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ABSTRACT 

Perovskite solar cells are the much talked about and researched devices in the 

photovoltaic community. Most high-efficiency solar cells are prepared using an expensive hole 

transport layer which is unstable in ambient atmosphere, and an energy consuming method of 

depositing the cathode to complete the cell. Herein, following recommendations from literature, 

carbon-based nanomaterials are utilized in the fabrication of Perovskite solar cells, and its effects 

on the efficiency, fill factor, open circuit voltage, short circuit density, and hysteresis is analyzed. 

The Perovskite solar cells and carbon counter electrodes fabricated at low temperature (~100 

degrees Celsius) and in room temperature conditions. Multi-walled carbon nanotubes based 

devices exhibited an efficiency of ~7%. This endeavor further buttresses the fact that carbon 

nanomaterials – especially MWCNTs are promising candidates for the future of low cost, high 

performance and scalable production of Perovskite solar cells. Thus, expensive hole transport 

materials and complex vacuum deposition of cathodes to complete the cells might be eliminated.  

The difference factors of average efficiencies from the different scan directions appear to show 

that hysteresis effect is minimal in the MWCNT based devices. 
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CHAPTER 1 

INTRODUCTION 

1.0  Background 

Energy is a desideratum for the continued existence of the human race. There is also an 

increasing need for clean energy globally. An attribute to the production of energy is the type of 

resource or source. In simple terms, the resource can be renewable or non-renewable. The later 

categorizes the sources of energy production that can be considered finite. Natural gas, 

petroleum, radioactive elements, coal, are some examples of these resources. The former – 

renewable – categorizes the sources of energy that is infinite i.e. they can provide an 

inexhaustible source of energy. Solar, wind, hydro, geothermal, are typical examples.  

In comparison, the amount of energy obtained from the non-renewable sources is higher 

than that achieved from the renewable sources. Nonetheless, with the threat of exhaustion of the 

non-renewable sources of energy, researchers, scientists, and industries have put hands on deck 

to find a lasting solution to the growing demand for clean/green and renewable energy. For 

obvious reasons, solar has attracted much interest. This stems from the idea of tapping the energy 

from sunlight (electromagnetic radiation emitted to the earth’s surface) for useable forms of 

energy. This instigated the development of devices capable of converting sunlight into tangible 

forms of energy.  These devices are known as solar cells. 

The antecedents of solar cell revolution can be categorized in three generations: The first 

generation solar cells (based on silicon wafers), the second generation solar cells (based on thin 

film technology) and third generation solar cells.  The past two score years have ushered 

continuous and increasing efficiencies and reduction in fabrication costs of crystalline silicon 

solar cells. Currently, crystalline silicon technology dominates the global photovoltaic market 
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share.[1]  In some countries, crystalline silicon solar cells solar generate electricity in nearly 

comparable generation prices to electricity generated from fossil fuels. A tiny market share is 

dominated by emerging PV technologies like a quantum dot solar cell, dye-sensitized solar cells, 

and polycrystalline thin films.  

 

Fig 1: Humanity’s top ten problems for the next 50 years [2] 

For the newer solar cells to wrestle market share from the established conventional solar 

cell, a combination of high efficiency, stability, and low fabrication costs is vital. The third 

generation solar cells augur much promise for the future of solar energy conversion. They 

require a secondary volume of materials, they have a reasonable balance between the cost and 

energy produced, and the existing processing methods can easily be scaled up for industrial 
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production. Interestingly, intensive research efforts in the photovoltaic community suggest that 

solar cells fabricated with a special material know as organolead halide perovskites have the 

trappings and potential to compete with conventional silicon-based solar cells in the near 

future.[3-5] 

 

 

Fig 2:  Solar Cell Golden Triangle[6] 

1.2 Scope 

In this thesis, the evolution of the Perovskite solar cell will be examined. The different 

cell architectures and fabrication procedures, and recent research efforts geared towards this 

solar cell of interest – with a particular interest in incorporating carbon-based materials in 

Perovskite solar cells - will be discussed. Building upon this, the subsequent attempts by the 
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author to incorporate carbon-based nanomaterials in the fabrication of the Perovskite solar cell 

will be investigated. Results from the author’s attempts on the key performance indicators of the 

devices will be analyzed and discussed.  
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CHAPTER 2 

LITERATURE REVIEW OF PEROVSKITE SOLAR CELLS 

Perovskite solar cells (PSCs) have attracted much interest in solar cell research. Before I 

expound further on this new solar cell, it is necessary to briefly expound on photovoltaic 

characteristics and the physics of semiconductors, in a bid to elucidate the working principles of 

solar cells, and aid in understanding how the Perovskite solar cells work. 

2.1 Photovoltaic 

Sunlight is a clean energy source that can generate energy with minimal detrimental 

environmental impact. The sun emits electromagnetic waves covering the frequency spectrum 

(tantamount to a blackbody radiation at a temperature of 5777k), of which just a fragment 

reaches earth’s surface [7]. The term Air Mass i.e. AM1.5 is a standard index used to take into 

account the amount of sunlight absorbed by the atmosphere of the earth before it reaches cell 

device. The figure below shows the wavelength vs. spectral irradiance for different sources. The 

effective electromagnetic radiation emitted by the sun at the sea level corresponds to the AM1.5 

spectrum. This AM 1.5 spectrum portrays the maximum energy available to be tapped by the 

solar cells to be converted into electric energy. 

2.2 Working Principles of Solar Cells 

As regards the working principles, all solar cells exhibit the following attributes 

2.2.4 Absorbance of incident light 

  Before electric current is generated, light must be first absorbed. The light absorbance 

heavily depends on the absorbance spectrum of the material used. An ideal cell material for an 

electric current generation should have an absorbance spectrum tantamount to the AM1.5 

spectrum. 
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2.2.5 Photogeneration 

 Solar cells must be able to use the absorbed light to generate photocarriers – electrons 

and holes. Here, semiconductors are the materials that expedite this characteristic. 

2.2.6 Charge transportation 

 After light absorbance and charge generation, the solar cells must be able to drive the 

photo-generated holes and electrons in respective directions. This charge transport is made 

possible due to the presence of the electric fields which acts as the driving force. 

In other to fully understand the concept of solar energy, it is pertinent to grasp the physics of 

semiconductors, and this will be discussed in subsequent paragraphs. 

 

Fig 3: Wavelength Vs. Spectral irradiance. [8] 

2.3 Physics of Semiconductors 

When two atoms form a molecule, the corresponding atomic orbital amalgamates to 

create an embodiment of molecular orbital, having new energy levels. As this process recurs to 
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form a solid, individual atomic orbital bifurcates into a continuous sequence of levels forming a 

“band.” The original occupation of the molecular orbital directly influences the occupation of the 

bands.  Apropos of the band occupation, the standard terms used to describe them are the valence 

band (VB) being the highest occupied and the conduction band (CB) being the lowest 

unoccupied. The bands may overlap or not overlap i.e. a manifestation of the electronic 

properties of the atoms. See figure 4 below.   If both conduction and valence band i.e. VB and 

CB, overlap, then the solid is a metal; if both bands are separated, the solid is a semiconductor or 

an insulator, the difference being that the separation in an insulator is too large! 

 

Fig 4: Typical Band gap for a metal and semiconductor [8] 

Semiconductors are materials whose band gap is separated in energy. As earlier stated, a 

relevant photovoltaic material should be able to absorb visible light, and this requires the 

material to have the right band gap. The band gap of semiconductors makes light absorption 

possible.  Energy in sunlight is stored in elementary particles called photons. When these 

photons hit an atom, its energy is absorbed. If the energy is sufficient, it can cause an excitation 
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or jump of a valence electron from its orbital. The energy of a photon is not directly proportional 

to the wavelength of light, i.e. the lower the wavelength, the more energy a photon has. 

In figure 5 below showing the schematic of a direct band gap semiconductor, it can be 

seen that the band gap lies between the conduction band minimum energy, EC, and the valence 

band maximum energy, EV. For an electron to get excited from the valence to the conduction 

band, the energy required must be greater than  EG, the band gap energy.   As such, the larger the 

band gap, the greater the energy an electron needs to cross over.  

Now, in a semiconductor, current is created when an electron moves from the valence 

band to the conduction band. Specifically, the excited electron leaves a positively charged 

vacancy in the valence band. Subsequently, the nearest electrons in the valence band quickly fill 

up the vacancy, thus shifting the vacancy. This process repeats and results in a current of positive 

holes with an electric field present. If an electron from the conduction band relaxes to the 

valence band, recombination occurs. Recombination is the decay of electrons from the 

conduction band to the valence band, a phenomenon that releases energy as heat and reduces the 

number of mobile electrons or holes.[8] 

 

Fig 5: Electron transfer between valence and conduction band. [9]  
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2.3.1 Recombination 

Recombination mechanisms may be preventable or non-preventable. Preventable 

recombination usually stems from crystallographic defects such as grain boundaries, which can 

also instigate trap states. Trap states can be described as a “deep well” in the band gap that can 

“trap” carriers. Furthermore, radiative and auger recombination are examples of non-preventable 

recombination. The former is usually characterized by the emission of a photon following the 

recombination of an electron with a hole at the minimum or maximum of the CB or VB 

respectively - with energy tantamount to the band gap energy. The later is non-radiative but is 

occurs when two similar carriers collide. During the collision, there is a transfer of kinetic 

energy. As a result, one carrier decays to the valence band, while the other momentarily gets 

excited, and thus decays and loses energy in the form of emitted photons. 

 

 

Fig 6: Preventable recombination (top), non-preventable recombination (bottom) – a) radiative b) 

auger. [8] 

2.4 P-N Junction  

As mentioned earlier, the three processes that occur in a solar cell are the absorption of 

light, the generation of charges and the transport of the charges in a current. For the later, the 
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charges (electrons and holes) need to be channeled in different directions. Enter the p-n junction 

– which is the model for third-generation a solar cell technology. This junction consists of two 

semiconductors, p-type (electron deficient i.e. contains more positive charges than negative 

charges) and n-type (electron excess i.e. contains more negative charges than positive charges) 

brought together. Bringing them together causes the valence and conduction bands of the 

respective semiconductors to bend; This creates a p-n junction whereby the different electric 

potentials instigates a swarm of electromagnetic current within the intersection, which then 

channels the photo-generated charges respectively through the semiconductor. [8, 10] 

For the third generation solar cells, a different form of the Fermi level generates an 

internal electric field which guides the carriers in respective directions. This built-in field is 

instigated via a potential step at the interfaces between the light absorber layer and hole/ electron 

extraction layers. In the presence of an illumination, the electrons and holes are separated by the 

internal field and are guided to the opposite respective sides. This configuration is commonly 

referred to as a P-I-N junction model. 

The P-I-N junction cells have a very simplified structure. They comprise of the active 

layer or the light harvesting material (i-type intrinsic semiconductor layer), sandwiched between 

an electron extraction layer and a hole extraction layer. The electron extraction layer has a higher 

Fermi energy level. In other words, the electron extraction layer’s conduction band is close to the 

conduction band of the light-harvesting material, while the valence band is deeper, which makes 

it possible for electrons that are photogenerated in the light harvesting material to be extracted. 

On the other hand, the hole extraction layer has a deep Fermi energy level, i.e. the 

valence band is close to the valence band of the light-harvesting material, while the conduction 

band is higher on that of the active layer. As such, this expedites the extraction of holes 
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photogenerated in the active layer.  The other component of the p-i-n junction solar cells are the 

electrodes terminals that complete the cell by connecting to an external circuit. The figure below 

is the band profile for an ideal p-i-n junction. 

 

 

Fig 7: Schematic of P-I-N junction band profile of individual semiconductor. Ef is Fermi level, 

Ec is conduction band, Ev is valence band, ɸ is the work function of semiconductors, 

respectively. [8] 

2.5 Key Performance Indicators (KPIs) of a solar cell 

Several characteristics can be used to define the performance of a solar cell. However, the 

key performance indicators of a solar cell include the following factors: the short circuit density 

Jsc, the open circuit voltage Voc, the efficiency η, fill factor FF.  These key indicators will be 

explained in detail. The figure below shows a solar cell’s current-voltage curves, with sample 

values which will be used as a guide in the explanation of these key indicators. 
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Fig 8: I-V graph for a random solar cell. [9] 

The Voc can be defined as the maximum potential voltage of a cell that occurs when there 

is no net current in the cell. In other words, when the cell is illuminated, and the two cell 

terminals are isolated, the generation and recombination rates are at par. In this state, the 

photovoltage created is called the open-circuit voltage Voc. 

Also, the short circuit current, Isc, is the maximum current generated by the cell under 

illumination, when the cell terminals are connected. In literature, it is common to see the short 

circuit density Jsc used instead to compare cells of different areas because the current generated 

by the cell is proportional to the area of illumination. 

The range between 0 through Voc is the working range of the cell, where power is 

produced. The power in the cell is calculated by multiplying the respective current and voltage at 

a particular coordinate point on the current – voltage or I-V curve. From the I-V graph, Vmp and 

Imp   both correspond to the point on the graph that delivers the maximum power, Pmp. [9] 
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Pmp = Vmp x Imp                                                                (1.0) 

From intuition, it can be deduced at the maximum point, the resistance of the cell is 

tantamount to Vmp / Imp. Also, from the Vmp and Imp   quantities, the fill factor of the solar cell can 

be computed. The fill factor is a quantity describes how “square” the I-V curve is.  This quantity 

is computed using the equation: [9] 

FF = Pmp / (Voc x Isc)                                                      (1.1) 

Furthermore, the efficiency of the cell, η, is the ratio of the power produced at the 

maximum point to the incident light power, denoted as Pin. It is computed by the equation[9]:  

η = Pmp / Pin                                                                  (1.2) 

Taking the fill factor into consideration, the new equation becomes [9]: 

η = (Voc Isc FF) / Pin                                                       (1.3) 

Jsc, FF, Voc and η are key performance parameters of a solar cell and are extracted from a J-V 

curve. For standardization purposes, they must be defined under standard illumination conditions 

under AM1.5 spectrum and 1000 W/m2.  To obtain a J-V curve, different potentials from reverse 

to forward are applied, while measuring the current output.  Often, the resulting values of the 

measured current depict an anomaly, i.e.  It changes with measurement conditions, as hinted in 

this work by Nazzeruddin et al. [11]. This phenomenon is called hysteresis, and it makes it 

difficult in determining the efficiency of a Perovskite solar cell device. 

As mentioned earlier, the scan direction for a J-V curve should run from reverse to 

forward i.e. negative to a positive potential. If it runs in an opposite manner, the PSC cells tend 

to exhibit higher efficiencies. Also, the scan rate i.e. time taken to apply a certain potential in v/s 

can affect PSC performance. To illustrate, conventional scan rate values are 0.1 – 0.2 v/s [11]. 

Higher PSC efficiencies are exhibited with scan rates 10v/s or more, which is an aberration from 
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normal working conditions [8, 11, 12]. 

2.6 Perovskite Solar Cells 

The Perovskite solar cell is a direct legacy of the dye-sensitized solar cell (DSSC) or 

Graetzel cell. The DSSCs were first introduced in the early nineties by Graetzel and O’Reagan 

[13]. The DSSC cells constitute of an organic dye, a metal oxide anode, a liquid iodide 

electrolyte, or a solid state hole extraction layer. The dye aids in photons absorption and current 

transfer to the semiconductor substrate. The first archetype of the Perovskite solar cell was 

fabricated using the similar architecture of the DSSCs in 2009, with a Perovskite light absorber 

used in place of the conventional dye.  

Perovskite is a name given to the material with the crystal structure ABX3, just like 

calcium titanate (CaTiO3). It was discovered by Gustav Rose in 1839, and named after Lev 

Peroski[14].    The most commonly employed Perovskite material used in photovoltaic is gotten 

through the synthesis of methylammonium iodide CH3NH3I or MAI and lead salt PbI2, to yield 

CH3NH3PbI3.  The organic part of the Perovskite i.e. MAI is typically the amine derivative while 

the inorganic part i.e. PBI is a lead halogen compound[8].  To break it down further, A is an 

organic cation CH3NH3
+, B is a divalent metal cation Pb2+, and X is a monovalent halide ion I-. 

Some other mixed halide Perovskite types can be synthesized as well, by using different reagents 
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Fig 9:  Perovskite Crystal Structure and XRD Spectrum showing respective peaks. [8] 

The reaction of the MAI and PbI2 is vital in the Perovskite absorber formation. Different 

compositional engineering techniques have been explored to derive mixed halide perovskites 

with good film morphology, for instance, substituting iodine with chlorine or bromine, or the 

methylammonium with formamidinium [15].  The table below shows different Perovskite types.  

Table 1: Compositionally Engineered Metal-Halogen Perovskites. [8] 

 

OMHP was first employed as a dye for DSSC in 2009. The reported efficiency for this 

cell was 3%[16]. The components of a DSSC are the mesoporous n-type TiO2, the light 

absorbing dye, and redox active electrolyte. The porous TiO2 provides sufficient internal surface 

area to adsorb sufficient dye so as to absorb the incident sunlight. For the original DSSC 

archetype, films with a thickness of about ten μm are a prerequisite to enable sufficient light 
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absorption over the absorbing region of the dyes[16]. 

Research on the use of alternative approaches like inorganic absorbers or thin 

semiconductor absorbers began. In a bid to find a replacement for the conventional dyes, the first 

Perovskite sensitized solar cell using CH3NH3PbI3 and CH3NH3PbBr3 absorbers and either an 

iodide-triiodide redox couple or a polypyrrole carbon black composite solid state hole conductor,  

had efficiencies between 0.4% and 3.5% for solid state and liquid electrolyte cells, 

respectively.[17, 18]  

Furthermore, Park et al. fabricated a CH3NH3PbI3   liquid electrolyte solar cell, by 

employing some optimization techniques on the Perovskite processing and titania surface, and 

reported a PCE of 6.5%.[19] Despite laudable efforts, the setback of these electrolyte bases 

Perovskite sensitized solar cells stems from the quick decomposition and degradation of the 

Perovskite absorber in the electrolyte.[19] Thus, replacing the electrolyte with a solid-state hole 

material was proposed to be a solution to this setback. 

This motivation instigated the development of a solid state Perovskite solar cells using 

Spiro OMETad as the hole transport material, CH3NH3PbI3−xClx mixed halide perovskite and 

CH3NH3PbI3, with a PCE of up to 10% reported, respectively.[20, 21] Further investigation of 

the charge transport properties of the Perovskite sensitized solar cell led to the development of 

the so-called “meso-superstructure” Perovskite solar cell, where mesoporous TiO2 was replaced 

with Mesoporous insulating Al2O3; this cell had an efficiency of up to 10.9%.[21] Interesting 

observations from this breakthrough include the discovery of the broader properties of the 

Perovskite light absorber, which makes them ideal for photovoltaic technology, especially the 

ambipolar charge transport properties as demonstrated in the planar heterojunction Perovskite 

solar cell prepared by vapor deposition with a high PCE of 15%.[22] These features will be 



17 
 

discussed briefly in the following sections. 

2.6.1 Characteristics of Organolead Halide Perovskites 

The Perovskite solar cell boom attracted a lot of research interest, and the result is a 

stupendous increase in the efficiency of the Perovskite solar cell more than 15% in a very short 

span of time. The efficiency has surpassed 20% as at late 2016. The essential properties that 

make organolead halide perovskites candidates of choice as light harvesters when compared to 

the dyes and semiconductors for solar cells are: 

2.6.2 High light Absorbance: Perovskite absorbers have the upper hand in light absorbance 

over the entire visible spectrum, which expedites broader light absorption in thin films. This 

property makes it ideal for solid state cells, as it paves a way to forego the thickness induced 

transport and recombination,  which hinders light absorption and photocurrent generation.[17, 

23] 

2.6.3 Ambipolar Transport Properties: Etgars work on HTM free devices - nanoporous 

TiO2/ CH3NH3PBI3 with ~5.5% PCE[24] -  and Snaith’s mesoscopic Al2O3/mixed halide 

CH3NH3PbI3−xClx
 [21] cell gives credence to the ambipolar properties of organolead halide 

perovskites (exhibiting both p-type and n-type properties, respectively). This property is 

advantageous because it shows a potential for use in solar cells with varying configurations to 

achieve sterling photovoltaic performances. 

2.6.4 Charge Generation and Charge Transport Properties: When illuminated, the 

perovskite absorber material generates charges directly or from exciton dissociation, depending 

on the crystallites dimensions [8].  Thus, as photo carriers are generated, the Perovskite absorber 

material transports the photo-generated carriers, according to the intrinsic electric field. 

Furthermore, an understanding of charge transport properties is critical for device design. In 

addition to their attractive charge generation, perovskite absorbers exhibit good charge carrier 
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mobility and low recombination rates [24]. Independent research work on the transport 

properties of CH3NH3PbI and CH3NH3PbI3−xClx respectively via time-resolved 

photoluminescence and transient absorption spectroscopy has been studied elsewhere [25, 26]. 

According to results from these referenced research works, for CH3NH3PbI, the diffusion 

lengths of electrons and holes are ~130nm and ~100 nm; and for CH3NH3PbI3−xClx, the 

diffusion lengths of electrons and holes are ~1100nm and ~1200nm, respectively. These long and 

balanced charge diffusion lengths are vital for device architecture [23]. To illustrate, if diffusion 

length of charge carrier is shorter than the depth of light absorption (500-600nm), the 

mesoscopic sensitized devices are preferred as demonstrated in the literature [27]. On the other 

hand, if diffusion length of charge carrier is longer than the depth of light absorption, planar 

junction devices are suitable, as demonstrated in the literature [22]. 

2.7 Perovskite Solar Cell Architecture 

Perovskite solar cells can be categorized into the mesoporous or planar configuration. In 

the mesoporous category, the substrate is usually a fluorinated tin oxide transparent electrode 

substrate,  upon which is deposited a compact TiO2 layer which is obtained by firing at high 

temperatures – as high as 500 degrees Celsius -  to convert titanium isopropoxide in TiO2.  This 

small layer is the electron extracting layer. Furthermore, a mesoporous layer is deposited to form 

a scaffold-like structure. Then, the Perovskite layer is then deposited to fill the pores of the 

mesoporous scaffold and form a capping layer, followed by the deposition of a hole transporting 

layer, and metal cathode to complete the cell.  

On the other hand, in the planar configuration, there are two subsets, thus – standard and 

inverted. The standard subset can be regarded as quasi-mesoporous configuration; the notable 

difference is the absence of the mesoporous scaffold. As can be guessed, this allows for the 
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realization of a simpler device configuration. The inverted subset comprises a hole transport 

layer (usually PEDOT: PSS) deposited on the glass substrate, and the electron extraction layer 

(PCBM) deposited on top of the Perovskite. It is not uncommon to see descriptions of Perovskite 

solar cell architectures according to the photocurrent direction i.e. N-I-P or P-I-N (which will be 

explained in detail later in the chapter).  Having mentioned this, brief descriptions of these 

architectures are given in the following paragraphs. 

2.7.1 Mesoscopic N-I-P Architecture 

Mesoscopic N-I-P  is the common Perovskite cell architecture and a descendant of the 

mesoscopic DSSC. In pioneer mesoscopic perovskite devices, a thick porous layer of up to 

500nm was employed as a light absorber.[20] The mesoscopic layer decreases carrier transport 

distance and thus expedites charge collection. Enhanced crystallinity in the perovskite absorber 

begets improved device efficiency, and this can be achieved by thinning the mesoporous layer to 

a suitable size of about 150 - 200 nm. Noteworthy also, the thickness of the mesoporous metal 

oxide directly influences the pore filling fraction of the perovskites [28] i.e. lesser the porous 

layer thickness i.e. <300 nm,  the better the pore filling fraction, the better the perovskite capping 

layer formation on top of the porous structure. Consequently, high charge transport rates and 

high collection efficiencies at the electron selection material interface stems from adequate pore 

filling cum capping layer formation.  

2.7.4 Planar N-I-P Standard Architecture 

This solar cell architecture is an outgrowth of the mesoscopic n-i-p structure, but here the 

organolead halide Perovskite is sandwiched directly between the electron transport material and 

the hole transport material. This architecture can be formed by meticulous deposition of the 

Perovskite absorber, control of the morphology and the engineering of the carrier transport layer 



20 
 

interfacial contact and electrodes. A record PCE of 19.3% has been reported in the literature 

from the n-i-p planar structure after careful optimization of the interface between the electron 

transport material, Perovskite and hole transport material.[29] 

2.7.5 Planar P-I-N or Inverted Architecture 

This architecture is similar to the planar n-i-p structure. The only difference is the 

deposition order of the electron transport and hole transport material. In essence, when the hole 

transport material is deposited on the substrate first, the resulting cell architecture follows a p-i-

n structure.  Notable hole transport materials that have been employed in fabricating cells using 

this architecture include poly(3,4-ethylenedioxythiophene) poly(styrene sulfonate) or PEDOT: 

PSS (p-type conducting polymer), Inorganic NiO[30, 31]  and oxide hole transport materials 

like NiO/mp-Al2O3, c-NiO/mp-NiO [32, 33]. Notable electron transport materials are organic 

hole-blocking layer [6,6]-phenyl C61-butyric acid methyl ester or PCBM, inorganic ZnO/TiO2 

[31, 33]. 

Indeed, the design of p-i-n device paved the way to exploit the existing body of 

knowledge of interface engineering amongst the organic PV research community for further 

research and development of the Perovskite solar cells. There is also a mesoscopic p-i-n device 

architecture with a PCE of 17.3% reported.[34] 

2.7.4 HTM Free Mesoscopic Solar Cell Architecture 

Because CH3NH3PbI has ambipolar characteristics, some researchers have further 

demonstrated this by fabricating an HTM free solar cell. One such work reported a PCE of 5.5% 

in a CH3NH3PbI/Mesoporous TiO2 heterojunction device[24].  Further optimization of this solar 

cell architecture has yielded efficiencies of over 8% [35, 36].  Nevertheless, this type of 

architecture yields devices that have a poor fill factor and low output voltage (in comparison 
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with those that incorporate an HTM) [23].  

 

Fig 10: Historical evolution of the Perovskite solar cell and predicted future directions for the 

Perovskite technology as at 2013 [3] 
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Fig 11: Timeline of various solar research cell efficiencies as from 1976. [37] 
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Fig 12: Architecture of Mesoporous and Planar perovskite solar cells (left)[38]. Right is (a) n-i-p 

mesoscopic architecture, (b) n-i-p planar architecture, (c) p-i-n planar architecture, (d) p-i-n 

mesoscopic architecture [39] 

 

Figure 13: Device architecture for a depleted junction Perovskite solar cell or HTM free solar 

cell that operates according to the p-n mechanism.[23] 

2.8 Fabrication Methods 

Good morphology, phase purity, film uniformity, and crystallinity are essential qualities 

for Perovskite absorber films to yield high performances. In essence, attention to issues such as 
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the precursor composition, processing condition, deposition approach – which altogether 

influences the quality of the Perovskite absorber film, is sine-qua-non to high performance. With 

a particular interest in the deposition approach, established preparation methods for Perovskite 

solar cells are Single step solution deposition[31], two step solution deposition[32], two step 

vapor assisted deposition[34], thermal vapor deposition[40]. These deposition approaches will be 

described in the next paragraphs. 

2.8.1 One Step Solution Deposition  

This method is the most popular to process Perovskite films due to the relative simplicity 

and low costs involved. The Perovskite precursor is synthesized  by dissolving the salts in polar 

solvents like DMF, with appropriate ratios. Then, the Perovskite film is prepared by spin coating 

the Perovskite precursor solution, followed by annealing on a hot plate. Several parameters need 

to be taken into consideration during the one step solution deposition, to obtain good 

morphology in the Perovskite films.. Some of these parameters include the humidity levels, the 

composition of the precursors, the temperature and substrate material.  

 

Fig 14: Single step deposition[39] 

In 2014, a subset of this one step deposition method – the so-called “anti-solvent” 
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approach was introduced, where the precursor salts in polar solvents are quenched by a non-polar 

solvent [41, 42].  This “anti-solvent” approach involves placing drops of anti-solvents like 

toluene or chlorobenzene during the while the spin coating is in progress, which expedites 

crystallization and good film morphology. This was reported to have given a certified 16.2% 

efficiency as reported in the work of Jeon et al.[43]. 

2.8.2 Two Step Solution Deposition 

This method entails introducing the first precursors (PBI2 and MAI) independently. In 

other words, the PBI2 precursor is first to spin coated on the substrate, allowed to precipitate and 

the Perovskite film is formed by introducing the MAI solution either by spin coating[44] or by 

dipping the substrate in a solution containing MAI [26]. This method was employed in the first 

certified Perovskite solar cell by Burschka et al. in 2013 [26].  This method produces very dense 

Perovskite films and high-efficiency devices utilizing this approach have been reported in 

literature [43, 45] 

 

Figure 15: Two-step solution deposition[39] 

2.8.3 Vapor Assisted Solution Deposition 

This is quasi two step solution deposition, with the sole difference being that the MAI is 
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introduced as a vapor [46]. This method is time consuming due to the protracted solid-gas 

reaction. Despite giving good morphology and uniform surface coverage, this approach is not 

usually a choice method due to the time-consuming process. 

 

Figure 16: Vapour assisted solution deposition[39] 

2.8.4 Thermal Vapor Deposition 

Here, both PbI2 and MAI are introduced in the vapor phase in tandem. Liu and coworkers 

fabricated a Perovskite solar cell having a high efficiency with this method [22]. An advantage of 

this approach is the resulting pin-hole free, conformal coating of the ETM or HTM on the 

substrate. However, due to the plebeian thermal stability of the Perovskite,   precise control of 

the deposition temperature is essential to obtaining a uniform Perovskite film when using this 

approach. 
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Figure 17: Thermal Vapour assisted deposition[39] 

2.9 Cell Components 

This research is based on the mesoscopic n-i-p Perovskite solar cells architecture. These 

cells typically contain four major components namely: the semiconductor materials (ETLs and 

counter HTLs) as photo-generated charge carriers, the perovskite light absorber. 

2.9.1 Semiconductor Material 

The choice of semiconductors for use in perovskite solar cells is extensive and depends 

on the device architecture to employed. For the mesoporous n-i-p architecture, the most common 

semiconductor used as the electron collection layer is TiO2. TiO2 is a naturally occurring oxide of 

titanium. It is an n-type semiconductor, and it is a popular choice because of its attractive 

attributes like non-toxicity, easy handling, excellent photocatalytic activity, stability against 

corrosion. [47] It exists in three naturally occurring crystalline phases namely – anatase and 

rutile (which has a tetragonal crystal structure) and brookite (which has an orthorhombic crystal 

structure). Table 2 shows the structures and properties of TiO2. 

Noteworthy, anatase structure has a higher electric conductivity and is the leading 

material of choice in solar energy and photocatalytic research. [48] Anatase has a 3.23eV, rutile 

has a 3.05eV and brookite has a 3.26eV band gap, respectively. Also, anatase phase also 
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possesses one “indirect” band gap of 3.23eV, while it is rutile counterpart has one direct band 

gap of 3.05eV and one “indirect” band gap of 3.10eV.[49]. The rutile phase of TiO2 is very 

thermodynamically stable because it can withstand very high temperature and pressure, while the 

anatase and brookite are quasi-metastable – they transform to the rutile phase when fired to very 

high temperatures [50, 51]. 

TiO2 is used as blocking layer or compact layer and mesoporous layer. Apropos of the 

blocking layer, it is important that this layer is pinhole-free, so as to avoid recombination. Thus, 

upon deposition, high-temperature sintering is required to form the thin, compact layer film fully. 

For commercialization and large scale production purposes, high-temperature sintering is a 

drawback. However, Wang et al. [52] demonstrated that a with a nanocomposite of 

graphene/TiO2, it is possible to eliminate the need for high-temperature sintering.  

Furthermore, as a mesoporous oxide layer, TiO2 collects the photogenerated electrons 

from the light absorbing layer. Typical choice materials for the mesoporous semiconducting 

layer have conduction bands lower than the excited state of the light absorber and a good charge 

carrier mobility[53]. In essence,  other typical choice materials that have been utilized in PSCs 

include Al2O3, ZnO, NiO, ZrO2 [53]. Notably, in DSSCs, incorporating carbon nanomaterials in 

the TiO2 photoelectrode has shown splendid improvements in device performance. [54, 55] 

On the other hand, when the sensitizer is illuminated, a hole transport layer is needed to 

extract the photo-excited holes. Materials used for the hole transport materials have suitable band 

gaps that expedite the hole extraction and impede electron extraction. In PSCs, the popular hole 

transport materials are SpiroOmeTAD, poly(triarylamine) PTAA and poly(3-hexylthiophene) 

P3HT – with spiroOmeTAD being the most popular. However, spiroOmeTAD is very expensive 

and induces stability issues in PSC are used in. Nevertheless, carbon cum polymer-based 
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composite materials have been demonstrated as a good alternative (15.3% efficiency)  to 

traditional hole transport materials – even with an added advantage of improving the cell stability 

[56]. 

Table 2: Properties and Structure of the naturally occurring crystalline phases of TiO2 [57] 

 

2.9.2 Perovskite 

This is the heart of the perovskite solar cell and the light-harvesting layer. . Indeed, there 

is a variety of quasi-perovskite compounds, but of all these, the most investigated are the 

methylammonium lead iodide CH3NH3PBI3 or MAPBI3. Worth mentioning is the biggest 

advantage of the organometal halide perovskite which is the ability to fine tune their 

optoelectronic properties simply by substituting by individual ions. For instance, it is possible to 

substitute the iodine in MAPbI3 with either chlorine or bromine to yield MAPbCl3 or MAPbBr3 

respectively [58]. 
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2.9.3 Top Electrode 

In perovskite solar cells, the back metal electrodes that complete the cells are mostly gold 

and silver. They are usually thermally evaporated to a predefined pattern and a few nanometers 

thick. They serve as the cathode of the PSC in the mesoscopic n-i-p architecture. Indeed, thermal 

evaporation of these noble metals involves some intricacies and complexities of the vacuum 

process. In addition to the cost of the metal electrode, this puts a question mark on the viability 

of large-scale production using them. Thus, cheap alternative materials to be used in place of the 

conventional Ag or Au will be a good step towards commercialization.  

Interestingly, carbon nanomaterials have been used in other types of solar cells, and have 

exhibited sterling and comparable device performances. This is expected due to the attractive 

attributes of the carbon nanomaterials such as chemical stability and matching energy levels. In 

this regard, the next section that follows will sieve through a few attempts in literature that 

utilizes carbon materials in Perovskite solar cells. 

2.10 Carbon-Based Nanomaterials in Perovskite solar cells 

As established in the preceding section, high-performance PSC devices require expensive 

hole transport materials and cathode. Furthermore, popular materials like doped Spiro OmeTAD 

(doped with lithium salts), and metal electrodes like gold and silver, are expensive…especially 

the metal electrodes, which need to be deposited by a complex and costly vacuuming process. 

[22, 59] As the saying goes, the simpler, the better. Thus, alternative materials, simpler processes 

that are scalable and non-energy intensive are essential for future commercialization of the PSC 

devices. 

In this regard, HTM free PSCs with carbon-based counter electrodes have been proposed. 

[60-62]. Carbon based HTM free PSCs are usually processed by depositing a scaffold layer 
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(usually TiO2) and an insulating layer (Usually Al2O3) and carbon layer as the mesoporous 

layer. The light absorbing layer – the Perovskite is then “loaded” to infiltrate the mesoporous 

layer [61, 63]. Also, another way to fabricate carbon-based devices is to use simple techniques 

like doctor blading or screen printing. Here, a paste is doctor bladed or screen printed on the 

already spin coated Perovskite layer and heated at about 100 degrees Celsius.[64, 65] 

In one of the earliest research study  using carbon nanomaterials in PSCs, Li, et al. 

utilized carbon nanotubes networked films as a cathode in HTL free devices and compared with 

HTL free devices containing Au electrode[66]. They reported an efficiency of the counter 

electrode based HTL free device was 6.87%, while that of the Au-based HTL free cell was 

5.14% [66]. The efficiency was further boosted to about 9.9% by adding a doped SpiroOmetad 

layer. Nevertheless, the carbon nanotubes network films exhibited some functionalities as both 

hole transport layer and the counter electrode. 

 Also, the work of Han et al. shows the viability to utilize carbon nanomaterials as 

counter electrodes in MAI based PSCs [67]. They reported, and efficiency of 6.64% and an 

important takeaway from their study is that the carbon-based counter electrode can serve as an 

HTL in tandem. In another study, 2% weight of multi-wall carbon nanotubes in Spiro Ometad 

deposited on a layer of doped Spiro Ometad improved the power conversion efficiency from 

12.8% to 15.1%, by enhancing the selectivity of the composite hole layer. [68]. 
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Figure 18: The device uses a laminated CNT film (left) as an electrode without dedicated hole-

transport material and is shown to perform even better than a control device with a gold electrode 

(right). [66] 

Furthermore, in an interesting study, Wei et al. used their so-called “embedment 

technique” to embed MWCNTs into the Perovskite layer.[65] Their devices exhibited an 

impressive fill factor of 0.80 and a PCE of 12.7%. They also utilized other carbon materials – 

carbon black and graphite for comparison purposes. In essence, they posited that the MWCNT 

had a better interfacial morphology which was most likely responsible for the sterling 

performances. Also, the MWCNT based devices showed some signs of being hysteresis free, in 

comparison to the other materials used in their research.[65]  

 

Fig 19: The embedded MWNT network has, therefore, excellent, continuous contact with the 

perovskite layer. As a result, the devices exhibit fill factors of up to 0.80 (left) and appear to be 

hysteresis free.[65]  
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Fig 20: Schematic of Gopi et al.’s methods of clamping solar cells, with method 3 (CNTs buried 

into the perovskite) showing better performances.[64] 

Finally, Gopi et al. introduced a clamping concept for hole conductor free PSCs by 

interfacing the nanotubes with the light absorber thin film.[64] Their champion device with an 

efficiency of 7.83% was prepared by doctor blading a layer of MWCNTs on the PBI layer, and 

subsequent spin coating of the CH3NH3I for conversion into CH3NH3PBI3. They reported an 

improved interface contact between the nanotubes and the Perovskite. Their devices were all 

fabricated in atmospheric conditions. 

2.11 Stability of Perovskite Solar Cells 

PSCs have demonstrated startling conversions of energy from sunlight into electricity 

with sterling power conversions efficiencies, of which within a short span of time has increased 

tenfold. However, there are inherent impediments to the commercialization of the perovskite-

based solar cells - the main one being the stability of the cells over time. 

Noteworthy, the literature on the stability of perovskite solar cells is quite convoluted 

because no unvarying aging testing scenarios are utilized. Stability and future eventual 
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commercialization of these cells of interest greatly depend on some factors – but chiefly among 

them is humidity. 

Degradation of perovskite-based solar cell device performance by humidity is brought 

about by the interaction of water molecules [69]. The heart of the perovskite solar cell - the 

perovskite itself - is prone to ionic defects that form during fabrication or when being tested. 

These defects are capable of migrating to the edge of the perovskite layer and form a space 

charge layer that impedes charge extraction efficiency and the continuous accumulation of these 

defects can interfere with the selection contact layers at the Perovskite interface [70, 71]. Also, 

the most commonly used top electrode for Perovskite-based solar cells - gold - contributes to the 

performance losses due to its migration within the hole transport layer. Nonetheless, it has been 

shown that mixed compositions, chemical doping, crystal cross-linking are strategies that have 

showed some promise to improve device stability. [72, 73] 

2.12 Levelized Cost of Energy of Perovskite Solar Cells 

The Levelized cost of efficiency (LCOE) is a term used to account for the electricity 

costs associated with different sources of energy. That is what counts, i.e. how much one has to 

pay for 1 kW of electric energy.  According to the U.S Energy Information Administration 

Levelized Cost and Levelized Avoided Cost of New Generation Resources in the Annual Energy 

Outlook 2015 report, for the traditional energy sources, the LCOE is between 7.04 – 11.90 cents 

per Kwh, and for the photovoltaic technologies, the LCOE is between 9.78 – 19.33 cents per 

Kwh.[74]  In their study, Han et al. predicted the LCOE for Perovskite solar cells to be ~3 cents 

per Kwh, taking into consideration the module costs and efficiency of 12% and a lifetime of 

about  15 years[75]… which is a very competitive price.  
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Figure 21: Module costs and efficiency plot (left) and LCOE comparison for different energy 

sources (right). [75] 
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CHAPTER 3 

RESEARCH METHODOLOGY 

3.1 Basis of Procedure 

The method of fabrication of the cells used in this research is tantamount to the widely 

accepted method for making mesoporous n-i-p cells and is modeled on papers by on papers by 

Gopi et al. [64] and Wei Zhanhua [65]. The materials used include an FTO-coated glass 

substrate, a compact TiO2 precursor, a mesoporous TiO2 precursor solution, a perovskite light 

absorber solution, and a counter electrode paste.  The procedures employed therein were scaled 

down to suit available laboratory equipment. All materials were used without further purification 

unless otherwise stated. Some chemicals were omitted or substituted, and some complex surface 

treatments were foregone.  Also, the process employed for paste making is modeled on the paper 

by Gopi et al. [64] using multiwall carbon nanotubes and carbon black.   

3.2 Substrate Preparation 

Commercial FTO-coated glass slides were purchased. The conductive faces of the glass 

slides were determined using an ammeter. The ammeter knob was set to the 2-ohm mark, and the 

faces of the glass slides were lightly touched with the probes. The non-conductive side of the 

glass did not show any value on the ammeter. Then, the glass slide was secured on a fixture and 

carefully cut into several pieces, 1cm by 1cm 

3.2.1 FTO Glass Pattern Etching 

Following the cutting of the glass slides, the 1in by 1in pieces were placed on a bench top 

and patterned by etching the conductive FTO. A scotch tape was used to tape the conductive area 

of the glass, so as to expose a minute area at the bottom of the conductive side of the glass. Then, 

zinc powder was carefully sprayed at the exposed area of the glass. Furthermore, a drop of 2M 
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HCL was placed directly on the zinc-covered area. A reaction occurs, which eventually etches 

FTO off the exposed area of the conductive side of the substrate. 

3.2.2 Cleaning of Substrate 

After the FTO etching, the etched substrates were washed with a detergent and 

thoroughly rinsed with deionized water. Afterward, the substrates were placed in a beaker 

containing acetone and placed in a sonication bath for 10 minutes. Similar procedure was 

followed for subsequent sonication procedures, but this time with isopropyl alcohol solution. 

Following the sonication bath cycle, the substrates were air dried and placed conductive side up 

in Harrick plasma cleaner for 20 minutes. 

 

Fig 22: Harrick Plasma Cleaner PDC 32G used for plasma cleaning of the substrates 

3.3 Preparation of the Compact and Mesoporous TiO2 precursor solutions 

The compact TiO2 was prepared using 0.3 ml of titanium isopropoxide and 0.1 ml of 

HCL in 5 ml of anhydrous ethanol. After mixing the three together, a small magnetic ball rinsed 
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in ethanol was put inside the vial containing the mixtures. The vial was placed on a magnetic 

stirrer. To prepare the mesoporous layer, a commercially available TiO2 paste 18NR-T (Sigma-

Aldrich) was purchased. To simplify for the spin coating process, the paste was dissolved in 

excess ethanol in a ratio of 1:3. The glass vials containing the mesoporous layer precursors were 

further placed in a sonicating bath for ten minutes, and then on a pulsing vortex mixer for 5 

minutes. 

3.4 Preparation of the Carbon Paste 

Carbon paste was prepared according to the method reported in Gopi et al.’s work[64]. 

Herein, 0.05 g of the necessary nanomaterial was put in a mortar. 2 ml of ethanol was added. The 

mixture was stirred by hand for about 15 minutes. After that, 0.03 ml of ethyl cellulose and 1 ml 

of terpineol was added to the mix, following by hand stirring for another 15 minutes. The final 

mixture was collected in a small glass vial. 

 

Fig 23: MWNT (Top left) and Carbon Black (top right) used to make pastes.  
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3.5  Solar Cell Fabrication 

Following the preparation of the prerequisite materials explained above, the solar cell 

fabrication commenced. The fabrication was performed in air, with controlled humidity (less 

than 42%). A vacuum enabled spin coater was connected to the vacuum port of a fume hood. 

The 1in by 1in glass slides were placed on a bench top. A scotch tape was used to define the area 

to be exposed during the spin coating process. The substrate was then transferred to the spin 

coater in the fume hood.  

The compact TiO2 was spin coated on the substrate at 3500 rpm for 40 seconds. The tape 

was removed from the minute region of the substrate, and the substrate was placed in an oven. 

The substrate was sintered at 500 degrees Celsius for 30 minutes. After the sintering, the 

substrates were given ample time to cool down to room temperature. Then, the mesoporous TiO2 

layer was spin coated at the same rpm on the substrates and annealed at 500 degrees Celsius for 

30 minutes, and the substrates were allowed to cool to room temperature as well.  

Furthermore, commercially available perovskite precursor solution 40% DMF (purchased 

from Sigma-Aldrich) was spin-coated on top of the mesoporous layer at 3500 rpm for 40 

seconds. Then, the substrates were placed on a hot plate preheated to 100 degrees Celsius for 20 

minutes. During this heat treatment, the Perovskite layer changes from yellow to dark brown 

indicate the formation of the Perovskite as shown in the figure below. Following this, the 

prepared carbon paste was carefully doctor bladed on top of the perovskite layer, an area of 

about 0.15cm2. The following illustration shows the procedural schematics used to fabricate the 

cells. For the difference factor comparison in Section 4.6 of Chapter 4, a base cell (without any 

carbon based CE) was fabricated. 
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Fig 24: Procedural schematics for device fabrication of 1Layer and 2Layer devices

Fig 25: Procedural Schematics for fabrication of interlayer devices 
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Fig 26: A Finished device (left). Device masked to give an active area of about ~0.1cm2. 

3.6 Solar Cell Testing 

The constructed solar cells were tested using solar simulator equipment. This consisted of 

a PTI Photon Technology Monochromator short arc Xenon lamp model A1000. The irradiance 

of the projected light on the solar cell was measured using a reference solar cell. Alligator clips 

were used to connect the cathode and anode to the measuring instrument that registers voltage 

and current. The output data are recorded in text files. Oriel software was used for determining 

the current vs. voltage curve and other key performance indicators. The active area of the tested 

cells was about 0.1cm2, defined by a black mask. 

 

Fig 27: Solar Simulator equipment 
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CHAPTER 4 

RESULTS AND ANALYSIS 

4.1  Carbon Material Morphology 

As hinted earlier, the performance of a solar cell greatly depends on several 

characteristics. For the solar cells investigated in this research, the morphology of the carbon-

based nanomaterials greatly influences the performance mainly due to the direct impact on the 

interfacial quality of the Perovskite light absorber.  

4.1.1 SEM Images of Perovskite film Surface Prepared by Spin-Coating 

 A scanning electron microscope was used to capture the facial/top view and cross-

sectional view, To examine the morphology and interfacial quality of the cells fabricated for this 

research. The figures 28 and 30 below portray different SEM images for the cells.  Upon close 

examination of the above SEM images, one can deduce that the Perovskite films are relatively 

uniform.  

 

Fig 28: Top view SEM image of FTO/TiO2/Perovskite layer prepared by spin coating 
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XRD characterization also images also shows that the Perovskite formation is good. As 

such, the characteristic peaks can be seen on the XRD images. From the x-ray diffraction, 

annealing the precursor solution in 100 degrees Celsius in ambient conditions induces 

crystallizations and resulted in the 2-theta characteristic peaks at 14.00, 28.25 and 31.69 

corresponding to (110), (220) and (310) for the CH3NH3PbI3 Perovskite, indicative of a 

tetragonal crystal structure.[76] 

 

 

Fig 29: XRD of the Perovskite film prepared at room temperature, showing the characteristic 

peaks. 

In figure 30, SEM images of a cell with MWCNT counter electrode are shown. Upon 

close examination, it can be deduced that the MWCNTs formed a close-packed, chain-like 

arrangement which promotes adhesion of the nanotubes with the Perovskite thin films. This little 

diameter MWNT seem to anchor or “bridge” the Perovskite as indicated in the figure with the 

white arrow. This bridging may perhaps contribute to a continuous charge transfer pathway. 
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Fig 30: Top view SEM image of FTO/TiO2/Perovskite/MWCNT CE 

4.4  Photovoltaic Performance. 

The photovoltaic performance of the samples was investigated using J-V characteristics 

under ideal conditions (AM 1.5). The J-V curves for the cells with a carbon black counter 

electrode paste, for one layer and two layers, are shown below.  During preparation, it was 

problematic to continue preparation of samples with more than two layers of the as prepared 

paste. In essence, a decision was made to prepare only one and two layer carbon paste cells for 

further testing and comparison. Below are tables for the performance summary of the devices, 

for the backward scan, and forward scan (Appendix section). 
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Table 3: Average Efficiency, Standard deviation and standard error for both MWCNT and 

Carbon black samples, backward scan 

 

4.3 J-V Curve KPI Analysis 

From the figures below, the short circuit density for the one layer carbon paste electrode 

cell is about 11 mA/cm2, and the double layer 11.25 mA/cm2. Also, increasing the thickness of 

the counter electrode by an additional layer ~40µm, slightly increases the performance 

parameters of the cell. The open circuit voltage of the one layer cell is 75 V, while that of the 

two-layer cell is 0.78 V. also, the fill factor increases by a factor of 6%. The most noticeable 

effect of the increased thickness of the counter electrode paste is perhaps the efficiency, which 

increases by about 12%. We will analyze more on the efficiency of the devices in the hysteresis 

section of this chapter. 
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Fig 31: J-V curve for Perovskite solar cells with carbon black paste  

Furthermore, the photovoltaic performance of the Perovskite solar cells with the as 

prepared multiwall carbon nanotubes pastes as counter electrodes were analyzed. The J-V curves 

for these cells are shown below. It is evident that the carbon nanotubes based cells have better 

short circuit densities, and also exhibit better power conversion efficiencies (more on this in the 

hysteresis section) for the single layer and double layer, than the carbon black based devices. 

These improvements can be attributed to the sterling conductivity of the multiwall carbon 

nanotubes, which is about 7.43 times higher than that of carbon black [65]. Furthermore, the 

better performances of the multiwall carbon nanotubes based cells can be attributed to the 

intimate, physical contact between the nanotubes and the Perovskite surface as seen from the 

SEM in figure 30.  

Also, for the interlayer devices with “buried” multi-walled carbon nanotubes within the 

Perovskite, the photovoltaic performances is compared to that of the other devices and shown in 
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figure 33. Fabrication of these cells followed the same earlier procedure. This time, Perovskite 

carbon nanotubes interlayer cells were prepared by doctor blading the MWCNT paste on the 

Perovskite surface and allowing it to dry at room temperature. Subsequently, another layer of 

Perovskite was loaded on top of the same cell for 3 minutes to expedite permeation, and then 

spin coated.  The procedural fabrication schematic is shown in figure 20.  

 

Fig 32: J-V Perovskite solar cells with multi-wall carbon nanotubes paste as counter electrode 

cum hole transport material. 

The J-V curves for the MWCNT devices are shown in figure 32. It is not surprising to see 

that the MWCNT interlayer device outperforms the other devices. Besides, by burying the 

nanotubes within the Perovskite absorber layer, the very conductive nanotubes network forms a 

pathway or interface that speeds up hole extraction are formed. The short circuit density for the 

interlayer device is 16.62 ma/cm2, and the open circuit voltage is 0.71V. Plus, the fill factor 

improvement from 0.52 for the one layer MWCNT to 0.64 for the interlayer is stupendous. The 

fill factor for the MWCNT two layer was the highest with 0.66. See Table 6 in Appendix section 
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for performance summary. 

 

Fig 33: J-V curves for the as-prepared carbon based Perovskite solar cells 

Another phenomenon worth noting is that the carbon paste based devices have higher 

open circuit voltages of 0.75 V for one layer device and 0.78 V for the two layer devices when 

compared to 0.69 V for the one layer MWCNT based devices and 0.71 for the two layer 

MWCNT based devices.  Interestingly, the open circuit voltage of the MWCNT interlayer based 

device (0.75 V) matches that of the one layer carbon paste device.   
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Fig 34: The open circuit voltages of the as-prepared carbon-based devices 

As per the short-circuit density, there is an improvement from 11.1 mA/cm2  to 13.44 

mA/cm2 for the one layer carbon paste and MWCNT paste, respectively. For the two layer, the 

short circuit density increased from 11.25 mA/cm2 to 13.77 mA/cm2  for carbon black paste and 

MWCNT paste respectively. The appendix provides some of the additional information produced 

in the present study.       

 

Fig 35: The short-circuit density of the as-prepared carbon-based devices 
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Apropos of the intimate contact between the nanotubes and the Perovskite, it is probable 

this may have resulted in a reduction of the series resistance should be responsible for the 

superior performances of the MWCNT paste based devices [64, 65].  Besides the superior 

interfacial contact between the MWCNT and Perovskite absorber layer in the MWCNT 

interlayer, , it is possible that the lower fill factor of the one layer devices is due to poorer 

conductivity, while for the two layer, the extra layer perhaps increases the transmission distance 

for the carriers. [77] 

 

Fig 36: A column chart showing the fill factors of the as-prepared carbon-based devices 

4.6 Hysteresis 

Indeed, Perovskite-based solar cells have boasted very high efficiencies. However, there 

is an effect which to some extent unsettles the accurate determination of the efficiencies of such 

cells. This effect is termed the hysteresis effect. Hysteresis effect has been briefly explained in 

section 2.4 of this report. For the as-prepared carbon based Perovskite, the hysteresis effect was 
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briefly explored, with particular attention to the scan direction effect on device efficiency. To do 

this, a difference factor formula was employed thus: [65] 

   
      

  
                                                              (1.4) 

Where Df   represents the Difference factor, ηf   accounts for the efficiency from the 

forward scan (0.05 V to 0.9 V), and ηb   accounts for the efficiency from the backward scan (0.9 

V to 0.05V). 

 

Fig 37: Hysteresis effect on the efficiency of the as prepared devices (backward scan) 
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MWCNT based devices. Even the MWCNT interlayer boasted exhibited a difference factor of 

just 3.33%.  

 

Fig 38: Difference factor comparison for the as-prepared carbon-based devices 

For the as-prepared devices in this work, the observed minimal hysteresis on the 

MWCNT based devices may be attributed to the effect of the multiwall carbon nanotubes on the 

capacitance of the device. Thus the CB based cells and base cells have larger capacitance, and 

the MWCNT based cells have reduced capacitance.  In as much as all devices have the similar 

configuration and TiO2/Perovskite interface, the seamless CNT/Perovskite interface quality may 

be responsible for the observed minimal hysteresis effects, when compared to the others. For the 

base devices without any carbon CE, one can conjecture from literature that, perhaps, the 

accumulation of ionic and electronic charges at the TiO2/Perovskite interface expedited 

capacitive currents which caused the hysteresis.[78] 
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Hysteresis has an inimical effect on the stability and reliability of photovoltaic operation. 

Some studies postulate that ferroelectric properties of the Perovskite layer material and it’s 

intrinsic characteristics such as ion conduction are a culprit for hysteresis, as well as local 

charging at the contacts through the formation of light accumulation zones. Optimal selection of 

contact layers through careful control of interface can curb I-V hysteresis. [79] 

In their work, Kim et al. argued that the electron selective layer, dense tio2 layer beget 

electrode polarization which also begets I-V hysteresis. They posited that replacing the electron 

selective layer, and hole selective layer (SpiroOmeTAD) with alternative materials may 

significantly reduce the capacitance, thus paving the way for controlling I-V hysteresis [79], 

which may be a reason for the minimal hysteresis observed in the MWCNT based devices. 

Capacitance is an important aspect to investigate the underpinnings of current hysteresis. 

Thus, analyzing capacitive responses helps to understand the charge process and charge 

distribution and its effect on the current. Capacitance is thought to be a function of the Perovskite 

layer thickness and the device architecture including the frequency and temperature. [80] 

Nevertheless, from the above, this means that one can suggest that multi-wall carbon nanotubes 

can be good candidates to further investigation into reducing hysteresis effects on Perovskite 

solar cells [65]. Further investigation on the working mechanism between the nanotubes and the 

Perovskite at the interface will give more clarity on the hysteresis phenomenon.  

Nanotechnology-related studies have been drastically improving worldwide and will 

continue in the next few decades [81-90]. Nanosafety is also another important subject for the 

nanomaterials recently produced and utilized in different fields. More studies are needed to be 

conducted on the safety of the nano products used in various industrial applications.  
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CHAPTER 5 

CONCLUSION AND FUTURE RESEARCH 

5.0  Conclusion 

In conclusion, future PSCs will depend on incoporating carbon materials in their 

fabrication (with particular interest in carbon nanotubes.) For the PSCs to move from lab-based 

research to commercialization, these solar devices need to compete with the power conversion 

efficiency of silicon based solar cells, attain a satisfactory device stability of at least 15 years. 

The exceptional charge carrier and robust properties of carbon nanomaterials are indispensable. 

In essence, nanotubes play a variety of roles in Perovskite solar cells such as hole transporter, 

interface modifier, even hole transport material as well as charge selective electrode - depending 

on the architecture employed during fabrication.   

In addition to incorporating carbon-based thin films on the HTL free perovskite solar cell 

via doctor blading technique, this work has demonstrated the enhanced device performance 

resulting from the superior properties and morphology of MWCNT films on the associated 

devices. Increasing the layers of the carbon-based thin film correlates with an increase in the key 

performance indicators of interest in this work. The increase in KPIs is very significant in the 

MWCNT based devices, especially in the interlayer device, which exhibited efficiencies of ~7% 

and fill factors of ~0.6. All devices were fabricated without a “conventional” hole transport 

material, or vacuum deposited cathode material. This material elimination further demonstrates 

that expensive HTMs and energy consuming metal cathode vacuum depositions is not necessary 

to achieve satisfactory device performances.   

Also, all devices used for this work were fabricated in ambient atmosphere, with 

humidity ranging between 10%-42%. This fabrication medium means that, although fabricating 
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PSCs in an inert atmosphere (nitrogen filled glove box) is popular, by optimizing the processes,  

it is possible to fabricate high-performance  PSC devices in room temperature (with controlled 

humidity)… thus paving the way for simpler fabrication processes and eliminating the need for 

an inter gas (nitrogen filled) glove box. The MWCNT based devices exhibited some signs of 

reducing hysteresis, which correlates with studies in the literature. Above all, the simple 

fabrication process employed is a good pointer for future endeavors towards scalable industrial 

production of Perovskite solar cells 

5.1 Future Work 

In regards to carbon-based Perovskite solar cell devices, first and foremost further 

research works should be geared towards improving the efficiency of the carbon-based devices 

to that of the devices that use expensive hole transport materials, as well as improve device 

stability - two main components that matter a lot for the commercialization of these devices.  A 

breakthrough in stability tests which can guarantee a lifetime of 15 years will expedite 

commercialization. Secondly, future research should also be geared towards improving the 

interfacial contact and surface morphology with the Perovskite surface, as well as clarifying the 

working mechanism between the Perovskite and carbon material at the interface.  In addition to 

studies on the hysteresis effects in Perovskite solar cells employing conventional popular 

selective contact layers, more investigations on the carbon-based devices are necessary to 

completely fathom the mechanisms involved and provide advances to curb this undesirable 

effect.  
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Table 4: XRD peak search report for CH3NH3PbI3 

 
 
 

 
 
Fig 39: Statistical Error Bar Graph for Cell Efficiency (FS) 
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Fig 40: Fill factor values (FS) 

 

Fig 41: Open circuit voltage values (FS) 
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Fig 42: Short circuit density values (FS) 

 
Table 5: Average Efficiency, Standard deviation and standard error for both MWCNT and 
Carbon black specimens, forward scan 
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Fig 43: Difference factor comparison (10mV/s, 20mV/s, 50mV/s) 

Table 6: Performance summary table 
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