is imperative to develop technologies 

based on earth abundant materials and low cost processing. 

Low cost abundant and reliable material supply, low temperature ambient air 

scalable processing, compatibility with inexpensive diverse substrates, 

appropriate efficiencies, low toxicity and stability are some of the requirements 

for low cost PV production. Together these properties are often at odd with 

each other and finding a suitable material has been a challenge for the material 

science community.  

A recent breakthrough in PV technologies has been the perovskite absorber 

based solar cells. Record efficiencies at 20.1 %, earth abundant materials, low 

temperature solution processing, high extinction coefficients and broad 

spectrum absorption, ambipolar charge transport and long diffusion lengths, 

compatibility with flexible substrates, this class of material stands to transform 

the renewable energy landscape. Challenges associated with lead toxicity and 

long term stability remain but the promise afforded by this class of absorbers 

render it the most fascinating candidate for the future of PV application. 

2.4 Current State of the Art 

Perovskites is a family of materials with the crystal structure of calcium titanate 

i.e. ABX3. There are numerous materials which adopt this structure with exciting 

applications based on properties like thermoelectric, insulating, semiconducting, 

piezoelectric, conducting, anti ferromagnetic and most well known 

superconducting[9]. Perovskites are routinely synthesized by solid state mixing 

of constituent elements or compounds at high temperatures in the range of 

>1300K [10]. They can also be synthesized by drying the solution of precursor 

salts and the ones offering semiconductor properties find important applications 

in printable electronics due to solution processability [11,12]. 
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ABX3 describes the crystal structure of perovskite class of materials, where A 

and B are cations and X is an anions of different dimensions with A larger than 

X. Crystal structure of perovskites is illustrated in Fig. 2.2. Considerations of 

tolerance factor t and octahedral factor µ [13] dictate probable structure and 

crystallographic stability where t is defined by the ratio of the bond length A−X 

to that of B−X in an ideal solid sphere model (t = (rA + rX )/ {√2(rB + rX )}where 

rA , rB and rX are the ionic radii involved) and the ratio rB /rX defines the 

octahedral factor µ. 0.81 <t< 1.11 and 0.44 <µ< 0.90 are the typical values for 

halide perovskites (X = F, Cl, Br, I) [13]. Narrower range of t values from 0.89-

1.0 dictates cubic structure, while lower values of t stabilize less symmetric 

tetragonal and orthorhombic structures. In organic inorganic halide perovskite of 

interest in photovoltaic applications, A is a larger organic cation typically 

methylammonium (CH3NH3
+) with rA = 0.18 nm [14] , though good results have 

also been reported for ethylammonium (CH3CH2NH3
+) (rA = 0.23 nm) [15–18], 

and formamidinium (NH2 CH=NH2
+) (rA estimated in the range 0.19–0.22 nm) 

[19–21]. Anion X is a halogen, typically iodine (rX = 0.220 nm), though Br and 

Cl are also increasingly being reported (rX = 0.196 nm and 0.181 nm), typically 

in a mixed halide configuration. Pb (rB = 0.119 nm) and Sn (rB = 0.110 nm) as 

cation B, have exclusively been used for high efficiency perovskite solar cells 

because of lower and theoretically ideal band gaps[19]. Lower stability 

associated with Sn is due to ease of oxidation of Sn to SnI4 while relativistic 

effects afford greater oxidation protection in Pb[19]. Thus the standard 

compound is methylammonium lead triiodide (CH3NH3PbI3), with mixed halides 

CH3NH3PbI3−xClx and CH3NH3PbI3−xBrx also being important. 
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Figure 2.1 Perovskite Crystal Structure 

2.4.1 Perovskite-Sensitized Solar Cells 

DSSCs are the fore-runners of perovskite solar cells [22,23]. Constituent of a 

typical DSSCs are mesoporous n-type titania sensitized with a light absorbing 

dye in a redox active electrolyte. Porous titania affords greater internal surface 

area to the sensitized dye for efficient absorption of incident photons though 

thicker films of the order of 10 μm are required for complete absorption over the 

absorbing range of the dye [22]. The requirement of 10 μm thick active layer is 

impractical for solid state DSSCs where number of factors limit the active layer 

thickness to less than 2 μm [24]. As an alternate, thin film semiconductor active 

layers and quantum dots enable complete light absorption in much thinner 

layers while at the same time pushing the photosensitivity further into near 

infrared (NIR) [25–29]. In the backdrop of finding more efficient light sensitizers 

for DSSCs, T. Miyasaka and co-workers reported the first perovskite-sensitized 

solar cells between 2006 and 2008. CH3NH3PbI3 and CH3NH3PbBr3 absorbers 
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were employed with an iodide triiodide redox couple or a polypyrrole carbon 

black composite solid-state hole conductor. Full sun power conversion 

efficiency varying between 0.4 and 2% were measured for solid-state and liquid 

electrolyte cells, respectively [30,31]. 

First peer-reviewed report for perovskite-sensitized solar cell was published in 

2009, CH3NH3PbI3 absorber in an iodide/triiodide redox couple achieved an 

efficiency of  3.5 % [32] . Figure 2.3 illustrates the schematic of an organo 

metallic halide sensitized titania solar cell and the associated spectral response. 

Retaining the liquid electrolyte reported by N. G. Park and co-workers achieved 

an improved efficiency of 6.5 % by optimizing the titania surface morphology 

and perovskite processing [32,33]. The tumbling block in the liquid electrolyte 

based perovskite sensitized solar cell was the dissolution and decomposition of 

perovskite in the liquid electrolyte. Resultantly the solar cells exhibited poor 

stability and would degrade within minutes [32,33]. Solution to this problem lied 

in adoption of solid state hole transport medium in place of electrolyte as 

originally tried by Miyasaka and co-workers in 2008 [31]. Methylammonium 

trihalogen plumbates being relatively insoluble in non polar organic solvents, 

paved the way for realizing first perovskite sensitization and subsequent infilling 

with the organic hole conductor possible. This led to T. N. Murakami and T. 

Miyasaka and N. G. Park in collaboration with M.  r t el and co-workers to 

develop  solid-state perovskite solar cells employing (2,2(7,7)-tetrakis-(N,N- 

dipmethoxyphenylamine)9,9(-spirobifluorene)) (spiro-OMeTAD) as the hole 

transporter [34] with maximum full sun power conversion efficiencies of 

between 8 and 10% employing CH3NH3PbI3−xClx mixed halide perovskite and 

CH3NH3PbI3, respectively[34–36]. 
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Figure 2.2 Schematic of perovskite-sensitized TiO2 undergoing photoexcitation and electron 

transfer (left). The incident photon-to-electron conversion efficiency (IPCE) spectra for 

perovskite-sensitized solar cells [36] 

This achievement marked a considerable jump in performance over the best 

reported solid state (ss) DSSCs with a recorded efficiency of over 7% [37]. This 

is made possible by the advantages perovskites affords over conventional dyes 

in the form of stronger absorption over a broader range resulting in complete 

absorption in film thickness as low as 500 nm. This is a considerable advantage 

for solid state cells where light absorption and photocurrent generation has 

typically been limited by the requirement of film thickness of around 2 μm [24]. 

2.4.2 MesoporousTiO2 Scaffold 

First reported high efficiency and stable perovskite solar cell was synthesized 

by spin coating γ-butyrolactone solution containing equimolar CH3NH3I and PbI2 

in 2012 [38]. This resulted in deposition of semispherical nano dots of 

CH3NH3PbI3 on TiO2. Since the surface was not fully covered with nano dots it 

was evident that photo exited electrons were transferred from CH3NH3PbI3 to 

TiO2. This cell with a 0.6 μm titania film achieved a PCE of 9.7 % and a Voc of 

888mV. Fill factor of 0.62 was indicative of poor pore filling with spiro-MeOTAD 

and resulting poor interface between Hole Transport Material (HTM), active 

layer and Electron Transport Material (ETM). 



16 
 

A device architecture of TiO2/ CH3NH3PbI3/Au experimentally confirmed the 

hole transport properties of CH3NH3PbI3 [32]. It achieved a PCE of 5.5 % with 

FTO/100 nm thick TiO2 as hole blocking and electron transporting material. 

Increase of TiO2 to 100 nm improved PCE to 8% [39]. Mott−Schottky analysis 

was used to confirm depletion zone between TiO2 and CH3NH3PbI3, and the 

structure was referred as depleted hetro junction perovskite solar cell. Large 

shunt resistance caused a poor fill factor (FF) and a lower external quantum 

efficiency (EQE) at long wavelength range of 540−800 nm. 

Ambipolar characteristics of CH3NH3PbI3 were reported by Heo et al. based on 

thin film transistor (TFT) analysis, with slightly stronger p-type nature [40]. Static 

and transient photoluminescence (PL) decay studies established that charge 

carriers are injected into TiO2 with some charge separation taking place at 

CH3NH3PbI3/poly(triarylamine) HTM interface as well. Superior PCE over spiro-

MeOTAD system is attributed to thin (∼30 nm) HTM layer as compared to spiro-

MeOTAD HTM (∼500 nm) resulting in reduced series resistance. Devices 

without HTM exhibited poor performance necessitating a physiochemical 

studies of CH3NH3PbI3 systems. 

Perovskite light harvesters have also been reported with one dimensional nano 

structures. Rutile TiO2(∼0.6 μm long) with photoactive CH3NH3PbI3 achieved 

PCE of 9.4% [41]. Increasing the length from 0.6 to 1.6 μm decreased the 

photovoltaic performance. With an increase in length of nanorods the tilted 

nanorods resulted in problems in pore filling with spiro-MeOTAD. A change 

from nano dot deposition of active layer to pillared structure can overcome this 

issue. Br−I mixed perovskite CH3NH3PbI2Br with TiO2 achieved PCE of 4.87 %, 

slightly higher than that achieved for CH3NH3PbI3 owing to the higher Voc of 

CH3NH3PbI2Br mixed halide perovskite [42]. 

CH3NH3PbBr3 in a mesoporous TiO2 with poly[N-9-hepta-decanyl-2,7-

carbazole-alt-3,6-bis-(thiophen-5-yl)-2,5-dioctyl-2,5-dihydropyrrolo[3,4-]pyrrole- 

1,4-dione] (PCBTDPP) as HTM layer, generated a Voc of 1.2V [43]. With P3HT 

used as HTM, Voc reduced to 0.5 V. When considering electron injection from 

the photoactive layer to mesoporous titania, Voc is determined by difference in 
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the Fermi level of TiO2 and the HOMO level of the HTM. Such large difference 

in Voc while the HOMO levels are only 0.02 eV apart in PCBTCP and P3HT 

(PCBTDPP: 5.4 eV and P3HT: 5.2 eV) was attributed to the efficiency of light 

filtering and degree of chemical interaction [44]. PCBTDDP based device 

afforded enhanced light filtering and stronger chemical interaction effecting 

charge recombination and an up shift of Fermi level resulting a high Voc. Faster 

recombination in P3HT resulted in electron life time being one order of 

magnitude lower than spiro-MeOTAD in TiO2/ CH3NH3PbI3/HTM system [45]. 

These results suggest that factors other than energy levels must be born in 

mind for selecting HTMs. 

2.4.3 Meso-Superstructured PSCs Based on Non electron Injecting Oxides 

CH3NH3PbI2Cl mixed Perovskite coated alumina layer in a photovoltaic cell 

resulted in a PCE of 10.9% [46]. This device structure was called 

“mesosuperstructured solar cell” as the photogenerated electrons are not 

transferred to alumina because of the difference in band edges of alumina and 

perovskite active layer, which acts only as a scaffold for carrying the 

photoactive layer. Spin coated CH3NH3PbI2Cl was more stable in air than 

CH3NH3PbI3. Smaller size of Cl- ion presumably stabilizes the anion in 

perovskite structure. Al2O3−CH3NH3PbI2Cl system generated higher Voc than 

TiO2−CH3NH3PbI2Cl.  Photoinduced spectroscopic study confirmed that the 

difference is due to the differing behavior of photogenerated electrons in the two 

systems. Scaffold layers afford processing at lower temperatures by excluding 

high temperatures annealing step as neither generated electrons are injected 

into the mesoporous layer nor transported. PCE value of 12.3%  was achieved 

for the low temperature processed mesosuperstructured solar cell (as 150 °C-

dried Al2O3 mesoporous layers) [47]. Varying the thickness of the Al2O3 scaffold 

layer from 0 (no scaffold) to ca. 400 nm, a perovskite CH3NH3I3−xClx over layer 

formed on the 80 nm thick alumina film, though no capping layer formed on the 

400 nm thick Al2O3 film. The highest PCE was observed from the 80 nm Al2O3 

layer resulted in highest Jsc, while 400 nm Al2O3 layer exhibited improved Voc 

and FF. These results suggest that enhanced crystalinity in perovskite active 
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layer enhances Jsc, while pin hole free perovskite results in high Voc and FF. Co-

deposited alumina nano particle suspension (5 wt% Al2O3 ) and perovskite 

precursors in DMF resulted in a PCE of 7.16% [48]. 

CH3NH3-PbBr3 with a larger bandgap (Eg = 2.3 eV) than CH3NH3PbI3 was 

employed as a light harvester and electron transporter employing the 

mesosuperstructure concept. Voc of 1.3 V was achieved with device structure of 

Al2O3/CH3NH3PbBr3/N,N′-dialkylperyle- nediimide (PDI) [49]. This large Voc 

could be explained due to the large difference between LUMO (4.2 eV) of 

CH3NH3PbBr3 and the HOMO (5.8 eV) of PDI and the non injection of 

photoexcited electrons into the alumina scaffold. Mesosuperstructure concept 

was also evaluated with ZrO2 mesoporous scaffold with CH3NH3PbI3 light 

harvester exhibiting significant photovoltaic activity Voc of ∼900 mV though 

lower than titania [50]. Impedance spectroscopic study employing three 

electrode electrochemical cell verified that zirconia scaffold was not charged up 

to a bias of 0.9V in contrast to titania mesoporous layer indicating that the 

photogenerated electrons are not injected into zirconia scaffold [50]. This 

comparative study determined that CH3NH3PbI3 was able to accumulate 

charges owing to large density of states (DOS). A higher efficiency of 10.8 % 

was reported for CH3NH3PbI3 sensitized ZrO2 scaffold with a Voc of 1.07 V [43]. 

2.4.4 Planar Heterojunction Structured Cells 

Thermally co evaporated CH3NH3I and PbCl2, deposited CH3NH3PbI3−xCl3 onto 

FTO with a thin TiO2 layer resulted in a PCE of 15.4% [51]. This proves the bi-

functional property of perovskites i.e. photoexcitation and charge transport. 

Mesoporous oxide layer thus may not be required. Vapor deposited perovskite 

layer showed an enhanced PCE over solution processed active layer due to 

increased morphology control and formation of homogeneous flat, pin hole free 

active layer. While it is easier to obtain a flat CH3NH3PbI3−xClx active layer by 

solution processing, it is difficult to form a uniform active layer of CH3NH3PbI3 by 

solution processing. Schematics of device architecture are sketched in Figure 

2.4. 



19 
 

2.4.5 Hybrid Perovskite Solar Cells 

P3HT / PCBM blend has been extensively explored in organic photovoltaic 

applications. P3HT was replaced with CH3NH3PbI3 as photoactive layer in 

planer heterojunction solar cell achieving a PCE of 3.9% [52]. Better wettability 

was achieved with PEDOT:PSS coated ITO substrate with DMF solution than 

coating perovskite active layer with γ-butyrolactone solution. A device structure 

based on TiO2/ CH3NH3PbI3−xClx /P3HT achieved better photovoltaic 

performance when the ITO substrate was treated with C60 self assembled 

monolayer. PCE was improved from 3.8 to 6.7% with the incorporation of self 

assembled monolayer. This was achieved with a significant increase in both Jsc 

and Voc [53]. Concept of hybrid planer heterojunction cell incorporating 285 nm 

thick layer of CH3NH3PbI3 was investigated recently. Active layer was 

sandwiched between hole transporting poly(N,N′-bis(4-butylphenyl)-N,N′-

bis(phenyl)- benzidine) (polyTPD) layer (10 nm) and electron accepting PCBM 

layer (10 nm) resulting in a PCE of 12% [54]. Charge collecting layers were 

solution processed in chlorobenzene spin coated while the active layer was 

vacuum deposited by heating of reagents CH3NH3I to 70 °C and PbI2 to 250 °C. 

2.4.6 Flexible Perovskite Solar Cells 

Low temperature solution processability of perovskite solar cells makes it 

possible to fabricate cells on flexible substrates. Ability to conform to the 

contours of the platform holds obvious promises for incorporation of this 

technology in diverse applications. CH3NH3PbI3−xClx as active layer with 

PEDOT:PSS and PCBM as hole transporting and electron selective contacts 

respectively have been investigated in regular and inverted device architecture 

on an ITO coated PET substrate achieving a PCE of 6.4% [55]. A higher PCE of 

10.2% was achieved using device structure of ITO/ZnO (25 nm)/ 

CH3NH3PbI3/spiro-MeOTAD/Ag, fabricated using low temperature solution 

processing techniques [56]. ITO coated PEN substrate has been used to 

demonstrate a wearable perovskite based energy source achieving a PCE of 

12.2 % with only 5 % loss over 1000 bending cycles of radius 10 mm [57]. 
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2.4.7 Hybrid Multijunction Solar Cells 

With current state of the art, perovskite solar cells can be used effectively as a 

top cell, in a tandem cell configuration [58], with existing technologies like 

crystalline silicone and thin film solar cells like CZTSSe, CIGS [59] and CIS. 

With a reasonable estimate of achieving 20 mA cm−2 and Voc of 1.1V at the top 

perovskite cell, a silicon cell generating 0.75 V Voc [60], will lead to a FF of 0.8 

and an efficiency of 29.6% [61]. This all is possible with the existing 

technologies at hand with little optimization in terms of band gap widening, FF 

enhancement and integration into tandem cell architecture [62,63].  

2.4.8 Balanced Electron- and Hole-Transporting Properties 

Determination of diffusion lengths of electrons and holes in an active layer is 

vital parameter which dictates the optimal device architecture. If the diffusion 

length of the charges is smaller than the absorption depth, a meso-structured 

device is suitable for obtaining optimal charge collection. On the contrary planer 

junction devices are suited for efficient charger collection and transport, without 

significant recombination, for larger diffusion lengths. 

Transient photo luminescence (PL) and transient absorption spectroscopy 

measurements were used by Xing et al [64,65] and Stranks et al. [66] to report 

transport properties of CH3NH3PbI3 and CH3NH3PbI3−xClx.  Diffusion lengths for 

electrons and holes were reported at 129nm (130 nm) and∼105nm (90 nm), 

respectively, in CH3NH3PbI3 and ∼1069 nm and ∼1213 nm, respectively, in 

CH3NH3PbI3−xClx [64,66]. Thus it is evident that optimal architecture for 

CH3NH3PbI3 is meso structured cell while for CH3NH3PbI3−xClx, planer geometry 

will yield the highest PCE. Comparable decay time of photoinduced absorption 

at∼550nmin, transient absorption spectroscopy and transient PL have indirectly 

confirmed the generation of weakly bound photogenerated excitons in 

CH3NH3PbI3−xClx. Data from dielectric constant, transient absorption 

spectroscopy, impedance spectroscopy and transient photo luminescence for 

perovskite materials, suggest that the excitons generated are Wannier-type 

[67].   
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Figure 2.3 Progress in Perovskite solar cells, from PCE of 9.7% through 10.9%, 15% and 15.4% 

using device architectures ranging from titania sensitized with active layer to 

mesosuperstructure, inert scaffold and planer pn junction 

2.4.9 Fabrication Techniques 

Approaches reported for the synthesis of perovskite active layers are: one-step 

precursor solution deposition; [65] two-step sequential deposition; [68] dual-

source vapor deposition; [52] vapor assisted solution process [69] and 

sequential vapor deposition [70]. CH3NH3PbX3 perovskites have been reported 

with both one step and two step coating techniques. Im et al first reported the 

one step coating method for iodide perovskite active layer by reacting equimolar 

CH3NH2 and HI in the appropriate solvent [34]. The white precipitates were 

obtained by introducing ethyl ether to the resulting solution, followed by vacuum 

drying for about 12 h. The synthesized CH3NH3I was then mixed with PbI2 at a 

1:1 molar ratio in γ-butyrolactone at 60 °C and used as a coating solution. For 

two step coating method lead iodide film is first formed on titania surface 

through spin coating or vacuum deposition and the layer thus formed is 

immersed in CH3NH3I containing solution [68,71].  

One step solution processing is the simplest of the solution processing 

technique for the growth of perovskite layer. A precursor solution is spun cast 

on substrate resulting in loss of excess solution, evaporation and annealing of 

the solvent. While these processes proceed simultaneously, properties of the 

solvent, additives and the annealing and processing temperatures and 

environments have a profound impact on the final film quality. 
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Solvents reported for optimum solution process are typically γ-butyrolactone 

(GBL), dimethylformamide (DMF), and dimethyl sulfoxide (DMSO). GBL gives a 

lower maximum concentration of solute at 40 wt % [34] while DMF and DMSO 

give higher loading of 60 wt % at room temperatures [72]. Mixture of solvents 

have also been reported for obtaining optimum concentrations for solution 

processing since higher concentrations lead to better film coverage and higher 

efficiency devices [65,66,73]. Best results are reported for a combination of 

DMF and GBL ( 3:97 vol %) owing to the rapid evaporation of this combination 

of solvents [74,75]. Application of solvents like toluene during spin coating at 

the surface of the perovskite film leads in better concentration and uniform 

morphology. This is attributed to the rinsing of excess solvent by toluene adding 

in better crystallization of perovskites [76]. 

Perovskite film coverage is also dependent upon annealing temperature during 

solution processing by one step solution method [77]. Lower annealing 

temperature results in poor film converge while higher temperature annealing 

leads to decomposition of active layer [78]. Optimum annealing conditions are 

reported to be slow annealing at 100 oC forming particles of 100-1000 nm [79].  

Improvement in film formation was made possible by two step sequential 

deposition [68,71], within the realm of solution processing. Two step methods 

affords higher loading of lead iodide by first spin casting of lead iodide followed 

by solution processing or vacuum assisted deposition of CH₃NH₃I [70]. It is a 

heterophase reaction resulting in conversion to CH3NH3PbI3. This results in a 

more compact, uniform and reproducible film. Alterations have been adopted by 

different researchers to optimize this process, including prewetting[80] the lead 

iodide film in dispersion solvent and heating the substrate resulting in higher 

efficiencies [68,80,81]. Successive spin coating method, an improvement over 

two step method has also been used to improve the film formation [82]. Use of 

DMSO, a strong coordinated solvent, for solution processing of PbI2 results in 

amorphous film ensuring smooth and uniform coverage and complete 

conversion to CH3NH3PbI3 [83]. 
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A modification of two step deposition method is the vapor assisted growth of 

CH₃NH₃I on the PbI2 film. Compact and uniform PbI2 film obtained by solution 

processing is exposed to CH₃NH₃I vapors under ambient conditions. In contrast 

to vapor deposition this method does not require expensive vacuum equipment 

and environmental controls. Combining the advantages of solution processing 

and low temperature vapor deposition, the films grown are pin hole free offering 

higher efficiencies [70,84]. Doctor blade [85], liquid droplet assisted two step 

solution process[86], spray and brush solution processing [87] and flash 

evaporation [88] have also been recently reported to add to the versatility of 

synthesis techniques. 

2.4.10 Stability Studies 

Two parameters important for commercial application of perovskite solar cells 

are stability and efficiency. Lots of research effort has been directed at 

enhancing the efficiency of these devices by adoption of various device 

architectures, compositions and manufacturing techniques. This has resulted in 

substantial increase in efficiencies to a proven efficiency of 20.1% [89]. The 

limiting factor to this success story is the stability. High efficiency devices 

reported are synthesized under controlled environments and lose their 

efficiencies rapidly. For their commercial viability it is imperative that studies be 

undertaken on issues of stability and reproducibility to enhance the life time of 

these devices. Degradation in perovskite solar cells is a synergetic effect of 

exposure to humidity, oxygen, ultraviolet radiations and temperatures. 

Wang et al have proposed a sequence of chemical reactions considered 

responsible for the degradation of CH3NH3PbI3 in the presence of moisture [90].  

CH3NH3PbI3 (s) ↔ PbI2 (s) + CH3NH3I (aq)  (2.1) 

 

CH3NH3I (aq) ↔ CH3NH2 (aq) + HI (aq)   (2.2) 

 

4HI (aq) + O2 (g) ↔ 2I2 (s) + 2H2O (l)   (2.3) 
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2HI (aq) ↔ H2 (g) + I2 (s)     (2.4) 

The equilibrium species, in the presence of water, oxygen and UV radiation are 

thus CH3NH3I, CH3NH2, and HI. HI can either decompose by a one step redox 

reaction (2.3) or by photochemical reaction under UV radiation to H2 and I2. This 

sensitivity requires synthesis in a controlled environment like a glove box 

[52,68]. A humidity of 55% is reported to deteriorated performance and is 

evident by a color change from dark brown to yellow [41]. Devices incorporating 

Al2O3 scaffold showed better stability in line with the reports on stability of 

DSSC with this scaffold [91,92]. CH3NH3PbBr3 is reported to be more stable to 

moisture exposure and CH3NH3Pb(I1-xBrx)3 based absorbers retained good PCE 

on exposure to humidity of 55% for 20 days [41]. A moisture induced 

reconstruction mechanisms has also been proposed for controlled humidity 

synthesis in planar geometry. Though the efficiency increased to 19.3 %, it 

rapidly deteriorated to less than 5% of original performance when stored in 

ambient conditions [88].  Encapsulation techniques developed for CIGS based 

devices could prove effective in addressing the moisture sensitivity of these 

devices [93]. A PCE of 15.76 % has been achieved for devices synthesized in 

ambient conditions with humidity of 50 % by incorporating a substrate 

preheating step before spin coating lead iodide [94]. 

UV sensitivity is attributed to use of TiO2 as photoanode in PSC. With a band 

gap of 3.2 eV, it is typically a photocatalyst for oxidizing water and organic 

matter [95,96]. Inclusion of Sb2S3 layer at the interface between mesoporous 

TiO2 and perovskite layer was observed to increase the stability, attributed to 

the interruption of iodide couple at the interface. UV activated decay at the 

interface of TiO2 is also reported to be arrested by the presence of oxygen 

which removes surface states and pacifies deep trap sites at the interface, 

titania being an n-type semiconductor [97,98]. Use of alumino silicate shell on 

titania nanoparticles can increase stability [98]. Al2O3 scaffold is a more stable 

alternate to TiO2 in MSSC [97,99]. 

Thermal stability studies are important as under solar illumination the 

temperatures are expected to be over the phase transition temperature of 
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CH3NH3PbI3. It changes from tetragonal to cubic structure at 56 oC [100]. 

Studies have indicated that thermal stability can be effected by subtle variations 

is synthesis routes and the precursors used [101]. Poor thermal conductivity by 

mono crystalline and polycrystalline CH3NH3PbI3 also creates internal stresses 

to the detriment of the mechanical integrity of the films and hence the life time 

of the devices [102]. Use of polymers with single walled CNTs as a HTL have 

been reported to increase the thermal stability and retard moisture sensitivity of 

the perovskite solar cells [103]. Issue of lead poisoning has been simulated by 

investigating the effect of rain with water of different pH values concluding that 

the use is environmentally safe [104]. 

2.4.11 Hysteresis Effects 

Ferroelectric polarization of perovskites has been under focus recently. 

Understanding the ferroelectric behaviour of this class of material may be 

critical in increasing its efficiency and stability as ferroelectricity may affect the 

photoexcited electron hole pair, separation [105,106]. The origins of this effect 

are still postulated. Ferroelectricity came under focus on the reports of 

hysteresis behaviour in current voltage scans [107–109], dependent on the 

scan rate and direction [108], light soaking history [107], contact material and 

interfaces [110]. Snaith et al have proposed capacitive effects, ferroelectric 

behavior of absorber and defect densities to be the source of hysteresis 

behaviour [110]. This effect, if not accounted for, results in erroneous efficiency 

values in comparison to the stabilized output [111]. Conflicting reports through 

theoretical and experimental values has added impetus to the current research. 

The observed hysteresis in current voltage (JV) curves was attributed to 

ferroelectric domain under applied electric field, while same effect can also be 

caused by ionic migration [110,112] or trapping detrapping [110,113] of charge 

carriers. Identification of polar I4cm space group [114] instead of previously 

accepted non-polar I4/mcm [110,112] had added weight to the theory of 

ferroelectric polarization. Theoretical calculations have postulated a polarization 

value of 38 μC/cm2 [105]. 
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Studies of Polarization electric field [109] were used to investigate the 

ferroelectric response of CH3NH3PbI3, though they were heavily distorted by 

leakage currents and may not be conclusive evidence to the ferroelectric 

response. Piezoresponse force microscopy indicated ferroelectric domains 

though no confirmation of local switching of ferroelectric domains was 

presented [115]. Concurrent evaluation of PE loops and piezoresponse force 

microscopy by Xiao et al [116] in a recent report did not detect ferroelectric 

polarization in contrast to the other reports. Many reports have supported a 

ferroelectric response [108,109,114,115,117]  by this class of material. 

Understanding the physical phenomenon responsible for this effect is vital for 

efficiency enhancement and is an open area of research. Physical optimization 

by trial and error and theoretical simulations will lead to stabilized efficiencies 

and will add to maturing of this technology. 

2.4.12 Comparison to Other Technologies 

Solar cell has to absorb sun light and convert its incident energy into electrical 

power. The energy of incident photons is scattered over the entire spectrum of 

solar radiations. Photons with energy equal to the band gap of the active layer 

in a PV cell only are absorbed while photos with energy lower than the band 

gap are not absorbed at all while photons with energy higher than the band gap 

generate electron above the conduction band which lose their energy in the 

form of heat, while, relaxing back to valence band. Thus the maximum voltage 

solar cells generate is the open circuit voltage and it indicates the maximum 

electrical power derivable form the incident photons. 

Perovskites are unique as active layer in PV modules owing to their ability to 

deliver high open circuit voltages, under full sun illumination, leading to light 

harvesting from a broad spectrum of incident solar radiation. Voc is a measure of 

the maximum energy that can be drawn from the incident photon by the solar 

cell. The difference between Voc and the potential of the lowest energy photon 

generating a charge is a measure of the fundamental loss in a solar cell [118]. 

Thermodynamic treatment limit this loss to the tune of 250−300 meV, varying 

with the band gap, based on Shockley−Queisser treatment [119]. Onset of the 
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IPCE spectrum determines the lowest energy absorbed photon. For 

CH3NH3I3−xClx perovskite the onset is 1.55 eV (800 nm) and the best Voc of 1.1 

gives a loss in potential of 450 meV which is lower than the reported loss of 

0.59 eV for best commercially available PV technology CdTe at an efficiency of 

19.6% [120]. Thus perovskite solar cells, at the current state of the art, are at 

par with commercial technologies like CIGS, GaAs and crystalline silicon [121]. 
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Chapter 3 

Materials and Methods 

3. Experimental Details 

We outline the experimental details for the synthesis of GO, MoS2, TiO2 and 

ZnO. Synthesis of CH3NH3PbI3 is elaborated in chapter 3 to maintain the 

continuity of narrative specific to the process of optimization of ambient air 

synthesis route. Modified Hummers method was used for synthesis of GO and 

MoS2 was synthesized through liquid phase exfoliation. TiO2 and ZnO 

nanoparticles were synthesized thorough sol gel route. Details specific to nano 

composites synthesis and device preparation in each case will be discussed in 

succeeding chapters.  

3.1 Materials  

All materials for this research except CH3NH3I were sourced from Sigma Aldrich 

and used without further purification. CH₃NH₃I, was sourced from Dyesol 

(MS101000-50). Indium doped tin oxide (ITO) was used as front contact. At 10 

mm x 10 mm it had a resistivity of 15 Ω/cm2. ITO coated slides were detergent 

cleaned, washed with flowing ultra pure water and ultrasonicated in ethanol for 

20 min. They were subsequently dipped for one minute in piranha solution, 

rinsed in flowing ultra pure water and dried by blowing hot air. Metallic mask 

(Figure 3.1) was used to define active area of the cell and to thermally deposit 

Au. 
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Figure 4 3.1 Metallic mask for defining active area of solar cells 

3.1.1 Synthesis of GO 

At the outset of this research we experimented with both GO and rGO 

synthesized through electrochemical exfoliation of graphite. Owing to its greater 

yield and novelty offered, this process was preferred over more established 

modified Hummers method. GO obtained by this process was of poor quality 

with large quantities of residual graphite which rendered nanocomposite thin 

films less than perfect for device fabrication. We adopted modified hummers 

method instead, though the yield was low and the process slow and laborious. 

Brief outline of the process is presented below. 

Modified Hummers method (Figure 3.2) allows the oxidation of Graphite in 

acidic solution [122]. Oxidation helps in cleaving the sheets upon mechanical 

action like sonication. The dispersion thus obtained allows flexibility of 

synthesis. Graphite flakes were used as starting material and were oxidized by 

mixing with concentrated sulfuric acid/phosphoric acid and Potassium 

permanganate. Typical quantities used were 360 ml of H2SO4 and 40 ml H3PO4 

(9:1) for 3 g graphite flakes and 18 g of Potassium permanganate. Resultant 

mixture was initially stirred at 35 oC for 6 hr and subsequently heated to 50 oC 
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and stirred continuously for another 12 hr.  Reaction mixture was cooled down 

to room temperature and 400 g of ice from distilled water was added along with 

5 ml of hydrogen peroxide.  This gave a mustered color to the solution. The 

mixture was centrifuged at 4000 rpm and the superannuate was removed. 

Remaining mixture was washed with 1M HCl and deionized water. This step 

was repeated to obtain a pH of 7 of the collected wash water. Resultant mixture 

was dried in vacuum oven to obtain GO in solid form which was dispersed in 

different mediums before synthesis of nanocomposite with TiO2 and ZnO which 

will be discussed in chapter 4 and 5. 

 

 

 
 

Figure 5 3.2 Exfoliation of Graphite through modified Hummers method 

3.1.2 Synthesis of MoS2 

Chemical, electrochemical and micro mechanical exfoliation routes have been 

reported for exfoliation of TMD’s. Liquid phase exfoliation process was adopted 

being economical and offering simplicity and reproducibility. MoS2 was 

exfoliated using liquid phase exfoliation technique employing N-Methyl-2-

pyrrolidone (NMP) as solvent. Probe sonicator was used for exfoliation 

spanning over 66 hr while a chiller was used to maintain temperature of the 
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bath at 2 oC. Suspension thus achieved was centrifuged at 4000 rpm.  

Supernatant was removed and filtered with 0.22 micron nylon filter. 

3.1.3 Synthesis of TiO2 

Titania nanoparticles were synthesized by sol gel route. Titanium isopropoxide 

(< 97%), 2- methoxyethanol (99.9+ %) and ethanolamine (99+ %) were mixed 

in 1: 4: 0.5 molar ratios. The mixture was refluxed in a three necked flask in an 

inert environment (Figure 3.3), stirred at room temperature for 1 hr, 80 oC for 1 

hr and finally at 120 oC for 2 hr under constant stirring. Light yellow color of the 

sol indicated the dissolution of isopropoxide precursor in methoxyethanol 

solvent aided by ethanolamine as linker [123]. 

 

Figure 63.3 Set up for sol gel synthesis of TiO2 

 

3.1.4 Synthesis of ZnO 

0.2 M zinc acetate dihydrate Zn(CH3COO)2·2H2O solution in iso-propanol was 

stabilized with Monoethanolamine (MEA) (HOCH2CH2)NH2 as stabilizer in the 

molar ratio MEA:Zn2+ [124]. Solution was stirred till clear solution was obtained. 

Sol thus prepared was allowed to age for 24 hr before film formation. 
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3.2 Characterization Techniques 

3.2.1 Photo Voltaics 

Solar cell is a power source like a battery. In analogy, the terminals at the 

conditions of infinite load are regarded as open circuit and the voltage thus 

obtained is the maximum voltage that can be delivered by the cell, Voc. At zero 

resistance, a condition of short circuit between the terminals, the cells gives the 

maximum current and is called Isc. In solar cells the current changes with the 

active area of the cell generating this current so a more comprehensive 

parameter is the short circuit current density, obtained by dividing Isc with active 

area of the cell and is called Jsc. These cells obey Ohms law when a load is 

applied across the terminals. Under illumination, solar cell acts as a power 

source and current is delivered to the external load, current and voltage 

delivered are determined by the I-V characteristic curve. To standardize the 

performance of devices reported in literature, illumination intensity has been 

standardized at 100 mW/cm2 and corresponds to the solar irradiance intensity 

reaching at the earth at an angle of 48.2o with sun at its zenith. In dark, solar 

cell behavior is depicted by the diode characteristic curve and the direction of 

current is opposite to the photogenerated current. The characteristic equation 

for a solar cell under dark is represented by equation [125–127]: 

             
  

    
        3.1 

Where m is called the ideality factor and takes into account the deviation from 

ideal diode behavior. 

Equivalent circuit diode model of the solar cell is depicted in Figure 3.4. A solar 

cell is essentially a source connected in series to two resistances, a series 

resistance Rs and a parallel or shunt resistance Rsh. Rs and Rsh dictate the 

performance parameters of functioning solar cell and optimization of these 

resistances is critical for achieving high efficiencies. Interfacial contact 

resistance, resistance associated with semiconductor layer, sheet resistance of 

electron and hole selective contacts and that of transparent conducting oxide 
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contribute to Rs. Leakage current across the absorber layer contribute to shunt 

resistance. For any well functioning device Rs has to be lowered and Rsh 

increased. Quantitative assessment of these is provided by impedance 

spectroscopy. Characteristic solar cell equation is: 

               
         

    
     

      

   
 3.2 

Where Jo is a constant, and A is the active area of the solar cell. 

 

Figure 73.4 Equivalent circuit diagram of a solar cell 

Maximum power delivered by the solar cell at maximum incident light intensity 

is called the power conversion efficiency and is defined by the equation  

   
    

  
  

        

  
    3.3 

Figure 3.5 represents IV characteristic curve for a solar cell. For an ideal solar 

cell the plot is a square between Jsc and Voc, non idealities are introduced by 

increase in series resistance and drop is shunt resistance and is represented by 

red dotted line in this figure. Quantitative figure of merit for this is provided by a 

parameter called Fill Factor (FF) and is represented by the equation 

    
        

      
     3.4 
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Figure 83.5 Characteristic curve of solar cell 

Hence the efficiency of a solar cell is defined by the following relationship, 

which is a combination of maximum power that can be delivered by a solar cell 

corrected for non ideality introduced by increasing series resistance and 

decreasing shunt resistance. 

   
        

  
     3.5 

3.2.2 Raman Spectroscopy 

Interaction of photon with a material may result in inelastic scattering of the 

incident light. Energy loss associated with inelastic scattering is characteristic of 

a material and provides vital information about the vibrational, rotational and 

other low frequency modes for that material. This principal is used in Raman 

spectroscopy where a monochromatic light, usually a laser, is used to record 

this signature; providing qualitative analysis of the composition of the sample 

and semi quantitative analysis of the quantity of each entity in the sample. 

Incident monochromatic photons may be absorbed or scattered depending 

upon energy of the photon and band gap of the target material. For a photon of 

energy equal or higher than the band gap, incident photon is absorbed and the 

material is promoted to an excited state. For photon of energy lower than the 

band gap, instantaneous excitation to virtual state and relaxation to the ground 

state may lead to an energy loss in the scattered photon and can have three 

contributions (Figure 3.6): 
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1. Predominantly, electrons excited to the virtual state relax back to the 

ground state emitting a photon of same energy as that of incident photon. The 

photon thus scattered bears no information for material characterization. This 

process is called Rayleigh scattering. 

2. Excited electrons relaxing to intermediate vibrational or rotational energy 

levels emit photons of lower energy than incident photon. This process is 

named as Raman-Stokes scattering. 

3. In some instances it is possible for emitted photons to be of higher 

energy than the incident photon. This is possible when the electrons are excited 

by the incident photon from an already excited state. Relaxation of these 

electrons to the ground state causes emission of photons of higher energy than 

the incident photons. This process is called Raman-antiStokes scattering. 

Energy exchange between the material under investigation and the scattered 

photon provides information on the composition of the material. Since at room 

temperature, very small portion of the species can be at the excited state, 

proportion of Raman-antiStokes signal is very low in comparison to Raman-

Stokes signal. With the help of modern electronics, Rayleigh signal is 

suppressed making Raman-Stokes signal distinguishable.  

Raman spectroscopy system typically consists of a Laser source, light 

illumination and collection optics, wavelength selector and a photo detector. 

Wavelength selected should be such that it does not coincide with major 

absorption peaks of the analyte. Raman spectroscopy was employed to confirm 

the incorporation of MoS2 is TiO2 nanocomposite. Spectroscopy was performed 

on a LabRam spectrometer employing He-Ne Laser of 17 mW at an excitation 

frequency of 630 nm. 
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Figure 93.6 Schematic of different scattering processes 

3.2.3 Hall Effect Measurement 

An electric charge moving in a magnetic field develops a potential across the 

conductor where positive charges are accumulated on one face and the 

negative charges are accumulated on the opposite face. This rearrangement of 

charges is due to the application of Lorentz force experienced by the moving 

charge in a magnetic field. The potential thus developed is perpendicular to the 

direction of movement of charge and the applied magnetic field. This potential is 

called Hall Voltage after Edwin Hall who discovered this phenomenon in 1879. 

For a charge moving in a conductor of dimension x, y and thickness d, for an 

applied potential of magnetic field B along z axis, (Figure 3.7) magnitude of 

force experienced by the charge moving at velocity v is given by 

    

                 3.6 
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Figure 103.7 Movement of Charge e in a magnetic field B produces force F on the moving charge 

generating local voltage Vd 

For a charge carrier intensity of n and a current I in conductor of thickness d, 

Hall voltage is given by the expression [128]; 

 

      3.7 

       

RH is the Hall coefficient and is given by the relationship 

         
 

  
      3.8 

      

Hall effect measurements are indispensible in semiconductor industry owing to 

its reliability and versatility in characterizing the electrical properties of thin films. 

This technique allows the determination of resistivity, carrier densities and 

charge carrier mobilities critical to the characterization of thin film 
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semiconductors. Hall effect measurement apparatus works on the principle of 

Van der Pauw Technique. Critical to the execution of this measurement are 

appropriate shape continuous samples and establishment of ohmic contacts 

between test probes and thin film samples. Figure 3.8 depicts typical test 

scheme in this technique. 

 

Figure 113.8 Measurement scheme for voltage and current in Van der Pauw method 

Sheet resistance Rs is determined by measuring characteristic resistance RA 

and RB with four edges of the sample as depicted in above schematic.  Van der 

Pauw equation relates the three parameters as 

         
  

  
        

  

  
        3.9 

Numerical solution of this equation gives the value of Rs.  

Carrier densities and mobilities are determined by this technique by making a 

series of voltage measurements across the test specimen and keeping the 

current and magnetic field constant.  

Ecopia HMS 5000 (Figure 3.9) was extensively employed to characterize the 

thin film semiconductors used in this work.  A magnetic field of 0.55 T is applied 

to the sample which is mounted on a gold plated stage kept in place by four 

gold plated spring loaded contacts. All contacts for this research were 

established by silver paste to ensure ohmic contacts vital to realiable working of 

this system. Additional feature of electronically heating the stage allowed for 
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determination of temperature dependent response of our samples in the 

temperature range of 300 K to 340 K. 

 

Figure 123.9 Configuration of the sample on the sample holder in Ecopia HMS 5000 

3.2.4 Impedance Spectroscopy 

Performance evaluation of solar cell by JV curve is limited in its utility as these 

curves do not provide quantitative information to the mechanism governing the 

performance of these devices. Systematic analysis of parameters like series 

resistance, shunt resistance and capacitance effects can be evaluated by 

impedance spectroscopy. This allows for identification of interfacial charge 

transport mechanisms and electronic process occurring at each frequency and 

at different time scales [129]. 

Impedance response for a system is evaluated by applying a small perturbation 

signal to the system and registering the resultant current (Figure 3.10). The 

applied perturbation is small to obtain a steady state response of the device 

under test. Voltage perturbation signal is applied in the form of a sinusoidal 

wave and the resulting current signal is also in the form of a sinusoid but with a 

phase shift. Applied signal is of the form 

                 3.10 

E is the applied signal at time t with a magnitude E0 and frequency   
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The steady state response signal is presented by 

                     3.11 

Where I is the recorded current at time t and I0 is the magnitude of the signal 

with an angular frequency of   while   is the phase shift from the original 

perturbation.  

 

Figure 133.10 Non linear current response to a small voltage perturbation 

Linear relationship between current and voltage is governed by Ohms law and 

is a constant called resistance. Non linear response between the two 

parameters is because of the phase shift and this is catered by impedance Z(t). 

Mathematically it is represented by 

     
     

     
 

       

           
   

     

         
 3.12 

 

In complex notation, 

                            3.13 

Z’ and Z” are the real and complex components of impedance. 

Impedance response is typically recorded for a perturbation signal over a 

frequency range. A large frequency range is employed to obtain low frequency 
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and high frequency response of the system. This allows deciphering different 

time constant dependent mechanisms at play in the system under study. Data 

obtained are typically presented as Nyquist or Bode plots. In this document we 

present Nyquist plot (Figure 3.11) which is the plot of real part along abscissa 

and imaginary part along the azimuth. Each point on this plot represents 

measurement at a specific frequency. High frequency portion is at the origin 

and the low frequency potion is to the right of the plot. 

 

 

Figure 143.11 Typical Nyquist plot 

Nyquist plots on its own convey little information. To obtain quantifiable 

information of the mechanism, equivalent circuits are used to model the 

response of the system under study. Equivalent circuit based on resistors, 

inductors and capacitors are employed to model the system response and the 

one matching the experimental data most closely represents the physical 

parameters of the system. These elements are then associated with a specific 

physiochemical process in the system.  

Impedance spectroscopy has been extensively employed for analysis of PV 

devices including DSSC and polymeric solar cells [130–134]. Impedance 

studies during this work were performed on BioLogic EC workstation from a 

frequency range of 1 MHz to 500 mHz at bias voltage between 100mV to 

800mV and oscillation potential amplitude of 20mV. Obtained data was 

simulated using EC-Lab V10.40. Equivalent circuit used is represented in 
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Figure 3.12 which is a typical transmission line model employed for analysis of 

solar cells [135]. Equivalent circuit consists of two RC elements with a series 

resistance Rs. While Rs is the resistive contribution from circuit wires and ITO, 

one RC circuit is used to model the electron selective contacts and an 

additional RC element to model the shunt resistance and capacitance 

associated with active layer. Constant phase elements are used instead of ideal 

capacitors to obtain a better fit. 

 

 

Figure 153.12 Equivalent circuit used for impedance analysis 

3.2.5 Cyclic Voltammetery  

It is an electrochemical technique where the potential of working electrode is 

varied over a fixed range and the current flowing between the working and 

counter electrode is recorded. The direction of scan is varied in forward and 

reverse bias between ranges of potential sweep. In some cases rate of the 

potential change can be varied along with the cycles to record the changes in 

the electrochemical cell over a period of time. The plot thus obtained is known 

as a voltammogram [136]. 

Electrochemical processes occurring at the electrode surface are studied using 

this technique. These processes can be either Faradic or non-Faradic. Faradic 

processes are redox reactions at the electrode surface between the electrode 

and the electrolyte, where charges are transported at the interface between the 

electrolyte species and the working electrode. In non Faradic processes, 

charging discharging because of the double layer capacitance at the electrode 

surface results in a current flow. 
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Oxidation and reduction processes present information about the HOMO and 

LUMO levels of the working electrode. Since during oxidation an electron is 

removed from valance band and during reduction an electron is returned to the 

conduction band, thus the oxidation and reduction potentials can be used to 

calculate band gap of material. Onset of oxidation and reduction is determined 

by the intercept of tangent and abscissa on the voltammogram. Redox 

potentials thus determined can be used to calculate the HOMO and LUMO 

levels using the following relations; 

           
                  3.14 

            
                  3.15 

In preset work, three electrode electrochemical cell from BioLogic EC 

Workstation (Figure 3.13) was used to calculate the band gap of the pristine 

and nanocomposite metal oxide electron selective contacts. Silver 

Silverchloride was used as counter electrode while Saturated Calomel 

Electrode (SCE) was used as reference electrode in 0.1 M NaCl electrolyte 

solution in deionized water.  

 

Figure 163.13 Bio Logic Electrochemical Workstation 



44 
 

3.2.6 UV – Vis Spectroscopy 

Photovoltaics is about light harvesting and the technique used to measure the 

amount of light harvested by a material is UV – Vis spectroscopy. 

Electromagnetic spectrum of this range causes the electronic transitions 

between the energy levels. This gives information on the inter band and intra 

band transitions. Amount of light absorbed is presented as absorbance or 

transmittance and diffuse reflectance. Transmittance and absorbance are 

defined as; 

  
 

  
     3.16 

            
 

  
   3.17 

 

Where I0 is the intensity of the incident light and I is the intensity of the 

transmitted light. 

BMS 2800 UV – Vis spectrometer was used to obtain absorption spectrum 

during this research. Spectrums thus obtained were used to calculate the band 

gap employing Tauc equation; 

            
     3.18 

Where, 

ε = Absorption 

h = Plank’s Constant 6.6026 * 10-34 m2 kg / s 

  = frequency 

Eg = Bandgap 

n = ½ for direct and 2 for indirect bandgaps 
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3.2.7 Atomic Force Microscope 

These microscopes sense the small forces between a cantilever tip and the 

sample surface to generate topographical images of the surfaces of the sample. 

Tips, usually of the nanometric length scale, are sensitive to small changes in 

parameters like tunneling current or magnetic forces. This affords the imaging 

of the samples at the atomic scale not only along x and y plane but also along 

the z axis [138]. 

Typically a cantilever detects small changes in forces upon interaction between 

the material and tip. The deflection of the tip upon this interaction is sensed by a 

variety of means, most common being the deflection of laser spot on the back 

of the tip. This reflected laser is illuminated on a photodiode and the change in 

position of the reflected spot is mapped to generate a three dimensional image 

of the surface. Motion of tip on the surface or the surface under the tip is 

controlled by a piezoelectric sensor to accurately control the scan motion 

(Figure 3.14). By this technique, conducting, semiconducting or even insulating 

materials can be accurately mapped. 

 

Figure 173.14 Typical method employed in recording the movement of tip on the sample in an 

AFM. Reflected Laser is flashed on a photodiode generating electric signal for display 

AFM modes of operation are:- 



46 
 

Contact mode: in contact mode tip sample separation is maintained constant at 

the order of few Å. In this situation the tip is experiencing a repulsive force, 

interaction forces causing bending of the tip. This mode of operation requires 

that the tip must not be stiff to avoid damaging it. 

Non contact mode: in this mode tip sample distance is maintained at the order 

of few hundreds of Å. This develops weak attractive forces between the tip and 

the sample and is only suitable for imaging samples using tip which have long 

range forces between the two. Height of the tip is maintained by vibrating the tip 

at its resonance frequency by the scanner through a feedback system. 

Tapping mode: tapping mode of operation is similar to non contact mode of 

operation the difference being that the tip is allowed to touch the sample on 

bottom of its oscillation cycle. This allows for mapping rough surfaces with 

corrugated topography without damaging the tip. 

Microstructures in our work were studied using JEOL SPM 5200 atomic force 

microscope in non contact mode employing NSC35 micro fabricated cantilevers 

in ambient air (Figure 

3.15). 

 

Figure 183.15 JEOL SPM 5200 

3.2.8 Scanning Electron Microscope 

Scanning Electron Microscope (SEM) works by bombarding high energy 

electrons over the sample in a raster pattern by electromagnetic deflection coils. 

Interactions of these high energy electrons with atoms at or close to the surface 
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generate signals rendering information about the composition and topography 

of the sample. Out of the many signals generated, the ones of usual interest are 

secondary electrons, back scattered electrons and Auger electrons and 

characteristic X-Rays (Figure 3.16) [139,140].  

Secondary electrons are low energy electrons ejected from the conduction band 

of the atoms. Being not associated with any specific type of atoms, these 

electrons contain no information about the composition of the material. Low 

energy of these electrons means that they can only escape from the specimen 

when emitted close to the surface, thus they are used to image the surface 

topography. 

Backscattered electrons are high energy incident electrons scattered upon 

interaction with the atoms. The intensity of these electrons is dependent upon 

the atomic number of the atoms from which it is reflected, so a composition 

image can be generated by mapping these backscattered electrons signals. 

Characteristic X-Rays detection is another source of the compositional analysis 

of the sample. These high energy photons are emitted when electrons excited 

by the incident beam relax back to the ground state and emit photons which are 

characteristic of the band gap of the atoms involved in the transition. This 

allows a qualitative and semi quantitative analysis of the composition of the 

material under investigation.  

 

Figure 193.16 Schematic of the signals generated by beam sample interaction in an SEM. Signals 

typically used are circled. 
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High energy electron beam is generated by electron gun in a column of SEM by 

accelerating the generated electrons under the action of high voltage anode 

and reduced to very narrow beam. Electron source can either be thermionic or 

field emitted. Thermionic emission heats the source like tungsten or LaB6 

through resistive heating to generate electrons which are then accelerated while 

under field emission (FE) very high voltage is applied to eject the electrons from 

the tip of the source. FE offers improved performance at added cost.  

A system of electromagnetic coils is used to move the beam in a raster pattern 

over the sample. Secondary electrons thus generated are detected by a photo 

detector and the signal is presented on a cathode ray tube. Magnification is 

obtained by progressively scanning a smaller area and projecting it over the 

display. A limitation for study of a sample in SEM is to have a conductive path 

to the ground. This avoids build up of charges on the surface due to incident 

electron. For non conducting samples, a conducting path is usually achieved by 

sputtering very thin film of gold on the sample. Schematic of the working of 

SEM is presented in Figure 3.17. 

Thermionic emission scanning electron microscope (JEOL JSM6490A) using 

tungsten filament was used during this research. Non conducting samples were 

sputtered with Au films before examination in SEM. 
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Figure 203.17 Schematic of operation of SEM 

3.2.9 X – Ray Diffraction  

Crystallographic information is obtained through X-Ray diffraction technique. 

Information about space group, grain size, interplaner spacing and long range 

order are typically obtained through a diffractogram. Equipment used typically 

consists of an electron source contained in a sealed tube and mechanisms to 

accelerate the electrons from the source to the target material which is 

contained in water cooled jacket. Tungsten source is resistively heated to 

generate electrons which are accelerated through an anode to the target. 

Copper is typically used as target material. Upon impinging the target, incident 

electrons are either decelerated by the opposing filed of the nucleus or they 

dislodge an electron from one of the orbital of the atoms. X-Rays generated due 

to deceleration of electrons are called Bremsstrahlung X-rays. Electrons 

dislodged from the inner shells relax back to the ground state and emit X-Rays 

which are characteristic of this target material. Copper as target material usually 

produces two characteristic X-Rays namely Cu Kα (λ = 0.154 nm) and Cu Kβ (λ 

=0.139 nm) [143]. 
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Generated X-Rays are brought to fall upon the material under investigation 

through a system of beryllium window and various slits. The diffracted 

radiations are detected by a scintillation counter which measures the intensity of 

the diffracted radiations for every angle during the rotation of the counter. In a 

diffractogram the peaks are observed at specific angles only during the rotation 

of the detector. These are material specific signatures and carries information 

listed above for the material under study. Angles at which to expect diffraction 

peak for a specific material or if the diffraction peak is available to calculate the 

material specific information, Bragg’s law is used which is defined as:. 

n λ = 2dsinθ 

where n is an integer, λ is the wavelength of the incident X-Rays, d is the 

Interplaner spacing and 2θ is the angle between the incident and diffracted X-

Ray beam. 

X ray diffraction measurements were made on STOE Stadi MP using Cu Kα 

source in θ- 2θ mode from 5 to 60 degrees with a scan step  of 0.040 and dwell 

time of 3 sec for each step . Tube voltage and current were set at 40KV and 20 

mA respectively (Figure 3.18). 

 

Figure 213.18 STOE Stadi MP X- Ray Diffraction set up. Schematic of operation of X- Ray 
diffraction 
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Chapter 4 
Effects of Ambient Air Processing on 
Morphology and Photoconductivity 

of CH3NH3PbI3 

 

Ambient air synthesis offers the possibility of reduced cost of production 

for perovskite solar cells. We investigate morphological and charge transport 

properties under dark and one sun illumination of CH3NH3PbI3 formed using 

different concentrations of CH3NH3I. Modified two step ambient air synthesis 

process is used to find an optimum concentration for such conditions. Effect of 

different operating temperatures on photoconductive properties of perovskite 

films was also investigated by varying the temperature from 300 to 340 K during 

these studies. Results conclude that compactness of perovskite film plays more 

crucial role in determining charge transport properties, especially under 

illumination and at varying temperature. The process parameter i.e. low 

concentration of CH3NH3I, which leads to large crystal size, also creates more 

voids/pin holes under ambient air synthesis. An optimum concentration of 

0.050M CH3NH3I, achieves best grain size to voids ratio and optimum 

photoconductive properties in our synthesis.  
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Effects of Ambient Air Processing on Morphology and 

Photoconductivity of CH3NH3PbI3 

4.1 Introduction  

Organo metallic halide perovskites have transformed the renewable 

energy outlook in recent years [141,142]. A certified maximum efficiency at 20.1 

% [143], it has the potential to meet the energy requirements of our times. 

Ambipolar transport [65], long diffusion lengths [144], high charge carrier 

mobilities [145] and high absorption coefficients across broad spectrum 

[146,147] ensure that this material has all the right ingredients. Phenomenal 

research effort has been directed in recent years at unraveling this material and 

manufacturing has evolved from one step solution processing [148] to two step 

sequential deposition [94], vacuum assisted growth [149] to dual source 

evaporation [150] to name a few. Device geometries ranging from planar to 

mesostructured [149] to mesosuperstructured [65] have been investigated. 

Ambipolar charge transport and long diffusion lengths led to the breakthrough 

concept of hole transport layer free devices achieving impressive performances 

[151]. Manufacturing has also been reported under ambient air conditions of 

high humidity promising ease and flexibility of processing [94]. 

4.1.1 Ambipolar Charge Transport 

Perovskite absorbers have demonstrated balanced electron and hole transport 

properties confirmed through time of flight measurements [152,153] and 

electron beam induced current studies [141]. First principle approximations 

have demonstrated that this ambipolar charge transport properties can be 

attributed to similar values of effective mass for electrons (m*
e=0.23 mo) and 

holes (m*
h=0.29 mo) [154]. This balanced charge transport effects the bulk 

polarization in the solar cells effecting the Voc , Jsc and FF. Ability to effectively 

transport both electrons and holes coupled with low exciton binding energies 

and long diffusion length lend credence to the concept of HTL free device 

geometries. 
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4.1.2 Exciton Binding Energies and Diffusion Length 

Exciton binding energy is a critical parameter effecting the design and 

performance of solar cell. For CH3NH3PbI3 it has been calculated at 37 meV 

[155,156]. In contrast the PSC absorbers have binding energies in the range of 

0.2 to 1 eV [157] Thus excitons generated in perovskite absorber are Mott-

Wannier type. Diffusion lengths of the order of 1 µm are many order of 

magnitude higher than the ones reported for PSCs [144,158]. Short diffusions 

lengths were responsible for high recombination losses, lower charge collection 

efficiencies and required donor acceptor interface engineering for acceptable 

solar cell performance. Diffusion length is determined by the mobility and carrier 

life time, parameters dependent upon defect density, crystalinity and domain 

size in absorber films. These parameters can be controlled by carefully 

controlling the processing conditions and the concentration of CH₃NH₃I during 

synthesis of CH3NH3PbI3. 

4.1.3 Processing Control and Determination of Optimum CH₃NH₃I 

Concentration 

Sequential deposition method has evolved over other solution 

processing routes yielding the best device efficiencies [94]. It involves first step 

deposition of PbI2 films followed by CH3NH3I deposition resulting in the 

formation of CH3NH3PbI3. While there is a broad consensus on the 

concentration of PbI2 at 1 M, various concentrations of CH3NH3I have been 

reported for this method, and a systematic study of the effects of CH3NH3I 

concentration on device performance itself has been reported [159]. High 

efficiencies reported for sequential deposition method have invariably been 

obtained under controlled processing conditions which require energy intensive 

processes. Reports are also available for the ambient air synthesis of 

CH3NH3PbI3 solar cells; some of which have achieved impressive efficiencies. 

Using sequential deposition with some process modification, reliable film 

formation has been achieved, even in ambient air condition. Effects of ambient 

air processing on the charge transport and material properties of CH3NH3PbI3 

are still open to investigation. 
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In this chapter, we set forth to examine the effect of ambient air synthesis 

conditions on the material and charge transport properties of CH3NH3PbI3. By 

varying the concentration of CH3NH3I (in second step) under ambient air 

conditions, we obtained reliable film growth of CH3NH3PbI3  and characterized 

its micrographic granularity using AFM / SEM. X-ray diffraction measurements 

were later carried out for CH3NH3PbI3 films grown using different molar 

concentrations of CH3NH3I.  We also performed the conductivity measurements 

of these thin films at different temperatures and both under dark and one sun 

illumination conditions. In the light of above investigations, we further varied the 

CH3NH3I concentration in the initial mix to come up with the best concentration 

for ambient air synthesis of perovskite film with optimum properties. To the best 

of our knowledge this is the first systematic study on the effect of molar 

concentration of CH3NH3I on the material and electrical properties of ambient 

air synthesized CH3NH3PbI3, while catering for operating temperature and light 

intensity variations. 

4.2 Materials and Methods 

1 M PbI2 solution in DMF was spin coated on cleaned glass slides at 

2500 rpm for 20 s. Lead iodide coated slides were then annealed at 40 oC for 3 

min and 100 oC for 5 min in a laboratory oven. CH3NH3I was dissolved in iso-

propanol at 6 mg/ml (0.038M), 7 mg/ml (0.044M), 8 mg/ml (0.050M), 9 mg/ml 

(0.057M) and 10 mg/ml (0.064M) respectively. Lead iodide coated slides were 

pre-heated to 70 oC before spin coating with CH3NH3I solution. We made 

certain changes to the reported procedure for ambient air synthesis [94]. Before 

coating CH3NH3I on lead iodide coated glass slide, we soaked the slides with   

20 µl of iso-propanol while spinning and simultaneously added few drops of 

CH3NH3I solution in iso-propanol. The slides attained light brownish shade 

during this step, suggesting formation of CH3NH3PbI3. Next we soaked the 

slides in CH3NH3I solution for 20 s and followed it with spinning at 2500 rpm for 

20 s, while blowing hot air during the process. The slides were again annealed 

at 40 oC for 3 min and 100 oC for 5 min. 
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All characterization of CH3NH3PbI3 was carried out immediately after 

synthesis to guard against degradation effects, as the slides were not 

encapsulated. Fresh samples were prepared every time a characterization 

technique was employed, while rigorously following the above defined 

processing protocol to ensure good correlation of measured data.  

4.3 Results and Discussion 

Two step spin coating procedure is an improvement of the two step 

dipping procedure because of the precise control over the quantities involved. 

The size of the CH3NH3PbI3 cuboids decreases with the increase in the 

concentration of the CH3NH3I solution used during second step. The cuboids 

granular size is found to be decreasing from ~ 2820 nm for 0.038 M to ~ 490 

nm for 0.064 M. The roughness profile determined through AFM measurements 

also confirms this decreasing trend of the cuboids size with increasing 

concentration of the CH3NH3I solution. Both size and roughness distribution is 

graphically presented in Figure 4.1. The vertical thickness of the film is 

approximated at 300 - 400 nm, suggesting preferential orientation subsequently 

confirmed thorough XRD. Large crystal growth at lower concentration of the 

CH3NH3I with sparse density suggests fewer nucleation centers allowing for the 

growth of larger cuboids. At higher concentrations, the crystal growth is 

impeded by higher nucleation density resulting in high particle density and 

smaller crystals.  

 

 

Figure 224.1: Root Mean Square (rms) roughness (a) and particle size (b) distribution with 

changing molar ratios of CH3NH3I  solution 

(a) (b) 
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XRD profiles recorded for different concentrations are presented in 

Figure 4.2, peaks associated with CH3NH3PbI3 are marked as * and those 

associated with un-reacted PbI2 are marked as #. A clear trend is observed for 

CH3NH3PbI3 signature, increasing in intensity with increasing concentration of 

the CH3NH3I in the solution and then falling with the maximum concentration 

employed in the study. Strongest intensity for CH3NH3PbI3 is observed for a 

CH3NH3I concentration of 0.050 M. This trend can be attributed to increasing 

grain population with intermediate concentrations. Fall at the maximum 

concentration is due the small size grains owing to higher nucleation centers 

competing for growth resulting in small size grains. PbI2 signature also shows a 

decreasing trend with increasing concentration of CH3NH3I. At the highest 

CH3NH3I concentration the lead iodide signature almost vanishes as was 

expected for the increased concentration resulting in complete conversion of 

PbI2 to CH3NH3PbI3. These trends have resulted in all likelihood to give highest 

grain size to voids ratio of CH3NH3PbI3 film at intermediate concentration of 

CH3NH3I.  

Characteristic peaks for CH3NH3PbI3 occur at 14.0, 24.3, 28.4, 31.7, 

40.5, 43.0, and 50.3o in Fig 4.2, corresponding to reflections from (110), (202), 

(220), (310), (224),(314), and (404)  planes, confirming tetragonal phase of 

absorber. Preferred orientation along (110) plane evident from these 

diffractograms, validates the blocky appearance in SEM images confirming 

preferred growth along c axis than a and b axis. 
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Figure 234.2: X- Ray diffractogram for CH3NH3PbI3 obtained at different molarities of CH3NH3I 

solution (Peaks for PbI are marked as # while those associated with CH3NH3PbI3 are marked 

as *) 

It is evident from the SEM and AFM profiles in Figure 4.3 that the voids 

also decrease with increasing concentrations of the CH3NH3I in the solution. For 

working with hole transport layer (HTL) free devices, it is imperative to obtain 

complete coverage of the underlying electron selective contact to avoid short 

circuiting the device. Larger particle sizes have also been attributed to 

contribute to light scattering [159], resulting in lower light absorption efficiencies. 

 

(a) 

(b) 
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Figure 244.3. SEM and corresponding AFM micrographs for CH3NH3PbI3 films grown with 
(a)0.038, (b) 0.044, (c) 0.050, (d) 0.057 and (e) 0.064 M CH3NH3I solution. Scale bars in AFM 
images a, b and c represent 2 µm and d and c represent 1 µm.  

(a) 

(b) 

(c) 

(d) 

(e) 
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 Un-reacted lead iodide forms a needle like morphology as is evident from 

SEM and AFM micrographs in Figure 4.4. These films convert from needle like 

morphology to dense closely packed CH3NH3PbI3 crystals of block like 

appearance (upon CH3NH3I treatment). This block like appearance is an 

indication of preferential orientation of the CH3NH3PbI3 grains along (110) plane 

confirmed by XRD study as well.  

Low magnification large area SEM images (Figure 4.4) reveal uniform 

coverage for CH3NH3PbI3 particles, an indication of the efficiency of the 

synthesis protocol under high humidity. Appropriate humidity levels during film 

formation are prerequisite for obtaining voids free films with improved 

optoelectronic and charge transport properties. It has been reported that films 

grown under nitrogen filled glove box conditions introduce voids and grain 

boundaries [160], a source of energetic disorder impeding the photovoltaic 

performance. Films annealed in air were found to increase the grain size 

resulting in reduced grain boundaries and improved charge transport. So a 

proper humidity level during film formation introduces moisture assisted grain 

boundary creep resulting in larger grains, avoiding voids and improving carrier 

lifetimes [69,160]. Additional charge carriers may be generated by 

autoionization of adsorbed water molecules at the surface into hydroxyl and 

proton ions creating surface OH- sites. Protons may migrate between these 

sites and act as additional carriers. 

Both the grain size and compactness of CH3NH3PbI3 films are important 

in determining optoelectronic properties. Improved light absorption and greater 

charge carrier generation occur for compact CH3NH3PbI3 films, while large 

sized grains result in better carrier transport as well as greater charge collection 

efficiencies. The defects and mis-orientation at grain boundaries cause 

increased local recombination of electron-hole pairs and enhanced carrier 

scattering, hence charge transport and collection is adversely affected. The 

best compromise in grain size and compactness in our two step ambient air 

spin coating protocol is obtained at intermediate concentrations of CH3NH3I 

solution.   
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Figure 254.4: Volume change and preferential orientation of CH3NH3PbI3 films is evident from the 
transformation of needle like PbI2 (a) to blocky appearance of CH3NH3PbI3 (b) films. Dense 
compact films, a prerequisite for well performing devices, reflects the efficiency of synthesis 
protocol  

To validate the optoelectronic properties of resultant CH3NH3PbI3 films, 

the resistivity (conductivity) measurements were performed both under dark and 

one sun illumination at a range of temperatures to study detailed behavior. 

Figure 4.5 summarizes the results of our investigations. The scatter values of 

three independent measurements are plotted in all cases, which were obtained 

using three similar CH3NH3PbI3 films prepared under each CH3NH3I 

concentration. The scatter values are directly plotted to underline the high 

process quality and minimal variations in our two step spin coating method. The 

resistivity under dark conditions is higher than under one sun illumination for all 

CH3NH3PbI3 films, a result which is expected since additional free charge 

carriers are generated from light absorption. The best value of conductivity 

(inverse of resistivity) under one sun illumination occurs for CH3NH3PbI3 film 

prepared using highest molar concentration i.e. 0.064M of CH3NH3I solution. 

(a) 

(b) 
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This result is verified from the fact that despite smaller grain size, most compact 

CH3NH3PbI3 film is formed under this molar concentration.  

 

 

 
Figure 264.5: Comparison of Resistivity of Methyl Ammonium Lead Iodide in Light (100mW/cm

2
) 

and Dark Conditions 
*The resistivity (vertical axis) units are Ω.cm and temperature (hori ontal axis) are K 
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The variation of resistivity of CH3NH3PbI3 films with temperature, provide 

more interesting insight into electronic behaviour. The resistivity under dark of 

all the samples of CH3NH3PbI3 stays in the range of 1.5-2.0x105 Ω.cm, less for 

CH3NH3PbI3 film prepared with highest molar concentration of CH3NH3I, which 

shows a slight decreasing trend with temperature. This might be the outcome of 

better charge hopping transport across grain boundaries for this compact film, 

which increases with increase in  temperature [161,162]. The resistivity under 

one sun illumination, however shows a different behaviour for each CH3NH3PbI3 

film, with the photoconductivity (inverse of resistivity) decreasing with 

temperature for CH3NH3PbI3 films of higher grain size (but more voids), while 

showing an increasing trend with temperature for moderate size CH3NH3PbI3 

grains. However when the resistivity under light becomes an order of magnitude 

less compared with its value under dark, i.e. for most compact CH3NH3PbI3 film 

(but with lowest grain size), it is insensitive to change in temperature and stays 

constant. In summary, photoconductivity of perovskite films is strongly 

modulated by the variation in temperature, compared with the conductivity 

measured under dark. 

Thus resistivity (conductivity) measurements of CH3NH3PbI3 films 

prepared using two step spin coating method under simple ambient air 

conditions, show that compactness of perovskite film which guarantees 

improved optoelectronic performance occurs for smaller grain size. At growth 

conditions, conducive to large crystal growth i.e. lower concentrations of 

CH3NH3I, voids becomes predominant in the film, adversely affecting charge 

transport properties, advantage that can be gained by large sized grains. 

Photoconductivity under dark remains constant for all the concentrations 

of CH3NH3I used in this study but they vary with temperature under one sun 

illumination. For small concentrations they have a decreasing trend with 

increasing temperature while for higher concentration the conductivity slightly 

increases with increase of temperature or stays invariant to the change in 

temperature. Morphology studies establish that the grain size decrease with 

increasing concentration of CH3NH3I in the solution and the compactness 
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increases. While intermediate molar concentration (0.050M) gives the best 

grain size to void ratio of CH3NH3PbI3 film, the photoconductivity is strongly 

modulated by temperature and best results of charge transport under 

illumination are obtained for most compact film of CH3NH3PbI3, obtained using 

0.050 M CH3NH3I solution in our method. This emphasizes the role of 

compactness of perovskite film in determining optoelectronic properties of this 

class of absorber using ambient air processing conditions. 

  



64 
 

Chapter 5 
Ambient Air, Hole Transport Layer 

Free Synthesis Using TiO2 - GO 
Electron Transport Layer 

 

Having determined the optimum molar concentration for ambient air synthesis 

we experiment with different electron selective contacts employing hole 

transport layer free device geometry. This scheme offers the lowest cost and 

simplest device geometry in a planner configuration. Solar cells were 

synthesized under ambient air condition of 50 % humidity. Thin film TiO2 was 

used as electron selective contacts using sol gel synthesis route. Cells 

achieved an efficiency of 3.74%. To enhance efficiency, maintaining these 

fabrication conditions and device geometry, we incorporated GO in electron 

selective contact matrix with an aim to enhance the electron transport 

properties of TiO2. In the process we developed a novel synthesis route for in 

situ dispersion of GO in TiO2 during the sol gel reaction. Quantitative validation 

of the enhanced electron transport properties was achieved by employing 

impedance spectroscopy. Decrease in series resistance and an increase in 

shunt resistance provided perspective to the increase of efficiency from 3.74% 

to 5.9% by incorporating GO in TiO2. This composite also resulted enhanced 

stability of the cells by addressing the ultraviolet sensitivity of the TiO2 

perovskite interface.  



65 
 

Ambient Air, Hole Transport Layer Free Synthesis Using TiO2 - 
GO Electron Transport Layer 

5.1 Introduction 

Heralded as a major scientific breakthrough in 2013, perovskite absorbers 

based solar cells have achieved major milestones in a span of few years on the 

back of intense research effort with a certified efficiency at 20.1 % [143]. High 

extinction coefficient [146,147], charge carrier mobility [145], long diffusion 

lengths [144], ambipolar charge transport properties [65], earth abundant 

materials and to cap it all a low temperature solution processability has all the 

right ingredients to make it the green technology of tomorrow.  

5.1.1 Brief State of the Art 

Developed as a solid state DSC [30,33], this has evolved as a new class of 

solar cell. Mesoporous [149], mesostructured [65] and planer architecture [75] 

have been explored. Scaffolds of TiO2 was replaced by inert Al2O3 and then by 

zirconia demonstrating the ability to transport electrons by perovskite absorbers 

[38,46,51]. Electron beam induced current studies have concluded that hole 

diffusion length is longer than electron diffusion lengths for devices with TiO2 as 

electrons selective contact [163]. The ability to transport holes was established 

by demonstrating devices employing only one selective contact for electrons 

[151]. Processing have evolved from one step spin coating [148] to two step 

sequential deposition [94], vapor assisted [149], co evaporated [150], and 

numerous other techniques to achieve the optimum film morphology. Efforts 

have also been directed at evolving methods for processing under ambient 

conditions of high relative humidity with considerable success [94].  

5.1.2 TiO2 Material of Choice for Electron Selective Contact 

TiO2 is a wide band gap semiconductor and has been a material of choice for 

acceptor and electron selective contact applications in DSSCs and OPVs. 

Driving force for its use has been its optical transparency in the visible solar 

spectrum coupled with its low cost, abundant supply. Non toxicity and facile 

solution processability renders flexibility in manufacturing processes. 
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Thermodynamic considerations favor the rutile phase at room temperature in 

microcrystalline state. In solar cell application for hole blocking layers using 

nanometer scale particles, anatase phase is the most stable form of TiO2 [164]. 

Location of the occupied 2p orbital in O2- dictates the valance band position of 

TiO2 while location of empty 3d orbital in Ti4+ determines conduction band 

position. 

Compact blocking layer and mesoporous layers of TiO2 have been investigated 

in perovskite sensitized solar cells with varying degree of success. Synthesis 

routes for these blocking layers have varied from spray pyrolysis [165] to atomic 

layer deposition [166], sol gel [167], magnetron sputtering [168] and thermal 

oxidation [169] to name a few. Beside compact thin films other nanostructures 

such as nanorods/ nanowires, nanotubes, nanocones and nanohalices have 

also been investigated [170–172]. 

 An important aspect of improving efficiency in these devices has been to 

improve the charge carrier mobilities by modifying TiO2 by substitutions with 

Y3+, Al3+, or Nb5+ into TiO2 [173–175] or by using titania nanorods and 

nanowires and ZnO nanorods [42,176,177]. This shortcoming of TiO2 can be 

addressed by employing graphene, owing to its remarkable electron transport 

properties. 

5.1.3 Graphene Oxide, Way to Enhance Charge Transport 

Graphene, a 2-D allotrope of graphite offers unique opportunities. Extremely 

high charge carrier mobilities and electronic conductivity values for this material 

are attributed to its two dimensional atomic structure in which carriers mimic 

zero mass relativistic particles.  Thermal stability, optical transparency and 

outstanding conductivity and charge carrier mobility affords the possibility of 

improving the optoelectronic devices in all aspects [178–181]. Graphene Oxide 

(GO) and reduced GO (rGO) have been investigated for wide ranging 

applications in memory devices [182], transistors [183], biosensors and solar 

cells [184]. Several studies have concluded the effectiveness of utilization of 

GO and rGO for optimization of dye sensitized solar cells [185–187]. A recent 
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report has established that incorporation of graphene in TiO2 reduces the series 

resistance and improves the energy scheme in planar geometry solar cells 

[188]. 

5.1.4 Hole Transport Layer Free Architecture 

Ambipolar charge transport properties of perovskite absorbers have been 

established. Ability to transport both electrons and holes and a diffusion length 

of the order of microns was established by using inert scaffold of alumina in 

place of conducting titania electron selective contacts. Ambipolar transport 

property has been exploited by using these absorbers in a hole transport layer 

free device geometry. Initially low efficiencies were achieved with this geometry 

but recent work has reported an impressive efficiency of 10.85%. Breaking 

away from conventional device architecture has its own challenges but this 

offers an exciting possibility of low cost solar cells which can address the issue 

of stability by avoiding issues associated with oxidation of hole transport 

material in ambient air conditions. High certified efficiencies for this 

configuration bodes the  possibility to develop this technology for commercial 

application [55,189–192].  

5.1.5 Ambient Air Synthesis 

Though HTL free device geometry addresses one important issue of expensive 

HTL material, one limiting point is the stringent requirement of environmental 

control needed to process these devices. Thus obtaining Hole Transport Layer 

(HTL) free devices while processing under ambient air conditions of high 

humidity could open the possibility of reduced cost commercial viability of this 

technology. 

Here we combine HTL free architecture with ambient air synthesis of high 

relative humidity to afford a possibility of manufacturing cost optimization. The 

architecture used a TiO2 electron transport layer with CH3NH3PbI3 absorber 

resulting in an efficiency of 5.9 %. Impedance spectroscopy was employed to 

evaluate the series and shunt resistance values. Graphene was incorporated in 

the TiO2, using a novel synthesis technique to synthesize a nano composite for 
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electron selective contact. Incorporation of this composite reduces series 

resistance and improved the shunt resistance increasing both fill factor (FF) and 

efficiency. Incorporation of GO in titania composite had an added advantage of 

improving the stability of the device. Since titania interface with CH3NH3PbI3 is 

reported to be detrimental due to titania activation under UV, red shifting the 

titania band gap can help offset this deterioration. Effect of temperature on the 

performance of solar cell was investigated by conducting impedance 

spectroscopy at elevated device temperature of 40 oC and 60 oC. 

5.2 Materials and Methods 

Titania nanoparticles were synthesized by sol gel route. Titanium 

isopropoxide(< 97%), 2- methoxyethanol (99.9+ %)and ethanolamine(99+ %) 

were mixed in 1: 4: 0.5 molar ratio. The mixture was refluxed in a three necked 

flask in an inert environment, stirred at room temperature for 1 hr, 80 oC for 1 hr 

and finally the temperature was raised to 120 oC for 2 hr under constant stirring. 

Light yellow color of the sol indicated the dissolution of isopropoxide precursor 

in methoxyethanol solvent aided by ethanolamine as linker. Modified hummers 

method [122] was used to synthesize graphene oxide from graphite flakes 

(average + 100mesh(≥75% min). 

Devices were synthesized by spin coating titania over pre cleaned ITO coated 

glass slides at 2500 rpm for 20 s.TiO2 coated slides were dried in an oven at 

500 oC for 2 hr with a heating rate of 10 oC per min and were allowed to cool in 

furnace. CH3NH3PbI3was deposited by a modified two step solution processing 

method. Lead iodide was dissolved in DMF to obtain a 1 M solution. CH₃NH₃I 

was dissolved in iso-propanol at 8 mg/ml. Lead iodide solution was spin coated 

on TiO2 coated slides at 3000 rpm for 20 s. Lead iodide coated slides were 

annealed for 3 min at 40 oC and then at 100 oC for 5 min. They were removed 

from oven and then mounted on spin coater and CH₃NH₃I was coated at an rpm 

of 3000 for 20 s. Slides were again annealed for 3 min at 40 oC and 5 min at 

100 oC in laboratory oven. Au was thermally evaporated by a mask to define an 

active area for device of 0.11 cm2. 
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5.3 Results and Discussion 

As synthesized GO was investigated for quality of exfoliation. XRD profile in 

Figure 5.1 shows peak shifts from 2θ value of 26.47ofor graphite to 11.8o for 

graphene indicating increase in interplaner spacing d from 3.37 Å of graphite to 

7.5 Å of graphene due to imbedding of oxygen atoms in graphite lattice [193]. 

Minor peak broadening at 11.8o reflects good retention of graphite honey comb 

lattice in exfoliated sheets [194]. Scanning Electron Microscopy (SEM) study 

revealed exfoliation of graphite into single and multi layer sheets with lateral 

dimensions in tens of micrometers. Taping mode Atomic Force Miscroscopy 

(AFM) images (Figure 5.2) provided evidence for the quality of exfoliation. 

Dispersions of GO on silicon wafer were studied to avoid any distortion induced 

by plain glass slide in height profile along Z axis. Average roughness in the 

range of 0.3 nm and step height of 0.4 – 1 nm in the z direction on a flat silicon 

wafer demonstrates single sheets of GO have been achieved during the 

exfoliation process. 

 

Figure 275.1:a) XRD of GO, b) SEM of exfoliated GO sheet 

  

a b(001) 
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Figure 285.2: Roughness profile of GO sheet on AFM 

Anatase titania nanoparticles were synthesized via sol gel route [123]. The sol 

was spin coated on glass slides and studied under SEM and AFM. Uniform 

particle size distribution was achieved giving compact pin hole free blocking 

layers. Average particle size was estimated at 20 nm with a mean square 

roughness of 2 nm.  XRD profile in Figure 5.3 of as pristine titania confirmed 

anatase phase with sharp peaks attributed to (101),(004), (200), (105), (211), 

and (204) planes as outlined in JCPDS 21-1272. This pattern confirms highly 

crystalline nature of the nanoparticles and the absence of rutile phase[195]. 

Diffraction patterns were also recorded for TiO2 - GO composites with different 

weight fractions but no additional peak could be observed by addition of GO. 

Very small quantity and the fact that diffraction peak for GO (2θ = 25.0o) may be 

masked by strong diffraction for anatase phase at the same 2θ. 
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Figure 295.3: a) AFM micrograph and b) XRD pattern of TiO2 film 

Synthesis of titania GO composite was tried by mixing GO in titania sol and 

aging it for 24 hr and ultra sonication for 30 min before spin coating. The results 

thus achieved were less than perfect, the sol would form gel during the aging 

process and when it did age the film formation was non uniform. Extensive 

studies under SEM and AFM revealed that the GO in the composite was not 

covered by the titania nanoparticles but would appear as an agglomerate on the 

film (Figure 5.4). Electrical characterization by four probe Van der Pauw method 

did not register any improvements in film parameters.  

 

Figure 305.4:SEM micrographs of titania GO composite prepared by dispersion of GO in as 
prepared titania sol 

  

(a) (b) 
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We devised a new method whereby to incorporate GO in required weight 

fraction at the start of the sol gel reaction as against dispersing GO in the 

already prepared slurry. This afforded the possibility of incorporation of GO in 

the sol as a constituent and offer good linking between thin GO films and the 

particle matrix. SEM micrograph in Figure 5.5 confirms that the films obtained 

from the sol prepared by this method were pin hole free, homogeneous and 

with uniform particle size distribution. GO appeared completely imbedded in the 

particle matrix with even nano particle coverage on the sheets.  

 

Figure 315.5: SEM micrographs of TiO2 - GO composite prepared by in situ incorporation of GO in 
sol gel reaction 

This has resulted in improvement in resistivity over pristine TiO2 films. These 

improvements are attributed to superior charge carrier properties of GO, 

reducing interfacial resistance between TiO2 nanoparticles. GO provides a two 

dimensional conductive framework for anchoring of nanoparticles. Though 

higher GO concentrations resulted in greater reduction of resistivity, but the 

films formed were of poor quality with delamination at GO titania interface 

resulting in shortening of the devices. Best quality films were obtained with 0.4 

wt% of GO in TiO2 and were subsequently used for further studies. This 

concentration corresponds to the reported optimum for obtaining best GO sheet 

surface coverage with TiO2 nanoparticles[188]. Resistivity values are tabulated 

in table 5.1 and are in good agreement to reported values [196]. 
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Table 5.1: Resistivity values of TiO2 GO composites 

Sample Resistivity(Ω cm) 

0 wt % 3.59 x 10 5 

0.1 wt % 2.76 x 10 5 

0.2 wt % 2.04 x 10 5 

0.3 wt % 7.87 x 10 4 

0.4 wt % 7.33 x 10 4 

0.5 wt % 3.62 x 10 4 

 

 

Figure 325.6: Thickness profile of titania thin film 

Efforts to reproduce the reported procedure [94] for synthesis of CH3NH3PbI3 

under ambient conditions in our lab could not result in uniform films (Figure 5.7). 

Modifications were tried and the one being reported resulted in complete 

surface coverage of the devices with uniform pin hole free morphology. Lead 

iodide at 1 M solution in DMF was heated to 70 oC and was spin coated on a 

substrate heated to 50 oC under ambient conditions at 3000 rpm for 20 s and 

subsequently annealed at 40 oC for 3 min and 100 oC for 5 min. The lead iodide 

coated films were then mounted on a spin coater and 20 µl of iso-propanol was 

added while the sample was spinning followed by drop wise addition of 

CH₃NH₃I solution in iso-propanol. During this step the sample was spun at 3000 

rpm for 20 s. During this step the films acquired a light brown color. Subsequent 

to this step CH₃NH₃I solution in iso-propanol was added on the slide and was 
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given a soaking time of 20 s and was then spun at 3000 rpm for 20 s again. 

While the sample rotated it was dried with hot air blown on it by a hair dryer. 

This resulted in rapid crystallization and the film acquired a blackish texture and 

was further annealed in an oven at 40 oC for 3 min followed by 100 oC for 5 min. 

 

Figure 335.7: Low magnification and exploded view of CH3NH3PbI3. Modifications were made to 
the reported procedure to obtain large area uniform distribution of particles 

Study of lead iodide films (Figure 5.8(a)) reveled a needle like morphology 

which was transformed to CH3NH3PbI3 upon wetting with CH₃NH₃I solution in 

iso-propanol. The grains grew and the morphology evolved from a needle like 

structure to a cuboid morphology with grains ranging in sub micron size in 

lateral dimensions. Large area low magnification scan in Figure 5.8 (b), (c) 

reveals the efficiency of the developed synthesis technique.  

 

Figure 345.8 (a) AFM micrographs of PbI2 film, (b) needle like morphology transformed to cuboids 
by wetting with CH₃NH₃I as is evident from AFM image and (c) low magnification large area 
SEM micrograph  

(c) (a) (b) 
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AFM micrographs in Figure 5.9 exhibited a surface roughness of 14.5 nm with 

average grain of the size in microns, thus showing that the grains grow more 

rapidly in lateral dimension than vertical. Large grain size and large area 

uniform coverage corresponds well with reported observations that humidity has 

a beneficial effect in grain growth allowing grain boundary creep resulting in 

larger and uniform coverage [69,160]. Smaller overall grain boundary surface 

area avoids energetic disorders allowing reliable photovoltaic performance from 

ambient air synthesized devices. 

 

Figure 355.9: Roughness profile of CH3NH3PbI3 film 

Strong diffraction intensities at 14.0, 24.3, 28.4, 40.5, 43.0, and 50.3o in Figure 

5.10 correspond to reflections from (110), (202), (220), (224),(314), and (404) 

planes confirming tetragonal phase of absorber [53,55,68,197]. Intensities of 

the signals are an indication of crystalinity of film. In addition to these peaks, 

peaks for lead iodide can also be observed in the pattern suggestive of residual 

lead iodide in the films.  
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Figure 365.10: XRD profile of CH3NH3PbI3 

This though is not detrimental to the photovoltaic performance of the devices as 

residual lead iodide at the boundaries and interfaces has been reported to 

improve the carrier properties of the films by improved carrier life times and 

reducing recombination by electrons from titania and holes from CH3NH3PbI3.  

Optimum titania GO composite was used to prepare complete devices. A 200 

nm thick blocking layer was deposited by spin coating. Absorber layer at a 

thickness of about 400 nm was deposited followed by thermal evaporation of 

100 nm Au electrode. Cross section FE SEM image at Figure 5.11(c) 

demonstrates the device architecture. Current voltage curves for device based 

on TiO2 only and TiO2 GO blocking layer are presented in Figure 5.11(a) along 

with tabulated performance parameters. Performance enhancement for TiO2 

GO based devices can be attributed to energetically favorable energy scheme 

(Figure 5.11(b)) where GO provides an intermediate step between CH3NH3PbI3 

and TiO2. Higher mobilities of GO also provides improved conductivity over TiO2 

only devices. Higher FF for these devices over TiO2 only devices is an 

indication of reduced series resistance. 



77 
 

 

 

Figure 375.11: (a) J-V curves for TiO2 and TiO2-GO based solar cells (b) Schematic of complete 
device along with energy levels overlaid on completed device (c) SEM Image of cross section 
profile of complete device. 

Quantifiable evidence for the decrease in series resistance and other device 

parameters was provided by electrochemical impedance spectroscopy. 

Impedance spectroscopy (IS) is a very versatile technique and has been 

extensively employed for analysis of PV device including DSSC and polymeric 

solar cells [130–134]. It affords the possibility to model and evaluate 

performance of solar cells in terms of equivalent circuit offering an opportunity 

to improve the performance by addressing target components in terms of 

equivalent resistance values. IS was obtained for the prepared devices from a 

frequency range of 1 MHz to 500 mHz at bias voltage between 100mV to 

800mV and oscillation potential amplitude of 20mV. Simulated circuit element 

values are presented in Figure 5.12 and Figure 5.13 while Nyquist plots are 
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depicted in Figure 5.14. They reflect a typical feature characteristic for solar 

cells commonly described using a transmission line model [135].  

Two RC elements with a series resistance Rs have been used as equivalent 

circuit to model the experimental results. While Rs is the resistive contribution 

from circuit wires and ITO, one RC circuit is used to model the electron 

selective contacts and an additional RC element to model the shunt resistance 

and capacitance associated with active layer. Equivalent circuit used to model 

the parameter is shown in Figure 5.12, where constant phase elements are 

used instead of ideal capacitors to obtain a better fit. Dashed lines in figures are 

the fitting obtained by simulation of the experimental parameters 

Two characteristic arcs can be identified from the Nyquist plots, an intermediate 

frequency feature and an additional low frequency feature. The intermediate 

frequency feature is ascribed to recombination in the active layer while the 

source of additional low frequency feature is still debated. This is differently 

attributed, by some considering it having no bearing on the physics of the 

device and leaving it out of the curve fitting parameters [42] while others have 

identified its origin as charge accumulation by ferroelectric domain walls with 

slow time constants [17]. Distribution of trap states in CH3NH3PbI3 band gap 

itself has also been attributed to the generation of two distinct impedance 

features [130]. A contrary hypothesis suggests difference in electron affinities of 

the contacting materials as the source for the generation of this characteristic 

response [198]. This low frequency feature is a characteristic of the DSSCs and 

has been associated with ionic mobility in liquid electrolyte. Ionic mobility in 

CH3NH3PbI3 devices has also been established [107,199] and can be a 

possible source for this low frequency feature in these devices. 

Values for Rs, Rsc and Rrec are presented in figure 5.12. Total series 

resistance is a combination of Rs and Rsc[198] and with addition of GO in 

titania the total series resistance decreases. Though the addition of selective 

contact contributes to the increase in total series resistance, this effect is 

compensated by the reduced recombination by the use of these selective 

contacts. Since IS measurements are not sensitive to the photocurrent, only FF 
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and Voc are the parameters that can be attributed to the calculated values [135]. 

This decrease in series resistance is the cause of increased FF for devices with 

titania GO composites.  

Intermediate frequency feature in Nyquist plot is associated with Rrec [198]. 

The recombination rate is inversely proportional to the recombination 

resistance, thus a higher value of recombination resistance implies lower 

recombination rates. Recombination rates are associated with the Voc and 

higher recombination resistance values means higher Voc. Lower slopes of Rrec 

account for the higher FF as the recombination rate decreases with applied 

bias. The value of Rrec is higher for titania GO composite. This increase of 

Rrec with the concurrent decrease of slope with increasing voltage is a proof of 

increased Voc for devices employing titania GO as electron selective contacts 

over pure titania. 

Capacitance values associated with intermediate frequency arc is associated 

with charge accumulation or separation with the absorber interfaces. The 

values do not change with the changing potential and remains almost constant 

for the entire potential range at the order of 10-9F cm-2. Variation of bias voltage 

results in increasing carrier densities and the invariance of capacitance with this 

increasing density is another manifestation of the long diffusion lengths for 

CH3NH3PbI3 absorbers [200]. 

In order to evaluate the performance of devices at elevated temperatures, 

impedance measurements were repeated by heating the samples at 40 oC and 

at 60 oC. A decreasing trend of Rs and Rsc with an increase in Rrec with the 

increase of temperature to 40 oC can be inferred as an evidence of the 

enhanced photovoltaic performance of the devices under study. Increasing the 

temperature to 60 oC results in sharp increase in Rs and Rsc along with decay 

in the value of Rrec. This trends demonstrates a decreasing performance of 

devices at 60 oC. This decrease in performance can be associated with phase 

change of CH3NH3PbI3 from tetragonal to cubic at 55 oC [201]. Additionally, the 

difference in the coefficient of thermal expansion mismatch can have a 

deleterious effect with increasing temperatures [202], this increased mismatch 
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increases the defect states which associated with higher recombination rates at 

the interface effects the density of states. This increase of recombination rate is 

manifested by a decrease of Rrec values in impedance plot and the interfacial 

mismatch and increased defect densities resulting in increase of series 

resistance by increasing Rsc. R(Ω.cm2) 

 

 

Figure 385.12: Rs, Rsc and Rrec plots for TiO2 and TiO2-GO based devices, with equivalent circuit. 
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Figure 395.13: Rs, Rsc and Rrec plots for TiO2 and TiO2 - GO based devices obtained at different 
temperatures. Legend along each plot indicates the test conditions. 
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Figure 405.14: Nyquist plots for TiO2 and TiO2 - GO based devices, (a), (b) and (c) are plots at 25, 
40 and 60 

o
C respectively 
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Devices were stored under ambient air conditions for 1000 hr without 

encapsulation and tested again, devices retained 73 % of original efficiency. 

This stability can be explained by the band gap modification of TiO2 with 

incorporation of GO causing a shift to the visible spectrum [203]. Titania is a 

wide band gap semiconductor and affords efficient electron uptake from active 

layer with high mobility and solution processability under ambient conditions. A 

band gap of 3.2, photoexcitation is achieved in UV range and is typically 

employed as photocatalyst for oxidation of organic matter [95].  

Degradation mechanism for CH3NH3PbI3 at the interface of titania is postulated 

as [96]:  

 

2I- ↔ I2 + 2e-[at the interface between TiO2 and CH3NH3PbI3]          (5.1a) 

 

3CH3NH3
+ ↔ 3CH3NH2 ↑ + 3H

+
                (5.1b) 

 

I- + I2 + 3H+ + 2e- ↔ 3HI ↑                  (5.1c) 

 

Titania acts as an oxidizing agent for I-, at the interface, resulting in the loss of 

perovskite crystal structure by forming lead iodide and CH3NH2, which is rapidly 

lost due to its low b.p of 17 oC. Systematic studies have addressed the issue of 

UV sensitivity by using interfacial layer of Sb2S3, UV filters, employing zirconia 

or alumina scaffolds and alumino silicate shells around titania particles[97–99]. 

UV sensitivity of this interface can be addressed if the absorption edge of titania 

can be shifted to visible range. It has been demonstrated that the absorption 

edge of titania can be shifted to visible range due to electronic coupling 

between the p states of the imbedded graphene and the titania conduction band 

[204].  

Band gap of titania GO composite in our work was investigated using CV 

(Figure 5.15) and HOMO/LUMO levels were calculate by the following 

equations. 
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EHOMO= - Eox
onset  - 4.8 (eV)      (2a) 

ELUMO= - Ered
onset  - 4.8 (eV)     (2b) 

 

Band gaps obtained with changing GO concentrations are tabulated below. This 

shift in band gap can be a possible source for improved efficiency of the 

devices addressing the degradation mechanism at titania CH3NH3PbI3 

interface. 

 

Table 5.2: Band gaps for different concentrations of TiO2 - GO composite 

Composition Band Gap (eV) 

Titania 3.18 

0.1 Wt % GO 3.11 

0.2 Wt % GO 3.05 

0.3 Wt % GO 2.99 

0.4 Wt % GO 2.95 
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Figure 414.15: Band Gap calculation for TiO2 - GO composite using CV 
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Planer geometry CH3NH3PbI3 cells have been associated with hysteresis in JV 

curves. Low hysteresis observed in our devices can be because of the low 

efficiencies as compared to the extremely efficient cells with record efficiencies. 

Another reason can be the interface engineering effects at the electron 

selective contact and CH3NH3PbI3 and TiO2 interface with TCO because of the 

addition of GO, contributing to this reduction in hysteresis [69,113,205]. 

Miyasaka and co workers have presented conclusive evidence that hysteresis 

observed in these devices is not only because of the bulk properties of the 

CH3NH3PbI3 like ion migration and ferroelectric behavior but is strongly affected 

by the interfaces associated with the bulk of the material [206]. A missing 

interface at CH3NH3PbI3 HTL junction has the advantage of reducing hysteresis 

combined with modified electron selective contact at the other interface. Any 

modification of TiO2 which reduces the trap states effects the buildup of 

capacitance at the interfaces by allowing rapid charge collection. Also band 

alignment of TiO2 at the TCO and CH3NH3PbI3 end can affect the band bending 

during forward and reverse scan directions. Passivation of the trap states, 

enhanced electron mobilities and suitable band alignments are all the benefits 

associated with TiO2 - GO nano composite, which can be a possible reason for 

low JV hysteresis in studied devices. 
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Chapter 6 
Low Resistivity ZnO - GO Electron 
Transport Layer Based CH3NH3PbI3 

Solar Cells 

 

 

ZnO is another wide band gap semiconductor and has been extensively 

investigated as electron selective contact for DSSCs and OPVs. It offers 

comparable and in some parameters superior charge transport properties over 

TiO2. Solution processability and low cost earth abundant non toxic reagents 

comply with the contours of the study we set out. Having defined the absorber 

component and the device geometry as the planner structure without hole 

transport layer, ZnO offered a viable alternative to TiO2. Solar cells fabricated 

with this scheme of things with ZnO as electron selective contact achieved an 

efficiency of 3.02 %. In this case also we experimented with incorporation of GO 

in ZnO matrix and achieved low resistivity electron selective contact critical to 

improve the performance. Completed device for ZnO - GO composite achieved 

max efficiency of 4.52%. Impedance spectroscopy confirmed the decreased in 

series resistance and an increase in shunt resistance with inclusion of GO in 

ZnO matrix. Effect of temperature on completed devices was investigated by 

recording impedance spectra at elevated temperature providing indirect 

evidence of the photovoltaic behavior of the cells at elevated temperatures.  
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Low Resistivity ZnO - GO Electron Transport Layer Based 

CH3NH3PbI3 Solar Cells 

6.1 Introduction 

From Kyoto to COP21 it has been two decades and we are increasingly 

becoming aware of the effect fossil fuels have had on our environment. 

Sustainable development for the future needs renewable energy sources and 

the discovery of Perovskite has been dubbed as the next big things in 

photovoltaics. Though the material has been around for quite some time, it was 

only recently that the photovoltaic performance was demonstrated. From those 

initial reports it has since grown with each passing day on the back of intense 

research effort with a certified efficiency at 20.1 % [143]. 

6.1.1 Perspective 

Properties too good to be true for photovoltaic performance; these materials 

have demonstrated all of them. Ambipolar charge transport, long diffusion 

lengths, low exciton binding energies, earth abundant materials and a facile 

solution processing are all the right ingredients for the next generation 

photovoltaic revolution [65,144]. Mesoporous [149], mesosuperstructured [65] 

and planar geometries [75] have been investigated yielding comparable 

performances in each geometry. Scaffolds have evolved from TiO2 to insulating 

Al2O3 and Zirconia [38,46,51]. Architectures have been investigated comprising 

both hole transport layers (HTL) and without HTL [151], achieving impressive 

performance in later case also. Synthesis routes evolved from one step solution 

processing [148] to two step sequential deposition [94], vapor assisted growth 

[149], sublimation and an ever increasing mix. Synthesis has also been 

reported under ambient conditions of high humidity yielding an efficiency of 15 

% [94]. 
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6.1.2 ZnO as Viable alternate to TiO2 

Though TiO2 has been the material of choice for electron selective contact, ZnO 

as electron selective have also been explored with varying degree of success. 

ZnO a wide band gap semiconductor has superior charge transport properties 

over TiO2. A direct band gap of ~3.2 eV its valance and conduction band 

positions are similar to that of TiO2. It offers advantages in terms of its higher 

electron mobilities (several orders of magnitude higher than TiO2) and ease of 

forming nanostructures [207–209]. Asymmetry along 001 axis in this material is 

the cause of preferential growth in this direction and is the reason for the vast 

variety of structures of this oxide being used for optoelectronic applications. 

Ease of processing and low cost, non toxic earth abundant sources ensure 

reliable supply of this material.  

Developed in the back drop of DSSCs [30,33], TiO2 has been most explored 

electron selective contact for perovskite solar cells. High optical transparency, 

charge carrier mobilities and superior charge transport properties of ZnO and 

extensive literature based on ZnO devices make this a viable candidate for 

exploring as electron selective contact [207–209]. Compact nanoparticles films 

and various nanostructures have been investigated with perovskite absorbers.  

6.1.3 Combining ZnO and GO 

Graphene, a wonder material offers new avenues in nano composites with 

these wide band gap semiconductors. Excellent optical transparency, 

mechanical strength and electrical conductivity have led to its use in numerous 

applications. Chemical stability means it is suitable for use as nanocomposite 

with other materials. High optical transparency and specific surface area, it has 

been investigated with the aim of replacing indium based transparent 

conducting oxide potentially opening way for flexible substrates [210,211]. TiO2, 

Fe3O4 and ZnO have been investigated for application as nanocomposite with 

GO offering properties superior to individual materials [212–214]. ZnO - GO 

composites have been investigated for corrosion protection, photocatalysis, 

batteries, field emission prosperities and for incorporation of ZnO - GO 

composites in polymer solar cells [215–217].  
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Both graphene and reduced graphene oxide have been reported as 

nanocomposite with TiO2 in perovskite solar cell [188,218]. Inclusion of 

graphene is reported to have reduced the series resistance component of the 

solar cell resulting in increase in efficiency. This can be an avenue to explore 

for incorporation in ZnO as nanocomposite. ZnO has been doped with Al [219], 

developed into nanorods [220] and employed as a bilayer with TiO2 [221], but 

no report is available for incorporation of GO in ZnO for electron selective 

contact. We combine this composite as electron selective contact with a hole 

transport layer free device geometry and tailor the synthesis protocol for 

ambient air conditions of high humidity.  

Focus of the research being reported was to lower the cost of fabrication of 

these devices. Though itself earth abundant, HTL most commonly used for high 

efficiency perovskite devices (Spiro-MeOTAD) is very expensive, put to a large 

scale cell for commercial application the cost would be prohibitive. Another 

bottleneck is the requirement of controlled conditions requiring high vacuum 

environment for processing. We set forth to achieve devices based on HTL free 

architecture while processing under ambient air conditions of high humidity. 

Though both techniques have been separately reported before, there is no 

report for HTL free device processing under ambient air conditions. We worked 

with ZnO electron selective contact with CH3NH3PbI3 absorber. Device 

parameters were evaluated and GO was incorporated to improve the 

performance of the devices, the best performing device efficiency achieved was 

4.7 %. This, to the best of our knowledge is the first report for HTL free ambient 

air synthesized CH3NH3PbI3 solar cell using ZnO - GO composite as electron 

selective contact.  

6.2 Materials and Methods 

ZnO nanoparticles were synthesized through sol gel process. 0.2 M zinc 

acetate dihydrate Zn(CH3COO)2·2H2O solution in iso-propanol was stabilized 

with Monoethanolamine (MEA) (HOCH2CH2)NH2 as stabilizer in the molar ratio 

MEA:Zn2+ [124]. Solution was stirred till clear solution was obtained. Sol thus 

prepared was allowed to age for 24 hr before film formation. GO was 
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synthesized through modified hummers method [122]. As prepared GO was 

dispersed in iso-propanol at 5 mg/ml and was ultrasonicated for 30 min. This 

dispersion was added to ZnO sol at various concentrations to obtain 0.2, 0.4, 

0.6, 0.8 and 1 vol % GO solution dispersion in ZnO sol. ZnO - GO composite 

was spin coated on precleaned ITO coated glass slides (resistivity 15 Ω/cm2 

10x10 cm2) at 2000 rpm for 25 s, samples were then annealed in an oven for 10 

min at 200 oC to evaporate organic matter before further film deposition. The 

process of ZnO deposition and intermediate annealing step was repeated 4 

times to achieve a film thickness 300 nm. Samples were then annealed in a lab 

oven at 400 oC for 2 hr with a heating rate of 10 oC per min and was allowed to 

cool to room temperature in an oven.1 M solution of lead iodide (PbI2 99.999%), 

in Anhydrous N,N’-dimethylformamide (DMF) was used to spin coat a film of 

PbI2 at 3000 rpm for 20 s . The coated slides were annealed in an oven at 40 oC 

for 3 min and 100 oC for 5 min. Lead iodide coated slides were again mounted 

on spin coater and CH₃NH₃I solution in Iso-propanol (CH3)2CHOH, at 8 mg/ml 

was coated on lead iodide coated slides at 3000 rpm for 20 s, the temperature 

of the slides was maintained at 70 oC during spin coating. Samples were again 

annealed in an oven at 40 oC for 3 min and 100 oC for 5 min. Devices were 

completed by evaporating 100 nm of gold by thermal evaporation using a 

metallic mask defining the active area of the device at 0.9 cm2. Thus the 

completed devices had an architecture of ITO: ZnO: CH3NH3PbI3 : Au, layer 

thicknesses were 100nm, 300 nm, 400 nm and 100 nm respectively.  

6.3 Results and Discussion 

As prepared GO was investigated for its quality. The XRD pattern is presented 

in Figure . Peak shift from 26.47o to 11.8o indicates exfoliation of graphite flakes 

[193]. Honey comb structure of graphite is preserved in the exfoliated sheets 

evident from minor peak broadening [194]. Large area sheets of the order of 

tens of microns is visible in both SEM and AFM micrographs in Figure 6.1, 

indicating quality of exfoliated graphene. AFM images were obtained by 

preparing GO dispersion over silicon wafers to guard against any roughness of 

glass slide interfering with the roughness prolife of GO. Roughens profile from 
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AFM indicates sheet thickness at 0.4 to 1 nm in Z axis, a proof of obtaining 

single graphene sheets.  

 

 

 

Figure 426.1: SEM and AFM images of GO dispersions and XRD pattern of GO powder 

  

(001) 
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Study of ZnO - GO composite under SEM and AFM (Figure 6.2) reveal a 

uniform film formation with mean square roughness of 3.69 nm(Figure 6.3). 

Detailed study of the films under SEM revealed that few locations can be 

identified where GO sheets appear on the surface of the films, indicating that 

GO films have been uniformly imbedded in the particle matrix. Observation of 

sheets on the surface of ZnO films suggest restacking of sheets as against the 

finely dispersed sheets when GO dispersions are studied under AFM. This 

restacking is observed in sol gel process and is attributed to dehydration during 

annealing as solvents prevent staking of sheets be ensuring good dispersion 

[222,223], methods for avoiding this restacking have been proposed in literature 

which involve introducing CNTs in sheets and controlled deposition of 

nanosheets [224,225]. Sheets appearing on the surface are also uniformly 

covered with ZnO particles and a fibrous network of wrinkles can be identified 

around GO sheets. This network is associated with either lack of OH- groups in 

the sol or the stress relaxation due to coefficient of thermal expansion 

mismatch. As this network is observed only around GO sheets on the surface of 

the films, this is most likely due to stress relaxation at the nano sheets film 

interface. EDS analysis confirmed the chemical composition of the films in 

atomic ratio of 21.83: 57.41: 20.76 for  Zn: O: C respectively. 
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Figure 436.2: (a, b, c, d) SEM micrographs of ZnO - GO films with increasing magnification 

illustrating imbedding of GO sheets in particle matrix and complete coverage of GO sheets by 

nanoparticles allowing effective 2-D charge transport highway. (e)AFM micrographs of ZnO - 

GO film and (f) EDX analysis with quantitative analysis at the bottom 

 

(a) (b) 

(c) (d) 

(e) (f) 
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Figure 446.3: Roughness profile of ZnO - GO film 

Resistivity values were determined by Van der Pauw method using four probe 

apparatus employing spring loaded gold plated probes. Resistivity values 

obtained with changing concentration of GO are tabulated below. Increasing 

GO concentrations lowers the resistivity values. Resistivity measurements 

confirmed the addition of graphene resulted in decrease in resistivity values as 

graphene provided a two dimension fast electron transport framework in the 

ZnO nanoparticles matrix, but we limited the concentration to 0.6 vol %. Higher 

concentrations of GO resulted in films peeling off and greater restacking effects 

visible as agglomerates on the surface, causing shortening of the device. 
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Table 6.1: Resistivity values of ZnO - GO composites 

Sample Resistivity(Ω cm) 

0 vol % 1.97×102 

0.2 vol % 6.70x 10-3 

0.4 vol % 4.61x10-3 

0.6 vol % 6.34x10-2 

0.8 vol % 1.94x10-2 

1.0 vol % 1.7610-2 

  

 

Figure 456.4: Optical profilometer measurement for thickness of ZnO - GO films 

CH3NH3PbI3 was synthesized under ambient conditions of high humidity. Effort 

to reproduce the reported procedure [94] could not be successful in our lab 

environment, we made certain changes in the protocol and obtained uniform 

large area coverage of CH3NH3PbI3 on ZnO - GO coated ITO glass slide. For 

the preparation of 1.0 M solution of PbI2, repeated efforts failed to achieve 

complete dissolution of PbI2 in DMF even after prolonged stirring at 100 oC. 

However, overnight vacuum drying at 100 oC and addition of few micro liters of 

hydro iodic acid resulted in complete dissolution of lead iodide in DMF. The 1 M 

solution in DMF was spin coated on ZnO coated glass slides at 3000 rpm for 20 

s. ZnO coated slides were preheated to 50 oC and the temperature of slides 

was maintained at around the same level by blowing hot air using a hair dryer. 

Coated slides were oven dried at 40 oC for 3 min and 100 oC for 5 min. lead 

iodide coated slides were again mounted on the spin coater, wetting with 

CH₃NH₃I and allowing soaking time of 20 s resulted in non uniform coverage of 

the films with CH3NH3PbI3 evident with ring patterns in Figure 6.5. This problem 
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was overcome by wetting the films with 20 µl of iso-propanol while it was 

spinning and adding CH₃NH₃I solution to them subsequently. Films obtained a 

light brown texture, which were again soaked in CH₃NH₃I solution in iso-

propanol for 20 s and were spin coated for 20 s at 3000 rpm, drying with 

blowing hot air during spin coating for rapid crystallization. The coated films 

were oven dried at 40 oC for 3 min and 100 oC for 5 min. 

 

Figure 466.5: Effect of different synthesis methods on film formation,(a) CH₃NH₃I solution drop 
casted in center on Lead iodide coated slides, patterns developed toward the corners, 

CH3NH3PbI3 forming at the edges (b, c) CH₃NH₃I solution drop casted at the edges, conversion 
process spread radially outward from the initial point of impact, CH3NH3PbI3 still forming at the 
extreme end from where the solution was introduced (d) cells developed be the method covered 
in the text, this modified method allowed complete conversion with uniform film coverage 
ensuring complete reproducibility under ambient air processing conditions 

Lead iodide forms a plate or needle like morphology as is evident from SEM 

and AFM micrographs in Figure 6.6. This corresponds to the 2H polytype 

consistent with earlier reports for lead iodide films formed by solution 

processing [68]. These films convert from needle like morphology to dense 

closely packed block like appearance for the CH3NH3PbI3 crystals, this 

appearance is an indication of preferential orientation of the films along (110) 

plane confirmed by XRD study subsequently. This change in appearance is 

associated with the volume change upon intercalation of CH₃NH₃I in lead iodide 

crystal structure [226,227]. Lead iodide has a unit volume of 124 Å3 and upon 

reaction with CH₃NH₃I the unit volume changes to 990 Å 3 OF CH3NH3PbI3. 

Perovskite phase of CH3NH3PbI3 consists of four units of CH3NH3PbI3 in a unit 

cell so the unit cell volume for this phase is 248 Å 3 almost twice that of lead 

iodide. This is the reason for the dense, blocky and rough appearance of the 

CH3NH3PbI3 film under SEM. 

 

(a) 

(b) 

(c) 
 

(d) 
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Low magnification large area SEM images (Figure 6.6) reveal uniform coverage 

for CH3NH3PbI3 particles, an indication of the efficiency of the synthesis 

protocol under high humidity. Other researcher have also concluded that 

appropriate humidity levels during film formation are prerequisite for obtaining 

pin hole free films with improved optoelectronic and mass transport properties. 

It has been reported that films grown under nitrogen filled glove box conditions 

introduce pin holes and grain boundaries [160], a source of energetic disorder 

impeding the photovoltaic performance. Films annealed in air were found to 

increase the grain size resulting in reduced grain boundaries and improved 

mass transport. So a proper humidity level during film formation introduces 

moisture assisted grain boundary creep resulting in larger grains, avoiding pin 

holes and improving carrier lifetimes [69,160]. Additional charge carriers may be 

generated by autoionization of adsorbed water molecules at the surface into 

hydroxyl and proton ions creating surface OH- sites. Protons may migrate 

between these sites and act as additional carriers. 

Diffraction pattern presented in Figure 6.7 is consistent with the tetragonal 

phase of the CH3NH3PbI3 with sharp peaks at 14.0, 24.3, 28.4, 31.7, 40.5, 43.0, 

and 50.3o, corresponding planes have been indexed in fig 6.7 [53,55,68,197]. 

Some residual lead iodide is also evident and is considered to be beneficial for 

the photovoltaic performance by improving carrier lifetime. This residual lead 

iodide at the grain boundaries is also attributed to reduced recombination at the 

absorber electron selective contact interface.  
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Figure 476.6: (a) Low magnification SEM micrograph of lead idodide film showing complete 

coverage, (b, c) low and high magnification SEM micrographs of  CH3NH3PbI3 showing uniform 

large area complete coverage. (d) AFM micrograph of CH3NH3PbI3 film. 

 

Figure 486.7: XRD profile of CH3NH3PbI3 films 

(a) (b) 

(c) (d) 
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JV curves obtained for ZnO and ZnO - GO based devices are presented in 

Figure 6.8(a) along with tabulated performance parameters. The improved 

performance for ZnO - GO based devices is attributed to the inclusion of GO in 

ZnO films providing an additional favorable step in the energy scheme (Figure 

6.8 (b, c)). This two dimensional network of GO in the matrix provides higher 

charge transport resulting in better electron collection and reduced interfacial 

resistance, this also affects the FF by reducing the series resistance of the 

complete device. Higher electron mobilities and better charge collection affects 

the space charge region at the interface, resulting in the increase in device 

performance. 

 

Figure 496.8: JV curve (a), device schematic (b) and energy diagram with (c) device crosssection 
for the complete cell 

Relative electron affinities at the interfaces have profound effect on the 

impedance response. To have a quantitative evaluation of the improvement by 

addition of GO in ZnO matrix, impedance spectroscopy for the devices was 

performed. This is a versatile non destructive technique to evaluate the device 

physics and charge transport and recombination dynamics in solar cells, and 

has been extensively employed in the study of DSSCs [130–134]. Cells were 

 
 

 

 

(a) (b) 

(c) 

(c) 
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evaluated using a 20 mV perturbation on a biologic electrochemical workstation 

from a frequency range of 1 MHz to 500 mHz under illumination of 100 mW/ 

cm2. Nyquist plots are presented in Fig 6.11. They consist of a typical 

recombination arch at intermediate frequency with an additional low frequency 

arch [135]. Absence of transmission resistance feature in the impedance plot is 

attributed high diffusion rates and charge mobilities in CH3NH3PbI3 based 

devices. Obtained data was modeled using an equivalent circuit using two RC 

components in parallel with a series resistance (Figure 6.9). Rs is attributed to 

circuit wires and ITO while Rsc is attributed to selective contact and Rrec being 

the recombination resistance of the CH3NH3PbI3 absorber, constant phase 

elements were used instead of ideal capacitors for best data fit. Randomized 

with Levenberg-Marquardt fitting method was used with error defined at 10-6 for 

the data fitting operation at 100000 iterations. 

Series resistance is a combination of Rs and Rsc [198] and a lower value of 

series resistance translates into higher value of FF. With the addition of GO the 

series resistance decreases and is evident with an increase in the FF for the 

cells employing ZnO nanocomposite as electron selective contact (Figure 6.8). 

Lower values of series resistance with addition of GO is due to the higher 

electron mobilities and lower resistivity values for the ZnO - GO nanocomposite. 

This lower value of series resistance can be a very important parameter for 

optimization of these devices for commercial application. For large areas of the 

cells involved in commercial application, any decrease in series resistance is 

highly desirable as small increase in it can have serious deleterious effects on 

the performance of large area photovoltaic modules.  

Intermediate frequency feature in Nyquist plot contribute Rrec [198] and higher 

values of recombination resistance Rrec and a lower slope with increase in the 

applied bias voltage is reflective of higher open circuit voltage of the device. 

Charge carrier concentration in the absorber is directly proportional to the 

applied bias, higher concentrations with higher applied potentials and vice 

versa. This increasing concentration with applied bias results in a decrease in 

Rrec with increasing applied potential. This corresponds to the increased 
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recombination at the interfaces owing to the higher densities of the charge 

carriers. 

Slope of Rrec plot is inversely proportional to the FF, higher slope of Rrec 

means lower value of FF and a lower slope of Rrec plot with increasing applied 

potential means an increased FF. With the addition of GO the Rrec increases 

with a steady slope with increasing applied potential and is thus responsible for 

the increase of FF in the devices employing ZnO - GO nanocomposite as 

electron selective contact. 

Low frequency feature is observed in the Nyquist plots as presented in Figure 

6.11. The origin of this low frequency feature is debated in literature with some 

assigning it as having no bearing on the device physics and excluding it from 

data analysis purposes [42], other researchers have identified this feature with 

a slower time constant for charge accumulation by ferroelectric domain walls 

[17]. Trap state distribution in CH3NH3PbI3 has itself been attributed to this 

additional low frequency feature [130]. Low temperature synthesis processes 

involved result in higher densities of sub bad gap trap states. Kinetics of 

trapping and release of charges at these sites can be source of this additional 

low frequency feature. Differences in electron affinities of the contacting 

interfaces have also been attributed to be the source of this feature [198]. this 

low frequency feature is a characteristic for IS spectrum for DSSCs and has 

been attributed to the ionic mobility in the liquid electrolyte employed in the 

DSSCs. Recently ionic mobility has been identified in CH3NH3PbI3 absorber 

based devices [107,199] and can thus be a source of this additional low 

frequency feature in Nyquist plots. We have thus included this feature in our 

curve fitting process  

Temperature induced physical processes can be evaluated by the study of 

impedance spectra obtained at elevated temperatures. To visualize the effect of 

temperature on the recombination and charge mobility dynamics at the 

interfaces and the bulk of the materials we carried out IS measurements at 

elevated temperatures of 40 oC and 60 oC.  Nyquist plots obtained and the 

values for Rs, Rsc and Rrec are presented in Figure 6.10 and 5.11. Value of 
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series resistance decreases with the increase in temperature to 40 oC and that 

of Rrec increases, this trend speaks of improved performance with a higher FF 

and Voc at this temperature. As the temperature is increased to 60 oC there is 

an increase in series resistance and a sharp decrease in Rrec. Variation in the 

coefficients of thermal expansion of the materials at the interface can also affect 

the series resistance and the recombination rate. An increased density of 

defects at the interface can cause increased trap assisted recombination at the 

interface manifested with an increase in Rrec and series resistance. 

Though the diffusion rate is expected to increase with the increase in 

temperature and thus should lower the series resistance component of the 

impedance response, our observations to the contrary can be attributed to the 

coefficient of thermal expansion mismatch between the contacting 

interfaces[202]. Quantitative evidence of the effect of increased temperatures 

on the contacting surfaces presented by Luis K. Ono et al. proves that the τfast 

process play a dominant role in the device performance at elevated 

temperatures and are attributed to selective contacts. This mismatch affects the 

density of trap states at the interface and is bound to increase the 

recombination rate and is the source of increasing Rrec with temperature. Thus 

FF and Voc are expected to decrease with temperatures in the range of 60 oC. 

Phase change in CH3NH3PbI3 at 55 oC [201] is also associated with the 

increase in Rrec and a lower Voc above this temperature .  

 

Figure 506.9: Rs, Rsc and Rrec plots for ZnO and ZnO - GO based devices, with equivalent circuit.  
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Figure 516.10: Rs, Rsc and Rrec plots for ZnO and ZnO - GO based devices obtained at different 
temperatures. Legend along each plot indicates the test conditions 
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Figure 526.11: Nyquist plots for ZnO and ZnO - GO based device at 25
o
C (a), 40

o
C (b) and 60

o
C 

(c) 

We observed very low hysteresis for our devices and this can be attributed to 

the very low resistivity of the ZnO - GO electron selective contact. Hysteresis 
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effects have been associated with planar device geometry. Snaith and 

coworkers [110] postulated that contact resistance at the interface with electron 

selective contact has been identified as a possible source of this behavior and 

is the reason why Mesoporous and mesosuperstructured scaffolds are relatively 

free of this because of increased surface area facilitating greater electron 

uptake. Miyasaka and co workers [206] presented conclusive evidence 

identifying TiO2 and its interface as the source of this hysteresis. Low electron 

mobilities of TiO2 leads to charge build up at the interface and causes rate and 

scan direction dependent hysteresis. ZnO with its superior electron transport 

properties avoids this build up of charges by fast quenching of generated 

electrons in the absorbers. This is further improved by addition of GO as is 

evident by the decrease in resistivity (table 6.1). Decrease in series resistance 

by incorporation of highly conductive GO in ZnO matrix increases charge 

collection efficiency and results in very low hysteresis in these devices. 

Interfaces have also been identified as the source of this hysteresis[206] and 

the absence of HTL CH3NH3PbI3 interface provides additional stabilization 

against this hysteresis effect. 
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Chapter 7 
Absorption Enhancement in 

CH3NH3PbI3 Solar Cells using TiO2/ 
MoS2 Nanocomposite Electron 

Selective Contact 

 

In this chapter, perovskite absorbers have been combined with few layer thick 

MoS2 semiconductor to put together a solar cell allowing broad spectrum 

harvesting of solar spectrum. Such modification allows to achieve solar light 

harvesting at the band edges, addressing a drawback of CH3NH3PbI3 

absorbers. We recorded an improved efficiency from 3.7 % to 4.3 % on the 

back of this methodology. We have also worked out a novel methodology to 

synthesize TiO2 - MoS2 nanocomposite by in situ dispersion of liquid exfoliated 

MoS2 sheets in the sol gel reaction. 
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Absorption Enhancement in CH3NH3PbI3 Solar Cells using TiO2 

- MoS2 Nanocomposite Electron Selective Contact 

7.1 Introduction 

Since the nascent advent of perovskite solar cells, they have achieved 

impressive milestones [141,142]. Manufacturing protocols have evolved to 

improve efficiencies [68,228]. Research has been focused at improving the 

performance through structural ordering [21], composition modification 

[76,229,230] and innovations enabling flexible cells with transparency and color 

tailoring [231]. Environmental concerns for lead have been addressed with 

alternate absorbers [232,233]. 

7.1.1 Absorption Enhancement 

An aspect to improve the performance of these solar cells can be to increase 

light absorption without increasing the film thickness or complicating the device 

architecture [233,234]. Though strong absorption of 1.5×104 cm-1 at 550 nm 

[235], drop down in absorption around the band edges affords a possibility of 

increasing performance by absorption enhancement at these edges. Metallic 

nanoparticles in different configurations have been reported for absorption 

enhancement near long wavelength edge [236–238] and have also been 

credited with lowering the exciton binding energy and improving charge transfer 

at the electron selective interface [239]. Absorption enhancement over the short 

wavelength edge remains open for investigation. 

Broad spectrum absorption demands continuously tuneable band gap. Since 

band gap is determined by the chemical composition and the organization of 

crystal lattice, efforts have been directed at achieving continually tuneable band 

gap by semiconductor alloying and generating superlattices. Though 

introduction of Brillouin zones in thin semiconducting layers generated by 

atomic scale deposition of thin layers allows realization of specific band gap for 

a particular application but they cannot be dynamically varied during operating 

conditions. This method is not only challenging to design but also introduces 

unwanted defects due to variation in mixing ratios and lattice mismatch [240]. 
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7.1.2 MoS2: Continually Tunable Band Gap  

Layered 2D semiconductor TMD have been explored extensively and have the 

potential to replicate the wonder material properties of graphene. Interplaner 

weak van der Waals forces ensure efficient exfoliation using micromechanical 

cleavage and liquid phase exfoliation [241,242]. Strong planer bonding offers 

unique properties allowing the optical and electrical properties of MoS2 to vary 

between bulk and single/ few layers owing to quantum mechanical confinement. 

Stability of MoS2 under photoexcitation is derived from the 4d orbital 

determining Mo conduction and valance band positions in bulk [243]. During 

exfoliation to nanosize, edge located Mo atoms are freed from the influence of 

MoS2 inert basal plane, resulting in continually shifting optical band gap with the 

sheet thickness allowing for wide spectrum harnessing of solar spectrum. 

In Bulk form, it is an indirect band gap semiconductor and in single layer it is a 

direct band gap semiconductor allowing virtually continuous tuning of the band 

gap between 1.2 eV of bulk to 1.85 eV of single layer [244–246]. Investigation 

of quasi particle band structure of MoS2 through STM concluded a band gap of 

2.34 eV, 0.44 e V higher than the optical band gap [247]. Consistent 

conclusions have also been drawn from the determination of band gap under 

the effect of dielectric environment resulting in a 0.3 eV increase over optical 

band gap [248,249]. These observations validate the experimental evidence for 

the photocurrent reported for MoS2 between 350 to 800 nm. Mobility values 

vary between 517 cm2/V-s and 200 cm2/V-s for bulk [250] and single layer [251]. 

Strong quenching allows for one order of magnitude higher absorption for MoS2 

than Si and GaAs. This combination of optical and electronic properties offers a 

possibility of incorporation of layered MoS2 in solar cell applications allowing for 

enhanced optical absorption and improved charge transport at the interfaces. 

7.1.3 TiO2 - MoS2 Composite 

Despite excellent photoabsorption and a near ideal band gap for solar spectrum 

harvesting, scalability is a challenge. Growing single crystal for TMDs is energy 

intensive slow process and the crystal size is limited to few centimeters. Thin 
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film deposition routes i.e. sputtering or evaporation result in defects which 

compromise the performance [252–254]. In contrast chemical and mechanical 

exfoliation offer viable alternative for large scale production of these materials. 

Exfoliated sheets in liquid phase can be easily spin cast or incorporated into 

nanocomposite [255–257]. TiO2 offers one such possibility. Solution processing 

of TiO2 allows for incorporation of liquid exfoliated MoS2 and the nanoparticle 

matrix offers a framework for anchoring monolayer and few layer films 

preventing restacking. Energy levels of TiO2 are suitable for extraction of 

photoexcited electrons from the MoS2 sensitizer [258].  

We report here a perovskite absorber based solar cell employing hole transport 

layer free design. Synthesis was performed under ambient air conditions of high 

humidity by modifying the synthesis protocol. TiO2 - MoS2 nanocomposite was 

developed using a novel sol gel synthesis method allowing in situ incorporation 

of MoS2 sheets in TiO2 particles matrix. Nanocomposite allowed higher 

efficiency on the back of greater light harvesting by few layer thick MoS2 and 

higher mobilities and reduced interfacial recombination because of the 

nanocomposite.  

7.2 Materials and Methods 

Titania nanoparticles were synthesized by sol gel route. Titanium isopropoxide 

(< 97%), 2- methoxyethanol (99.9+ %) and ethanolamine(99+ %) were mixed in 

1: 4: 0.5 molar ratio. The mixture was refluxed in a three necked flask in an inert 

environment, stirred at room temperature for 1 hr, 80 oC for 1 hr and finally at 

120 oC for 2 hr under constant stirring. Light yellow color of the sol indicated the 

dissolution of isopropoxide precursor in methoxyethanol solvent aided by 

ethanolamine as linker. Bulk MoS2 was exfoliated using liquid phase exfoliation 

technique employing N-Methyl-2-pyrrolidone (NMP) as solvent. Probe sonicator 

was used for exfoliation spanning over 66 hr while a chiller was used to 

maintain temperature of the bath at 2 oC. Suspension thus achieved was 

centrifuged at 4000 rpm.  Supernatant was removed and filtered with 0.22 

micron nylon filter. Two methods were used to prepare composite. In the first 

method, MoS2 containing filter was sonicated in 2- methoxyethanol and this 
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dispersion was added in TiO2 sol. In the second method MoS2 containing filter 

was sonicated in 2- methoxyethanol before incorporation in sol gel reaction at 

varying ratios to obtain desired mass fraction of MoS2 in final TiO2 sol.  

Devices were synthesized by spin coating titania composite over pre cleaned 

ITO coated glass slides at 2500 rpm for 20 s.TiO2 coated slides were dried in an 

oven at 500 oC for 2 hr with a heating rate of 10 oC per min and were allowed to 

cool in furnace. CH3NH3PbI3 was deposited by a modified two step solution 

processing method. Lead iodide was dissolved in DMF to obtain a 1 M solution. 

CH₃NH₃I was dissolved in iso-propanol at 8 mg/ml. Lead iodide solution was 

spin coated on TiO2 coated slides at 3000rpm for 20 s. Lead iodide coated 

slides were annealed for 3 min at 40 oC and then at 100 oC for 5 min. They 

were removed from oven and then mounted on spin coater and CH₃NH₃I was 

coated at an rpm of 3000 for 20 s. Slides were again annealed for 3 min at 40 

oC and 5 min at 100 oC in laboratory oven. Au was thermally evaporated by a 

mask to define an active area for device of 0.11 cm2. 

7.3 Results and Discussion 

Pristine MoS2 dispersions on silicon wafers were investigated under AFM to 

reveal extent and quality of exfoliation (Figure 7.1). The images revealed that 

single layers of MoS2 were obtained in the dispersion with thickness distribution 

of 0.939 nm. Addition of exfoliated MoS2 in as prepared TiO2 sol resulted in 

poor quality dispersions and formed agglomerates instead of evenly dispersed 

sheets, critical to obtain broad spectrum harvesting of solar spectrum. Another 

shortcoming was the difficulty in sustaining the sol once we adopted this 

technique for the synthesis of nanocomposite. On addition of MoS2, it was 

sonicated for even dispersion which resulted in gel formation on most 

instances. We devised a novel method for better quality dispersion of MoS2 

sheets by dispersing them in the solvent in the sol gel reaction. This allowed 

uniform distribution of MoS2 sheets with complete imbedding in the particle 

matrix. We investigated different wt % and best quality dispersion were 

achieved for 20 wt % of MoS2 loading in TiO2 sol. Higher concentrations 

resulted in redundant MoS2 particles on the surface, detrimental to the 
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performance of the final devices. More importantly, higher concentrations 

resulted in agglomerations causing conduction band of the MoS2 to decrease 

below the conduction band of the TiO2 and thus hampering the very basis of the 

electronic structure of the devices. 

 

Figure 537.1: Thickness profile of MoS2 dispersion on Si Wafer 

MoS2 dispersion in TiO2 sol was investigated for dispersion quality and 

restacking effects. Investigation of TiO2 - MoS2 composite under AFM (Figure 

7.2 (a)) and SEM (Figure 7.2 (b, c)) confirmed that MoS2 was completely 

imbedded in the particle matrix allowing for coverage of sheets with TiO2 

particles. This allowed uniform film structure with mean square roughness of the 

order of 6.41 nm critical for well functioning solar cells since they allow 

homogeneous coverage of the perovskite sensitizer and avoid short circuiting of 

the devices. Both SEM and AFM profiles testify to the effectiveness of the in 

situ method of MoS2 dispersion in the sol gel synthesis of TiO2 nanoparticles.  
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Figure 547.2: (a, b) AFM micrograph of TiO2 - MoS2 dispersions showing sheets imbeded in 
particle matrix, (c, d) SEM micrographs of TiO2 - MoS2 nanocomposite 

Quantitative Validation of MoS2 dispersion in TiO2 was obtained through Raman 

spectroscopy (Figure 7.3 (a)) where peak at 146 cm−1 confirmed the anatase 

titania.  Raman signature peaks for MoS2 are reported at 383 cm−1 for E1 2g 

mode associated with antiphase parallel oscillations of sulfur and molybdenum 

atoms in crystal plane and at 409 cm−1 for A1g mode for sulfur atoms in out of 

plane antiphase oscillations. We observed peaks at 383 cm−1and 406 cm−1. 

Since monolayer of MoS2 gives a signature peak at 405 cm−1, hence suggesting 

that our dispersions consist of monolayers and few layers stacks. The wave 

number shift is attributed to quantum confinement effect with decreasing layer 

thickness and also confirms the shifting optical band gap associated with few 

and monolayer MoS2 dispersions [259]. XRD studies at Figure 7.3 (b) present a 

characteristic peak at 13.58 attributed to MoS2, contributed by (002) plane of 

hexagonal lattice [260]. Small particle distribution is demonstrated by the peak 
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broadening in the diffractogram. Peaks at 25.58, 37.38, 48.25, 54.2, 55.48, 

62.98 are associated with (101), (004), (200), (105), (211) and (204) planes of 

anatase TiO2 (JCPDS 21-1272) respectively. 

 

Figure 557.3: (a) Raman spectrum of TiO2 - MoS2 composite, (b) XRD diffractogram of composite 

Figure 7.4 represent the UV-Vis spectrum recorded for pure TiO2 and TiO2 - 

MoS2 nanocomposite. Spectrum recorded for pure TiO2 indicates an efficient 

absorption at wavelengths lower than 400 nm associated with UV activation at 

the recorded band gap of 3.2 eV of anatase TiO2. By linear extrapolation from 

the inflection point on the curves to the base line, absorption onsets were 

determined. Incorporation of MoS2 results in considerable absorption over the 

whole visible light spectrum with red shift, visible in the composite spectrum 

over pure TiO2. This red shift can be due to the chemical bonding between the 

nanocomposite constituents.  

  

  

 

(a) (b) 
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Figure 567.4: UV- Vis spectrum of pure TiO2 and TiO2 - MoS2 composite, increased absorbance 
and a red shift is observed in the spectrum 

CH3NH3PbI3 films were deposited on the optimized TiO2 - MoS2 

nanocomposite. CH3NH3PbI3 was made with a modified approach to the 

reported procedure for high relative humidity environment [94]. Briefly we 

introduced an intermediate step to wet the lead iodide coated films with iso-

propanol and simultaneously with CH₃NH₃I solution in iso-propanol while the 

samples were spinning on the spin coater. They were then soaked in CH₃NH₃I 

solution in iso-propanol and allowed a soaking time of 20 s before further spin 

coating and annealing. Details of the synthesis procedure are outlined in the 

methods section.  

Large area SEM and AFM images (Figure 7.5 (a, b))  reveal uniform coverage 

for CH3NH3PbI3 particles, an indication of the efficiency of the synthesis 

protocol under high humidity. Other researchers have also concluded that 

appropriate humidity levels during film formation are prerequisite for obtaining 

pin hole free films with improved optoelectronic and mass transport properties. 

It has been reported that films grown under nitrogen filled glove box conditions 

introduce pin holes and grain boundaries[160], a source of energetic disorder 

impeding the photovoltaic performance. Films annealed in air were found to 

increase the grain size resulting in reduced grain boundaries and improved 

mass transport. Therefore, a proper humidity level during film formation 

introduces moisture assisted grain boundary creep, resulting in larger grains, 

avoiding pin holes and improving carrier lifetimes [69,160]. Additional charge 

carriers may be generated by autoionization of adsorbed water molecules at the 
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surface into hydroxyl and proton ions creating surface OH- sites. Protons may 

migrate between these sites and act as additional carriers. 

Diffraction pattern presented in Figure 7.5(c) is consistent with the tetragonal 

phase of the CH3NH3PbI3 with sharp peaks at 14.0, 24.3, 28.4, 31.7, 40.5, 43.0, 

and 50.3o, corresponding planes have been indexed in Figure 7.4 

[53,55,68,197]. Some residual lead iodide is also evident and is considered to 

be beneficial for the photovoltaic performance by improving carrier lifetime. This 

residual lead iodide at the grain boundaries is also attributed to reduced 

recombination at the absorber electron selective contact interface.  

 

Figure 577.5: (a, b) Large area SEM and AFM micrographs of CH3NH3PbI3. Uniform film formation 
and complete conversion is reflective of the effectiveness of the synthesis protocol. (c) XRD 
diffractogram of CH3NH3PbI3  
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Figure 7.6(b) shows schematic of the device operation. In order to obtain 

necessary photoexcitation and afford efficient electron uptake by TiO2, it is 

imperative that the conduction band of MoS2 be kept higher than the conduction 

band of TiO2 which can be ensured by keeping MoS2 sheets to few layer 

thickness in the composite. Theoretical calculations have suggested that band 

gap of MoS2 is dictated by the interaction between S-Mo-S dictating a variation 

in CB with the variation of thickness while VB remains virtually fixed. Thus if 

efficient exfoliation is not achieved or the layers restack during dispersion in 

TiO2 matrix, this could result in CB edge of MoS2 lying lower than the CB of 

TiO2, disrupting the energy scheme of the complete device. 

Photoexcitation occurs simultaneously in MoS2 and CH3NH3PbI3 with 

photoexcited electron injected into the conduction band of TiO2. We have 

estimated that small weight fraction of MoS2 does not have detrimental effect on 

the photons reaching the CH3NH3PbI3 layer, allowing efficient light harvesting 

by both the sensitizers in respective active regions of the solar spectrum. 

Photons reemitted by MoS2 can be another factor in improving the photovoltaic 

performance for the devices using TiO2 - MoS2 blend as electron transport 

layer. MoS2 thus augments the performance of the device allowing for improved 

efficiency of 4.43 % from 3.74 % for TiO2 only device (Figure 7.6(a)).  

Figure 587.6: a, JV curves and tabulated performance parameters, b, schematic device operation, 
inset is the actual device with three cells and an active area of 0.11 cm

2
 for each cell  

 

 

 1 

(a) (b) 
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Absorption spectrum of completed devices is compared in Figure 7.7. MoS2 

composite based devices present a broader absorption spectrum spanning the 

visible range over 350 nm to 800 nm. This increase is associated with MoS2 

nanosheets providing additional quenching. These observations are in good 

agreement to the reported photoabsorption and photocurrent response of MoS2 

in the visible spectrum driven by the shifting band gap associated with single 

and few layer thick sheets. This corresponds to the theoretical calculations for 

monolayer MoS2 absorption at photons energy of 1.9 e V. Strong absorption is 

observed for wavelength of the order of 500 - 530 nm. Part of photons between 

1.9 to 2.4 e V can be reemitted to be subsequently absorbed by CH3NH3PbI3 

further enhancing the absorption. 

 

Figure 597.7:  UV – Vis absorption spectrum of complete devices based on pure TiO2 and TiO2 - 
MoS2 electron selective contacts 

MoS2 is credited with improved mobility values to the tune of 200 cm2/V-s and 

517 cm2/V-s for mono and multilayer system. We estimated that incorporation of 

MoS2 in TiO2 matrix will allow for improved charge transport at the interface 

between CH3NH3PbI3 by reducing the interfacial resistance. To validate this 

idea and to obtain quantitative measure of the interfacial charge transport 

processes, we performed impedance spectroscopy of the completed devices. 

Impedance spectroscopy is a versatile technique to decipher the interfacial 

electronic processes and has extensively been employed in the study of solar 

cells [130–134]. Impedance response was obtained between 100 mV to 800 
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mV for frequency range of 1 MHz to 500 mHz at a perturbation of 20 mV. 

Obtained data was analyzed using Biologic analysis software. Nyquist plots 

consist of typical arch associated with the impedance response for such 

devices (Figure 7.9) and have been analyzed using a modified transmission line 

equivalent circuit [135] depicted in Figure 7.8. It involved two RC elements and 

a series resistance component. Graphical trend of circuit element values 

obtained through simulation of Impedance response is presented in Figure 7.8.  

Rs is the resistive contribution from circuit wires and ITO, one RC circuit is used 

to model the electron selective contacts and an additional RC element to model 

the shunt resistance and capacitance associated with active layer. Constant 

phase elements are used instead of ideal capacitors to obtain a better fit. Two 

characteristic arcs can be identified from the Nyquist plots, an intermediate 

frequency feature and an additional low frequency feature. The intermediate 

frequency feature is ascribed to recombination in the active layer while the 

source of additional low frequency feature is still debated. This low frequency 

feature is a characteristic of the DSSCs and has been associated with ionic 

mobility in liquid electrolyte. Ionic mobility in CH3NH3PbI3 devices has also been 

established [107,199] and can be a possible source for this low frequency 

feature in these devices. 

Values for Rs, Rsc and Rrec are presented in Figure 6.8. Total series 

resistance is a combination of Rs and Rsc [198] and with the addition of MoS2 

in titania, the total series resistance decreases. This decrease in series 

resistance is the cause of increased FF for devices with titania MoS2 

composites.  

Intermediate frequency feature in Nyquist plot is associated with Rrec [198]. 

Recombination rate is inversely proportional to the recombination resistance. 

Higher the recombination resistance, lower is the recombination rate and vice 

versa. Recombination in perovskite is primarily an interfacial phenomenon 

owing to long diffusion lengths of excitons in CH3NH3PbI3. MoS2 in the 

nanocomposite offers superior charge transport pathway in the form of two 

dimensional framework lowering the recombination rate. Passivation of defects 
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in the TiO2 matrix can be another source of decrease in recombination rate. 

Recombination resistance decreases with increase in applied bias voltage. This 

decrease is attributed to the higher concentration of charge carriers at higher 

voltages resulting in greater recombination. Lower slopes of Rrec accounts for 

the higher FF as the recombination rate decreases with the applied bias. The 

value of Rrec is higher for titania MoS2 composite. This increase of Rrec with 

the concurrent decrease of the slope with increasing voltage presents a 

quantifiable evidence of increased Voc for devices employing titania MoS2 as 

electron selective contacts over pure titania. 

 

Figure 607.8: Rs, Rsc and Rrec patterns and equivalent circuit diagram 

 

 

Figure 617.9: Nyquist plots for TiO2 and TiO2 - MoS2 electron selective contact based devices at 
0.2 and 0.8 V   
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Conclusions and Outlook 

1. Solar energy, along with wind, biomass, tidal and geothermal, are 

emerging alternate sources of energy for our energy starved planet.  Out of the 

mix, solar energy is the most abundant and clean form of energy offering an 

answer to the increasing concern of global warming and greenhouse gases by 

fossil fuels. Over the past four decades silicon solar cells have advanced 

tremendously both in terms of cost of production and efficiency. In some 

locations of the world they are delivering on grid power at competitive costs to 

that of fossil fuels.  

Silicon based solar cells technologies offering a combination of properties like 

ease of surface passivation, low cost, hardness and high temperature stability, 

has made them a favored option in photovoltaic applications. Technologies 

promising a combination of lower cost and ease of fabrication with a better 

energy pay back matrix offer exciting opportunities for replacement of silicon. A 

new entrant in this field, organometallic halide perovskites offer captivation 

prospects.  

Heralded as a major scientific breakthrough of 2013, organic/inorganic lead 

halide perovskite solar cells have ushered in a new era of renewed efforts at 

increasing the efficiency and lowering the cost of solar energy. A potential game 

changer in the mix of technologies for alternate energy, it has emerged from a 

modest beginning in 2012 to efficiencies being claimed at 20.1% in a span of 

just two years. This remarkable progress, encouraging at one end, also points 

to the possibility that the potential may still be far from fully realized. With 

greater insight into the photophysics involved and optimization of materials and 

methods this technology stands to match or even exceed the efficiencies for 

single crystal silicon solar cells. 

2. Possible avenues for lowering the cost of this technology are the 

development of low cost materials and processing protocols. Themselves low 

cost and earth abundant, Spiro-MeOTAD is the hole transport material typically 

used and is prohibitively expensive. Similarly processing under controlled 
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conditions is energy intensive. We set forth to develop synthesis protocol under 

ambient air for HTL free devices. This route has the potential of lowering the 

processing and material cost of this technology while at the same time 

delivering reasonable efficiency.  

3. First step was to identify the concentration of the CH₃NH₃I solution 

delivering best material and electrical properties under these synthesis 

conditions. Both the morphological and photoconductive properties of 

perovskite CH3NH3PbI3 films prepared using two step solution syntheses in 

ambient air conditions were studied to arrive at the optimum concentration of 

CH3NH3I. It has been found that the photoconductivity under dark remains 

constant for all the concentrations of CH3NH3I used in this study but they vary 

with temperature under one sun illumination. For small concentrations they 

have a decreasing trend with increasing temperature while for higher 

concentration the conductivity slightly increases with increase of temperature or 

stays invariant to the change in temperature. Morphology studies established 

that the grain size decreases with increasing concentration of CH3NH3I in the 

solution and the compactness increases. It has been found that while 

intermediate molar concentration (0.050M) gives the best grain size to void ratio 

for CH3NH3PbI3 film, the photoconductivity is strongly modulated by 

temperature and best results of charge transport under illumination are obtained 

for most compact film of CH3NH3PbI3, obtained using 0.050 M CH3NH3I solution 

in our method. This emphasizes the role of compactness of perovskite film in 

determining optoelectronic properties of this class of absorber using ambient air 

processing conditions.  

4. We demonstrated a CH3NH3PbI3 solar cell using TiO2 - GO nano 

composite as electron selective contact in a hole transport layer free 

architecture. Ambient air synthesis route was adopted and a PCE of 5.9 % was 

achieved. Novel technique was introduced to obtain TiO2 - GO nano composite 

by in situ incorporation of GO during the sol gel reaction. Band gap was 

engineered for higher stability of the devices. Incorporation of GO had a 

synergetic effect by passivation of the trap states in TiO2. This along with band 
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gap engineering may be responsible for reduced hysteresis effects. Enhanced 

stability, reduced hysteresis and an ambient air synthesis route with hole 

transport layer free geometry has the potential to reduce cost and enhance 

commercial viability of this technology. 

5. We have demonstrated an HTL free device based on ZnO - GO 

nanocomposite electron selective contact. The processing was tailored for 

ambient air conditions of high humidity, an efficiency of 4.6% was achieved 

improved from 3.02% based on ZnO alone devices. The efficiency obtained 

may not be the best reported for this class of absorber, but the arrangement 

reported has the potential of reducing the material and processing cost of this 

technology by avoiding expensive HTL and avoiding processing under high 

vacuum environments, thus making optimum use of the ambipolar charge 

transport properties of this material.  

6. We have demonstrated enhanced optical absorption and higher 

efficiency for CH3NH3PbI3 devices using TiO2 - MoS2 nanocomposite as 

electron selective contact. Higher absorption results in higher Jsc, allowing for 

better solar spectrum harvesting toward the lower wavelength region. Higher 

mobilities associated with MoS2 results in decrease in series resistance 

component, verified through impedance spectroscopy which provides additional 

verification for increase in the Voc for the improved devices. All the synthesis 

was performed under ambient air conditions of high humidity employing HTL 

free device architecture. Employing MoS2 with exceptionally large absorption 

can give us a very large weight specific energy advantage. CH3NH3PbI3 with a 

band gap of the order of 1.5 eV, using few and monolayer MoS2 with band gap 

varying between 1.3 to 1.9 eV could be an effective way to enhance the optical 

absorbance. Furthermore, for such system, coupled with extremely high optical 

absorbance coefficient of TMDs, very small quantities of materials can be used 

to augment the performance without employing the complicated device 

architectures. 

7. Thus we developed an ambient air synthesis protocol for the 

development of perovskite absorber based solar cells employing HTL free 
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device geometry. Though the best device efficiency is limited only to 5.9 %, this 

can be improved by optimizing the underlying electron selective contacts and 

tailoring the interfacial layers to reduce the series resistance and decreasing 

recombination rate. We limited our work to only sol gel derived solution 

processed electron selective contacts. These charge selective contacts can be 

improved by employing techniques offering greater control on the morphology 

and layer thickness. Borrowing ideas from the research in the field of organic 

photovoltaic technology may help by fine tuning the interface between the 

absorber layer and the electron selective contacts. Innovative architectures and 

interfacial layers may help in realizing the true potential of this technology while 

working in the confines of HTL free geometry and ambient air processing.  

8. Stability remains an issue to be addressed. Though stability study was 

not the aim of this research, our results with TiO2 – GO composite indicated a 

decrease in band gap of TiO2, causing a blue shift. This can possibly address 

the instability associated with the decay at the TiO2 perovskite interface due to 

UV sensitivity. Long term stability tests under varying environmental conditions 

need to be conducted to assess the commercial viability of these devices.   

9. In a span of a couple of years, perovskites have demonstrated that they 

possess the right mix of properties to offer a solution to our energy 

requirements. Though they evolved out of liquid electrolyte DSSCs, they are 

now established as a class of their own with extensive research focus pushing 

the efficiency limit beyond 20%. Low temperature solution processing assures 

low per watt cost and quick energy pay back times. Device architectures 

ranging from pin to mesoporous to mesosuperstructure configuration throw 

wide open the possibilities for incorporation of novel materials and synthesis 

approaches. Future may hold a no scaffold pin planar configuration or the 

incorporation of other semiconductor materials for inert oxide scaffold. Use of 

materials with high mobility as HTM will further improve the FF while 

optimization of the interfaces, selection of HTM and ETM may push forward the 

efficiencies to higher values. Incorporation of narrow band gap perovskites and 

plasmonic light harvester may broaden the spectral response with better light 
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harvesting. Interface engineering and introduction of self assembled layers will 

reduce losses and improve efficiency. Understanding of the underlying 

photophysical phenomenon will further help improving device structures and 

better selection of materials.  Exploration of tandem cell configuration with 

perovskite based cell as the top cell will push forward the achievable efficacy 

limit further. The amount of research effort under way, guided by the best 

adherence to the issue of best practices [261], this technology holds great 

promise to address our energy concerns .  One particular limitation of 

perovskites is the use of Pb. Though in the present legal framework use of lead 

is not a problem as CdTe based solar cell have received wide acceptance 

despite Cd content. Use of lead extensively in lead acid batteries and its 

content at comparable levels in CIGS and silicon modules to perovskites 

suggest that in short term the concern may not be pressing but these 

technologies are increasingly being phased out and alternatives explored to 

minimize the environmental impacts of these heavy metals. Replacement of 

lead with tin in perovskite solar cell is already under investigation and may offer 

an environment friendly alternative. 
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