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Abstract 

For the first time, we proposed the concept of interface engineering for obtaining high efficient and 

stable third generation solar cells based on nanotechnology techniques and test this cells in real 

electrical applications like unit commitment, grid connected PV units and water pumping system 

based on solar energy.  

Doping technique was also used in order to obtain efficient third generation solar cells. As a result, 

PSCs with PCE higher than 18% owing to high open circuit voltage (Voc) of 1.1 V, high current 

density (Jsc) of 23.15 mA·cm
−2

, and a high fill factor (FF) of 73% were obtained.  

Three electrical models of PSCs called single, double and triple diode models has been proposed for 

two PSCs devices. Estimation and extracting the PSC models parameters are carried out using the 

elephant herd optimization algorithm (EHO). To prove the capability of the proposed estimation 

procedure, a comparison study between the proposed EHO with crow search optimization and 

differential evolution algorithms has been employed.  

 Finally an efficient and low cost photovoltaic pumping system based on perovskite solar cells 

(PSCs) is proposed. The fabrication process of PSCs and its application as a power source for 

powering a synchronous reluctance motor (SynRM) to drive a water pump for irrigation purpose are 

presented. The total area used for installing the perovskite solar array was 3.42 m
2
, which is very 

small in comparison with the area of silicon solar array that exceeds 36 m
2
 for the same case. This will 

help to avoid the partial shading condition that reduces the efficiency of PV system. 

In addition, a simple control algorithm is based on perturbation and observation (P&O) proposed to 

derive both the PV array and SynRM to work at the maximum output power resulting in a low cost and 

efficient system. A proposed control system applied to the conventional voltage source inverter to 

drive the system in an efficient way. 
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Abstract 

 

In recent times, the use of solar energy has grown, especially as a source to generate 

electricity from light in a direct way as an alternative to fossil fuels due to its being an 

environmentally friendly and inexpensive source over the range of operation, as its operating 

cost is almost zero. The problem lies in the cost of manufacturing and the efficiency of 

converting light energy into electricity from this point of view researchers are interested in 

manufacturing solar cells that overcome this problem, so the trend was towards third 

generation solar cells that rely on nanotechnology techniques to overcome the 

aforementioned problem.  

It is worth noting that solar energy and other renewable energy sources have become 

widely used in the electric power system, and thus have affected the operating conditions, as 

is evident in the unit commitment problem in electric power system, where the problem 

differs in the case of incorporating solar units from their counterparts in the case of the 

absence of solar units. 

Also, when connecting solar energy units to the electrical grid, operating conditions differ 

due to this connection, and therefore control systems must be developed to control the 

operating conditions. Recently third generation solar cells especially perovskite solar cells 

(PSCs) gained research interest due to their remarkable photovoltaic (PV) performance 

reaching up to 25.2% power conversion efficiency in 2020 few years since their first solid-

state high performing device reported in 2009.  

For the first time, we proposed the concept of interface engineering for obtaining high 

efficient and stable third generation solar cells based on nanotechnology techniques and test 
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this cells in real electrical applications like unit commitment, grid connected PV units and 

water pumping system based on solar energy.  

Doping technique was also used in order to obtain efficient third generation solar cells. As a 

result, PSCs with PCE higher than 18% owing to high open circuit voltage (Voc) of 1.1 V, 

high current density (Jsc) of 23.15 mA·cm
−2

, and a high fill factor (FF) of 73% were obtained.  

Three electrical models of PSCs called single, double and triple diode models has been 

proposed for two PSCs devices. Estimation and extracting the PSC models parameters are 

carried out using the elephant herd optimization algorithm (EHO). To prove the capability of 

the proposed estimation procedure, a comparison study between the proposed EHO with 

crow search optimization and differential evolution algorithms has been employed.  

 Finally an efficient and low cost photovoltaic pumping system based on perovskite solar 

cells (PSCs) is proposed. The fabrication process of PSCs and its application as a power 

source for powering a synchronous reluctance motor (SynRM) to drive a water pump for 

irrigation purpose are presented. The total area used for installing the perovskite solar array 

was 3.42 m
2
, which is very small in comparison with the area of silicon solar array that 

exceeds 36 m
2
 for the same case. This will help to avoid the partial shading condition that 

reduces the efficiency of PV system. 

In addition, a simple control algorithm is based on perturbation and observation (P&O) 

proposed to derive both the PV array and SynRM to work at the maximum output power 

resulting in a low cost and efficient system. A proposed control system applied to the 

conventional voltage source inverter to drive the system in an efficient way. 
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 Chapter 1 1

 Introduction 1

 Introduction 1.1

A lot of studies have been made in order to enhance the grid-connected photovoltaic (PV) 

system quality for meeting the electrical energy rising request. Due to the fact that PV array 

output depends on the environmental conditions resulting in a big challenge for PV array 

output power utilizing. PV array consist of modules which are connected in series and parallel 

combinations. High output power from a PV systems requires improvement in the fabrication 

materials and methods used to control this source of power. The materials used in PV 

manufacturing play a vital role in the efficiency of the all PV system. In order to increase the 

PV system efficiency there are to methods the first one is through materials properties 

enhancement and the other method is via increasing the radiation intensity received from the 

sun. Sun tracking technique, maximum power point (MPP) tracking method or both of them 

are efficient methods for PV system efficiency improvement. Many studies introduced 

controllers such as Perturb & Observe method, Incremental Conductance and fuzzy based 

methods.  

Renewable energy such as sunlight, wind, tides, geothermal heat etc. gained a lot of 

attention as alternative of conventional power sources as it has a lot of advantages for instance 

environmentally friend and low running cost. Solar energy is the most promise renewable 

energy as it is pollutant free, no noise and almost zero running cost. 

There is no doubt that the global demand for energy is being increased and accelerating 

significantly in parallel with the depletion of the global reserves of fossil fuels. Therefore, 

there is a strong need to develop and use renewable energy technologies. It is well known that 
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solar energy being one of the most promising renewable energy sources. Indeed, the power 

striking from the sun into earth’s surface is near to 1.8 × 10
11

 MW which is much more than 

all the present power demands. Moreover it is a clean and environmentally friendly energy 

source, it has low running cost and occupies the highest rankings in terms of use and 

reliability, promising to expand its utilization more and more. The demand for solar energy 

and especially PV technologies has increased due to many advantages such as safety, security 

and reliability, lack of  maintenance needs, effectiveness, direct conversion of sunlight 

directly to electricity economically feasibility into illumination of remote areas, flexibility and 

tunability of the size of the solar cell systems. PVs can be used for the lighting of isolated 

areas, for the power providing of remote communication stations, for water pumping to 

irrigate crops, for the lighting of residential houses, for space vehicles, while they can be 

integrated alongside diesel engines (hybrid systems) and street lights. Due to high installation 

cost for this technology and according to the fact that the ouput power from the solar cells 

depends on the environment conditions, mainly solar irradiation and temperature. Solar cell 

photo voltage increases with the decrease of temperature, while the photo current also 

increases with the increase of solar irradiation and vice versa [1-5]. According to this it is very 

necessary to make the solar cells work at MPP. 

Photovoltaics (PVs) are systems that directly convert sunlight into electricity, covering 

approximately a quarter of the renewable energy production worldwide with important 

applications in portable electronics, buildings and solar farms [6]. During the previous 

decades intensive research was focused on first-generation PVs, which are single-crystal 

devices that have high efficiencies but use energy consuming and time intensive fabrication 

methods. These are also the main issues of second-generation PVs employing high–vacuum 

and expensive Si-based thin-film technologies. On the contrary, third-generation approaches 

to photovoltaics aim to develop highly performing devices, using abundant nontoxic materials 
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and low-cost deposition methods [7-10]. Third generation solar cells present high power 

conversion efficiencies, especially for some laboratory-scale, multi-junction devices [11]. 

Very recently, the scientific research has shifted towards novel photovoltaic materials and cell 

architectures. Thus, apart from the evolution of conventional single-junction solar cells into 

multi junction and/or thin-film devices, emerging technologies such as organic solar cells 

(OSCs), dye-sensitized solar cells (DSSCs), quantum-dot solar cells (QDSCs), and perovskite 

solar cells (PSCs) are studied. Currently emphasis is given to PSCs that were considered as 

one of the ten main breakthroughs in science for 2013 and have received tremendous attention 

from the research community during the last years [12].  

PSCs are based on hybrid organic-inorganic halide perovskites [13] which have the inherent 

ability to strongly absorb light, are solution processable and combine quality and properties 

typical of inorganic materials [14-16]. Furthermore, they have a suitable and tunable direct 

band gap and long diffusion lengths for electrons and holes, they are obtained from cheap and 

abundant elements, all of which makes them ideal materials for use in PVs [17-22]. The major 

advantage of these new solar cells is related to their potential as an economically and 

environmentally viable option to traditional silicon-based technology and the main outcomes 

show that PSCs offer more environmentally friendly and sustainable option, with the least 

energy payback period, as compared to other PV technologies. Their efficiency depends 

largely on the specific cell arrangement, the chemical composition, structure, morphology and 

size of the incorporated materials as well as the efficient charge collection at the 

corresponding nanostructured interfaces. Recent advances focus on our ultimate goals to 

provide additional data on the devices lifetime and to ensure their enhanced stability for real-

world applications [23-48]. 
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  Objectives 1.2

The main objective of this thesis is to fabricate new efficient and stable solar cells 

(perovskite solar cells) that belong to third generation solar cells and examine its application 

in electrical power system performance. 

 Outline of the thesis 1.3

 The thesis consists of ten chapters, chapter one is general introduction. While, chapter 2 

introduces solar energy overview and investigating the effect of incorporating PV generation 

units on the unit commitment problem in power system and the PV grid connected system 

performance under constant and variable irradiation profiles, chapter 3 presents the 

experimental setup, chapters 4 talking about interface engineering role in perovskite solar 

cells power conversion efficiency and stability under both thermal stress and light exposure, 

chapter 5 presents solar cells with both high power conversion efficiency and stability based 

on Cu doping in electron transporting layer, also presents the role of Reduced Graphene Oxide 

in enhancing the perovskite solar cells performance, chapters 6 presents the optimal 

performance emulation of perovskite solar cells using the Elephant Herd Algorithm associated 

with experimental validation, chapter 7 presents energy efficiency improvement of water 

pumping system operated with Synchronous Reluctance Motor using perovskite solar cells 

and chapter 8 gives the general conclusions and future work. 
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 Chapter 2 2

 Solar Energy Application in Electric Power System 2

 Solar energy 2.1

Now renewable energy sources become a very important source of electric power generation. 

There are many types of renewable energy sources that can be used for electric power generation, 

for instance solar energy, wind energy, Tidal Energy etc. Solar PV energy is used in a wide range 

as a source of electrical energy. PV arrays which consist of series and parallel modules are used 

for direct transformation of solar irradiation to electric energy. Figure 2.1 shows the solar PV 

global capacity where, it is clear that the solar energy increased every year and recently the 

rate of increasing is high. Figure 2.2 presents the annual solar PV installed capacity and 

revenue by region world markets. 

 

Figure ‎2.1 Solar PV global capacity (2008-2018) 

During the last decades, PV systems have gained a lot of interest because they constitute 

available free fuel cost and not polluting sources of energy, contrary to fossil fuels. 
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Moreover, PV technology is growing more and more, making great progress towards meeting 

the continuously increasing world energy demands. Furthermore, they can used as in off line 

(isolated) mode to supply remote area loads (houses...etc.), desert irrigation applications or in 

on line grid connected mode. The PV systems are used as energy generation plants, called 

distributed generations both in small or large power scale. Due to the high initial installation 

cost of PV systems, solar irradiation intensity changes due to weather conditions, namely 

temperature and shading conditions. Thus, a Maximum Power Point Tracker (MPPT) 

integrated within PV systems is essential to make sure that PV systems work in the optimum 

operating condition.  

 

Figure ‎2.2 Annual solar PV installed capacity and revenue by region world markets: 2011-

2020 

  Types of PV cells 2.2

There are three generations of solar energy and different types of solar cells which differ in 

their material, price, and efficiency till the moment. These generations are shown in Figure 2.3.  
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Figure ‎2.3 The solar cells generations 

2.2.1  First generation  

2.2.1.1 Silicon solar cells principle of operation  

Semiconductors have four electrons in the outer shell called valence electrons [1]. Sunlight 

hits the photovoltaic cells; the absorbed energy into the semiconductor allows the valence 

electrons to flow freely. The electrons flow is a current as shown in Figure 2.4. 
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Figure ‎2.4 Photovoltaic cells principle of operation 

2.2.1.2  Mono-crystalline Solar cells: 

This type has the highest efficiency in absorbing sunlight and converting it into electricity 

among the first generation types. This type is made from a large silicon crystal; its form is shown 

in Figure 2.5. It performs in a good way better in lower light conditions than the other types of 

solar cells but, it is the most expensive type in the first generation. Its efficiency is around 15% - 

18% with 25% as maximum efficiency. 
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Figure ‎2.5 Mono-crystalline Solar Panels 

2.2.1.3 Polycrystalline Solar cells 

This type of solar cell is different from the Mono-crystalline type as it consists of multiple 

amounts of smaller silicon crystals as shown in Figure 2.6. This type has efficiency 

approximately equal to 15% with 20% as maximum efficiency. 

 

Figure ‎2.6 Polycrystalline Solar Panels 
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2.2.2 Second generation (Thin Films): 

2.2.2.1 Amorphous Solar cells 

  This type is as shown in Figure 2.7 it consisting of a thin-like film which fabricated from 

molten silicon spread directly across large plates of stainless steel or similar materials. This type 

has an advantage over the other two types of this generation is that it is shadow protected.[2, 3] 

As a result when a part of the panel made from this type is in a shadow the solar panel 

continues to give output. However, this type of solar panel has lower efficiency than the other 

two types in this generation; it is the cheapest to produce. The efficiency of this type is 

around 8-10% with 13% as maximum efficiency.  

2.2.2.2  CdTe (Cadmium Telluride)  

CdTe has a high light absorptivity level, only about a micrometer thick can absorb 90% of 

the solar spectrum. While, the instability of CdTe cell performance is the major drawback of 

using CdTe for solar cell and it is a toxic substance. The energy conversion efficiency for 

CdTe solar cell is about 18%. 

2.2.2.3  CIGS (Copper Indium Gallium Selenium)  

This type of thin film technology gained attention because CIGS has the highest research 

energy conversion efficiency of 17.7% in 1996.  
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Figure ‎2.7 Amorphous solar panels 

2.2.3 Third generation  

This generation is low cost and high efficient generation of solar cells it contains some 

types like DSSC (Dye-sensitized solar cells), QDSSC (Quantum Dot-sensitized solar cells), 

OPV (Organic photovoltaics), QDs-Polymer Hybrid solar cells and perovskite solar cells. 

The most efficient and economic type of them is the perovskite solar cells which is the main 

topic of this thesis. 

2.2.3.1  Perovskite solar cells: 

The crystal structure of perovskites (AMX3), typically consists of a unit cell with five 

atoms in a cubic structure (α phase), in which the cation A has twelve nearest neighboring 

anions X and the cation M has six as shown in Figure 2.8. Under ideal conditions, in order to 

maintain high –symmetry cubic structure, the tolerance factor t should be close to 1. The 

tolerance factor t is expressed as a function of ionic radii of A, M and X site ions, which is 

written as 

 t = 
𝑹𝑨+𝑹𝑿

𝒔𝒒𝒓𝒕 (𝟐(𝑹𝑴+𝑹𝑿))
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where, RA, RM, and RX are the ionic radii of the corresponding ions. Larger the deviation 

from the ideal value t, the crystal structure will be distorted and the symmetry would be 

lowered. Therefore, in order to satisfy the ideal tolerance factor (t ≈ 1), the A-site ion must be 

much larger than the M-site ion. 

 

 

Figure ‎2.8 Perovskite crystal structure 

The device structure, related materials, and interfacial modification are key factors in the 

performance of perovskite solar cells (PSCs). 

PSCs have two typical structures can be constructed: a) mesoscopic nanostructure and b) 

planar structure as shown in Figure 2.9. 

Mesoporous TiO2 layer usually is used to collect the electrons while, organic Hole 

transporting material (HTM) collects the holes. Planar structure has simpler structure and 

higher efficiency. Another type of PSCs appeared recently called inverted perovskite solar 

cells this type is shown in Figure 2.10. PSCs appeared in 2009 with 3% efficiency and 

reached to 25.2% efficiency in 2019 as shown in Figure 2.11. 
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Figure ‎2.9 Perovskite solar cells structure, planar (left) and mesoporous (right) 

 

Figure ‎2.10 Perovskite solar cells structure, planar (left) and inverted (right) 
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Figure ‎2.11 Best research cell efficiencies till 2020 

  Equivalent circuit and mathematical model 2.3

The performance of PV was evaluated using the electrical models (single, double and three 

diode models). Generally, the rectification of characteristics of solar cells including 

heterojunctions and perovskites can be described by the Shockley diode equation [4], [5] as: 





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


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


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exp0
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jj dd

 

                                                   (1) 

 

where, jd is the dark current, V is the applied voltage, jd0 the reverse saturation current 

density, q is the elementary charge, m is the ideal factor of the cell, K is the Boltzmann 

constant, T is the absolute temperature.  

The ideal model is considered as a single PN junction (diode) in parallel with photo current 

jph . Eq. 2 presents the mathematical expression for the ideal model [6] as:  
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                                                       (2) 

  

 where, jph is the photocurrent and j is the output current. 
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In practice, there are different electrical models were presented in the literature to model 

PV cells as shown in Figure 2.12. In Figure 2.12.a the solar cell can be modelled by using 

single PN junction (diode model). In this model, the solar cell is represented by a current 

source, two resistances and a diode. The current source represents the Iph which is sensitive to 

solar radiation change and ambient temperature. The series resistance represents all 

resistances in the current path, electrode resistance, material bulk resistance and contact 

resistance. The shunt resistance represents the leakage current across the p-n junction.  

Applying Kirchhoff’s current law (KCL), it is obvious that the output current j can be 

represented by Eq.3 [7] as: 

 
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(3) 

where, Rs and Rsh are the series and shunt resistance, respectively. 

It can be generalized the single diode model for solar cell to the two diode model as Eq.4 to 

consider the effect of recombination losses in the space charge region (SCR) and expresses it 

an additional diode beside the first diode which represents the recombination and diffusion in 

the quasi neutral regions( QNRs) was added [8] as:  
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Figure ‎2.12 Solar cell model a) single diode model b) double diode model c) triple diode 

model 
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Also, the solar cell can be extended to triple diode model as in Figure 2.12.c and Eq.5 to 

include the effect of grain boundaries and leakage current which is considered by adding a 

third diode to the double diode PV model with the same physical meaning like the two diode 

model [9] as: 

   

 

sh

ss
d

s
d

s
dph

R

jRV

Tkm

jRVq
j

Tkm

jRVq
j

Tkm

jRVq
jjj

.
1

)(

.
exp

1
)(

.
exp1

)(

.
exp

3

3

2

2

1

1







































































 

(5) 

  PV characteristics  2.4

Figure 2.13 shows the I-V and P-V characteristics of the PV module at constant irradiation 

and constant temperature while Figure 2.14 shows the I-V and P-V characteristics of the PV 

module at different irradiances and constant temperature (25°C) and Figure 2.15 shows the I-

V and P-V characteristics of the PV module under constant irradiance and different 

temperature. Figure 2.16 shows the effect of series and shunt resistances on the PV 

characteristics. 
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Figure ‎2.13  The I-V (up) and P-V (down) characteristics of the PV module at constant 

irradiation and constant temperature 

 

Figure ‎2.14 The I-V and P-V characteristics of the PV module at different irradiances and 

constant temperature (25°C) 
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Figure ‎2.15 The I-V and P-V characteristics of the PV module under constant irradiance and 

different temperature 

 

Figure ‎2.16 The effect of series and shunt resistances on the PV characteristics 
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  PV applications in power system 2.5

A photovoltaic system can be used as solar farms generating hundreds of megawatts [10] or 

small residential rooftop systems generating a few kilowatts. This variation in the PV output 

is due to its modules are scalable. 

2.5.1  Effect of Incorporating Photovoltaics as a Generation Units on Unit 

Commitment Problem  

 

 This section deals with the unit commitment (UC) problem in case of incorporating 

photovoltaic (PV) units in the unit commitment problem of power system. The unit 

commitment problem in case of considering the contribution of PV units, aims to determine 

the start-up/shut-down status as well as the amount of generating power for all thermal units 

at minimum operating cost during the scheduling horizon, subject to the system and unit 

operational constraints. 

2.5.1.1 Formulation of unit commitment problem (Conventional Unit Commitment 

problem) 

Unit commitment is an optimization problem of determining the schedule of generating 

units within a power system with a number of constraints.The objective of the UC problem is 

to minimize the total operating costs subjected to a set of system and unit constraints over the 

scheduling horizon. 

    1 1

1 1
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where, F,  Total cost of generation ($), ng Number of generator units,  T  Number of hours 

Uit On/off status of generator i at hour,  F(Pit) Production cost of unit i in time period t ($),  

SUCit Start-up cost for unit i in time period t ($) and  SDCit  Shut-down cost of unit i at time 

period t, ($) .    
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The generator fuel-cost function can be expressed as:  

 
2..)( itiitiiit PcPbaPF                                                                 (2-2) 

where, ai, bi and ci  are the unit cost coefficients. 

Subject to: 

Demand Constraint: 

Sum of Power generated from thermal units = Load demand 

System spinning reserve requirements 

An appropriate spinning reserve is required for the stable and reliable operation 

Sum of maximum power generated by thermal units ≥ Load demand+ spinning reserve 

Power generation and reserve limits: 

max),(min itii PPP   i=1,…,N                             (2-3) 

minmax),(0 iiti PPR   i=1,…,N                               (2-4) 

Minimum Up and Down time Constraints: 

    U UT -X it)- t (i,
on
i

on
) - t (i,                      (2-5) 

    U- UT -X )- t (i,it
off
i

off
) - t (i,                      (2-6) 

  Start-up cost is calculated from (7)  

  





,

,HSCi

i
it

CSC
SUC   

i

i

CH

CH









off
i

off
) - t (i,

off
i

off
) - t (i,

T X

T X

                      (2-7) 
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where, Pimin     Minimum limit of generator i, MW,  Pit Power generation of unit i at hour 

t, MW,  Pimax  Maximum limit of generator i ,MW,  Rit   Reserve generation of unit i at hour, t 

MW,   X
on

(i,t-1)  Time duration for which unit i has been on-time at hour t,  Ti
on

  Minimum-on 

time of unit i (hr),  X
off

(i,t-1)  Time duration for which unit i has been off-time at hour t,   Ti
off

  

Minimum off-time of unit i (hr),  HSCi   Hot start-up cost for unit i, ($),  CHi  Cold start hour 

(hr) at unit i and CSCi Cold start-up cost for unit i, ($).  

The system power balance 

i t it it jt ij ij ij ijPG  PD V  V    (G  CosB    B  SinB )                               (2-8) 

it it it jt ij  ij ij ijQG  – QD  V  V   (G SinB    B  CosB )                               (2-9) 

where, it itPG , QG    are the active and reactive power generation at bus (i) at time (t) 

respectively. it itPD , QD   are the active and reactive power demand at bus (i) at time  (t) 

respectively. ij ijG ,B  - Conductance and susceptance between bus (i) and bus (j) 

respectively. itV  - Voltage magnitude of bus (i) at time (t) pu. 

To guarantee secure operation of units and network, terms like voltage constraints and power 

flow constraints are used. 

min maxV  V  V                                                                                                          (2-10) 

i t imaxPF  PF                                                                                                               (2-11)     

where, minV and maxV  - minimum and maximum voltage magnitude limit at bus i (pu), 

respectively. itPF - Power flow through branch i at time t (MVA), imaxPF - Maximum flow 

limits for branch i (MVA).      
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2.5.1.2 Unit Commitment problem with PV Generation Units 

                                           

, , , 1 , 1 ,

1 1 1

[ ( ) { (1 )} { (1 )} ]
ng t T t T

i t it i t i t it i t i t PVj

i t t

itF F P U SUC U U SDC U U C
 

 

  

         (2-12)     

PVj
C   Includes the capital cost, the replacement cost of operation and the maintenance cost, 

which is expressed as  

   Re*( )PV PV PV

PV PV cap p omC P C C C                                                                                   (2-13)  

All the above equations in conventional unit commitment problem are valied in the case of 

incorporating PV units in the unit commitment problem but the demand constraint changed to 

be  sum of power generated from thermal units + Sum of power from solar units =  Load 

demand in order to take into account the PV units output. Also the spinning reserve constraint 

is changed to be the sum of maximum power generated by thermal units + Sum of power 

from solar units ≥ Load demand+ spinning reserve.             

2.5.1.3 Case studies 

2.5.1.3.1 Case of 10-unit 24-hour test system  

Tables 2-1, 2-2 and Figure 2-17 illustrate the data of this system. This system has a total 

capacity of 1662 MW and peak and minimum load of 1500 and 700 MW, respectively. The 

PV generation unit (unit 11) capacity is assumed to be 45 MW. Figure 2-18 shows the 

generation units status without PV units while, Figures 2-19 and 2-20 give the power in MW 

from each unit at each hour to fed the load. Figure 2-21 presents the generation units status 

with PV unit. Figures 2-22 and 2-23 show the power in MW from each unit at each hour to 

feed the load in the presence of PV unit. The total production costs equal 445285.2$ with a 

21.04% reduction from the case without PV unit. 
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Table ‎2-1 Cost Coefficients, Unit Characteristics of 10- unit system 

Gen 

No 

Max 

MW 

Min 

MW 

a 

($/hr) 

b 

($/MW.

hr) 

C 

($/MW
2

.hr) 

Min 

uptime(h

r) 

Min 

down 

time 

(hr) 

Cold 

start 

(hr) 

Initi

al unit 

status 

Hot 

startup 

cost($) 

Cold 

starup 

cost($) 

1 455 150 0.00048 16.19 1000 8 8 5 8 4500 9000 

2 455 150 0.00031 17.26 970 8 8 5 8 5000 10,000 

3 130 20 0.002 16.6 700 5 5 4 -5 550 1100 

4 130 20 0.00211 16.5 680 5 5 4 -5 560 1120 

5 162 25 0.00398 19.7 450 6 6 4 -6 900 1800 

6 80 20 0.00712 22.26 370 3 3 2 -3 170 340 

7 85 25 0.00079 27.74 480 3 3 2 -3 260 520 

8 55 10 0.00413 25.92 660 1 1 0 -1 30 60 

9 55 10 0.00222 27.27 665 1 1 0 -1 30 60 

10 55 10 0.00173 27.79 670 1 1 0 -1 30 60 
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Table ‎2-2 10-Units load pattern 

 

 

Figure ‎2.17 10 units load profile 

Hour(hr) 1 2 3 4 5 6 7 8 

Load(MW) 700 750 850 950 1000 1100 1150 1200 

Hour(hr) 9 10 11 12 13 14 15 16 

Load(MW) 1300 1400 1450 1500 1400 1300 1200 1050 

Hour(hr) 17 18 19 20 21 22 23 24 

Load(MW) 1000 1100 1200 1400 1300 1100 900 850 
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Figure ‎2.18 10 units on off status 

 

Figure ‎2.19 10 units output power 

 



Development of New Photovoltaic Devices Based on Perovskite Cells and Application in Electric Power Systems  33 
 

 

Figure ‎2.20 10 units out put power profile 

 

Figure ‎2.21 10 units on off status in the presence of PV unit 
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Figure ‎2.22  10 units output power in the presence of PV unit 

 

Figure ‎2.23 10 units output power profile in the presence of PV unit  
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2.5.1.3.2 IEEE 30 bus test system 

The single line diagram of the system is shown in Figure 2-24 while, Tables 2-3 and 2-4 

and Figure 2-25 show the data for standard IEEE 30 bus test system. The single line diagram 

of this system is shown in Figure 2-26. The PV generation unit (unit 7) capacity is assumed to 

be 30 MW. Figure 2-27 shows the generation units status without PV units while, Figures 2-

28 and 2-29 give the power in MW from each unit at each hour to feed the load. Figure 2-30 

shows the IEEE 30 bus test system maximum and minimum voltage with time where it is 

clear that the voltage is within limit. Figure 2-31 presents the generation units status with PV 

unit. Figures 2-32 and 2-33 show the power in MW from each unit at each hour to fed the 

load in the presence of PV unit. Figure 2-34 shows the IEEE 30 bus test system in the 

presence of PV unit maximum and minimum voltage with time where it is clear that the 

voltage is within limits which is betwwen 1.05 and 0.95 PU. The total production costs equal 

10797$ with reduction 18.12 % from the case without PV unit which is 13187$. 

Table ‎2-3 Cost, Emission Coefficients, Unit Characteristics of IEEE 30 Bus system 

Gen 

No 

Max 

MW 

Min 

MW 

Ramp   

level 

MW/hr 

a 

($/hr) 

b 

($/M

W.hr) 

C 

($/MW
2
.

hr) 

Min 

uptime 

(hr) 

Min 

down 

time 

(hr) 

Shut 

down 

cost($) 

Cold 

start 

(hr) 

Initial 

unit 

status 

Hot 

startup 

cost($) 

Cold 

starup 

cost($) 

1 200 50 50 0.00375 2.0 0 1 1 50 2 -1 70 176 

2 80 20 20 0.01750 1.7 0 2 2 60 2 -3 74 187 

3 50 15 13 0.06250 1.0 0 1 1 30 1 2 50 113 

4 35 10 9 0.00834 3.25 0 1 2 85 1 3 110 267 

5 30 10 8 0.02500 3.0 0 2 1 52 1 -2 72 180 

6 40 12 10 0.02500 3.0 0 1 1 30 1 2 40 113 
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Table ‎2-4 IEEE 30 Bus system load pattern 

 

 

 

 

Figure ‎2.24 Single line diagram for IEEE 30-bus test system 

 

 

Hour(hr) 1 2 3 4 5 6 7 8 

Load(MW) 166 196 229 267 283.4 272 246 213 

Hour(hr) 9 10 11 12 13 14 15 16 

Load(MW) 192 161 147 160 170 185 208 232 

Hour(hr) 17 18 19 20 21 22 23 24 

Load(MW) 246 241 236 225 204 182 161 131 
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Figure ‎2.25 IEEE 30 bus system load curve 

 

Figure ‎2.26  IEEE 30 bus test system units on off status 
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Figure ‎2.27 IEEE 30 bus test system units output power 

 

Figure ‎2.28 IEEE 30 bus test system units output power profile 
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Figure ‎2.29 IEEE 30 bus test system maximum and minimum voltage with time 

 

Figure ‎2.30 IEEE 30 bus test system units on off status with PV unit 
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Figure ‎2.31 IEEE 30 bus test system units output power with PV unit 

 

Figure ‎2.32 IEEE 30 bus test system units output power profile in presence of PV unit  
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Figure ‎2.33 IEEE 30 bus test system maximum and minimum voltage with time in 

presence of PV unit 

 

2.5.2  Grid Connected PV System  

2.5.2.1 Steady state analysis 

PV system can be used in either grid connected mode or off grid mode. In the grid connected 

mode the PV system is connected to the utility grid and feed the exceeded power from the load 

feeding to the grid as shown in Figure 2.34. A PV array a 100-kW connected to a 25-kV grid 

via a boost converter and a three-phase inverter and a maximum power point tracking is to 

control the boost converter based Incremental Conductance + Integral Regulator technique 

implemented via a MATLAB simulation model in order to investigate the effect of PV units 

on the utility grid the full and the detailed models are shown in Figures 2.35, 2-36, 2-37, 2-

38, 2-39 and 2-40. The simulation model contains 100 kW PV array, 5-kHz boost converter  
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increasing voltage from PV output voltage (272 V DC at maximum power) to 500 V DC, 

maximum power point tracker controller that generates the switching duty cycle of the boost 

converter, 3-level 3-phase inverter that converts the 500 V DC to 260 V AC and keeps the 

power factor equal unity, 10-kvar capacitor bank for harmonics filtering produced by the 

inverter, 100-kVA 260V/25kV three-phase coupling transformer  and utility grid model (25-

kV distribution feeder + 120 kV equivalent transmission system).  The PV array consists of 

Npar strings of modules (Module type Sunpower SPR -305 –WHT (Appendix A)) connected 

in parallel, each string consisting of Nser modules connected in series with the following 

specifications. 

Number of cells per module 96, Number of series-connected modules per string 5, Number of 

parallel strings 66, Module specifications under STC [ Voc=64.2 V, Isc=5.96 A , Vmp= 54.7V 

and  Imp=5.58 A], Model parameters for 1 module [ Rs= 0.0379987 Ω, Rp= 993.51 Ω , 

Io=1.1753e-08 A, Iph= 5.9602 A, Diode ideality factor =1.3] 

 

 

Figure ‎2.34  PV grid connected application 
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Figure ‎2.35 PV grid connected full model matlab simulation 

 

 

Figure ‎2.36 Configuration of PV with MPPT algorithms in matlab simulink 
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Figure ‎2.37 Configuration MPPT (incremental conductance) algorithm in matlab Simulink 

 

 

Figure ‎2.38 Inverter model in matlab Simulink 
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Figure ‎2.39 3- phase inverter control model 

 

Figure ‎2.40 Utility grid simulation model 

 

Figure 2-41 shows the sunpower 305 PV module charachteristics while, Figures 2-42 and 

2-43 show the constant irradiation (1000W/m
2
) case performance. 

Figures 2-44 and 2-45 show the irradiation changing case performance where, from t=0 till 

t= 0.05 sec, there is no pulses to the boost converter and the three phase inverter (the pulses 

are blocked).  PV output voltage is the open-circuit voltage (Nser*Voc=5*64.2=321 V) and the 

DC link capacitors are charged above 500 V.  At t=0.05 sec, the Boost converter and the three 

phase inverter pulses are de-blocked. The voltage at the DC link is regulated at 500V. The 

Duty cycle of boost converter is fixed (D= 0.5 and sun irradiance is set to 1000 W/m
2
). 

Steady state is reached at t=0.25 sec. the PV voltage is therefore VPV = (1-D)*Vdc= (1-

0.5)*500=250 V. The maximum power point tracker starts adjusting the voltage of the PV 

unit at t=0.4 sec based on changing the duty cycle of the boost converter in order to obtain the 



Development of New Photovoltaic Devices Based on Perovskite Cells and Application in Electric Power Systems  46 
 

maximum output power (100 kW) which is obtained at duty cycle equal 0.453.  When the sun 

irradiance changed from 1000 W/m
2
 to 250 W/m

2
 the maximum power point tracker keeps 

tracking maximum power point showing the high efficient performance of the maximum 

power point tracker controller. Figures 2-46 and 2-47 show the inveter output phase voltage 

and the phase voltage and current at the point of coneecting. 

 

 

Figure ‎2.41 Sun power 305, PV module charachteristics 
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Figure ‎2.42  PV out put power, PV voltage, Duty cycle and irradiation profile respectively 

at constant irradiation case 

 

Figure ‎2.43  The DC Voltage, reference votage and the modulation index respectively at 

constant irradiation case 
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Figure ‎2.44 PV out put power, PV voltage, Duty cycle and irradiation profile respectively 

at variable irradiation case 

 

Figure ‎2.45 The DC Voltage, reference votage and the modulation index respectively at 

variable irradiation case 
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Figure ‎2.46 Inveter out put phase voltage 

 

Figure ‎2.47  3-phase voltage and 3- phase current respectively at point of connecting 

2.5.2.2 Transient analysis (Fault analysis) 

The irradiation is seted to 1000 W/m
2
 and temperature to 25

0
C while; the fault is applied on 

the grid side for a duration of 100 m seconds. Three lines to ground fault as symmetrical fault 

and the unsymmetrical fault cases (Appendix B) both investigated as follows.  

2.5.2.2.1 Three lines to ground fault 

The voltage and the current at point of connecting in this case are shown in Figure 2-48 

while the PV output power is shown Figure 2-49 showing the ability of the maximum power 

point tracking kontroller to successfully follow point of maximum power during the fault 

condtion.  
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Figure ‎2.48 Voltages and current at point of connecting in the case of three lines to ground 

fault 

 

Figure ‎2.49 PV array output power in the case of three lines to ground fault 

 



Development of New Photovoltaic Devices Based on Perovskite Cells and Application in Electric Power Systems  51 
 

2.5.2.2.2 Single line to ground fault 

The voltage and the current at point of connecting in this case are shown in Figure 2-50 

while the PV output power is shown Figure 2-51 showing the ability of the maximum power 

point tracking kontroller to successfully follow point of maximum power during the fault 

condtion.  

 

Figure ‎2.50 Voltages and current at point of connecting in the case of single line to ground 

fault 

 

Figure ‎2.51 PV array output power in the case of single line to ground fault 
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2.5.2.2.3 Line to line fault 

The voltage and the current at point of connecting in this case are shown in Figure 2-52 

while the PV output power is shown Figure 2-53 showing the ability of the maximum power 

point tracking kontroller to successfully follow point of maximum power during the fault 

condtion.  

 

Figure ‎2.52 Voltages and current at point of connecting in the case of line to line fault 

 

Figure ‎2.53 PV array output power in the case of line to line fault 
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2.5.2.2.4 Line to line to ground fault 

The voltage and the current at point of connecting in this case are shown in Figure 2-54 

while the PV output power is shown Figure 2-55 showing the ability of the maximum power 

point tracking kontroller to successfully follow point of maximum power during the fault 

condtion.  

 

Figure ‎2.54 Voltages and current at point of connecting in the case of line to line to ground 

fault 

 

Figure ‎2.55 PV array output power in the case of line to line to ground fault 

 

 

 



Development of New Photovoltaic Devices Based on Perovskite Cells and Application in Electric Power Systems  54 
 

From the above results in different fault cases it is clear that the PV array output power 

injected to the grid almost constant because of the incremental conductance based maximum 

power point tracker. 

2.5.3 PV Off Grid System 

The off grid system supplies a local load and stores the exceeded power in a battery system as 

shown in Figures 2.56 and 2.57. This system is used when the grid is fare or in the disert for 

irrigation purposes also it is used in the street lightining. 

 

Figure ‎2.56 Off grid application (irrigation system) 

 

Figure ‎2.57  PV off grid application (home application) 
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 PV systems advantages and disadvantages 2.6

The advantages of photovoltaic system can be summarized as [11]:  

 They are static source for electricity  

 Direct transformation of sunlight to electricity 

 No moving parts 

 PV systems is sizable system making it to be suitable for different applications  

 PV system can be expanded in easy way to produce high voltage and current by 

adding more modules either in series to expand the system's voltage or in parallel to enlarge 

the current 

 PV systems have not carbon emissions or any pollution 

The disadvantages of photovoltaic system can be summarized as [11]: 

 High manufacturing cost  

 Maximum power point needs controller in order to follow it  

 Requires regular cleaning from dust, sand and bird droppings 

 The PV system efficiency is still low 
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3 Chapter 3 

 Experimental setup 3

3.1  Fabrication of third generation (perovskite) solar cells 

The solar cells were fabricated by using 20mm x 15mm FTO conductive glasses (Aldrich, 7 

Ohm·sq
-1

) as the anode substrates. The FTO were etched with a 2 mol L
-1

 HCl aqueous 

solution in combination with Zn powder. They were thoroughly cleaned with Hellmanex, 

acetone, 2-propanol and treated with UV ozone in 15 min cycles. 

 The titania compact layer was spin coated at 2000 r.p.m. for 60 s from an ethanolic 

solution of titanium (IV) isopropoxide (Aldrich, 97%) containing a tiny quantity of HCl 

solution. The films were calcinated for 45 min at 500
o
C (5

o
C·min

-1
 temperature ramp rate). 

Then, the films were dried under Ar flux and transferred into an Ar-filled glove box for the 

perovskite deposition.  

The MAPbI3 layer was deposited by spin coating in a one-step procedure using a perovskite 

solution in anhydrous DMF, containing a 40 wt% Methylammonium iodide (Dyesol) along 

with Lead acetate trihydrate (PbAc2.3H2O, 99.999% trace metals basis, Aldrich) in a 3:1 

molar ratio. An aliquot of hypophosphorous acid (50% w/w, aquatic solution, Alfa Aesar) 

was also added to the perovskite solution so as the final molar ratio of HPA:PbAc2 to be 1:4.  

The deposition was realized at 2000 r.p.m. for 45 s.  The films were left to dry at room 

temperature for 10 min and were annealed at 100
o
C for different times. 

 Finally, a 7 wt% Spiro-MeOTAD (Solaronix) solution in chlorobenzene was deposited as 

the hole transport layer, containing additives of lithium bis(trifluoromethanesulfonyl)imide 

lithium salt (≥99%, Aldrich) in acetonitrile and 4-tert-butylpyridine (96%, Aldrich). The 

deposition was realized at 3000 r.p.m for 30s. Finally, the devices were transferred outside 
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the glovebox and six 100 nm silver electrodes were thermally evaporated under vacuum of 

10
-6

 Torr, at a rate of ~1Å·s
-1

. Figure 3.1 shows the schematic diagram of the fabrication 

process. 

 

Figure ‎3.1 Schematic diagram of the fabrication process 

3.2  Evaluation Apparatus  

     Raman spectroscopy (Figure 3.2) is concerned with the phenomenon of the change in 

frequency when the light is scattered by molecules. The magnitude of this change is referred 

to as Raman frequency and total frequency characteristics of a species are the scattered 

Raman spectrum of this species. It is a spectroscopic technique based on inelastic scattering 

of monochromatic radiation, usually from a laser source of visible or near infrared. During 

irradiation, the spectrum of the scattered radiation is measured at some angle (often 90
0
) with 

a suitable spectrometer. Raman spectroscopy is a powerful technique with different options 
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such as area mapping, depth profile for beyond the standard spectra analysis. Mapping 

analysis is important in order to see the homogeneity of the sample and to compare the 

different Raman features in the select area. The depth profile is useful beyond the standard 

spectra, to select how the Raman signal changes in respect of the depth of the sample. It is 

used for analysis of solid, liquid & vapor, it is not a destructive technique and no vacuum is 

required.  

Raman Spectroscopy was performed using a Renishaw in Via Reflex microscope with 

solid state laser (λ = 514.4 nm) excitation source see Figure 3.2. The laser light was focused 

on the samples using an x50 objective lens of a Leica DMLM microscope at power density 

equal to 0.035mW·μm
-2

, in order to avoid sample heating. 

 

Figure ‎3.2  Raman microscopy (up) and schematic drawing of a Raman microscope (down). 
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J-V curves were obtained by illuminating the solar cells under a Solar Light Co. 300 W Air 

Mass Solar Simulator Model 16S-300 (1sun, 1000 W·m
-2

) calibrated using an Optopolymer 

Si reference cell as shown in figure 3.3. The curves were recorded with an Autolab PG-

STAT-30 potentiostat under a 150 mV·s-1 scan rate see Figure 3.4. Figure 3.5 shows the 

complete system of J-V curves measurement. 

 

Figure ‎3.3 Solar Simulator Model 16S-300 

 

Figure ‎3.4 Autolab PG-STAT-30 potentiostat 
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Figure ‎3.5 Complete system of J-V curves measurement. 

 The measurements were carried out using Ossila’s Push-Fit Test Board for Photovoltaic 

Substrates with a 0.12 cm
2
 aperture mask.  

Ultra Violet Photoelectron Spectroscopy. The UPS studies were performed in a UHV 

chamber with a SPECS LHS-10 hemispherical electron analyzer. The UPS spectra were 

obtained using HeI irradiation with hν=21.22eV produced by a UV source (model UVS 

10/35). During UPS measurements the analyzer was working at the Constant Retarding Ratio 

(CRR) mode, with CRR=10. A bias of −12.29 V was applied to the sample in order to avoid 

interference of the spectrometer threshold in the UPS spectra. The high and low binding 

energy cutoff positions were assigned by fitting straight lines on the high and low energy 

cutoffs of the spectra and determining their intersections with the binding energy axis. 

Regarding measurement errors it should be noted that an error of ±0.1 eV is assigned to the 

absolute values for ionization energies, work function and other UP-spectra cutoff features 

where the error margin is significant, due to the process of fitting straight lines.   
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X-Ray Diffraction characterization was realized on a Siemens D-500 powder 

diffractometer see Figure 3.6, that operates with Cu Kα1 (λ = 1.5406 Å) and Cu Kα2 (λ = 

1.5444 Å) radiation. Data were collected in Bragg-Brentano mode over the angular range 5° 

≤ 2θ ≤ 80° counting for 3 s  at each step of 0.03° in detector position. 

Absorbance measurements were carried on a UV-Vis Hitachi 3010 spectrophotometer as 

shown in Figure 3.7 equipped with a 60 mm diameter integrating sphere, (BaSO4) was used 

as a reference. The reflectance data were transformed in Kubelka–Munk absorbance units. 

 

Figure ‎3.6 Siemens X-Ray Diffraction D-500 powder diffractometer 
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Figure ‎3.7  UV-Vis Hitachi 3010 

 Scanning Electron Microscopy analysis was conducted with a field emission scanning 

electron microscope (JSM 7401F, JEOL Ltd.,Tokyo, Japan), equipped with Gentle Beam 

mode as shown in Figure 3.8. 
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Figure ‎3.8  scanning electron microscope (JSM 7401F, JEOL Ltd.,Tokyo, Japan) 

 Sunlight saturation experiments was done in the ATLAS SUNTEST CPS+ solar 

simulator, equipped with a xenon lamp covering the 300 nm-800 nm spectral range with of 

765 W·m
-2

 incident irradiance see Figure 3.9. 
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Figure ‎3.9  ATLAS SUNTEST CPS+ solar simulator 

Sonication process was performed by pro-sonic sonicator see Figure 3.10.  

Spin coating process was performed by Ossila spin coater as shown in Figure 3.11. 

 

Figure ‎3.10 Sonication device 
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Figure ‎3.11 Spin coating device 

The perovskite absorber layer and hole transporting layer were fabricated inside a 

Glove box shown in Figure 3.12 

Thermal evaporation process was performed by thermal evaporator shown in Figure 3.13. 

 

Figure ‎3.12 Glove box 
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Figure ‎3.13 Thermal evaporator 

Laboratory system used for experimental verification 

A 5.5 kW Synchronous reluctance motoer (SynRM) is connected with a 9.3 kW induction 

motor via a torque sensor unit. The SynRM is driven through a three-phase voltage source 

inverter. A DS1103 unit used for driving the SynRM. The motor speed is measured via an 

incremental encoder of 1024 sample/revolution. The SynRM currents are measured through 

three identical current sensors (LA25-P). A power analyzer is used for measuring the 

electrical components of the system i.e. voltage, current, power factor etc. 
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Figure‎3.14 Laboratory system used for experimental verification
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4 Chapter 4 

 High Effeicient Perovskite Solar cells Based on 4

Interface Engineering 

4.1 Preface: 

Perovskite solar cells have been undoubtedly leading the efficiency race among other, 

solution processed, 3rd generation photovoltaics (PV). Emerging from the solid state DSSCs 

by completely substituting a solution processed perovskite absorber for the chemisorbed 

molecular dye monolayer[1-4] they have been remarkably improved, exceeding a 22% PCE 

within only a few years[5,6] showing also improved stability[7] and fabrication 

versatility.[8,9,10] However, various phenomena such as the origin of hysteresis [11,12,13] 

and the nature of perovskites’ degradation [14,15] are under intense study. A vast number of 

reports are being published towards optimizing the performance of the PSCs, since they 

constitute the most promising 3rd generation PV technology, towards replacing silicon solar 

cells with a low cost, eco-friendly and readily implemented alternative. In this context, many 

studies for the optimization of the PSCs focus on modification of the interfaces between the 

absorber and the electron and hole transport layers, ETL and HTL, correspondingly.[16-18] 

As concerns the ETL, titanium dioxide is the most commonly employed material, since it is 

low cost, it presents suitable energy bands position against the most popular absorbers, it can 

be readily synthesized by several solution-processed routes and it forms highly transparent 

and homogenous films. However, it has a rather low conductivity and electron mobility, 

which are unfavorable for the electron transport and collection. Besides, it has many defects 

such as oxygen vacancies, Ti
+3

 ions  and grain boundaries, which act as charge traps and 

result in high recombination rates of photogenerated carriers. Moreover, it presents an 
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outstanding UV-photocatalytic behavior, thus contributing significantly to the degradation of 

the PSCs by decomposing the organic groups employed.[19] Therefore, various 

modifications of the TiO2 ETL have been proposed, such as element doping [20-22] interface 

passivation [23-25] heterojunction structures [26,27] while various organic compounds, e.g 

HOCO-R-NH
3+

I
-
, 3-aminopropanoic acid, silane self-assembled monolayer (SAM) etc., have 

been also introduced towards modifying the ETL/perovskite interface [28-31] in order to 

facilitate electron transfer, reduce charges recombination, passivate the titania layer and 

improve perovskite crystallization. 

4.2 Experimental Methods 

Fabrication of perovskite solar cells. The PSCs were fabricated by depositing the 

successive layers upon 20mmx15mm FTO conductive substrates (Aldrich, 7 Ohm/□). The 

FTO were patterned with a 2M aqueous HCl solution in combination with zinc powder and 

were carefully cleaned and sonicated into a bath with Triton-X, acetone, 2-propanol and UV 

ozone in 15 min cycles. The TiO2 ETL was spin coated at 2000 r.p.m. for 60s from a mildly 

acidic solution of titanium (IV) isopropoxide (Aldrich, 97%) in ethanol.  The films obtained, 

were annealed for 45 min at 500oC under a 5oCmin-1 temperature ramp rate. To modify the 

films with the metal-free organic (E)-3-(5-(4-(bis(2',4'-dibutoxy-[1,1'-biphenyl]-4-

yl)amino)phenyl)thiophen-2-yl)-2-cyanoacrylic acid (D35) dye, we immersed them overnight 

into a 4mol L-1 ethanolic solution. Subsequently, we sonicated them for 10min into ethanol 

in order to discard the dye molecules not chemically bonded with the titania substrate. Then, 

the films were dried under Ar flux and transferred into an Ar-filled glove box for the further 

experimental procedures. The CH3NH3PbI3 layer was deposited by spin coating in an one-

step procedure a perovskite solution in anhydrous N,N-dimethylformamide, containing a 

40wt% Methylammonium iodide (Dyesol) along with Lead acetate trihydrate (PbAc2.3H2O, 

99.999% trace metals basis, Aldrich) in a 3:1molar ratio. A small amount of 
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hypophosphorous acid (50% w/w, aquatic solution, Alfa Aesar) was also added to the 

perovskite solution so as the final molar ratio of HPA:PbAc2 to be 1:4.  The procedure was 

carried out at 2000rpm for 45s. The films were left to dry at room temperature for 10 min and 

were annealed at 100oC for 5 min. Finally, a 7wt% Spiro-MeOTAD (Solaronix) solution in 

chlorobenzene was deposited as the hole transport layer, containing additives of lithium 

bis(trifluoromethanesulfonyl)imide lithium salt (≥99%, Aldrich) in acetonitrile and 4-tert-

butylpyridine (96%, Aldrich). The deposition was realized at 3000 r.p.m for 30s. Finally, the 

devices were transferred outside the glove-box and six 100nm silver electrodes were 

thermally evaporated under vacuum of 10 
-6

 Torr, at a rate of ~1Å s
-1

. 

4.3 Results and discussions 

In this chapter, we report on a planar PSC of improved efficiency and stability, based on 

dye-modified titanium dioxide electron transport layer. We thus propose an innovative 

engineering approach, introducing the concept of organic dye-sensitization for optimizing the 

compact layer/perovskite interface, stemming from our recent publication of utilizing a 

triazine-substituted zinc porphyrin as an ETL layer [32] and the effective passivation of NiOx 

HTL surface by the N719 organometallic dye. [33] More specifically, we chemisorbed D35, a 

triphenylamine (TPA)-based D-π-A dye [consisting of an electron donor (D, TPA unit), a 

conjugated linker (π, thiophene group), and an electron acceptor (A, cyanoacrylic acid 

group), Figure 4.1a (right, large inset)] from an ethanol solution on the compact titania layer 

in order to both improve electron transfer and affect the crystallization process of the 

perovskite layer. The D35 is a widely known metal-free organic dye, mainly used as a 

sensitizer in liquid or solid-state DSSCs and is characterized by a high molar extinction 

coefficient, thus can work effectively in cooperation with a thin titania ETL. [34-37] 

Moreover, D35 is an efficient sensitizer (with and without chenodeoxycholic acid-CDCA 

coadsorbent), since its butoxyl chains effectively protect the semiconductor by providing self-
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assembly and permitting the formation of an aggregate-free dye layer on the TiO2 surface, 

acting also as an insulating hydrophobic shield that keeps oxidized species at a distance from 

the TiO2 surface, suppressing the electron recombination.[38] These properties render it a 

suitable material regarding to TiO2 dye modification and employment in the PSC field, as the 

dye interface engineering approach apart from creating a smooth ETL, is expected to 

facilitate the charge electron transfer, favor the growth of homogeneous and smooth 

perovskite layers consisting of robust and homogenously distributed crystals, while it’s 

hydrophobic nature may act as a moisture shield promoting the device stability. 

Therefore, we fabricated planar PSC devices employing D35 in the ETL. The structure we 

followed is depicted in Figure 1a (left), while the perovskite absorber was deposited by a 

single step-procedure using lead-acetate as the lead-containing precursor.[39] The deposition 

of the perovskite was performed inside an Ar-filled glove box (H2O and O2 contents < 1 ppm) 

while the cathode electrodes deposition and the photovoltaic measurements were realized in 

ambient conditions. The fabricated planar perovskite solar cells with the D35 modified titania 

ETL, presented a stabilized ~13 % PCE for the champion device, along with an improved air-

stability after prolonged storage inside a desiccator. The dye chemisorption via a covalent 

bond, since the bidentate bridge binding (Figure 1a, small inset) is the most likely adsorption 

mode for D35 on the TiO2 surface,[40] eliminates the adsorbed water molecules from the 

titania surface (that can promote the degradation of the top perovskite absorber), offering 

additional stability in the PSC devices retaining at least 50% of its initial PCE, after 80 days. 
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Figure ‎4.1  (a) The planar PSC architecture (left) using a D35/TiO2 underlayer beneath the 

MAPbI3 absorber (right). (b) The corresponding energy bands diagram. The values of the 

TiO2, D35 and spiro-OMeTAD were determined using UPS and UV-vis data. 

At first, experiments confirming the presence of the dye molecules on TiO2 were 

conducted. In this context, FTO/TiO2 compact layers with and without chemisorbed D35 dye 

were examined.  The dye is obvious macroscopically by the naked eye (light orange color in 

Figure 4.2) and results in a slight decrease of the electrode transmittance in the UV-Vis 

region (Figure 4.3), as well as a small red shift of the main absorption maximum around 

470nm which is attributed to a single strong HOMOLUMO excitation, Figure 4-8d. 

However, its contribution in the total light absorbance of the photoelectrode is negligible, in 

agreement with the monolayer dye coverage onto a very thin (around 50 nm) compact layer. 

On the contrary, UV-vis reflectance measurements carried out on 4μm mesoporous titania 

layers (Figure 4.4), show strong visible absorption along with a bathochromic shift (at 

490nm), due to the electron coupling derived from the strongest interaction among the dye 

molecules and the titania. Therefore, the presence of the dye is not expected to affect 

significantly the corresponding device performance. 
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Figure ‎4.2 Optical images of (a) TiO2 and (b)TiO2/D35 films upon FTO glasses. The slightly 

orange colored film in the latter case reveals the presence of the D35, chemisorbed upon the 

titania substrate. 

 

Figure ‎4.3 Transmission spectra of TiO2 films, modified with and without D35over FTO 

glasses 
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Figure ‎4.4 UV-vis diffuse reflectance spectra F(R) curves of TiO2 and TiO2-D35 films. 

 

Figure ‎4.5  a) XP spectra of C1s, (b) O1s and (c) N1s of the TiO2/D35 sample. 

The chemisorption of the dye was also confirmed by X-ray photoelectron spectroscopy 

(XPS). More specifically, XPS analysis was performed on a FTO/TiO2/D35 samples. 

Detailed spectra of C1s, O1s and N1s are shown in Figure 4.5. The C1s peak is deconvoluted 

into four components assigned to carbon-carbon bonds in sp
2
 and sp

3
 configuration at 
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284.5eV and 285.3eV respectively, and carbon-oxygen bond in epoxides at 286.8eV and 

carboxyls at 291.0eV.[41] 291.0eV. The O1s peak is deconvoluted into three components 

assigned to Ti-O bonds at 529.6eV, to C=O and Ti-OH bonds at 531.1eV and to C-O at 

532.5eV.[42] The N1s peak is centered at 399.5eV assigned to carbon-nitrogen bonds (amide 

groups).[43] From the intensity (peak area) of the C1s and N1s photoelectron peaks, divided 

by the experimental sensitivity factors corrected for the transmission characteristics of the 

EA10 energy analyzer, the C:N atomic ratio is about 40, close to the nominal value of 30. In 

addition, Figure 4.8 (a,b,c) shows the ultraviolet photoelectron spectroscopy (UPS) 

measurements performed over FTO/TiO2 and FTO/TiO2/D35 samples. The high (Fig.4.8a) 

and low (Fig.4.8c) binding energy cutoffs are depicted, from which the work function and the 

ionization potential were determined.[44] As emerged from the UPS data, the work function 

(Wf) of the D35 modified ETL is lowered by 0.1 eV compared to the bare TiO2 one, while 

the valence band maximum is located at 3.3 eV for both samples. The Wf shift, expected to 

slightly affect the open-circuit voltage value,[45,46] is well attributed to the presence of the 

D35 dipole moment pointing away from the TiO2 layer, a fact also confirmed by density 

functional theory (DFT) calculations (Fig. 4.6).[47,48] 
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Figure ‎4.6 Geometry optimization and the corresponding dipole moment vectors of D35 dye 

(top) in (a) conformation 1, (c) conformation 2, and (b) simulated average between both 

conformations. (d) Visualization of the HOMO-1, HOMO, LUMO and LUMO+1 atomic 

orbitals of the investigated compound at the CAM-B3LYP/ 6-31G(d,p) level. 

 

Figure ‎4.7 Contact angle measurements of (a,b) water and (c,d) DMF upon TiO2 surfaces 

with and without D35 modification. 
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Figure ‎4.8 (a,b,c) UP spectra of the TiO2 and TiO2/D35 samples. The high (a) and low (c) 

binding energy cutoffs are magnified for clarity. (d) Absorption spectra of compact TiO2 

films, modified with and without D35 over FTO glasses. (e) Raman spectrum (from 100 up to 

1700 cm
-1

) of a D35 sensitized compact TiO2 film. 

Moreover, the extended Raman spectrum was obtained by focusing the laser beam onto the 

D35 sensitized film. The Raman vibrations are masked by the strong photoluminescence (PL) 

signal of the dye. PL background subtraction in the 100-1700 cm
-1

 frequency range yields the 

Raman spectrum of Fig. 4.8e. Below 650 cm
-1

, the vibrational modes of titania anatase are 

observed, the strongest being the E1g mode, at 143 cm
-1

.[49] The characteristic fingerprint 
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bands of the D35 dye are present in the 1000 – 1600 cm
-1

 range: Phenyl ring deformation at 

1062 cm
-1

, C-C stretching vibrations at 1173, 1183 and 1200 cm
-1

, C–N vibration at 1317 cm
-

1
, a strong band at 1442 cm

-1
 in the CH bending range and the high energy bands at 1525, 

1593 and 1609 cm
-1

 which are assigned to C=C stretching vibrations of the phenyl rings, the 

strongest of them, at 1596 cm
-1

,  is due to the triphenylamine unit.[50] Above this frequency 

range only two weak Raman peaks are resolved, at 2216 (ν(C≡C)) and 2964 cm
-1

 (ν (C−Η)). 

The light absorption of the MAPbI3 on pristine and D35-modified TiO2 substrates is shown 

in Fig. 4.11a. Upon dye-sensitization the shape of the spectrum doesn’t change, which 

indicates that there is no additional absorption from the D35 dye (see Figure 4.4). On the 

contrary, it is clear that absorbance from perovskite itself is enhanced in all spectral range and 

this is attributed to better crystallization of the perovskite due to the dye underlayer.  

Perovskite polycrystals grown on TiO2 and D35/TiO2 substrates were investigated by X-ray 

diffraction (XRD) measurements. Figure 4.11b shows the XRD patterns of the two films as 

well as the theoretical peaks of tetragonal MAPbI3 in the form of histograms. Both samples 

contain crystalline MAPbI3 and only a slight but clear difference in the full-width at half 

maximum (FWHM) values for the perovskite is observed between them [e.g. for the 

reflection at 2θ = 28° FHWM(TiO2/D35) = 0.106(2)° and FHWM(TiO2) = 0.134(2)°], 

confirming higher crystallinity for the perovskite film grown on the dye-sensitized titania 

substrate. This is in agreement with SEM analysis depicting higher size of crystallites. Thus, 

higher crystal quality can be expected as a result of a lower number of strains ensuing from 

structural defects. 

The presence of the chemisorbed D35 dye strongly influences the properties of the compact 

layer substrate and therefore it is expected to affect the perovskite crystallization. In fact, in 

the one-step solution process the perovskite precursors are evenly mixed and coated upon the 

substrates. Crystallization is controlled by the nucleation of the perovskite films on the titania 
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underlayer, and subsequently the procedure can be affected by modifying the compact layer 

properties, e.g. hydrophilicity. Thus, in order to examine the wettability of the TiO2 layer, 

contact angle measurements were carried out on both a bare TiO2/FTO and a TiO2/D35/FTO 

samples. As we can see in Figure 4.7, the mean contact angle (of water drops) increased 

significantly (from 40
o
 to 89

o
) after sensitizing the titania substrate with D35, indicating a 

major decrease in surface hydrophilicity. This is in agreement with atomic force microscopy 

(AFM) image analysis (not shown) confirming a slight decrease in surface roughness. 

Moreover, the hydrophobic treatment of the compact ETL seems to affect significantly the 

formation of the perovskite, since, as depicted in SEM and AFM images (Figures 4.11c and 

4.11d respectively), large and well distributed MAPbI3 grains are formed over the TiO2/D35 

layer (AFM and SEM images of ΜΑPbI3 films grown on pristine TiO2 substrate are 

presented in Fig. 4.9), creating a smooth and robust perovskite film.   

 

Figure ‎4.9 AFM (5x5 μm2) surface topography (left) and SEM (right) images of ΜΑPbI3 

films grown on a TiO2 substrate. 
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Figure ‎4.10  Size distribution of MAPbI3 grains grown upon (a) TiO2 and (b) TiO2/D35 

substrates. 

 

 

Figure ‎4.11 (a) Absorption spectra of MAPbI3 perovskite films grown on pristine and D35-

modified TiO2 substrates. (b) Corresponding XRD patterns (stars and open circles denote 
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MAPbI3 and SnO2 peaks, respectively). (c) AFM (5x5 μm
2
) surface topography and (d) SEM 

image of ΜΑPbI3 absorber on the TiO2 /D35 substrate. 

Smoothness and hydrophobicity characterizing the dye-modified TiO2, apart from shielding 

perovskite and titania layers from moisture penetration, also lead to perovskite films with 

larger grains. In fact, lower surface tension is related to the existence of a lower number of 

nucleation sites on the non-wetting surfaces (compared to the unmodified hydrophilic 

ones).[51] As derived from Fig. 4.10, in the case of the neat TiO2 the perovskite average 

grain size is 840nm in contrast with the D35-modified one, where the average size is 865nm. 

This small difference proves that that the more hydrophobic substrate favors the growth of 

perovskite films with larger grains.  

The developed perovskite photoelectrodes (FTO/TiO2/D35/MAPbI3) were incorporated in 

solar cells (PSCs) employing Spiro-OMeTAD as hole transporting material (HTM) and 

thermally evaporated silver (Ag) as counter electrode. The photovoltaic performance of the 

corresponding planar devices was evaluated via current-voltage (J-V) measurements under 1 

sun (A.M. 1.5G) illumination conditions (Figure 4.12a) and the obtained parameters upon 

reverse scans are summarized on Table 4.1. The short circuit photocurrent density measured 

for the D35-sensitized device reached a value of 22.53 mA cm
-2

, outperforming that of the 

corresponding solar cell based on the pristine TiO2 (20.94 mA cm
-2

). This 8% enhancement 

confirms the beneficial role of the chemisorbed D35 dye molecules at the compact 

layer/perovskite interface for photocurrent improvement. Moreover, the open-circuit voltage 

(Voc) values were also slightly increased (by about 30 mV), and this can be attributed to the 

lowering of the Wf, as observed in the UPS measurements. Finally, the fill factor (FF) 

showed also a slight increase, probably due to improved surface quality (lower roughness) of 

the perovskite layer. Thus, a power conversion efficiency of 17.04 % was determined for the 

champion device. The observed significant performance increase (13%) with respect to the 
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non-sensitized cell was further confirmed by statistical analysis of the results corresponding 

to 30 solar cells with and 30 cells without dye sensitization of titania. As depicted in Fig. 12c, 

the statistical analysis of the photovoltaic parameters, including maximum, minimum and 

mean and median values along with the dispersion of the interquartile range, clearly 

demonstrates that the chemisorbed D35 dye molecules at the compact layer/perovskite 

interface have remarkable contribution in the cell performance improvement. This 

enhancement might be attributed to a series of different reasons including charge electron 

transfer facilitation (via energy states), roughness reduction, dipole moment effects, improved 

perovskite crystallinity, defect passivation and humidity/UV protection.  

Table ‎4-1 Mean values and standard deviation of photovoltaic parameters for solar cells 

prepared with bare TiO2 and D35-modified TiO2 electron transport layers. Values inside 

brackets refer to the champion devices. VOC: open-circuit voltage, JSC: short-circuit current 

density, FF: fill factor, PCE: power conversion efficiency. All values are derived from 

reverse scans. 

Device Jsc(mA cm-2) Voc (V) FF PCE (%) 

TiO2 19.21±1.86 (20.54) 0.97±0.05 (1.02) 0.65±0.05 (0.71) 12.20±1.57  (15.04) 

TiO2/D35 21.19±1.17 (22.53) 0.99±0.04 (1.05) 0.69±0.04 (0.72) 14.43±1.96 (17.04) 

 

According to the literature,[52] the improvement in PSCs’ performance may be attributed 

to the chemical reactions/interactions between the perovskite and terminal/functional groups 

of surface modifiers. This is a very intriguing approach; however such a mechanism remains 

unclear in the literature. On the contrary, the existence of dipole moment perpendicular to the 

interface may be the reason for the larger crystallites and/or reduction of strain effects. This 

hypothesis is further corroborated by the relative low roughness of the titania modified 
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surface permitting easier deposition of the perovskite absorber as well as by the hydrophobic 

character of the chemisorbed D35 dye, repelling unwanted water molecules that would 

deteriorate the morphology of the perovskite layer. In addition, the presence of such a 

significant dipole moment makes the vectorial electron transfer across the modified titania-

perovskite interface possible.[53,54] Such a dye mediated vectorial transfer is facilitated by 

possible defect annihilation/neutralization at dye binding sites.   

In order to get further insight into the operation of the novel devices, we conducted Incident 

Photon-to-Current efficiency (IPCE) measurements. As depicted in Figure 4.4b, the action 

spectrum of the D35 based device presents higher quantum efficiency reaching 95% at 450 

nm and exceeding 80% almost in the whole 750nm-420nm region.  

  

Figure ‎4.12 (a) Reverse scan J-V plots obtained for planar PSCs using the MAPbI3 

absorber grown on pristine and D35-modified compact TiO2 substrates. (b) Corresponding 
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IPCE spectra and integration currents. (c) Box chart comparison of PSC parameters. (d)  

Nyquist plots registered under 1 sun illumination conditions. 

The IPCE enhancement can be attributed to the improved electron extraction capability of 

the TiO2/D35 ETL, leading to a better injection of electrons generated by the long-

wavelength part of the excitation spectrum. As reported elsewhere, if the extraction ability of 

ETL is poor, these low energy photogenerated electrons can be easily trapped into the 

perovskite layer prior to be injected into the ETL.[55] Moreover, in Fig. 4-12b, the 

integration of the action spectra on the entire wavelength region, considering one sun 

irradiation intensity (100mW cm-2, A.M. 1.5G), results in photocurrent density consistent 

with the Jsc values (deviation smaller than 2%), obtained by the J-V curves, thus confirming 

the accuracy of the J-V measurements. Furthermore, the stabilized output current 

corresponding to the maximum power point (MPP) of the J-V plots was determined for 

devices with TiO2 and TiO2/D35 as the electron transport layer. The results as presented in 

Figure 4.13, depict a similar exponential trend for the two devices with a final PCE loss of 

25% for both, attributed to the accumulated capacitive current.[56] Moreover, reverse and 

forward scans show that the cells are characterized by significant hysteresis. This is a well-

known effect in MAPbI3 perovskite especially accompanying planar PSCs, attributed to the 

low conductivity of compact TiO2 provoking a significant imbalance between electron and 

hole flux through the device,[57] and to the existence of electrode polarization from increased 

capacitance currents.[54]  In order to avoid the errors introduced in the PCE determination by 

the hysteresis effects, we report stabilized output efficiencies of the champions cells equal to 

11.21% for those based on pristine TiO2 relative to 12.92% for those based on sensitized 

TiO2, which also makes a 13% improvement. However, PSC devices employing the 

TiO2/D35 ETL present a slight decrease in the hysteresis, attributed to the increased 
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conductivity of titania and the reduction of reactive sites in the interface with the MAPbI3 

resulting from the presence of the D35. 

 

Figure ‎4.13 The current density and the PCE at the MPP of the TiO2 and the TiO2/D35 

samples. 

 

Figure ‎4.14  Nyquist plots under dark conditions of MAPbI3-based solar cells with compact 

TiO2 and TiO2/D35 as the ETL. 
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Table ‎4-2  Resistance parameters as derived from the simulation of the Nyquist plots. 

  Rs (ohm) Rct (ohm) Rrec (ohm) 

Light conditions 

(100 mWcm
-2

) 

TiO2/D35 47.89 224 573 

TiO2 39.4 316 321 

Dark conditions TiO2/D35 39.86 2690 3170 

TiO2 30.54 753 2190 

 

The improved performance of the D35-modified solar cells was also confirmed by 

Electrochemical Impedance Spectroscopy (EIS) measurements, conducted under open-circuit 

conditions in dark and under 100mW cm
-2

 illumination conditions. Figure 4.12d shows the 

Nyquist plots taken while illuminating the solar cells in the 1MHz-0.1Hz range under a 

10mV AC perturbation. Even though EIS is a cumulative technique (measuring the device), 

this is its clear advantage over other spectroscopic methods, like transient photoluminescence 

spectroscopy: it can clearly distinguish the interfaces within a device when an appropriate 

and reliable equivalent circuit is being used. The high frequency arc is attributed to charge 

transfer resistance (Rct) in the perovskite/TiO2 interface. [12, 58] This resistance is 

significantly smaller in the case of the D35-modified cell, confirming easier electron transfer 

in the corresponding device. This can be attributed to the chemical bonding of the D35 dye to 

TiO2, strengthening their electronic coupling and inducing a faster electron injection rate. 

Such a mechanism was recently proposed by Tountas et al.[59] to explain the beneficial role 

of covalently bonded porphyrin molecules as effective cathode interfacial modifiers in 

inverted organic solar cells (OSCs). In addition, the mid frequency arc related to the 

recombination resistance (Rrec) depicts a net increase in the case of the D35-modified device. 

This implies that the recombination between electrons in the TiO2 compact layer and holes in 
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the perovskite is severely inhibited by the addition of the D35 dye. A possible explanation is 

that the chemisorbed dye monolayer keeps holes in the perovskite at a distance from the TiO2 

surface, suppressing the electron recombination. In fact, the D35 sensitizer contains four 

bulky long butoxyl chains in ortho and para positions of the TPA phenyl rings by single 

bonds, allowing free rotation.[60] These rotatable bulky groups may induce surface blocking 

through steric hindrance, preventing the access of electrons back to the perovskite, which will 

be in favor of higher Voc, as observed in the J-V characteristics.[61] 

In conclusion, the behavior of the D35-modified solar cell is improved due to the dye 

sensitization of the titania ETL/perovskite interface.[62] The above results were further 

supported by the EIS measurements carried out in dark conditions (Figure 4.14), where the 

charge transfer resistance is significantly larger in the case of the dye-modified device. Since, 

the photoexcited dye acts as an electron transfer mediator, it doesn’t contribute to the charge 

transfer under dark conditions yet dominating its insulating nature the EIS date is registered 

in Table 4.2. 

Finally, stability tests were performed, certifying the significant influence of the dye on 

curing degradation phenomena that commonly accompany the PSCs operation. Those issues 

are mainly attributed to perovskites’ intrinsic structural instability, their high sensitivity 

against water molecules and their instability against UV radiation.[63] The devices were 

stored in the dark, inside a silica dried desiccator (relative humidity-RH=10%) and their 

performance parameters were systematically evaluated as to estimate their evolution over 

time. As presented in Figure 15 Voc values show quite similar time dependence for both dye-

sensitized and non-sensitized devices. In fact, the open circuit voltage values showed a total 

30% loss of the initial Voc after 80 days. However, significant differences were observed for 

both FF and Jsc values, where the D35–based PSCs present a clearly slower decline in cell 

parameters, resulting in improved stability and higher final power conversion efficiency, 
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retaining 50% of their initial performance and largely outperforming the corresponding 

values of the reference device.  

The observed higher stability is probably related to the hydrophobic character of the D35 

dye shielding the TiO2/perovskite interface against humidity. In fact, the insulating effect of 

the butoxyl chains protecting the TiO2 surface was well established in dye-sensitized solar 

cells.[60] This is corroborated by the contact angle measurements, indicating enhanced 

hydrophobicity of the titania compact layer following dye chemisorption. Lower surface 

wetting of the underneath compact layer increases its compatibility with the top hybrid 

perovskite absorber and is also at the origin of the observed higher resistance of the 

FTO/TiO2/D35/MAPbI3 photoelectrodes to UV stress.[19] In fact, it is well known that TiO2 

is one of the best performing photocatalysts provoking the direct decomposition of a 

numerous organic molecules under UV irradiation. The photocatalysis mechanism involves 

the participation of highly reactive hydroxyl radicals (.OH) resulting of the reaction between 

the photogenerated holes and adsorbed water.[64] Thus, the introduction of the water 

repealing dye interlayer not only protects the top perovskite layer from self-decomposition 

(the instability in humid environments is the main drawback of the perovskite technology) 

but also inhibits the formation of potent hydroxyl radical “killers” at the corresponding 

interface, thus justifying an indirect UV shield function. 

The relative stability of the MAPbI3 films upon dye sensitization is easily corroborated by 

the optical images (Fig. 4.16) taken from perovskite films grown over TiO2 and TiO2/D35 

substrates, after storage for 80 days. The MAPbI3 film grown on the D35-sensitized substrate 

is far less affected comparing it with the film on the pristine TiO2, that has turned yellow due 

to the presence of PbI2. The above results were further confirmed by Raman spectroscopy. It 

is important to mention that no Raman signal of the pristine perovskite can be obtained under 

on-resonance Raman excitation due to laser induced degradation and phase 
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transformations.[65] Thus, in principle, only the degradation PbI2 products formed on the 

samples by ageing can be detected by Raman. Indeed, the Raman spectra recorded (Fig. 

4.17a) on pristine titania present a no well resolved peak at ≈110 cm-1 which is partially 

masked by the rejection filter and a vibration peak at 215 cm-1 both indicating formation of 

PbI2 degradation product across the sample.[66,67] On the contrary, the perovskite samples 

developed on the dye-modified titania substrate did not present any Raman vibration peaks at 

all, verifying the robustness of these samples against moisture induced degradation.  

 

Figure ‎4.15 Stability test over the development of (a) current density, (b) open circuit 

voltage, (c) fill factor, and (d) efficiency of MAPbI3-based  solar cells with TIO2 and 

D35/TiO2 as the compact ETL. 
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Figure ‎4.16 Optical images of MAPbI3 films grown on (a) TiO2/D35, and (b) TiO2 substrates 

after storage for 80 days in the dark. 

 

Figure ‎4.17 (a) Raman spectra (shaded graph corresponds to PbI2 vibration peak) of 80-days 

aged MAPbI3 films inside a desiccator. Integrated PbI2 Raman signal mapping from 40x40 

μm areas of perovskite films deposited on pristine TiO2 (b) and D35 sensitized TiO2 (c) 

substrates, after aging. A1-A5 are characteristic intensively degraded areas corresponding to 

the formation of PbI2 islands. 
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Figure ‎4.18 Integrated PL (788-820 nm) and laser reflectance at 514. 4 nm from the40x40 

μm areas of perovskite films deposited on pristine TiO2 (left) and D35 sensitized TiO2 (right) 

substrates, after degradation for 80 days (stored in the dark and 10% humidity). The same 

areas under the same lateral resolution were examined later by Raman (see Fig 4.17). Marked 

areas A1-A5 are characteristic regions corresponding to the formation of PbI2 islands (strong 

degradation) (see also Fig. 4.17). 

Moreover, Raman mapping in 40x40 μm2 areas of the samples were carried out and the 

integrated signal of the PbI2 215 cm
-1

 band is shown in chromatic scale, in Fig. 4.17(b,c). Fig. 

4.17(b) shows that the reference perovskite developed on pristine TiO2 films is fully covered 

(across all its area) with a significant amount of PbI2 formed as degradation product. 

Moreover, in some areas (A1-A5) the PbI2 Raman signal becomes very strong and defines 

extensive PbI2 islands.  These regions also present reduced photoluminescence (PL) signal 
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(Fig. 4.18a) and reflectivity (Fig.4.18c). On the contrary, the D35 sensitized films remain 

completely intact by PbI2 formation and the reflectance images do not show dark patches. 

Overall, the mean PL signal on the D35 films is one order of magnitude higher than that of 

the reference sample. In the later, the extensive degradation product (PbI2) does not permit 

the observation of the PL from the perovskite.[68] Furthermore, the PL signal mapping 

across the D35 modified film has a lateral profile typical of perovskite films.[69] 

 PSCs Performance under Accelerated Thermal Stress and 4.1

Prolonged Light Exposure 

At first we realized accelerated heat lifetime experiments in samples with the following 

structure: FTO/TiO2/D35/MAPbI3 as the dye-sensitized and FTO/TiO2/MAPbI3 as the 

reference one. The perovskite crystals were prepared using lead acetate as the metal -

containing precursor. This material follows a fast crystallization path that leads to robust 

perovskite absorber layers due to the facile removal of the CH3NH3Ac by-product during the 

film formation. It is important to point out that in our experiments we did not insist on the 

influence of the hole transporter (2,2′,7,7′-tetrakis (N, N-di-p-methoxyphenylamine) - 9,9′-

spirobifluorene, spiro-MeOTAD) and the silver cathode (Ag). In fact, the Spiro-MeOTAD 

HTM, despite resulting in highly efficient PSCs, suffers from low glass transition temperature 

that affects the thermal stability of the devices. Moreover, metal cathode electrodes like silver 

can migrate to the perovskite layer through Spiro-MeOTAD, a deterioration path further 

enhanced at high temperatures. In every case the behavior of the interfaces (such as 

ETL/perovskite and perovskite/HTL) plays a distinct and crucial role in the overall stability of 

the devices, thus we have focused on the influence of high temperatures exclusively in the 

interplay between titania and MAPbI3 absorber. The samples were thermally treated inside a 

glove box (Ar-filled, O2<0.5ppm, H2O<0.5ppm) and special care was taken in order to 

exclude the presence of residual DMF. MAPbI3 based on lead acetate only needs a few 
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minutes under 100
o
C in order to crystallize in the tetragonal black phase. Taking this into 

account, we prepared the samples by heating them from 10min (which is the optimum 

crystallization time) up to 24 hours. In Figure 4.19, the SEM images of the films after 10min 

and 60min of thermal stress are shown. Independently of dye modification, the samples heated 

for 10 min present a similar appearance in the form of a smooth pinhole-free film with large 

and homogenous crystals, while after 60 min of heating at 100
o
C the homogeneity of the films 

was deteriorated with the appearance of extended altered areas mostly located at the 

perovskite grain boundaries, a fact possibly associated with the formation of PbI2. On the 

contrary the films developed on the titania substrates sensitized with D35 are slightly affected 

by heat denoting a far more stable perovskite layer.  

 

Figure ‎4.19 SEM images of perovskite layers upon TiO2/D35 (up) and TiO2 (down) 

substrates after 10min (left) and 60min (right) of thermal stress. 
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In order to confirm the nature of the spoils we conducted XRD measurements in the 

thermally treated samples along with the not stressed ones. As shown in Figure 4.20a, the 

XRD patterns of samples heated for 10min (not stressed) contain characteristic diffraction 

peaks of crystalline MAPbI3, in agreement with the theoretically expected peaks at 2θ=13.65°, 

28.01°, and 31.42°, denoting a well crystallized perovskite. Moreover, a slight difference in 

the full width at half maximum (FWHM) values for the perovskite is observed between the 

two patterns. This difference is in favor of the TiO2/D35 sample confirming higher 

crystallinity for the perovskite films grown on the dye-sensitized titania substrate. This fact 

has been corroborated by the SEM analysis depicting higher size of crystallites and is 

expected to play a crucial role in the suppression of ion migration during heating. In fact, 

previous studies have revealed that ion migration stimulated by heat can be largely suppressed 

when perovskite crystals get larger, due to smaller grain boundaries and lower structural 

disorder and defects. 

 

Figure ‎4.20 XRD patterns of 10min (left) and 30min heated perovskite films (right) on 

titania-based substrates 

The structural analysis after 30min of thermal stress (Figure 4.20b) for both samples, 

reveals the appearance of the PbI2-related peak (θ=12.5o) in the case of the neat TiO2 

substrate. When the samples were heated for 60min (Figure 4.21a), the diffraction peak 
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corresponding to the presence of PbI2 is obviously more intense in the case of the unmodified 

sample corroborating the extent presence of lead iodide on the surface of the perovskite film. 

 

Figure ‎4.21 a) XRD patterns and b) Uv-vis absorption spectra of 60min heated perovskite 

films on titania-based substrates. 

The formation of lead iodide is attributed to the existence and unhampered migration of 

under-coordinated ions out of the perovskite layer, and the interference with the ETL, after 

exposure to thermal energy. On the other side the samples developed on the dye-sensitized 

titania compact layer do not present any PbI2 peak.  

 

Figure ‎4.22 Uv-vis absorption spectra of 10min (left) and 30min heated perovskite films 

(right) on titania-based substrates 



Development of New Photovoltaic Devices Based on Perovskite Cells and Application in Electric Power Systems  97 
 

In order to evaluate the influence of thermal stress upon the optoelectronic properties, UV-

Vis spectroscopy measurements were carried out.  

In Figure 4.22a we can see the absorption spectra of the MAPbI3 on pristine and D35-

modified TiO2 substrates. After dye-sensitization, the shape of the absorbance spectrum 

doesn’t change, indicating no significant contribution from the D35. The same trend goes on 

after both 30min (Figure 4.22b) and 60min of thermal stress (Figure 4.21b). In all cases, and 

especially after one hour of heat treatment at 100
o
C, the perovskite layer coated upon 

D35/TiO2 presents improved absorbance in the whole spectrum when compared to the one 

grown upon TiO2. It is obvious that D35 protects MAPbI3 from heat, in terms of crystallinity 

and morphology, a fact that reflects in the improved absorption spectra. In order to evaluate 

the behavior of D35 against thermal treatment, we used Raman spectroscopy (Figure 4.23) on 

net D35 powder (Figure 4.23a) and TiO2/D35 films coated upon FTO glasses (Figure 4.23b-f) 

and annealed at 100
o
C as a function of the treatment duration.  

 

Figure ‎4.23  Raman spectra for (a) D35 powder and TiO2/D35 films stressed for (b) 0min, (c) 

10min, (d) 30min, (e) 60min, (f) 120min. 
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At low frequencies the vibrational modes of titania anatase are observed, the strongest 

being the E1g mode, at 143cm-1. As concerns the characteristic  bands of the D35 dye [the 

phenyl ring deformation at 1066 cm-1; the C-C stretching vibrations at 1173, 1183, and 1200 

cm-1; the C-N vibration at 1317 cm-1; a strong CH bending range band at 1442 cm-1; and 

the C=C stretching vibrations of the phenyl rings at 1525, 1593 (triphenylamine unit), and 

1609 cm-1], they do not alter even after 1h of thermal treatment of the sample at 100oC 

indicating its good stability against thermal stress, a fact in agreement with literature. 

4.1.1 Thermal Stability and Characterization of PSCs 

As to further investigate the influence of thermal stress in MAPbI3, we fabricated PSCs 

employing the thermally stressed samples. The configuration of the devices is the following: 

FTO/TiO2/D35/MAPbI3/SpiroMeOTAD/Ag for the sensitized and FTO/TiO2/MAPbI3/ 

SpiroMeOTAD/Ag for the reference ones.  

 

Figure ‎4.24 J-V characteristics of a) D35-containing and b) reference PSCs after 60min of 

thermal stress.  
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Table ‎4-3 Photovoltaic parameters for the best performing devices with and without D35 

after various times of thermal stress at 100
o
C.Voc: open-circuit voltage, Jsc: short-circuit 

current density, FF: fill factor, PCE: power conversion efficiency. 

From the presented results (Figure 4.23 and Table 4.3) it is obvious that after 60min of stress 

the reference devices decline substantially losing almost 50% of the initial efficiency. In 

contrast, the D35-sensitized one preserves 85% of the starting PCE. The performance 

decrease of the devices is mainly associated with the decrease of Jsc, since in the case of the 

Voc the loss is smaller. Nevertheless, even in this case, the D35 sample has a far more stable 

behavior since the final value of Voc is only 4% lower than the initial, contrary the reference 

one in which Voc decrease by 9%. In the case of FF, the reference sample after thermal 

treatment loses almost 17% of the initial value while the sensitized device presents a more 

stable FF, declining only by 9%. The obtained results for the behavior of the PSCs upon 

thermal stress were highly reproducible as shown in Figure 4.25 and Figure 4.26 that present 

the statistical data for Jsc, Voc, FF and PCE for 15 solar cells of each configuration.  

Device Jsc (mA·cm
-2

) Voc(V) FF PCE (%) 

TiO2 (0 min) 20.62 1.01 0.72 15.05 

TiO2 (60 min) 14.00 0.92 0.60 7.74 

TiO2/D35 (0 min) 22.50 1.04 0.72 16.79 

TiO2/D35 (60 min) 21.42 1.00 0.65 13.92 
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Figure ‎4.25 Statistical analysis of the main photovoltaic parameters for PSCs with and 

without D35 before and after 30min of heat treatment at 100
o
C. 

 

Figure ‎4.26 Statistical analysis of the main photovoltaic parameters for PSCs with and 

without D35 after 60min of thermal stress at 100
o
C. 



Development of New Photovoltaic Devices Based on Perovskite Cells and Application in Electric Power Systems  101 
 

In order to have a more long-term insight into the performance of the PSC we conducted 

accelerated thermal stress tests on the sensitized and the reference samples for more than 60 

min. The results, reported on Table 4.4 and Figure 4.27 show that in the case of the reference 

PSCs, their efficiency power conversion efficiency (PCE) considerably declined after 120min 

of thermal treatment reaching 4.85%, a value 70% lower than the initial PCE. Moreover, 

every attempt we made to register J-V curves after heating the sample for longer time periods 

failed since the performance of the PSCs collapsed.  On the contrary, the sensitized devices 

present a far more stable behavior. After 120 min of thermal treatment in 100
o
C under an 

inert atmosphere, the PSCs retain 75% of their initial PCE value, while the devices still work 

after 24h of continuous (accelerated) thermal stress. The evolution of the main photovoltaic 

parameters is shown in Figure 4.28. Both Voc and FF present a small decay while the 

decrease in the PCE can be exclusively attributed to the decrease of Jsc.  

 

Figure ‎4.27 J-V characteristics of D35-containing (left) and reference PSCs (right) after 

various times of thermal stress. 
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Table ‎4-4 Photovoltaic parameters for the best performing devices with and without D35 

after various times of thermal stress at 100
o
C.  Voc: open-circuit voltage, Jsc: short-circuit 

current density, FF: fill factor, PCE: power conversion efficiency 

Device Jsc (mA·cm
-2

) Voc(V) FF PCE (%) 

TiO2/D35 (0 min) 22.55 1.04 0.72 16.79 

TiO2/D35 (30 min) 21.81 1.04 0.71 16.10 

TiO2/D35 (60 min) 21.42 1.00 0.65 13.92 

TiO2/D35 (120 min) 19.89 0.98 0.65 12.66 

TiO2/D35 (180 min) 19.65 0.99 0.64 12.45 

TiO2/D35 (240 min) 19.79 0.93 0.63 11.59 

TiO2/D35 (1320 min) 13.11 0.98 0.67 8.60 

TiO2 (0 min) 20.62 1.01 0.72 15.05 

TiO2 (30 min) 17.00 0.95 0.71 11.46 

TiO2 (60 min) 14.00 0.92 0.60 7.74 

TiO2 (120 min) 10.69 0.74 0.61 4.85 
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Figure ‎4.28 Evolution over time for the main photovoltaic parameters of thermally stressed 

PSCs with and without D35. 

Moreover, in Figure 4.29 we present images of perovskite films developed on TiO2/D35 

and TiO2 substrates, thermally stressed at 100
o
C on air as a function of the treatment 

duration. It is obvious that in the presence of moisture, the degradation of the reference films 

is rapid already after 60min of thermal treatment, while after 2 h almost the entire surface of 

the perovskite has turned to yellow, a clear macroscopic sign of surface coverage by PbI2. On 

the contrary, the stressed sensitized films did not present any alteration in comparison with 

the fresh ones and no obvious change in color was observed following thermal treatment in 

inert atmosphere.  
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Figure ‎4.29 Images of perovskite films upon TiO2/D35(left)and TiO2 (right), thermally 

stressed at 100
o
C on air for (a) 10 minutes, (b) 60 minutes, (c) 120 minutes and (d)180 

minutes.  

From the above results, it is obvious that D35, except for its beneficial effects in the 

performance of PSCs, also plays some significant role in protecting the devices against 

thermal stress. From the present data and in agreement with the literature, the contribution of 

D35 may be attributed to its hydrophobic characteristics, acidic nature and ability to induce 

high perovskite crystallinity. In this context Azpiroz et al. have found that MAI-terminated 

surfaces are easily subject to solvation, due to the nucleophilic substitution of dangling I
-
 ions 

on the surface by water (H2O) molecules. Therefore, inserting a hydrophobic monolayer is 

very important as to stabilize the perovskite crystals, especially in the case of heat stress. 

Additionally, the D35 protective layer may hinder the diffusion of decomposition products 

(e.g. MAI and HI) and regenerate the perovskite phase by reacting with PbI2 in the film. 

Furthermore it is reported that the thermal decomposition of the perovskite film is hindered 

by the acidic chemistry at ETL/Perovskite interface. In this context, the protective role of 

D35 may be due to its acidic character since it can create a more acidic environment in 



Development of New Photovoltaic Devices Based on Perovskite Cells and Application in Electric Power Systems  105 
 

comparison with neat titania. Thus, the dye hinders the deprotonation of the attributed 

methylammonium cation and facilitates the formation of methylamine and PbI2.  

4.1.2 Light Stability and Characterization of PSCs 

In order to further investigate the stabilizing effect of D35, we conducted additional light 

saturation experiments under continuous illumination (300nm-800nm spectral range) of 76.5 

mW/cm
2
 incident irradiance. At first, we evaluated the endurance of perovskite films coated 

upon FTO/TiO2 and FTO/TiO2/D35 photoanodes irradiated under ambient conditions. As 

shown in the XRD pattern (Figure 4.30a), when the samples were irradiated for 60min, the 

lead iodide-related peak was increased intensively claiming the extent presence of lead iodide 

on the surface of the perovskite films. This is obvious in the corresponding images presented 

in Figure 4.31 where yellow areas corresponding to lead iodide are clear in the case of the 

reference sample. These results were also reflected in absorbance measurements (Figure 

4.30b) where we can see the light absorption of the MAPbI3 on pristine and D35-modified 

TiO2 substrates. It is evident that after one-hour light exposure, the perovskite layer developed 

upon D35/TiO2 presents improved absorbance in the whole spectrum when compared to the 

neat TiO2 one. 

 

Figure ‎4.30 a) XRD patterns and b) Uv-vis absorption spectra of 60min light stressed 

perovskite films on titania-based substrates.  
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Figure ‎4.31  Photographs of TiO2 (left) and TiO2/D35 films (right) upon the perovskite layer 

after prolonged light exposure for 1hr.  

 

Figure ‎4.32 Evolution over time for the main PV parameters of light saturated PSCs with and 

without D35. 

Subsequently we fabricated PSCs with the aforementioned photoanodes. It can be seen 

(Figure 4.32) that the devices employing D35 exhibited relatively better stability than the neat 
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TiO2-based devices. The PCE value of the control devices (non-sealed cells left under ambient 

conditions at room temperature under dark) decreased by 56% after 7 hours irradiation, 

whereas the cells with D35 only lost~18% of their initial PCE. Moreover, FF presents the 

same trend for both cases, while the Jsc value of the control devices degraded by 35% after 7 

hours of continuous illumination, whereas the cells with D35 only degraded by 17%. Finally, 

the Voc value for the control PSCs declined by 37% after 7 hours, whereas the cells with D35 

only lost 15% of their initial Voc. In general, the degradation phenomena are closely related to 

the activation energy of ion migration in perovskite. In our case, the large crystals with high 

crystalline quality realized by the D35 sensitization interface engineering strategy, is strongly 

associated with the observed high PSC light stability. Moreover, upon exposure of the TiO2 to 

light, the holes in the valence band recombine with adsorbed molecular oxygen, causing 

desorption and leaving positively charged deep trap sites in the TiO2 surface. These traps then 

act as sinks for electrons, and this effect is followed by recombination of the trapped electrons 

occurring directly with the holes in the perovskite or HTM. On the contrary, D35 molecules 

may act as a protective shield over the compact TiO2 ETL, thus suppressing the recombination 

process.as shield layer over the TiO2 layer and this may be suppressed this recombination 

process. 

4.4 Summary 

Interface engineering is central to the development of highly performing and stable 

perovskite solar cells (PSCs). Here, for the first time, we proposed the concept of dye 

sensitization for optimizing the compact layer/perovskite interface. The introduction of the 

solution processable D35 organic dye modifier sensitizing the titania compact layer, leaded to 

planar PSCs delivering enhanced stabilized power conversion efficiency of up to ~13% 

which is accompanied by significantly increased stability. Our results indicate that this 

performance enhancement is attributed to enhanced recombination resistance, increased 
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electron transfer, better crystallization of the deposited perovskite and humidity sealing 

character of the hydrophobic dye monolayer. 

In this chapter we presented the beneficial role of D35 interface engineering in the stability 

of a planar PSC devices based on lead acetate as the metal cation precursor, titania compact 

layer as the ETL and MAPbI3 as the sunlight absorber. The results obtained by investigating 

this specific configuration suggest that the observed significant simultaneous thermal and light 

stability originates from the versatile contribution of D35 at the interface between the titania 

ETL and the perovskite absorber. The hydrophobicity of D35 is pivotal in the behavior of the 

devices since it contributes in the formation of well crystallized perovskite layers which, 

besides enhanced protection against humidity attack, offer extra stability against heat and light 

saturation. The sensitized PSCs preserved 75% of their initial PCE after 2h of thermal stress at 

100
o
C, a significant improvement considering that reference PSCs almost collapsed at the 

same time. The D35-based devices was also very stable after 7h under light stress, 

establishing the overall beneficial role of this organic dye in the development of high-quality 

planar perovskite solar cells presenting increased efficiency and enhanced stability. 
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 Chapter 5 5

 Enhancing the Performance of Perovskite Solar Cells 5

via Doping 

 

 Preface 5.1

The field of hybrid halide perovskites has been witnessing a surge of interest over the past 

few years across the breadth of nanoscience and nanotechnology. Of particular interest, 

controlling the nanomorphology of the hybrid perovskite absorber can modify intrinsically 

different properties (crystallinity, defects, grain boundaries) and optimize charge transport in 

the bulk structures and at the corresponding interfaces, thus leading to highly performing 

devices.  Perovskite solar cells (PSCs), were recently developed and rapidly optimized due to 

the intriguing optoelectronic characteristics (long diffusion lengths, long charge carrier 

lifetime and high dielectric constant) of the perovskite polycrystals [1-6].
 

The latter, 

employed in the solar cells primarily as sunlight absorbers, are described by the general 

formula ABX3, where A is organic and/or inorganic cations, B is a metal cation, and X refer 

to halide anions. PSCs are characterized by low cost and facile fabrication techniques along 

with high power conversion efficiency (PCE), which after thorough research has raised 

within a few years to 25.2% [7-9]. However, there are still unsettled issues restraining their 

further commercialization, such as further improvement of efficiency and long-term stability 

[10-16].
 
The structure of PSCs consists of a perovskite absorber sandwiched between two 

charge extraction/transport layers, which lead the photogenerated charge carriers (electrons 

and holes) to the corresponding electrodes.   In this context, the electron transport layer 

(ETL) plays a vital role in obtaining efficient and stable PSCs [17-20], thus various materials 
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have been used as ETLs including ZnO [21-25],
 
TiO2 [26], SnO2 [27-29], WOx, [30] and 

PbTiO3 [31]. Among transition metal oxides, titanium dioxide is the most popular one due to 

the large band gap, long electron lifetimes, low-cost and facile fabrication methods and its 

suitably located energy bands against the most common sunlight absorbers [32-35].
  

However, the TiO2 conductivity and electron mobility is much lower compared to the 

corresponding value of the perovskite layer, provoking a significant imbalance in the electron 

flow towards the anode [36]. In addition, the TiO2 layer may act as a photocatalyst of 

chemical reactions leading to degradation of the perovskites and to a permanent polarization 

of the film. Ito et al. also found that CH3NH3PbI3 degraded on TiO2 rapidly under visible and 

UV–vis light for 24 h in air but on the contrary, Al2O3 successfully protected the perovskite, 

which was verified by UV–vis and XRD measurements [37]. Therefore, ETLs with improved 

conductivity and increased electron mobility are required [38] in order to reduce the charge 

carriers accumulation and favor the electron passage to the ETL/perovskite interface. The 

latter can be achieved, among other ways, through ETL’s dye sensitization approach [39,40]
 

or by ETL doping/modification with metal ions such as Y
3+

, Zn
2+

, Fe
3+

, Mg
2+

, Nb
5+

, Ta
5+

 and 

Li
+
[41-47].  

Recently, Soultati et al. confirmed that appropriate lithium doping of the ETL layer is an 

effective approach to suppress the photocatalytic activity of the titania underlayer, mitigate 

the interfacial degradation and increase the stability of fullerene and non-fullerene organic 

solar cells [48]. In the literature of perovskite solar cells, there are a few papers adopting 

copper materials as additives in charge transport or perovskite layers with positive effects in 

the performance of the corresponding PSC devices however, these works are focusing on 

their role as hole transporting materials [49]. On the other hand, copper has been extensively 

used to modify the photocatalytic properties of TiO2 [50-53] however, as far as we know, the 

corresponding effects as additive in the ETL of PSCs have not been studied. Herein, a novel 
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interface engineering approach was adopted and Cu-modified TiO2 was incorporated in 

planar perovskite solar cells in order to improve ETL/perovskite interface. The Cu-TiO2 

solution was obtained by blending Cu (NO3)2.3H2O with the TiO2 precursor solution. The 

presence of copper significantly advanced the quality of the TiO2 compact ETL by mitigating 

its photocatalytic action, increasing its conductivity and improving the adjacent interface with 

the perovskite layer. XPS analysis revealed the presence of copper in the form of oxide Cu2O, 

J-V measurements for modified electron-only devices indicated improved electron mobility 

and conductivity, PL spectroscopy evidenced the advanced electron transport at the Cu-

ETL/perovskite interface, while trap density measurements implied the suppression of 

surface perovskite trap states. 

 Copper Doping 5.2

5.2.1 Experimental   

FTO conductive glasses (Aldrich, sheet resistance 7 Ohm·sq
-1

) were used as the anode 

substrates. They were etched with a 2M HCl solution combined with Zn powder. This was 

followed by thorough cleansing with Hellmanex, acetone and 2-propanol for 15 min. Then 

then samples were treated with UV ozone for 20 min. The titania ETL was prepared by 

dissolving titanium (IV) isopropoxide (Aldrich, 97%) in ethanol containing an aliquot of HCl. 

The final concentration of the 5 ml solution is 0.23M. The Cu-TiO2 precursor solution was 

obtained by mixing an amount of a 0.5Μ Cu (NO3)2.3H2O ethanolic solution with the  TiO2 

precursor solution (0.23M) in a doping range, from 0 % to 20% (Figure 5.1). The optimum 

concentration is 5%, thus mixing 5μl of copper solution with the titania solution.  Both 

modified and pristine ETLs were spin coated at 2000r.p.m. for 60 s. The films were 

calcinated for 45 min at 500
o
C (5

o
C·min

-1
 temperature ramp rate) and subsequently were 

transferred into an Ar-filled glove box for the perovskite deposition. The perovskite layer was 

deposited by spin coating in a one-step procedure using a solution of anhydrous DMF, 
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containing 40 wt% Methylammonium iodide (Dyesol) along with Lead acetate trihydrate 

(PbAc2.3H2O, 99.999% trace metals basis, Aldrich) in a 3:1molar ratio. A tiny amount of 

hypophosphorous acid (50% w/w, aquatic solution, Alfa Aesar) was also added into the 

perovskite solution so as the final molar ratio of HPA:PbAc2 to be 1:4. The deposition was 

realized at 2000 r.p.m. for 45s. The films were left to dry at room temperature for 5min and 

were annealed at 100
o
C for 10min. Finally, a 7wt% Spiro-MeOTAD (Solaronix) solution in 

chlorobenzene was deposited as the hole transport layer, containing additives of lithium 

bis(trifluoromethanesulfonyl)imide lithium salt (≥99%, Aldrich) in acetonitrile and 4-tert-

butylpyridine (96%, Aldrich). The deposition was done at 3000 r.p.m for 30s. Finally, the 

devices were transferred outside the glovebox and six 100 nm silver electrodes were 

thermally evaporated under vacuum of 10
-6

 Torr, at a rate of ~1Å·s
-1

. 

 

 

 

 

 

 

5.2.2 Results and Discussion 

As described in the experimental section, copper was added in the titania precursor solution 

in the form of dissolved Cu(NO3)2.3H2O in ethanol.  In general, the following 

characterizations pertain to the optimum copper concentration (0.5%) as derived from the 

preliminary tests conducted in PV devices (Figure 5.2). 

Figure ‎5.1 Vials containing various amounts of Cu(NO3)2.3H2O dissolved in 

ethanol 
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Figure ‎5.2 PV characteristics for PSCs containing various amounts of Cu(NO3)2.3H2O 

5.2.3 ETL Characterization 

At first, UV-Vis spectroscopy was performed to evaluate the optical properties of titania 

films with and without copper addition. The presence of the metal did not alter the 

transmittance of the films (Figure 5.3a) and their absorption spectra were not practically 

affected. This is also the case of the optical band gap values calculated by Tauc equation 

[(ahv)
1/2

 versus Energy graph, Figure 5.4], which relates the optical band gap (Eg) and 

absorption coefficient (α):  

𝑎ℎ𝑣 = (ℎ𝑣𝐸𝑔)1/2      (1) 

where h is Planck's constant, and ν is the frequency of the incident photons. 
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Figure ‎5.3 Transmittance spectra of FTO and titania films with and without copper (a); 

Fluorescence emission spectra (lexc= 340nm) recorded for glass/TiO2 (b) and glass/Cu-TiO2 

(c) samples at room temperature. Gaussian fitting of the PL spectra is also presented; Time-

resolved fluorescence spectra (lexc= 376nm) of glass/TiO2 (pink) and glass/Cu-TiO2 (blue) 

samples recorded at room temperature and probed at 400nm (d). 

 

Figure ‎5.4 Absorption spectra (a) and Tauc plots (b) of the TiO2 and Cu-TiO2 film 

electrodes. 
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Insertion οf copper cations within the TiO2 lattice might induce crystal imperfections and 

color centers (F-centers) related to oxygen vacancies are emerging. Accordingly, the light 

harvesting ability of the TiO2 layer is extended to the visible region of the spectra due to local 

states below the conduction band, namely transitions with lower energy [55]. The generation 

of oxygen vacancies is also related to the formation of Ti
3+

 species via interactions with the 

Ti
4+

 centres neighbouring the vacancies.  

Those structural differences between the Cu-treated and pristine TiO2 layers were further 

probed with the aid of photoluminescence spectroscopy. TiO2 and Cu-TiO2 coated glass 

substrates were illuminated by a 340nm laser and the recorded spectra are shown in Figure 

5.3 b-c. In both samples a broad PL emission spectrum with a maximum around 410nm was 

observed, while in the Cu-modified samples it is quenched by 17%. Gaussian curve fitting of 

the emission spectra has been proposed as an analytic method for unravelling the structural 

characteristics of the TiO2 semiconductors [56]. The emission spectra may be deconvoluted 

in various Gaussian derivatives related to the electronic properties of the materials. In 

general, the deconvoluted peaks below 400nm are attributed to the band-to-band emission 

while most of the visible light PL emission peaks are directly or indirectly related to oxygen 

vacancy defects and energy states below the energy level of the conduction band. In our 

samples, the PL emission curves were best fitted with six Gaussians.  

The first peak, peak A, is located at ~370nm and possibly represents the phonon-assisted 

indirect bandgap emission, while the second one, peak B located at ~390nm is assigned to the 

direct band-to-band transition. Radiative recombination of trapped electrons by titanium (III) 

(Ti
3+

) or oxygen vacancies lying below the level of the conduction band are contributing a 

strong emission feature located at ~410nm, peak C [57]. Moreover, the deconvoluted peaks 

with maxima at ~ 435nm (peak D), ~ 475 (peak E) and ~ 510nm (peak F) are attributed to 

trapped electrons localized on TiO6
8-

 anions at the surface [58], deep surface traps arise from 
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Ti
3+ 

[53,59,60,61]and charge transfer from Ti
3+

 to the nearby oxygen atoms of TiO6
8-

 surface 

domains [62,63], respectively. Although the exact nature of those derivative peaks in the PL 

spectrum of TiO2-based materials lying in the visible spectrum are under continuous 

investigation, it is established that could provide valuable information for the structural and 

electronic characteristics. As it can be seen in the fitted spectra presented in Figures 1b-c, the 

intensity of the A-F peaks is different for the Cu-TiO2 samples. Peak B, which usually 

appears to be weaker than the defect-related emission peaks, is more intense in the Cu-TiO2 

indicating enhanced direct band to band emission [55]. Actually, the time-resolved 

fluorescence spectra recorded for Cu-TiO2 revealed an increased fluorescence lifetime for the 

band-to-band transition (= 2.9ns), as compared to pristine TiO2 (= 2.4ns). (Figure 5.3d) 

Concerning the defect-associated features in the two samples the differences are not so 

profound, however the incorporation of copper cations seems to reserve the defect density 

rather than disturb the crystal lattice structure. 

 In order to understand how copper contributes to this absorption enhancement, structural and 

morphological characterization was performed. The crystallinity of FTO/TiO2 and FTO/Cu-

TiO2 films were studied by XRD. Figure 5.5a shows the 20
o
-40

o 
region of the obtained XRD 

patterns in magnification, where it is obvious that both pristine and modified TiO2 films share 

the same diffraction pattern with equal peak intensities that corresponds to the anatase phase 

 

Figure ‎5.5 XRD patterns of pristine and modified titania films coated upon FTO substrates 

(a); Ti2p (b) and  O1s (deconvoluted) (c) XPS spectra of ITO/TiO2 (i) and ITO/Cu-TiO2 (ii); 

the Cu2p3/2 XPS (d) and Cu L3M4,5M4,5 Auger (e) spectra of ITO/Cu-TiO2 sample. 
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[2θ=26.3° and 37.3°] of TiO2.  Incorporating copper in the TiO2 layer did not affect the 

crystal structure and no new peaks were detected, probably due to the small concentration of 

Cu in TiO2, meaning that the Cu was uniformly distributed without affecting the TiO2 crystal 

lattice. Consequently, X-ray Photoelectron Spectroscopy (XPS) measurements recorded in 

order to take information about the copper chemical state and atomic percentage (Figure 

5.5b-e). In general, the XPS spectra present significant differences, characteristic of the Cu 

presence at Cu-TiO2/ITO.  This sample did not show a charge due to radiation, which means 

it was more conductive.  Figure 5.5b depicts the Ti2p Spectra for both ITO/TiO2 and ITO/Cu-

TiO2 samples. The Ti2p3/2 binding energy is at 458.8±0.1eV assigned to Ti
4+

 in TiO2. The 

deconvoluted O1s peak (Figure 5.5c) consists of two components assigned to lattice oxygen 

(at binding energy 529.8eV) and to Ti-OH groups which are present on the surface (at 

binding energy 531.6±0.1eV) [64]. The comparative analysis on the deconvoluted O1s peak 

in both materials shows a slightly smaller percentage of Ti-OH in the sample with Cu (Table 

5.1), which can result in differences in both wetting properties and photocatalytic action. 

Table ‎5-1. Lattice oxygen components (Ti-O and Ti-OH groups) concentration (% 

percentage.) 

  TiO2/ITO Cu-TiO2/ITO 

Peak Eb [eV] % comp. concentration % comp. concentration 

Ti-O 529.9±0.1eV 87.83 ± 0.08 88.50 ± 0.08 

Ti-OH 531.6±0.1eV 12.17 ± 0.08 11.50 ± 0.08 

 

Additionally, the Cu2p3/2 XP spectrum and the Cu L3M4,5M4,5 Auger spectrum from the 

ITO/Cu-TiO2 sample’s surface are presented in Figure 5.5d-e. The kinetic energy of the 

Auger electrons induced under X-ray radiation (XAES), is useful to identify the signature of 

a specific oxidation state when the chemical shift of an element presents only few meV 
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variations. The binding energy of Cu2p3/2 is at 932.8±0.1eV and the kinetic energy of   Cu 

L3M4,5M4,5 centered at 916.3eV (corresponding to a binding energy of 570.3eV) are assigned 

to Cu2O [65]. Moreover, the modified Auger parameter derived from the sum of the binding 

energy of Cu2p3/2 and the kinetic energy of Cu L3M4,5M4,5 is 1849.1eV and is also  assigned 

to Cu
1+

, as previously reported
 
in low copper concentrations mainly Cu2O (Cu

1+
 ) is present 

contrary to Cu
2+

 that dominates in higher concentrations [62]. From the total peak area of 

Ti2p, O1s, Cu2p and C1s, the experimentally calculated % atomic concentration for Ti, O 

and Cu are in good agreement with the theoretically expected values (Table 5.2). Thus, the 

XPS measurements indicate that Cu
+
 dominates at such low copper concentration level in 

titania. Taking into account  the XRD patterns it seems that copper has been uniformly 

distributed in the interstitials sites without affecting the lattice, mainly in the form of 

monovalent cations which interact with the absorbed oxygen leading to the formation of 

Cu2O [66,67]. 

Table ‎5-2 % Elements atomic concentration (% percentage) as calculated by XPS 

measurements. 

Sample Ti O C Cu 

ITO/TiO2 23.96±0.03 58.58±0.06 17.45±0.06 - 

ITO/Cu-TiO2 23.67±0.03 57.60±0.06 18.26±0.07 0.47±0.007 

 

In order to examine the surface topology of TiO2-based films, microscopy techniques were 

used, including scanning electron microscopy (SEM) and atomic force microscopy (AFM). 

SEM images in Figure 5.6 shows that the titania films morphology is not affected by the 

presence of copper, albeit Energy Dispersive Spectroscopy (EDS) confirmed the presence of 

elemental Cu within TiO2 films in the respective images of Figure 5.6. The same conclusion 
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also stems from the corresponding AFM images of TiO2 and Cu-TiO2 films presented in 

Figure 5.7. The morphology of the films is not dramatically altered in the presence of 

copper; however, roughness is slightly decreased from 20.03nm to 19.65nm. Notably, the 

smoother surface of the ETL film is beneficial for depositing the perovskite film leading to 

facilitation of  the charge transport, Moreover, the addition of Cu may affected the surface 

chemistry of TiO2, as demonstrated from contact angle measurements (Figure 5.8). 

Particularly, the TiO2 compact layer becomes more hydrophobic in the presence of Cu since 

the contact angle of TiO2 and Cu-TiO2 were 43.45° and 63.6° respectively. Hydrophobicity 

may facilitate the growth of larger perovskite grains, attributed to the existence of less 

perovskite grains nucleation centers [68].  

Enhanced hydrophobicity in modified films can be ascribed to an alteration in surface 

chemistry because of a lower number of surface defects, such as oxygen vacancies, acting as 

binding sites for water molecules [69]. This facilitates the growth of larger perovskite grains, 

attributed to the existence of less perovskite grains nucleation centers. Such enhanced 

hydrophobicity is explained by the increased recombination of photoexcited electrons and 

holes in the TiO2 films containing the Cu dopants [70]. In addition, increased hydrophobicity 

may also result in lower photocatalytic activity of the ETL substrate. In fact, the presence of 

such a hydrophobic substrate decreases the possibility of interface wetting and hence the 

production of reactive oxygen species (mainly hydroxyl radicals-OH
.
) via reaction of the 

photogenerated hole carriers with adsorbed water molecules can be mitigated and/or 

suppressed. The effects of such a hydrophobic substrate might become more significant in 

PSCs under real operational conditions (e.g. 1 sun illumination), where pristine titania 

presents enhanced photoinduced superhydrophilicity [71]. 
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Figure ‎5.6 SEM images(a,b) and the corresponding EDS patterns (c,d) of titania films 

without (a,c) and with copper (b,d). 

 

Figure ‎5.7 AFM images of titania films without (a) and with copper (b). 
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Figure ‎5.8 Contact angle measurements of neat (a) and copper-modified titania (b) films. 

5.2.4 Perovskite film Characterization 

Furthermore, the quality of perovskite films coated upon pristine and modified titania 

substrates was thoroughly investigated by structural, microscopic, and spectroscopic 

techniques. At first, the topology of the perovskite films was investigated by SEM and AFM 

techniques. Thus, the morphology of the perovskite films was examined by AFM analysis, as 

shown in Figures 5.9a-b.  

 

  

 

Figure ‎5.9 AFM (a,b); and SEM (c,d)) images of perovskite films grown upon pristine (a,c) 

and modified (b,d) titania substratesXRD patterns (e) of perovskite layers coated upon 

pristine and modified titania films and absorption spectra (f); UPS spectra of pristine and Cu-

TiO2 samples (g); Schematic diagram of the energy levels as derived from UPS and 

absorbance measurements(h). 
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In the case of perovskite layers grown upon copper containing TiO2, larger and more 

uniform perovskite crystals are grown, while the roughness of the films is decreased. 

Smoother films are beneficial for the improved performance of the cells since they highlight 

reduced resistance parameters, hence improved fill factor. Figures 5.9c and 4.9d show the 

SEM images of perovskite film grown upon TiO2 and Cu-TiO2 substrates, respectively. The 

obtained images indicate that the film grown atop of the modified ETL consist of larger 

perovskite grains while the morphology seems smoother.  The former was confirmed by the 

statistical analysis conducted over a sample of 100 grains from each sample. The results are 

summarized in Figure 5.10. The mean size of the grains of the reference sample is 0.95µm, 

contrary to the modified one, where the mean size is higher, 1.30µm. Larger crystals mean 

less grain boundaries, something highly desirable towards improvement of PSCs, since grain 

boundaries are prone to oxygen or humidity penetration leading to rapid destabilization of the 

devices. Moreover, larger crystals entail improved light absorption (a hypothesis in good 

agreement with UV-Vis measurements), thus increased photocurrent collection. The 

thickness of the absorbing layers was estimated by 55
o
 tilted cross section images (Figure 

5.11). As derived from the calculation, the mean thickness of the reference film is 350nm 

while the modified on is slightly thicker (370nm). 

The perovskite’s crystallinity was analyzed by XRD measurements of FTO/TiO2/MAPbI3 

and FTO/Cu-TiO2/MAPbI3 films (Figure 5.9e). The planes [(110), (220) and (310) at 

2θ=14°, 2θ=28° and 2θ=31.9°, respectively], prove the 3D perovskite crystalline formation in 

the tetragonal CH3NH3PbI3 phase. The peaks in both pristine and modified films indicate a 

well-crystallized perovskite film. The perovskite layer grown upon the Cu-modified TiO2 

substrate present higher diffraction peaks intensity, a fact associated with improved 

crystallinity and larger crystals, avoiding the recombination of the photogenerated carriers at 

the grain boundaries.The latter was also corroborated by UV-Vis measurements (Figure 5.9f) 
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which indicated the increased absorption of the modified perovskite layer below the 550nm 

region. 

Furthermore, UPS measurements were performed in order to estimate the impact of Cu on 

the TiO2 electronic structure.  Figure 5.9g illustrates the UPS spectra, taken from ITO/TiO2 

and   ITO/Cu-TiO2 samples. The work function (WF) can be calculated from the difference 

between the incident light energy (hν = 21.22 eV) and the energy of the secondary cutoff: 

WF= hν-Ecut-off. Τhe corresponding WF of the pristine TiO2 and Cu-TiO2 were estimated as 

3.9 and 4.6 eV (vs vacuum). The Ionization Potential or the High Occupied Molecular Orbital 

(HOMO) is derived from the sum of the WF and the Valence band Maximum (VBM) cut-off. 

The VBM cut-off is determined by linear extrapolation towards background in the low 

binding energy region which is shown in Figure 3g (right). The distance between the VBM 

and Fermi level (EF) are about 3.4 and 2.6 eV for the pristine TiO2 and Cu-TiO2 (Figure 2f), 

with the corresponding VBM position to be 7.3 and 7.2 eV, respectively. The Fermi energy 

of TiO2 is shifted downward after modification with Cu, possibly due to the decrease in the 

amount of oxygen vacancies on the surface of TiO2. Oxygen vacancies are the active sites for 

water dissociation, as well as an origin of photoactivity under light illumination. Moreover, 

the optical band gaps obtained from the Tauc plots are 3.3eV for both films. The 

corresponding energy-level diagram of the fabricated device is shown in Figure 5.9h. The 

up-shifted Conduction Band Maximum (CBM) in the case of the modified TiO2 film is more 

compatible with the perovskite layer leading to the minimization of the energy loss of 

electrons in the transportation. 
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Figure ‎5.10 Size distribution of perovskite grains as derived from the SEM images. 

 

 

Figure ‎5.11  Cross section SEM images of perovskite layers grown upon neat (a) and 

modified (b) TiO2 substrates 

5.2.5 Photocatalytic action of ETL against hybrid MAPbI3  

In order to evaluate the MAPbI3 perovskite photodegradation from the photoactive ΕΤLs, the 

titania and copper-modified titania compact layers deposited on FTO conductive glass 

substrates and coated with the hybrid MAPbI3 perovskite absorber (FTO/Cu-TiO2/MAPbI3 

and reference FTO/TiO2/MAPbI3, respectively) were placed into a home-made photocatalytic 
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reactor. The photoreactor was equipped with four UV-A lamps (Sylvania GTE F15W/T8), 

emitting at 350–390 nm with power density 0.5 mW cm
-2

 (at a distance of 15 cm from the 

lamps, where the electrodes were placed) and a heat dissipation system, in order to avoid 

temperature increment in the inner chamber. Every one hour the irradiation was turned off, 

optical photos of the samples were taken and the Raman spectra of the electrodes were 

collected with a Renishaw inVia Reflex micro-Raman using a laser beam at 514.4 nm which 

was focused onto the samples surface via a 50x objectives to a sizeable spot, with power 

density below 0.1 mW μm
-2

.  

The robustness of the MAPbI3 films deposited on the copper-modified titania ETL is easily 

corroborated by the optical images (Figure 5.12), depicting the evolution of the photocalytic 

degradation of the MAPbI3 perovskite under UVA irradiation during 8h. The images show 

that the corresponding film grown on the reference (titania) substrate has progressively turned 

yellow due to the presence of PbI2 and their comparison indicates that the MAPbI3 perovskite 

grown over FTO/Cu-TiO2 substrate is far less affected.  

 

Figure ‎5.12 Optical images evolution (at 0, 1 and 8 h, respectively) of perovskite layers 

under UVA photocatalytic stress. 
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The above results were further confirmed by Raman spectroscopy. It is important to 

mention that no Raman signal of the pristine perovskite can be obtained under on-resonance 

Raman excitation due to laser induced degradation and phase transformations [72]. Thus, in 

principle, only the degradation PbI2 products formed on the samples can be detected by 

Raman. Indeed, the Raman spectra recorded (Figure 5.13) on pristine titania present a 

vibration peak at 215 cm
-1

 indicating the formation of PbI2 degradation product across the 

sample [73-74]. This peak is already present after 1h of UVA irradiation. In fact, as shown in 

Figure 5-12, the PbI2 Raman signal exceeds the noise level after 1 h under UVA irradiation 

and becomes very strong for the 8h stressed films. On the contrary, the perovskite samples 

developed on the copper-modified substrate did not present any Raman vibration peak after 

1h under UVA. In addition, the PbI2 signal for the perovskite films grown on the Cu-TiO2 

substrates is systematically lower that of the reference films, verifying the higher robustness 

of these samples against photocatalytic degradation. 

The PbI2 formation of the UVA irradiated films was further tested by performing Raman 

mapping on relatively large areas of the films. The optical images from the Raman spots and 

the Raman data clearly show that the PbI2 Raman signal is correlated with the areas observed 

yellowish under the optical microscope. Furthermore, in the copper-based film both large 

areas which are almost intact from degradation products and big isolated PbI2 islands are 

observed.  

On the other side, the reference film is almost fully covered by PbI2 after 8h under UVA 

light. The photocatalytic activity of TiO2 nanoparticles is due to the production of reactive 

oxygen species (ROS), including hydroxyl radical (OH
•
) and hydrogen peroxide (H2O2) 

under UV light irradiation [75]. 
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Figure ‎5.13 Evolution of Raman characteristics of perovskite layers under UVA stress. 

Characteristic laser spot images and corresponding Raman spectra comparison as a function 

of the irradiation time. The inset in the Raman spectra shows the main PbI2 vibration band 

resulting from the MAPbI3 perovskite photocatalytic degradation. 

Cu modification translates into defects being detrimental to the photocatalytic action. In 

fact, in the case of Cu modified TiO2, atomic rearrangements and surface reconstruction 

triggered by the incorporation Cu
1+

 into anatase structure resulted in recombination centers 

for charge carriers. These recombination centers were ascribed both to Cu
+1 

entities 

themselves and probably to the adverse trap states attributable to the excessive charge 

unbalance within the Cu-TiO2 lattice [76].  
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5.2.6 Photovoltaic Performance 

To verify the role of Cu modification within the compact layer, e-only devices were 

fabricated and were characterized in the space-charge-limited-current (SCLC) regime. The I-

V response was measured for cells fabricated with the following structure: 

FTO/TiO2/MAPbI3/PCBM/Ag corresponding to the reference device and FTO/Cu-

TiO2/MAPbI3/PCBM/Ag corresponding to the modified one [77]. As presented in Figure 

5.14a, at low voltage values, the Ι-V plot is ohmic (linear), but at mid-voltages, the current 

shows a rapid nonlinear rise characterized by the transition within the trap filled limit (TFL) 

regime where all the available trap states are filled by the injected carriers. Finally, at high 

voltage values, the current has quadratic voltage dependence in the Child’s regime.  The 

ohmic to TFL transition point (VTFL) is related to the trap density (Nt) according to the 

following equation (1): 

 VTFL =
eNtd2

2εε0
              (1) 

where e is the elementary charge, d is the thickness of the active layer (350 nm), ε (ε=28.8) 

is its dielectric constant, and εο is the dielectric constant in vacuum[78].  The calculated trap 

densities (Nt) are 2.10 x 10
15

 cm
-3

 for the reference device and 7.8 x 10
14

 cm
-3 

for the Cu-

modified one, respectively.  
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Figure ‎5.14  Dark I-V measurements of the electron-only devices (a); Dark J-V 

measurements for PSCs with and without modification (b); Steady-state PL spectra (c) and 

TRPL spectra (c) of perovskite films on pristine TiO2 or Cu-doped substrates. 

These results, indicating a significant reduction of perovskite’s trap density in the case of 

Cu are associated with a possible Voc enhancement and a significantly higher stabilized 

efficiency, something that will be further elucidated by photovoltaic measurements. From the 

dark J-V curves shown in Figure 5.14b, it can be seen that the dark current of the Cu-

modified device under forward bias is significantly lower than that of reference device, 

suggesting that the Cu-modified device shows lower leakage current. The latter is associated 

with lower shunt resistance and with a possible increase of the open circuit voltage.  
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Table ‎5-3 Parameters of the TRPL spectroscopy for the pristine TiO2/perovskite and Cu-

TiO2/Perovskite samples deposited on FTO substrates. t1and t2 correspond to the long decay 

time and the fast decay time, respectively. The tmean  is estimated using the equation of tmean 

=∑Aiti
2
/∑Aiti. 

Sample t
mean

(ns) t
1
(ns) A

1
 t

2
(ns) A

2
 

TiO
2
 183.31 187 0.98 2.69 0.02 

Cu-TiO
2
 86.29 96.9 0.89 0.45 0.11 

 

In order to evaluate the contribution of copper in the conductivity of the titania ETLs, dark 

I-V characteristics for diodes with the following structure: FTO/TiO2/Ag and FTO/Cu-

TiO2/Ag, were recorded. Figure 5.15 shows the linear behavior of the ohmic region of the 

curves. According to expression  𝐼 = 𝜎0
𝛢

𝑑
𝑉 (where A, d, and σ0 are sample’s area, thickness, 

and electrical conductivity, respectively), the electrical conductivity increased from 6.7×10
−5

 

to 2.0×10
−3

 mS·cm
-1

 after copper modification. 

 

Figure ‎5.15  I-V curves of the ohmic region devices based on non-modified TiO2 and Cu-

TiO2 as ETLs. 
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The dynamics of charge extraction at the ETL/perovskite interface was investigated by 

steady state photoluminescence (PL) and time resolved photoluminescence (TRPL) 

spectroscopy. Figure 5.3c shows the PL spectra of FTO/TiO2/perovskite and FTO/Cu-

TiO2/perovskite samples, where emission peaks at 759 nm are observed for both films. 

However a significant quenching of the PL signal was obtained for the Cu-TiO2 sample 

compare to the reference one, indicating less radiative recombinations that lead to improved 

charge extraction at the ETL/perovskite interface. This may be attributed to the increased 

conductivity of the Cu-TiO2 film. Moreover, TRPL analysis was performed for each of the 

FTO/TiO2/perovskite and FTO/Cu-TiO2/perovskite films (Figure 5.14d). TRPL results show 

a higher carrier lifetime for the Cu-TiO2/perovskite than for the reference one. Long decay 

time is essential for the long exciton diffusion length and low density of defects in the 

perovskite thin film. 

The photovoltaic performance of perovskite PV devices was explored by measuring solar 

cells with the following structure: FTO/TiO2/MAPbI3/Spiro-MeOTAD denoted as ‘TiO2’ and   

FTO/Cu-TiO2/MAPbI3/Spiro-MeOTAD denoted as ‘Cu-TiO2’. The J-V curves recorded at a 

reverse scan rate of 50mV·sec
-1

 are presented in Figure 5.16a and the detailed parameters are 

shown in Table 5.4. In the case of the PSC based on the Cu-modified compact layer, the 

short-circuit current density (Jsc) is increased from 20.87 for the reference PSC to 23.15 

mA/cm
2
 for the device with the optimum Cu concentration. This increase may be attributed 

to the enhanced light absorption of the corresponding perovskite layer. Moreover, it implies 

the improved charge transport to the anode and the reduced charge recombination at the 

perovskite/ETL interface.  
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Figure ‎5.16  Photovoltaic characteristics of the best performing planar PSCs. J-V 

characteristics (a) and IPCE spectra of the best-performing cells based on prtistine and Cu-

modified ETLs (b); PCE output of the cells based on the pristine and Cu-modified TiO2 

measured under one sun illumination conditions for 120s (c); Nyquist plots of the 

corresponding perovskite solar cells with the equivalent circuit depicted in the inset.  

Additionally, open-circuit voltage (Voc) was clearly enhanced in the case of the Cu-based 

PSC, reaching a maximum value of 1.12 V. This fact is probably associated to the decreased 

trap states density in the perovskite layer and a possibly better alignment of the corresponding 

energy bands. The champion Cu-containing PSC also presented a superior FF, clearly 

attributed to reduces resistance parameters and to the smoother interface between perovskite 

and ETL. Finally, a champion PCE equal to 18.15% was obtained for the PSC with the 

optimum Cu concentration. The modified cells outperformed the performance of the best 

reference device which showed a PCE equal to 15.78% (with a Voc equal to 1.07 V, Jsc equal 

to 20.87 mA·cm
-2

 and FF equal to 70 %). The photovoltaic performance was further studied 



Development of New Photovoltaic Devices Based on Perovskite Cells and Application in Electric Power Systems  141 
 

by the statistical analysis of the obtained results and as depicted in Figure 5.17 Cu 

modification of TiO2 compact layer has a remarkable contribution in the improvement of the 

solar cells. 

 

Figure ‎5.17  Statistical distribution of the main PV characteristics for 20 PSCs of each 

batch. “Ref” are denoted the PSCs based on pristine titania ETL while “Cu” refer to the 

modified PSCs. 

Figure 5.16b shows the steady-state current density of PSCs with and without Cu under 1 

sun illumination conditions. The cells were biased at the corresponding maximum power 

point voltage (Vmp), namely 0.86V for the modified and 0.84V for the reference one. The 

difference of their output is clear. The device with Cu-TiO2 as the ETL preserves almost 

100%of its efficiency under continuous irradiation, contrary to the reference device of which, 

PCE declines rapidly. Both forward and reverse-bias scans were recorded for both the Cu 

doped and non-doped PSCs where the hysteresis index was much lower than in the case of 

the Cu doped devices (Figure 5.18). 
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Table ‎5-4 Photovoltaic parameters of the champion PSCs based on pristine and Cu-

modified titania substrates under AM 1.5D illumination. The mean values are included in the 

brackets as derived by the PV evaluation of 25 different devices from each batch. 

Sample Jsc(mA·cm
-2

) Voc (V) FF PCE (%) SPCE(%) 

TiO2 20.87 

(18.48±1.21) 

1.07 

(0.95±0.12) 

0.70 

(0.55±0.08) 

15.78 

(12.34±3.02) 

11.99 

Cu-

TiO2 

23.15 

 (20.58±1.42) 

1.12 

(1.03±0.05) 

0.73 

(0.66±0.05)  

18.15 

(14.59±2.57) 

17.47 

The mean values are included in the brackets as derived by the PV evaluation of 25 

different devices from each batch. All data were taken under reverse scan at 50 mV•s-1Voc: 

open-circuit voltage, Jsc: short-circuit current density, FF: fill factor, PCE: power conversion 

efficiency, SPCE: Stabilized PCE. 

This is due to the electron transportation facilitation and reducing the charge accumulation at 

the Cu doped ETL/perovskite interface. Figure 5.16c shows the Incident Photon-to-Current 

Efficiency (IPCE) measurements of the as prepared PSCs. The response for the modified 

device is improved against the unmodified one, especially above the 600nm region, which is 

mainly due to the enhanced electron extraction capability and the improved light harvesting 

accompanying the Cu-TiO2 ETL. The integrated Jsc values for the Cu-modified and 

unmodified devices are 20.03mA/cm
2
 and 18.54mA/cm

2
, respectively. The inconsistency 

between these values and the ones obtained from photovoltaic characterization is attributed to 

the omitted part of the spectra (below 480nm) in the case of the IPCE measurement.  The 

improved performance of the Cu-modified solar cells was confirmed by Electrochemical 

Impedance Spectroscopy (EIS) measurements, which were conducted under light conditions 
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(100mW·cm
-2

). Figure 5.16d shows the recorded Nyquist plots while illuminating the solar 

cells in the 0.1Hz-1MHz region under a 10mV AC perturbation. From the results we can 

compare series resistance (Rs) and the charge transfer (Rct) and charge recombination (Rrec) 

resistances at the interfaces between the ETLs and the perovskite absorber. The EIS was 

measured for solar cells biased at the Vmpp voltage. The curves were simulated via the circuit 

model presented in the inset of the corresponding EIS figure. The results are summarized in 

Table 5.5. The Rs values of the devices based on pristine TiO2 and Cu-TiO2 compact layers 

are 18.3 Ω and 16.6Ω, respectively. Rrec is higher in the case of Cu-TiO2 indicating a reduced 

charge carriers recombination rate at the corresponding device. In addition, the lower Rct 

value in the Cu-TiO2 device indicates the superior charge transport from the perovskite layer 

to the Cu- modified ETL, in comparison with the unmodified one, confirming the higher 

conductivity of the corresponding layer, resulting in higher Jsc and FF values.  

 

Figure ‎5.18 Hysteresis curves for reference (a) and modified devices (b). The J-V curves 

with the improved FF refer to the reverse scan in both cases while the other correspond to the 

forward scan 
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Table ‎5-5 Ohmic parameters for reference and modified PSC as derive by fitting the results 

from EIS measurements. The data were collected under 1 sun illumination. 

Device R
S
‎(Ohm) R

rec
‎(Ohm) R

ct‎(1)
‎(Ohm) R

ct‎(2)
‎(Ohm) 

TiO
2
 18.3 40.8 4000 115 

Cu-TiO
2
 16.6 50.7 551 74.5 

Stability tests were also carried out in order to investigate the role of Cu in the performance 

of the PSC after storing them in dark conditions, inside a desiccator, at open circuit 

conditions under relative humidity (RH) of ~25%. The devices were periodically taken out of 

the desiccator and their PV performance was evaluated. The results (Figure 5.19), show that 

the Cu-containing solar cells are more stable, namely retaining 53% of the initial PCE value 

after 51 days, contrary to the reference solar cell that retained only 37%. This behavior is 

attributed to the presence of Cu in the TiO2 layer, permitting the formation of perovskite 

films of high quality and retarding the degradation mechanism triggered by the presence of 

trapped charges. The XRD and the optical images presented in Figures 5.20 and 5.21, prove 

the beneficial effect of Cu modification in the ETL whereas the reference PSC is seriously 

affected by the environmental exposure, resulting in large yellow areas of PbI2 (or its 

byproducts following reaction with water) spread all over the surface of the cell, contrary to 

the Cu-based cells that remain visually intact. 



Development of New Photovoltaic Devices Based on Perovskite Cells and Application in Electric Power Systems  145 
 

 

Figure ‎5.19 Effect of time aging on Device parameters 

 

Figure ‎5.20 XRD patterns of aged perovskite layers coated upon pristine and modified 

titania films. 
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Figure ‎5.21 Photographs of perovskite solar cells (PSCs) after fabrication: 25 days (a); and 

45 days (b). 

Finally, in order to investigate the influence of copper in mesoporous PSCs, an optimum 

amount of copper solution was added within the mesoporous titania layer. The results, as 

presented in Table 5.6, show that all the relevant parameters were improved, including Jsc, 

Voc and FF, expanding the beneficial role of copper in the specific structure. 

 To understand the enhanced photostability of TiO2-Cu/MAPbI3 based PSCs, one should 

take into account that the moisture (and/or oxygen) is not only a direct cause of the 

decomposition of the Pb-halide perovskite crystal and that the TiO2 substrate is able to act as 

a photocatalyst for the decomposition of the perovskite at a local level, giving rise to the 

production of volatile species like I2, H
+
 ions and methylamine molecule CH3NH2 [37]. 
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Table ‎5-6 Photovoltaic parameters of the champion mesoporous PSCs based on pristine 

and Cu-modified titania substrates under AM 1.5D illumination 

 

Pietralunga et al. deemed that such a process is likely to occur in vacuum, since oxygen and 

moisture are not the unique ingredients to activate MAPbI3 degradation [79].  Thus, under 

irradiation with light of energy higher than its energy gap, TiO2 can generate electrons (e
-
) in 

the conduction band and positively charged holes (h
+
) in the valence band. On the surface of 

TiO2 the photogenerated holes (h
+
) will react with H2O to form hydroxyl radicals (OH

•
) (Eq. 

(4). The photogenerated electrons (e
−
) can be captured by O2 to generate superoxide radicals 

(O2
•−

) which further generates hydroxyl radicals (OH
•
) (Eq. (5,6). Hydroxyl radicals and 

superoxide radicals and are very powerful oxidants which can turn organic component (MA) 

of the hybrid perovskite absorber.    

h
+
 + H2O → OH

•
 + H

+
             (4)   

e
−
 + O2 → O2

•−
            (5) 

O2
•− 

+ e
−
 +2H

+
 → OH

•
 + OH

−
                 (6) 

Sample Jsc (mA·cm
-2

) Voc (V) FF PCE(%) 

TiO2 20.4 1.08 0.73 16.22 

Cu-TiO2 (0%vol) 21.4 1.09 0.73 17.05 

Cu-TiO2 (0.00125% vol)  20.5 1.09 0.73 16.23 

Cu-TiO2 (0.025% vol) 23.3 1.06 0.75 17.8 

Cu-TiO2 (0.05%vol) 22.8 1.12 0.74 18.91 

Cu-TiO2 (0.1%vol) 20.4 1.07 0.7 15.3 
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The photodecomposition occurs at the interface between TiO2 and perovskite in the 

presence of light and air (moisture and oxygen). In our approach, we modified the titania 

layer and the obtained results suggest that the highly hydrophobic modified ETL can delay 

the degradation of the perovskite absorber caused by the photocatalytic activity of the TiO2. 

Increased hydrophobicity may result in lower photocatalytic activity of the ETL substrate. In 

fact, the presence of a hydrophobic substrate decreases the possibility of interface wetting and 

hence the production of reactive oxygen species (mainly hydroxyl radicals- OH
•
) via reaction 

of the photogenerated hole carriers with adsorbed water molecules can be mitigated and/or 

suppressed. 

 Reduced Graphene Oxide Doping 5.3

5.3.1 Experimental   

5.3.1.1 Preparation of graphite oxide 

Graphite oxide was prepared following a modified Hummers’ method. At first 5 g of 

graphite powder were mixed with 240 ml of H2SO4 and 5 g of NaNO3 under stirring in an ice 

bath. Then, 30 g of KMnO4 was added slowly and the temperature was elevated to 35
o
C. The 

mixture was stirred overnight and 1250 ml of water was added, followed by 35 ml of 30% 

H2O2. The obtained dispersion was centrifuged to remove the excess of acid and then it was 

washed with plenty of water until a pH of 5 was reached. The resulting paste was dried in an 

oven, overnight.  

5.3.1.2  Preparation of reduced graphite oxide  

Reduced graphite oxide was prepared via graphite oxide reduction following a well-

established procedure using a mixture of hydriodic acid (Sigma Aldrich, ACS reagent, 55%) 

and acetic acid (ACS Reagent, Honeywell Fluka). More specifically, the as-prepared graphite 

oxide powder (0.1 g) was sonicated in acetic acid (37 mL) for 2 h and then 2 ml of hydroiodic 

acid (HI) was added followed by 40 h stirring at 40 
o
C. After isolating the product by 
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filtration, the powder was thoroughly rinsed by a three-step procedure including saturated 

sodium bicarbonate (3 x 2.5 mL), distilled water (3 x 2.5 mL), and acetone (2 x 2.5 mL). 

Finally, the obtained reduced graphite oxide was dried at 60 
o
C in a vacuum oven overnight.   

5.3.1.3  Preparation of reduced graphene oxide (rGO) dispersions 

The rGO dispersion in ethanol (EtOH) was prepared by liquid phase exfoliation (LPE) of 

rGO flakes in N-methyl-2-pyrrolidone (NMP) and exchange into EtOH. Initially, 125 mg of 

rGO were dispersed in 25 ml of NMP and ultrasonicated for 6 h. The obtained dispersion was 

then ultracentrifuged at 8000g for 60 min at 15 
o
C, in order to accelerate sedimentation of 

thick and unexfoliated rGO flakes. Then, we collected supernatant with a glass pipette and 

the sample was dried in a rotary evaporator at 70 
o
C, 5 mbar. Afterwards, the dried rGO 

powder was dispersed in 200 ml EtOH and sonicated for 10 min. Consecutively, the samples 

were centrifuged at 800g and after discarding the supernatant and dispersing the remaining 

sample in EtOH twice, as to wash out the NMP residuals, the sediments were finally 

redispersed in 100 mL EtOH to be used immediately. The rGO dispersion in N, N-

dimethylformamide (DMF, Sigma–Aldrich, anhydrous, 99.8%) was prepared by mixing 1 mg 

of rGO with 1 mL DMF and by shaking for 2 min, sonicating for 2 h, and filtering with a 220 

nm filter. The final concentration of the dispersion was 0.1 mg mL
-1

 and was further 

sonicated for 2 h before use. 

5.3.1.4 Preparation of rGO-TiO2, rGO-perovskite and rGO-SpiroMeOTAD solutions 

The rGO-doped TiO2 (g-TiO2) nonocomposite material consisted of titanium dioxide and 

reduced graphene oxide (rGO) nanoflakes. It was obtained by mixing an amount of the 

sonicated rGO (in EtOH) with the titania precursor solution and by further stirring the 

resulting dispersion overnight. According to preliminary experiments (Table 5.7), the 

optimum concentration was estimated to be 4 μg·mL
-
(rGO in TiO2 solution), where the 

obtained g-TiO2 dispersion remained stable, even two months after its preparation (Figure 
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5.22). The rGO-CH3NH3PbI3 material (g-MAPbI3) was obtained by further mixing an aliquot 

of the well sonicated rGO/DMF dispersion with an amount of the MAPbI3/DMF solution. 

According to preliminary experiments (Table 7.1), the optimum concentration was estimated 

to be 9 μg·mL
-1

 (rGO in MAPbI3 solution). The final solution was further sonicated for 1 h 

prior to use. A similar route was followed for the dispersion of rGO in chlorobenzene and its 

addition in Spiro-MeOTAD solution. In general in this work, for films and devices 

containing rGO, the optimum concentrations were 2% vol (4 μg mL
-1

) in EtOH for the TiO2 

ETL and 4% vol (9 μg mL
-1

) in DMF for the CH3NH3PbI3 absorber.  

5.3.1.5  Device fabrication and characterization 

The PSCs were prepared by coating the successive layers upon FTO conductive substrates 

(Dyesol, 7 Ω/□), patterned with a 2M aqueous HCl solution in combination with zinc powder 

(Alfa Aesar, 97.5%). The samples were then carefully cleaned with Triton-X, acetone and 2-

propanol (Merck) into a sonicator for 15 min and then they were treated with UV-ozone for 

15 min, prior to ETL deposition. The g-TiO2 and TiO2 ETL were spin coated at 2000 rpm for 

60 s from an ethanolic, mildly acidic solution of titanium (IV) isopropoxide (Sigma–Aldrich, 

97%) and the obtained films were annealed for 45 min at 500 
o
C (at a heating rate of 5 

o
C 

min
-1

).  The CH3NH3PbI3 layers, with and without rGO, were deposited by spin coating the 

perovskite precursor solution containing a 40 wt% Methylammonium iodide (Dyesol) along 

with Lead acetate trihydrate (PbAc2.3H2O, 99.999% trace metals basis, Sigma-Aldrich) in a 

3:1molar ratio. Hypophosphorous acid (50% w/w, aquatic solution, Alfa Aesar) was also 

added to the perovskite solution resulting in a 1:4 HPA:PbAc2 molar ratio. The deposition 

was carried out at 2000 rpm for 45 s, the films were left to dry at room temperature for 10 

min and then were placed on a hotplate at 100 
o
C for 5 min. Finally, a 7 wt% Spiro-MeOTAD 

(Borun New Material) solution in chlorobenzene (Acros, 99.8%, Extra Dry), containing 

additives of lithium bis(trifluoromethanesulfonyl)imide lithium salt (≥99%, Sigma-Aldrich) 
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in acetonitrile, and 4-tert-butylpyridine (96%, Sigma-Aldrich) was deposited as the hole 

transport layer at 3000 rpm for 30 s. Finally, the devices were transferred outside the glove-

box and 100 nm silver electrodes were thermally evaporated under vacuum of 10
-6

 Torr, at a 

rate of ~1 Å·s
-1

. 

5.3.2 Results and discussions  

As a first step, the quality of the rGO material (including structural and morphological 

properties) used for modifying the PSC components was thoroughly analyzed. Transmission 

electron microscopy (TEM) images (Figure 5.23a) permit to have a deep insight into the 

lateral size and thickness of rGO. The examined samples are primarily composed of few-

layered flakes, approximately between 2 and 6 stacked sheets. Their lateral dimension 

fluctuates in the 30nm-900nm range, with the average size being around 200nm.  

Subsequently, we examined the graphene materials by UV-vis spectroscopy. Figure 5.23b 

depicts the absorption spectra of GO and rGO materials. The GO presents an absorption band 

at 230nm due to the p-p* transition of aromatic C–C bonds and another one at 300nm 

attributed to the n-p* transition of C=O bonds. After reduction, the C–C bonds absorption 

peak redshifted to 280 nm, indicating the restoration of the carbon aromatic structure. 

Moreover, we further investigated the reduction of graphene oxide by Raman spectroscopy, 

as depicted in Figure 5.23c which zooms in the 1000-1800 cm
-1

 frequency range of interest. 

The corresponding extended Raman spectra (100-3500 cm
-1

), including the region of the 

second orders Raman bands (2500-3500 cm
-1

), are shown in the (Figure 5.24). At first 

misleading glance, the GO spectra present two broad Raman bands in between 1000-1800 

cm
-1

. Instead, a detailed analysis of the data in accordance to previous studies shows that a 

good fitting can only be achieved with four Raman bands: defect-activated D band at ~1354 

cm
-1

 due to the vibrations of sp
3
 C atoms with dangling or covalent (e.g. C–H, C–O) bonds, 
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the graphitic G band at ~1588 cm
-1

, due to the bond stretching of sp
2 

carbon atoms in a two-

dimensional hexagonal lattice as well as two extra defect activated bands often termed as D’ 

and D’’ at 1620 cm
--1

 and ~1538  cm
-1

, correspondingly. 

 

Figure ‎5.22 Optical images of rGO dispersions in ethanol (left) and DMF (right), two weeks 

after their preparation. The vial with DMF is half-full. 

 

 

 

 

Figure ‎5.23  (a) TEM image of rGO flake dispersed in ethanol. (b) Absorption spectra of rGO and 

GO dispersions in EtOH and water respectively. (c) Raman spectra of rGO and GO dispersions in 

EtOH and water respectively. Measurements were taken from the corresponding powders dried on 

Al substrates. 
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Figure ‎5.24  Extended Raman spectra of GO and rGO obtained with 514.4 nm excitation 

 Fitting components are shown superimposed on the spectra in Figure 5.23c and result in 

excellent simulated spectra. Accordingly, the intensity ratio of the D to the G band (ID/IG) 

was estimated to be 1.5.  The corresponding Raman spectrum of rGO shows that the 

linewidth of the D band considerably narrows from 140 to 100 cm
-1

 and that its intensity (as 

well as those of the D’ and S bands) is reduced, with ID/IG becoming equal to 1.2. These are 

clear indications of the restoration of sp
2
 rings, very similar to what was observed in the 

literature. 

Figure 5.25a shows the UV-vis absorption spectra of CH3NH3PbI3 films spin-coated on g-

TiO2 and pristine TiO2 substrates. More specifically, we compare the absorbance of 

CH3NH3PbI3 grown on pristine TiO2, against CH3NH3PbI3 film spin coated on g-TiO2 and g-

CH3NH3PbI3 grown on g-TiO2. The absorption onset at about 790 nm as well as the plateau 

after 500 nm are characteristic of the CH3NH3PbI3 spectrum. The presence of rGO within the 

titania compact layer seems to increase the light harvesting, a fact maybe associated with the 

improved crystallization of the perovskite. In addition, further absorption increase, although 

slight, is observed in the case of g-CH3NH3PbI3 grown on g-TiO2, implying an even better 
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quality for the perovskite films, in terms of improved crystallinity and larger MAPbI3 

polycrystals contributing to higher amount of photo-generated electrons and holes.  

  

  

 

Contact angle measurements (Figure 5.26) were performed on pristine TiO2 and rGO-

containing substrates, to evaluate the effect of rGO on the titania substrate properties. The 

analysis confirmed a slight but clear increase in hydrophobicity in the presence of rGO, fact 

which favors the formation of larger perovskite polycrystals since less-wetting surfaces are 

associated with fewer nucleation sites leading to the formation of larger perovskite 

crystallites. The XRD patterns (Figure 5.25b) match well the theoretical peaks [14.0°, 

Figure ‎5.25 (a) Absorption spectra and (b) XRD patterns of the as prepared CH3NH3PbI3 

perovskite films (stars and circles denote to CH3NH3PbI3 and SnO2 peaks respectively). SEM 

images of (c) CH3NH3PbI3 grown on TiO2 and (d) on g-TiO2, (e) SEM image of g-MAPbI3 

grown on g-TiO2 (scale bars are at 100nm). 
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28.5°and 31.9° at 2θ values that correspond to the (110), (220) and (310) crystal facets, 

respectively], demonstrating that all perovskite films crystallize in the tetragonal 

CH3NH3PbI3 phase, while the peak intensities are stronger and the crystallinity along the 001 

direction is enhanced in the presence of rGO. In addition, a clear difference in the full-width 

at half maximum (FWHM) values for the perovskite was observed between them [e.g. for the 

reflection at 2θ = 28° FHWM(MAPbI3/TiO2)=0.142(2)°, FHWM(MAPbI3/g-TiO2)=0.135(2)° 

and FHWM(g-MAPbI3/g-TiO2)=0.126(2)°], confirming larger grains for the rGO-modified 

perovskite film grown on the g-TiO2 substrate.  

 

Figure ‎5.26 Optical images of contact-angle measurements with H2O on TiO2 substrates (a) 

without and (b) with rGO. 

 

Figure ‎5.27 Cross-section images of (a) pristine MAPbI3 grown on TiO2, (b) g-TiO2 on 

MAPbI3 and  (c)g-MAPbI3 grown on g-TiO2 . 
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Subsequently, AFM and SEM analysis was used to characterize the quality of the titania 

and the perovskite films. The SEM analysis (Figure 5.27) showed that the thickness of the 

perovskite films is around 600 nm, similar for both the reference and the rGO-containing 

samples. As depicted in the Figure 5.28, the root-mean-square (RMS) roughness for the ETL 

films increases in the presence of rGO (RMS=17.22 nm against 13.51 nm for the pristine 

TiO2), in agreement with the literature. An analogous trend was observed for the 

CH3NH3PbI3 films (Figure 5.29), since the roughness was increased by spin-coating the 

perovskite solution on g-TiO2 (RMS=29.15 nm compared to 21.88 nm for the pristine TiO2). 

Moreover, as depicted in SEM images at Figures 5.25c, 5.25d, 5.25e, and corroborated by the 

statistical analysis presented in the supporting information (Figure 5.30), the presence of rGO 

in the TiO2 ETL results in a net increase of the CH3NH3PbI3 grains size, from 1024nm 

(Figure 5.25c) to 1086nm (Figure 5.25d). On the other side, when depositing the g-MAPbI3 

layer on the g-TiO2, the roughness significantly decreases (RMS = 13.01 nm), indicating that 

the presence of a specific amount of rGO in the perovskite layer positively affects the surface 

morphology and increases the films smoothness, a fact that can lead to a possible improved 

fill factor (FF) for the corresponding solar cells. Also, in the latter case the perovskite grain 

size was further increased reaching a mean value of 1146nm (Figure 5.25e). These grains 

form a smooth and thick film that apart from large crystals is characterized by a lower 

number of grain boundaries, a fact associated with lower surface trap density and improved 

Voc in PSC devices. Furthermore, in the presence of rGO within the perovskite layer, the size 

distribution of the crystallites is significantly narrowed. In fact, the vast majority of the grains 

scales between 950nm and 1250nm, forming a characteristically homogenous and robust film 

(Figure 5.30).  
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Figure ‎5.28 Top-view(a,b) and 3-dimensional (c,d) AFM images of pristine TiO2 (a,c) and g-

TiO2 (b,d) films. 

 

Figure ‎5.29 Top-view (a,b,c) and 3-dimensional (d,e,f) AFM images of pristine  MAPbI3 

grown on TiO2 (a,d) and g-TiO2 (b,e) and g-MAPbI3 grown on g-TiO2 (c,f). 
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Figure ‎5.30 Size distribution of MAPbI3 grains grown upon (a) TiO2 and (b) g-TiO2 

substrates and (c) g-MAPbI3 grown on g-TiO2. 
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The beneficial presence of graphene materials within the perovskite absorber was also 

reported in the case of GO and N-doped rGO. This was attributed to graphene derivatives’ 

excellent electronic properties serving as efficient chemical reaction (hydrophilic groups 

embracing -OH, -COOH and C=O form strong bonds with the perovskite) and crystallization 

nucleation centers during the perovskite film growth. Actually, rGO determines the 

nucleation procedure leading to almost defect-free perovskite films of enhanced crystallinity 

along with larger and evenly distributed grains. Thus, high quality films are obtained with 

enhanced light harvesting potential, hence increasing the photocurrent density and the 

resulting power conversion efficiency in the corresponding PSCs. 

 

Figure ‎5.31 The structure of the PSC fabricated (a) without rGO, (b) by adding rGO in the 

compact TiO2 layer, the CH3NH3PbI3 absorber and the hole transporter. 

Figure 5.31 presents the structure of the as-prepared solar cells, illustrating the 

incorporation of rGO flakes in the corresponding PSC layers. The influence of rGO in the 

performance of PSCs was investigated by adding different amounts of rGO in the TiO2, the 

CH3NH3PbI3 perovskite and the Spiro-MeOTAD layers (Table5.7).  
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Table ‎5-7 Photovoltaic parameters values for solar cells prepared with and without rGO 

addition. VOC: open-circuit voltage, JSC: short-circuit current density, FF: fill factor, PCE: 

power conversion efficiency 

Solar Cell  Concentration Jsc (mA cm
-2

) Voc (V) FF PCE (%) 

Reference 0 20.60 1.00 0.67 13.80 

rGO in MAPbI3 

 

5 μg mL
-1

 20.32 0.98 0.68 13.58 

9 μg mL
-1

 22.62 0.99 0.72 16.08 

20 μg mL
-1

 19.34 0.97 0.62 11.70 

rGO in TiO2 2 μg mL
-1

 21.23 0.97 0.69 14.29 

4 μg mL
-1

 21.44 1.00 0.70 14.98 

6 μg mL
-1

 20.72 0.95 0.59 11.58 

8 μg mL
-1

 18.41 0.97 0.48 8.62 

rGO in spiro-

OMeTAD 

0.2 mg mL
-1

 20.52 0.86 0.60 10.58 

0.1 mg mL
-1 

21.02 0.95 0.59 11.73 

0.05 mg mL
-1

 20.80 0.97 0.65 13.05 

 

As expected, the addition of rGO in the Spiro-MeOTAD did not lead to PSC performance 

enhancement, probably due to the creation of unwanted pathways between the perovskite and 

the silver electrodes that increase the probability of charge recombination. On the contrary, 

the PSC performance was improved in the presence of rGO within both the TiO2 and the 

CH3NH3PbI3 layers, a fact mainly associated with the increase of JSC and FF values. In fact, 

the performance of the solar cells was intensively studied and the necessary characterization 
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measurements were performed, focusing on the following PSC configurations: a reference 

one: FTO/TiO2/MAPbI3/Spiro-MeOTAD/Ag (device A), one by adding an optimum quantity 

of rGO within the TiO2: FTO/g-TiO2/MAPbI3/Spiro-MeOTAD/Ag (device B) and one by 

adding rGO in both the TiO2 and perovskite layers: FTO/g-TiO2/g-MAPbI3/Spiro-

MeOTAD/Ag (device C).  

 

The photovoltaic (PV) performance of the PSCs was tested by current density-voltage (J-V) 

measurements conducted under 1 sun (A.M. 1.5G) illumination conditions (Figure 5.32a) and 

the resulting parameters are summarized in Table 5.8. In the presence of the rGO within the 

ETL, the photocurrent density increases by ~2%. This fact is associated with various factors 

 

Figure ‎5.32 .(a) J-V plots obtained for planar PSC using the CH3NH3PbI3 absorber grown on 

compact TiO2 substrates. (b) The PCE at the maximum power point for devices with and 

without rGO. (c) Steady-state PL spectra of perovskite films with and without rGO on pristine 

and rGO-modified TiO2 layers. (d) I-V curves for electron-only PSC with and without rGO. 
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including the possible increase of TiO2 conductivity in the presence of rGO, along with the 

improved quality (enhanced crystallization, increased grain size, reduced grain boundaries, 

homogeneity and smoothness) of the perovskite film. In particular, the former is associated 

with increased electron injection rate to the anode, while the latter pertains to the growing 

photo generation and dissociation of charge carriers.  

Table ‎5-8 Photovoltaic parameters for the champion devices prepared with and without rGO 

addition. Values inside brackets refer to the mean values and standard deviation. VOC: open-

circuit voltage, JSC: short-circuit current density, FF: fill factor, PCE: power conversion 

efficiency. 

Devices Jsc (mA cm
-2

) Voc (V) FF PCE (%) 

Device A 21.0 (20.06±0.41) 0.98 (0.97±0.01) 0.67(0.63±0.02) 13.8 (12.38±0.34) 

Device B 21.4(21.05±0.2) 1.01(1.00±0.01) 0.71(0.67±0.02) 15.3 (13.95±0.23) 

Device C 22.9(21.70±0.5) 1.00(1.00±0.07) 0.72(0.69±0.01) 16.5(14.97±0.43) 

 

When adding rGO in the perovskite solution, a further improvement in Jsc is observed, 

resulting in a ~9% increase for the device C compared to device A, a fact attributed to the 

further improvement of the perovskite film quality, namely larger grains, improved 

crystallization and smoothness. The open circuit voltage (Voc) is also affected by the presence 

of rGO within TiO2, since devices B present a slightly increased Voc probably due to 

suppressed charge recombination. This can be attributed to surface-passivation of the 

perovskite against charge trapping at the grain boundaries. Although Voc is slightly decreased 

in the case of device C, it is worth mentioning that the fill factor (FF) is also improved as a 

result of the presence of rGO within the titania layer. This is mainly due to the role of rGO in 

promoting the formation of smooth perovskite films with larger grains (device C). Indeed, 
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smooth surfaces are associated with lower charge transfer resistance values at the 

corresponding interfaces, while larger grains reduce the total grain boundaries and facilitate 

the charge transport through encountering less boundaries. Moreover, PSC devices 

employing rGO present a slight decrease in the hysteresis (Figure 5.33), attributed to the 

increased conductivity of titania compact layer and the passivation of trap states in the 

perovskite absorber. The photovoltaic performance increase was confirmed by statistical 

analysis of the results corresponding to 30 solar cells of each configuration (Device A, B and 

C). As depicted in Figure 5.34, the statistical analysis of the photovoltaic parameters, clearly 

demonstrates that the rGO nanoflakes have remarkable contribution in the cell performance 

improvement. 

 

Figure ‎5.33 Forward (from short circuit to forward bias) and reverse scans (from forward 

bias to short circuit) for PSCs (a) without rGO; (b) with rGO in the  titania layer; and (c) with 

rGO in both the titania and the perovskite layer 
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Figure ‎5.34 Statistic box chart comparison of PSC parameters 

As a result, we obtained a final 16.48% PCE for the champion C device. The PCE increase 

for device C against that of device A is significant, approximately 20%, proving the 

determining role of rGO in the performance of PSCs. Moreover, stabilized output power 

values (corresponding to the maximum power point (MPP) in the J-V plots) were determined 

for the all types of prepared PSC. As depicted in Fig. 5.32b, an optimum stabilized PCE of 

13.57% was obtained for the device C. In addition, it is evident that the devices containing 

rGO present an improved behavior, thus being more stable through time compared to the 

reference PSC that presents an exponential decay.  

Steady-state PL measurements were also performed for perovskite films grown on TiO2. As 

shown in Figure 5.32c, the rGO containing perovskites present a clear photoluminescence 

quenching. This confirms that the addition of rGO significantly facilitates the electron 

transport towards the anode. Moreover, the PL peak of g-TiO2/MAPbI3 samples presents a 

slight blue shift, a fact that can be associated with trap states passivation on the perovskite 

surface and subsequent increase of the Voc.
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To further verify the role of rGO, e
-
-only devices were fabricated and were characterized in 

the space-charge-limited-current (SCLC) regime. We followed the exact experimental 

procedure built by E.H. Sargent et al and the obtained I-V curves are very similar with those 

presented in the literature. The Figure 5.32d depicts the I-V response, measured for e
-
-only 

devices fabricated with the following structure: FTO/TiO2/MAPbI3/PCBM/Ag corresponding 

to device A’, FTO/g-TiO2/MAPbI3/PCBM/Ag corresponding to device B’ and FTO/g-

TiO2/g-MAPbI3/PCBM/Ag corresponding to device C’. At low voltages, the J-V plot is 

ohmic (linear), but at mid-voltages, the current shows a rapid nonlinear rise characterized by 

the transition within the TFL regime where all the available trap states are filled by the 

injected carriers. Finally at high voltage values, the current has quadratic voltage dependence 

in the Child’s regime.  As reported in the literature, the ohmic to trap filled limit (TFL) 

transition point (VTFL) is related to the trap density (Nt) according to the following equation 

(1): 

 𝑉𝑇𝐹𝐿 =
𝑒𝑁𝑡𝑑2

2𝜀𝜀0
              (1) 

where e is the elementary charge, d is the thickness of the active layer (600 nm), ε (e=28.8) 

is its dielectric constant, and ε0 is the dielectric constant in vacuum. The calculated trap 

density (Nt) are 3.99 x 10
14

 cm
-3

 for  device B, 
 
6.0 x 10

14
 cm

-3 
for device C and 1.53 x 10

15
 

cm
-3

 for device A, respectively.   These results, confirming the PL measurements, indicate 

that the presence of the rGO reduces the traps density of the perovskite layer especially in the 

case of device B, thus favoring increased Voc and leading to significantly higher stabilized 

efficiency (Figure 5.32b).  

Furthermore, to clarify the effect of rGO in the conductivity of the ETL, we recorded the J-

V response in the SCLC regime for TiO2 films with and without adding rGO in different 

concentrations, on electron-only diodes with the following configuration: FTO/TiO2/Ag for 
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the reference and FTO/g-TiO2/Ag (Figure 5.35) for the rGO-based PSC. As a result, a larger 

current density for the g-TiO2 based-cell was clearly obtained in comparison with the pristine 

TiO2 one, confirming its higher electrical conductivity. Following the report by Zhang et al. 

J-V curves were fitted using the following equation: 

𝐽 =
9

8
𝜀𝑟𝜀0𝜇

𝑉2

𝐿3
 

where J is the current density, µ is the zero-field mobility of electrons, ε0 is the permittivity 

of the vacuum, is the relative permittivity of TiO2 (εr =30), L is the thickness of the ETLs, 

which has a similar value for both layers (50 nm), and V is the applied voltage, respectively. 

The performed fitting confirmed that the electron mobility for the rGO containing device was 

increased (4.2 x 10
-7

 cm
2·

V
-1·

s
-1 

for the device with the optimum rGO quantity and 2.5 x 10
-

7
cm

2·V-1
·s

-1 
for the reference PSC respectively), indicating that the presence of rGO 

significantly contributes to the enhancement of the electron transport rate towards the anode 

electrode, a fact associated with the improved Jsc value measured. 

Stability tests were also carried out in order to investigate the role of rGO in the 

performance of the PSC after storing them in the dark in a dessicator, at open-circuit 

conditions under relative humidity (RH) of ~10%. We thus compared the reference PSC 

(device A) and the one containing rGO in both the ETL and the perovskite layer (device C). 

The results, depicted in Figure 5.36, show that the rGO-containing solar cells are more stable, 

namely retaining 40% of the initial PCE value after 50 days, contrary to the reference solar 

cell that retain only 20% of the initial value.  
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Figure ‎5.35 J-V curves under dark conditions for e
-
only devices (see inlay) for different 

concentrations of rGO within the TiO2 ETL. 

 

Figure ‎5.36 Variation of cell parameters as a function of the time under dark: (a) current 

density; (b) open circuit voltage; (c) fill factor; and (d) power conversion efficiency, for 

CH3NH3PbI3 –based PSCs  with and without rGO.  
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This behavior is attributed to the presence of rGO in the TiO2 and the perovskite layer, 

permitting the formation of perovskite films of improved quality, and retarding the 

degradation mechanism triggered by the presence of trapped charges. The superiority of the 

rGO-containing PSC is obvious in the optical images presented in Figure 5.37, where the 

reference PSC is seriously affected by the environmental exposure, resulting in large yellow 

areas of PbI2 (or its byproducts following reaction with water) spread all over the surface of 

the cell, contrary to the rGO-based cells that remain visually intact. 

 Summary 5.4

Cu monovalent cations were used as a modifier in order to obtain a Cu-TiO2 ETL for 

efficient planar PSCs. The addition of Cu ions down shifted the Fermi level of TiO2. This 

subsequently enhances the open circuit voltage of the PSCs, facilitate the electron passage at 

ETL/perovskite interface reducing the series resistance and increase the short circuit current 

density, open circuit voltage (Voc) and fill factor. Contact angle measurements confirmed that 

the introduction of copper ions (Cu
1+

) into the compact TiO2 layer increased its 

Figure ‎5.37 Optical images of PSC after 50 days of storage in dark (RH=10%); The reference 

PSC (left) and the corresponding device with rGO additives in both the TiO2 and the MAPbI3 

layers (right). 
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hydrophobicity, thus favoring improved perovskite crystallization, a fact corroborated by 

XRD analysis.  As a result, PSCs with PCE higher than 18% owing to high open circuit 

voltage (Voc) of 1.1 V, high current density (Jsc) of 23.15 mA·cm
−2

, and a high fill factor (FF) 

of 73% were obtained. Outperforming the performance of the reference device showing a 

PCE equal to 15.78% (with Voc equal to 1.07 V, Jsc of 20.87 mA cm−2, and FF equal to 70 %). 

Long term stability for 51 days was done for reference and Cu modified devices where, the 

Cu modified devices retained a Jsc of 0.82 from Jsc0 , Voc of 0.9 from Voc0 , FF of 0.71from  

FF0 and PCE of 0.53 from PCE0 while, the reference device retained 0.78,0.76,0.63 and 0.37 

respectively.   

The observed improved performance (in terms of enhanced PCE and high stability) of the 

PSCs is related to the hydrophobic character of the Cu-TiO2 ETL which protects the 

perovskite against humidity. This is corroborated by the contact angle measurements, 

indicating enhanced hydrophobicity of the titania compact layer following copper addition. 

Lower surface wetting of the underneath compact layer increases its compatibility with the 

top hybrid perovskite absorber and leads to larger perovskite crystals with low number of 

structural defects. This is also at the origin of the observed higher resistance of the FTO/Cu-

TiO2/MAPbI3 photoelectrodes to UV stress, as the copper-modified titania compact layer not 

only protects the top perovskite layer from self-decomposition (the instability in humid 

environments is the main drawback of the perovskite technology) but also severely mitigates  

the photocatalytic action of the ETL. Thus the direct photocatalytic decomposition of the 

perovskite absorber provoked by reactive oxygen species [ROS, e.g. highly reactive hydroxyl 

radicals (OH
•
) resulting of the reaction between the photogenerated holes and adsorbed water 

that act as potential perovskite killers] at the corresponding interface can be avoided, thus 

justifying an direct UV shield function. 
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In this chapter, we also fabricated efficient and relatively stable planar PSCs, by 

incorporating rGO nanoflakes within the TiO2 ETL, the Spiro-MeOTAD HTL and the 

CH3NH3PbI3 absorber. As a result, for the first time in similar devices, we ascertained its 

clear beneficial role when simultaneously employed in TiO2 and CH3NH3PbI3. Power 

conversion efficiencies as high as 16.48% were obtained, increased by almost 20% compared 

to the PCE of the reference device. This enhancement was attributed to the determining 

presence of rGO within the ETL which offers increased conductivity thus improved electron 

transport rate and charge mobility, it favors the growth of large perovskite crystals with 

improved crystallinity while it acts as a perovskite trap states passivator. In addition, the 

presence of rGO into the CH3NH3PbI3 layer further increases the perovskite grains size and 

favors the growth of smooth and homogenous films. On the contrary the presence of the rGO 

in the Spiro-MeOTAD is detrimental, probably due to the creation of direct pathways 

between the perovskite and the top silver electrodes. As a result, the electrical parameters of 

the photovoltaic performance of the PSC were improved, displaying the determining role of 

graphene materials in the performance of PSC, in both terms of efficiency and stability.  
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 Chapter 6 6

 Elephant Herd Algorithm for Optimal Performance 6

Emulation of PSCs Associated with Experimental 

Validation 

 Preface 6.1

There is no doubt that the global demand for energy is being increased and accelerating 

significantly in parallel with the depletion of the global reserves of fossil fuels. Therefore, 

there is a strong need to investigate advanced renewable energy technologies. Solar cells are 

the most promising renewable energy sources that convert solar energy to convenient 

electrical energy at least energy costs with the highest possibilities of producing large-scale 

solar cell manufacturing capabilities.[1] Indeed, the power striking from the sun into earth’s 

surface is near to 1.8 × 10
11

 MW which is much more than all the present power demands. 

[2,3] Moreover it is a clean and environmentally friendly energy source, it has low running 

cost and occupies the highest rankings in terms of use and reliability, promising to expand its 

utilization more and more. In the recent years, increased contribution of solar cells is noticed 

to accomplish the growing demands of energy supplies. This contribution of solar energy and 

especially PV technologies has been encouraged due to many advantages such as safety, 

security and reliability, lack of maintenance need, effectiveness, and direct conversion of 

sunlight to electricity, economically feasibility into illumination of remote areas, flexibility 

and size tunability of the solar cell systems.  

Due to very high absorption of light and carrier transportation, perovskite semiconductors 

with the general formula ABX3 (where A is an organic/inorganic cation, B is a metal cation, 

and X is a halide anion) attracted the research interest towards high efficiency PSCs. [4]  The 



Development of New Photovoltaic Devices Based on Perovskite Cells and Application in Electric Power Systems  180 
 

power conversion efficiency of PSCs is raised from 3.8 % in 2009 to 25.2% in 2019. [5-7] 

PSCs have high degree of nonlinearity and it is crucial to determine the cell characteristic 

parameters with high accuracy and well understand the device operation. Hence, it is very 

important to simulate the performance and analyze the working mechanism of PSCs by 

finding the accurate model to determine their optimal parameters as it has been done in the 

case of Si-based PVs. [8-9] To date, the planar architecture of PSCs has been rapidly 

developed because of its various advantages including simple structure, ease of fabrication, 

low cost and absence of high temperature procedures. [10-11] 

To better understand the behavior and optimize the electrical properties of PVs, several 

simulation tools have been proposed in the literature. As single-diode, double diode and triple 

diode models are among the most suitable approaches, the aim of the present work is to check 

the suitability and validity of these electrical models for the simulation of PSCs, where the 

estimation of the electrical parameters of this third generation PV devices can be formulated 

as non-linear optimization problem. To solve this problem, there are two main solutions, 

deterministic and heuristic. Deterministic methods always suffer from getting into local 

optima that strongly depend on some approximations and initial assumptions such as 

linearization about certain operating point. On the other hand, heuristic optimization 

approaches are explored as efficient tools for solving the problem of PV parameters 

extraction. [12-16] Their prevailing advent lays on lower computational cost and their ability 

to address complex problems without any dependence on higher derivatives. In addition, their 

flexibility to find a global optimum makes them the right choice to estimate the PV 

parameters. [17, 18] Thus, based on the systematic exploration of metaheuristic principle; 

several approaches have been implemented to solve the problem of PV parameters extraction. 

Such methods include Mine Blast Algorithm (MBA), [19]  Wind driven optimization 

algorithm, [20] Jaya Optimization Algorithm , [21, 22] Bird Mating Optimizer, [23]  Firefly 
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Algorithm (FA), [24]  Imperialist Competitive Algorithm (ICA), [25]  Cuckoo Search (CS), 

[26]  Sunflower Optimization algorithm, [27]  Krill Herd Algorithm, [28]  Sine Cosine 

Algorithm, [29]  Hurricane Optimization Algorithm, [30]  and  Multi-Verse Optimizer. [31] 

However, modern and more competitive algorithms were developed. The Elephant Herd 

Optimization (EHO) algorithm, [32, 33] mimics the social life of elephants which in real 

world live in groups or clans ruled by a matriarch, usually the eldest female in the clan. 

Thanks to fewer numbers of control parameters and easier implementation, the EHO 

algorithm has been gaining research interest during the past decade. Recent modifications 

were applied for the original EHO to understand the impact of the control parameters, a 

parametric study of the EHO is carried out using a standard test bench, engineering problems, 

and real-world problems.
 
[33, 34] Sample applications for EHO are also presented for 

optimizing the PID controller parameters, [35] and multiobjective allocation of distributed 

energy resources in distribution systems. [36] Another modified version of the EHO was used 

for solving the economic generation scheduling for distributed energy resources in grid based 

microgrid.[37] 

Recently, the dye-sensitization approach was used to optimize the compact layer/perovskite 

interface in planar perovskite solar cells (PSCs). This modification leads to PSC devices 

presenting significantly improved performance and increased stability. [4] It is then important 

to see if and how the application of the EHO algorithm and the corresponding diode models 

gives new insights into how the molecular engineering via dye sensitization of the functional 

interfaces affects the cell parameters. Thus, in this contribution we assessed the performance 

of PSCs using the EHO algorithm to accurately estimate the parameters of PSCs, for single 

diode model (SDM), double diode model (DDM) and triple diode model (TDM). We thus 

proved the EHO capability to identify the best electrical model for PSCs simulation and 

accurately extract the corresponding PSCs’ electrical parameters.   
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 Experimental  6.2

6.2.1 Cell structure 

The fabrication of planar Perovskite Solar Cells (PSCs) is described in detail in the 

previous chapters. The corresponding cell structure, including both reference cells and those 

modified with the triphenylamine-based metal-free organic dye, namely (E)-3-(5-(4-(bis(2',4'-

dibutoxy-[1,1'-biphenyl]-4yl) amino) phenyl) thiophen-2-yl)-2-cyanoacrylic acid (D35) are 

given in Figure 6.1.  

For easily setting-up the electrical models of PSCs (controlled and modified by D35 dye), it 

is necessary to know the difference between the studied devices. The addition of a dye 

monolayer over the TiO2 compact layer was performed by immersing the titania electrodes 

overnight in an ethanolic solution of the D35 organic dye. The benefit of this layer is to 

transform the surface of the titania compact layer from hydrophilic to highly hydrophobic, 

which helps the perovskite crystallization and stability 

 

Figure ‎6.1 Schematic representation of perovskite solar cells: control (a); and modified (b).  
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 Electrical Modeling (single, double and three diode models) 6.3

of Perovskite Solar Cells   

In this work, the performance of the PSCs was evaluated using three electrical models 

(single, double and three diode models). Generally, the rectification of characteristics of solar 

cells including heterojunctions and perovskites can be described by the Shockley diode 

equation as: [38, 39] 
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 where, jd is the dark current, V is the applied voltage, jd0 the reverse saturation current 

density, q is the elementary charge, m is the ideal factor of the cell, K is the Boltzmann 

constant, T is the absolute temperature.  

The ideal model of PSCs is considered as a single PN junction (diode) in parallel with 

photo current jph . Eq. 2 presents the mathematical expression for the ideal model as: [40] 
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 where, jph is the photocurrent and j is the output current. 

In practice, different electrical models were presented in the literature to model PV cells. In 

Figure 8.2.a, the PSCs are modeled by using single PN junction (diode model). In this model, 

the device is represented by a current source, two resistances and a diode. The current source 

represents the photocurrent (jph) which is sensitive to solar radiation change and ambient 

temperature. The series resistance represents all resistances (Rs) in the current path, electrode 

resistance, material bulk resistance and contact resistance. The shunt resistance (Rsh) 

represents the leakage current across the p-n junction.  
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Figure ‎6.2 Perovskite solar cell model a) single diode model b) double diode model c) triple 

diode model 
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Applying Kirchhoff’s current law, it is obvious that the output current j can be represented 

by Eq.3 as: [25] 

 
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where, Rs and Rsh are the series and shunt resistance, respectively. 

From Figure 6.2.b, it can be generalized the single diode model for PSCs to the two diode 

model as Eq.4 to consider the effect of recombination losses in the space charge region  and 

expresses it an additional diode beside the first diode which represents the recombination and 

diffusion in the quasi neutral regions was added as: [41]   
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Also, the PSCs can be extended to triple diode model as shown in Figure 6.2.c and Eq.5 to 

include the effect of grain boundaries and leakage current which is considered by adding a 

third diode to the double diode PV model with the same physical meaning like the double 

diode model as: [27] 
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  Estimation Problem 6.4

The parameters estimation of PSCs can be expressed as a non-linear optimization problem 

with high degree of nonlinearity. To realize the optimal electrical models of PSCs in this 

work, the main target is to minimize the proposed objective function which is the sum of the 

variance and deviations between the estimated photoncurrents and those recorded by 
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experimental measurements. Non-linear functions can be implemented for each model to 

describe the error between each pair of photoncurrent values. Equations (6 - 8) present the 

non-linear functions for SDM, DDM and TDM, respectively:   
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For the previous functions, the control variables are organized as follows:  

 For  SDM, five decision variables that described in the vector y as: y = (jph, jd1, Rs, 

Rsh, m1) ,  

 For DDM, seven decision variables that described in the vector y as: y = (jph, jd1,  jd2, 

Rs, Rsh, m1, m2)  

 For the third model (TDM), nine decision variables are described in the vector y as:   

y = (jph, jd1, jd2, jd3, Rs, Rsh, m1, m2, m3). 

The root mean square error (RMSE) is developed to evaluate the suggested models as 

shown in Eq. (9).  
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The optimization procedure minimizes the RMSE to tune the decision variables for the 

whole range of experimental data with size N. 
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 Crow search optimization algorithm  6.5

Crows are very intelligent birds and live in groups. In comparing with their body their brain 

is big enough and according to brain-body ratio, their brain is very relative to humans. They 

have the ability to remember faces and warn each other if a strange one approaches. 

Moreover, they communicate in sophisticated ways and they can remember the places of their 

hidden food. They also watch other birds and see where they hide their catch and steal it after 

they leave. Crows use their experience as thief to predict the behavior of pilfered. Recently, 

Askarzadeh developed a new stochastic metaheuristic optimization algorithm based on the 

behavior of the crows and called it crow search optimization algorithm (CSOA).  

The assumption is that is a d-dimensional space containing a number of crows (N) and the 

i
th

 crow place at time (the iteration) in the search area is represented by a vector x
i.iter

  x
i.iter 

=[ 

x1
i.iter

 , x2
i.iter

,…… xd
i.iter

 ]. Each crow has its hidden food place in its memory and this place 

appear in each iteration as m
i.iter

. This position is the best position that the crow has obtained. 

Crows seek for the best food ways (the places of hidden food). Assuming at time iter, crow j 

wants to go to its food place where it hides its catch m
j.iter

. In the same time another crow for 

example crow i decide to track crow j in order to know its hiding place. As a result of this 

tracking two situations may happen:  

State 1: The crow j did not aware that another crow (crow i) following it. So, crow i will 

see the crow j food place (the hiding place) as a result, the crow i new position is given by: 

X 
i.iter+1 

= X 
i.iter

 +ri fl
i.iter

 (m
j.iter

 - x
i.iter

)                                    

Where, ri is a random number between 0 and 1 and fl
i.iter

 is the flight length of crow i at any 

iteration. Figure 6.3 shows the fl effect on the capability of search. When the fl values are 

small this leads to a very close searching (near to x
i.iter

) in contrary the big values results in a 

far searching (far from x
i.iter

).   
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 State 2: Crow j knows that crow i following it. So, to avoid its food hiding place from 

discovery it will misleading crow i by going to fake place (another positon in the searching 

area). 

Finally, states one and two can be represented as follow,  

X 
i.iter+1

 = X 
i.iter

+ri fl
i.iter

 (m
j.iter

 - x
i.iter

 )  rj ≥‎AP‎
j.iter

 

And random position otherwise 

Where, AP
j.iter

 represents the awareness probability of crow j at iteration iter. 

 

 

Figure ‎6.3   CSOA behaviour at fl > 1 (left) and fl < 1 (right) the dashed line shows the crow 

i path 

 Elephant Herd Optimization Algorithm 6.6

6.6.1  Clan updating 

Elephants in real life live in clans. There is a female leader for each clan (matriarch) and a 

male elephant who leaves the clan when it reaches puberty.[32, 33] Based on that simple 

Crow i

Crow j

Origin

Crow i

Crow j

Origin

fl ˂‎1fl ˃‎1
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rules each individual elephant inside the clan compares its position to the leader elephant’s 

position so, for elephant j in clan c, its position can be updated according to Eq. (10) 

 , , , , ,n c j c j best c c jx x r x x                                                                   (10) 

where,  xn,c,j and xc,j  are newly updated and old position for elephant j in clan c, 

respectively. α in the range of [0, 1] is a scale factor that determines the influence of 

matriarch c on xc,j. xbest,c  represents matriarch c, which is the fittest elephant individual in 

the clan c, r in the range of [0, 1]. Here, the uniform distribution is used. The fittest elephant 

can be updated as 

n,c,j ,x center cx                                                                (11) 

 where β in range of [0, 1] is a factor that determines the influence of the xcenter,c on  xn,c,j. 

We can see, the new individual  xn,c,j  in Eq. (11) is generated by the information obtained by 

all the elephants in clan c. xcenter,c is the center of clan ci, and for the d
th

 dimension it can be 

calculated as 





cN

j

djc

c

dccenter x
N

X
1

,,,,

1
                                                              (12) 

where, 1≤d≤D indicates the d
th

 dimension and D is its total dimension. Nc is the number of 

elephants in clan ci. xc,j,d  is the d
th

 of the elephant individual xc,j. 

6.6.2  Separating operator 

. The step where the male elephant leaves its clan (after reaching the puberty) can be 

modeled using a separating operator into the optimization problems.[33, 34] Assuming that 

the worst fitness is the leaving male elephant, the implementation of the separating operator 

for the current generation is shown in Eq. (13) as: 
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 worst,c min max minx 1x r x x                                                            (13) 

where, xmax and xmin are respectively the upper and lower bound of the position of 

individual elephant. xworst,c is the worst position of individual elephant in clan ci. r is random 

number in the range of [0, 1] which is a kind of stochastic distribution and uniform 

distribution in the range [0,1].   

It is worth mentioning that in the real life each elephant is a decision variable (proposed 

solution) in the problem domain while, the clan of elephants represents the samples 

population (recommended solutions).The clan’s matriarch represents the clan’s best solution 

in the problem domain also, and the male that departs from the clan (separation operator) 

represents the clan’s worst solution. Finally, the elephant position corresponding to clan’s 

matriarch position is the solution’s fitness in the problem domain. 

 Results and Discussion 6.7

The cells incorporating the compact layer (modified or not), the perovskite absorber and the 

spiro hole transporter were illuminated using a Solar Light Co. 300W Air Mass Solar 

Simulator Model 16S-300 (1sun, 1000 W/m
2
) and the current-voltage characteristic curves 

were recorded with an Autolab PG-STAT-30 potentiostat. Table 6.1 summarizes the 

experimental data (electrical specifications in terms of short circuit -Jsc, open circuit 

potential-Voc  and power conversion efficiency-PCE ) recorded for the control and modified 

perovskite solar cells. The analysis of the experimental parameters shows that control cells 

present low open-circuit voltage and short-circuit photocurrent density compared with the 

modified ones. Also, the photovoltage and photocurrent values of the modified PSCs are 

higher than the control type and therefore the PCE was increased by approximately 14% in 

the case of modified PSCs. 
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Table ‎6-1 Experimental data for control and dye- modified perovskite solar cells 

Parameter Control device Modified device 

Open-circuit voltage (Voc) (V) 1.02 1.05 

Short-circuit current density (Jsc) (mA/cm
2
) 20.54 22.53 

Voltage at maximum power (Vmp) (V) 0.83 0.85 

Current at maximum power (Imp) (mA/cm
2
) 17.9 19.9 

Fill Factor 0.71 0.72 

Efficiency (PCE %) 15.04% 17.04 

Transfer resistance Rct (ohm) 316 224 

Recombination resistance Rrec (ohm) 321 573 

 

6.7.1 Simulation results for controlled PSC devices  

The mathematical description of EHO can be representatively implemented in two steps 

(the updating stage and the separation process). These two steps were adapted in order to 

extract the PSCs parameters and the whole procedure is shown in the flow chart in Figure 6.4. 

To operate the EHO procedure a pseudo code was developed (shown in Figure 6.5). 

Moreover, taking into consideration that each generation has fixed number of clans and each 

clan has fixed number of individual elephants.  
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Figure ‎6.4 Flowchart of EHO for solving the PSCs parameters extraction problems 

The experimental J-V curves of control devices and the corresponding estimated ones using 

the EHO approach for single, double and triple diode models are shown in Figure 6.6(a, b and 

c) respectively. From these figures it can be seen that the estimated J-V curves by the EHO 

algorithm are in total agreement with the experimental characteristics.  
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Figure ‎6.5  EHO pseudo code 

Figure 6.7 (a, b and c) shows the convergence curves of the EHO algorithms (in 

comparison with the competitive DE,[41] and CSA, [42]  ones) for single, double and triple 

diode models respectively. From this figure, it is clear that the EHO algorithm has the best 

convergence characteristics compared with the other competitive algorithms. The ranking of 

the competitive algorithms in terms of convergence is EHO followed by DE then CSA. 

Numerically, the EHO, DE and CSA reach to the steady state solutions after 35, 65 and 75 

iterations, respectively for single diode model and after 43, 65 71 iterations in double diode 

model and 55, 70 and 75 iterations in triple diode model. Therefore, the EHO algorithm has 

the best performance compared to the other tools as it converges in the lowest time in the 

three models and also with the lowest error. 

Initialization: 

Initialize (Maximum generation, Population size, Boundaries). 

Initialize the population. 

Calculate elephant’s fitness. 

Repeat 

Sort all the elephants according to their fitness. 

Clan updating:  

For c=1 to 𝑛𝐶𝑙𝑎𝑛 (for all clans in elephant population) do 

For j=1 to 𝑛𝑐𝑖 (for all elephants in clan c) do 

If 𝒙𝒄,𝒋=𝒙𝒃𝒆𝒔𝒕,𝒄𝒊 then  

Update 𝒙𝒄,𝒋 (old elephant) and generate 𝒙𝒏,𝒄,𝒋 (new elephant) by Eq. (11). 

Else 

Update 𝒙𝒄,𝒋 (old elephant) and generate 𝒙𝒏,𝒄,𝒋 (new elephant) by Eq. (10). 

End if 

End for j 

End for c 

Separating operator: 

For c=1 to 𝑛𝐶𝑙𝑎𝑛 (all the clans in elephant population) do 

Replace the worst elephant in clan c by Eq. (13). 

End for c 

Evaluate population by the newly updated positions. 

Until (Maximum number of generation) 
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Figure ‎6.6 J-V curve for control device a) single diode model b) double diode model c) triple 

diode model 
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Figure ‎6.7 Comparison of convergence rates for DE, CSA and EHO for control device a) 

single diode model b) double diode model c) triple diode model 
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Table ‎6-2 PSCs control device Extracted data for SDM using competitive algorithms 

Parameters 

Lower limit Upper limit 

EHO DE CSA 

Jph(mA/cm2) 18 25 19.327 19.523 19.648 

Jd1(mA) 1e
-9

 0.1 5.8729e-5 1.4353e-4 5.9817e-5 

Rs (ohm) 1 100 49.98 20.39 28.04 

Rsh (ohm) 3000 5000 4995.2 5000 3647.59 

m1 2 4 3.1724 3.4021 3.9147 

RMSE - - 7.0974e-05 7.5495e-05 5.7109e-4 

 

Table ‎6-3 Extracted data for perovskite solar cells control device for double diode model 

Parameters Lower limit Upper limit EHO DE CSA 

Jph(mA/cm2) 18 25 19.327 19.364 18.478 

Jd1(mA) 1e
-9

 0.1 1.4946e-7 1.9273e-7 9.5264e-4 

Jd2(mA) 1e
-9

 0.1 6.0846e-5 6.3858e-5 2.0523e-6 

Rs (ohm) 1 100 49.9 20 23.52 

Rsh (ohm) 3000 5000 5000 3000 3303.63 

m1 2 4 3.9964 3.9027 3.8531 

m2 2 4 3.1811 3.1991 3.9709 

RMSE - - 7.1153e-05 9.1671e-05 8.496e-4 
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Table ‎6-4 Extracted data for perovskite solar cells control device for triple diode model 

Parameters 

Lower 

limit 

Upper limit 

EHO DE CSA 

Jph(mA/cm2) 18 25 19.336 19.295 19.626 

Jd1(mA) 1e
-9

 0.1 5.9278e-5 1.9273e-5 1.1533e-2 

Jd2(mA) 1e
-9

 0.1 7.3582e-6 1.7764e-4 1.2389e-4 

Jd3(mA) 1e
-9

 0.1 3.1438e-6 1e-9 4.4367e-3 

Rs (ohm) 1 100 50 31.47 26.11 

Rsh (ohm) 3000 5000 4948.5 5000 3444.88 

m1 2.0000 4 3.8773 3 3.6547 

m2 2 4 4 3.8494 3.9787 

m3 2 4 4 4 3.9322 

RMSE - - 7.2797e-05 9.3494e-05 0.016888 

 

Tables 6.2, 6.3 and Table 6.4 show the extracted data of PSCs control device for single, 

double and triple diode models using the EHO algorithm. The corresponding data using the 

competitive DE and CSA algorithms are also included. From these tables it is obvious that in 

single diode model the EHO algorithm is the closest to the experimental data and its objective 

function (7.0974e
-05

) is the best among all the examined algorithms (to be compared with 

7.5495e
-05

 for DE and 5.7109e
-4

 for CSA). This is also the case in double diode model 

(7.1153e
-05

 against 9.1671e
-05

 for DE and 8.496e
-4

 for CSA) and in triple diode model 

(7.2797e
-05

 against 9.3494e
-05

 for DE and 0.016888 for CSA), respectively, confirming the 

high advantages of the EHO simulation. 
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6.7.2 Simulation results for modified device  

The experimental and estimated J-V curves of modified devices are shown in Figure 6.8 (a, 

b and c) which also show a total agreement between the experimental and estimated data by 

EHO algorithm like the control device case. 

Figure 6.9 (a, b and c) shows the convergence curves of the competitive algorithms EHO, 

DE and CSA  for single, double and triple diode models respectively. As observed in the case 

of control devices, the EHO algorithm has the best performance compared to the other tools, 

reaching the final solution after 38 iterations in single diode model , 45 iterations in double 

diode model and 35 iterations in triple diode model. The EHO is followed by the DE with 50 

iterations in single diode model, 48 iterations in double diode model and 60 iterations in triple 

diode model then the CSA with 80 iterations in single diode model, 90 iterations in both 

double and triple diode models. 

Tables 6.5, 6.6 and Table 6.7 show data of the dye-modified PSCs devices extracted for 

single-, double- and triple-diode models using the EHO, DE and CSA algorithms, 

respectively. As in the case of the control devices, the EHO approach still has the lowest error 

among all the used algorithms. In fact, in single diode mode its objective function (4.6662e
-

05
) has the lowest value, in comparison with 4.7438e

-05
 for DE and 1.1242e

-04
 for CSA. The 

simulation quality for the EHO algorithm is also higher in the cases of double diode model 

(objective function value of 4.6692e
-05 

against 4.7456e
-05

 for DE and 1.7712e
-4

 for CSA) and 

triple diode model (objective function value of 4.6753e
-05 

against 4.8081e
-05

 for DE and 

7.8303e
-3

 for CSA).  
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Figure ‎6.8 J-V curves for modified device a) single diode model b) double diode model c) 

triple diode 
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Figure ‎6.9 Comparison of convergence rates for DE, CSA and EHO for modified device a) 

single diode model b) double diode model c) triple diode model 
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Table ‎6-5 Extracted data for perovskite solar cells modified device for single diode model 

Parameters 

Lower 

limit 

Upper 

limit 

EHO DE CSA 

Jph(mA/cm2) 18 25 22.46 21.493 22.56 

Jd1(mA) 1e
-9

 0.1 3.9378e-6 1e-9 5.8114e-4 

Rs (ohm) 1 100 49.8 20 29.07 

Rsh (ohm) 3000 5000 5000 3000 4190.7 

m1 2 4 3.7515 2 3.8871 

RMSE - - 4.6662e-05 4.7438e-05 1.1242e-04 

 

Table ‎6-6 Extracted data for perovskite solar cells modified device for double diode model 

Parameters Lower limit Upper limit EHO DE CSA 

Jph(mA/cm2) 18 25 22.463 22.453 22.033 

Jd1(mA) 1e
-9

 0.1 1e-6 1e-9 1.0393e-3 

Jd2(mA) 1e
-9

 0.1 3.6069e-6 3.5005e-4 2.5259e-5 

Rs (ohm) 1 100 49.77 50 21.18 

Rsh (ohm) 3000 5000 5000 3908.97 4379.24 

m1 2 4 3.968 3.6318 3.9181 

m2 2 4 3.73797 3.7143 3.4069 

RMSE - - 4.6692e-05 4.7456e-05 1.7712e-4 
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Table ‎6-7 Extracted data with EHO algorithm for perovskite solar cells modified device for 

triple diode model 

Parameters 

Lower 

limit 

Upper limit 

EHO DE CSA 

Jph(mA

/cm2) 

18 25 

22.463 22.48 21.341 

Jd1(mA) 1e
-9

 0.1 3.0162e-6 1e-9 1.7256e-3 

Jd2(mA) 1e
-9

 0.1 1.0556e -6 4.4955e-4 6.9518e-3 

Jd3(mA) 1e
-9

 0.1 2.9026e-8 1e-9 4.7337 

Rs (ohm) 1 100 48.66 22.44 32.48 

Rsh (ohm) 3000 5000 5000 4685.19 4607.85 

m1 2 4 3.7109 2.9427 3.7405 

m2 2 4 3.9975 3.7987 3.9721 

m3 2 4 3.9378 3.7592 3.5693 

RMSE - - 4.6753e-05 4.8081e-05 7.8303e-3 

 

6.7.3 Performance evaluation of EHO and experimental verification 

A comparison between the EHO, CSA and DE has been made. The comparison takes place 

under the same setting for the three algorithms. The population size is set to be 100 

populations for all algorithms. The maximum number of generation is chosen to be 100. The 

search ranges are set to be as follow: Jsc ∈ [18 − 25], mA/cm
2
, Id ∈ [1e − 9,1e − 1] mA,  
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Rs ∈ [1 − 100] ohm, Rsh ∈ [3000 − 5000] ohm, m ∈ [2 − 4]. The optimization process 

and the simulation results are executed using MATLAB software. 

In the light of this comparison, optimal parameters of the proposed method are compared 

with optimal parameters that attained by CSA and DE as shown in Tables 6.2, 6.3, 6.4, 6.5 

and Tables 6.6, 6.7. From these results, it can be realized that the optimal parameters of PSCs 

obtained by EHO is very close to the experimental ones. From the results tables in both 

control and modified devices it is obvious that the best model is the triple diode model. 

Table 6.8 shows a comparison of estimated parameters values using EHO and triple diode 

model with their values from experimental data where the open-circuit voltage (Voc), short-

circuit current density (Jsc), fill factor and the efficiency (PCE %) extracted values were very 

close to the experimental ones with very low deviations, for instance in the case of control 

device the short-circuit current density (Jsc) determined by experimentally was 20.54 while 

the estimated value by EHO was 19.33 with a deviation of 0.05, the open-circuit voltage 

(Voc) was the same by both experimentally and estimated method  without any deviations 

while, the fill factor has only 0.007 deviation and the efficiency (PCE %) has 0.07 deviation. 

In other hand the modified device case has short-circuit current density (Jsc) deviation of 

0.003, the open-circuit voltage (Voc) and the fill factor were almost the same by both 

experimentally and estimated method with a small deviation of 0.009 and 0.006 respectively 

while, the efficiency (PCE %) has 0.01 deviation as it changed from 17.04 obtained 

experimentally to 16.86 obtained by the EHO algorithm.  

For further verification, statistical analysis for EHO results has been done in terms of error 

and standard deviation and compared with other approaches which are CSA and DE as shown 

in Table 6.9. The comparison demonstrated that for the control device of PSCs, the EHO has 

error with 0.002 and standard deviation with 0.001 in SDM, the DE has error with 0.013 and 

standard deviation with 0.008 and the CSA has error with 0.033 and standard deviation with 
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0.023. In the DDM the EHO has error with 0.002 and standard deviation with 0.001, the DE 

has error with 0.003 and standard deviation with 0.002 and the CSA has error with 0.04 and 

standard deviation with 0.028. In the TDM the EHO has error with 0.002 and standard 

deviation with 0.002, the DE has error with 0.003 and standard deviation with 0.004 and the 

CSA has error with 0.014 and standard deviation with 0.01.Similarly for the modified PSCs 

device, in case of SDM the EHO has the lowest error and standard deviation, 0.002 and 

0.001, respectively compared with DE (0.046, 0.627) and CSA (0.329 and 0.233). 

Table ‎6-8   Comparison of estimated parameters values using EHO and triple diode model 

with their values from experimental data 

Device Control Device Modified Device 

Parameters Experimental EHO Deviation Experimental EHO Deviation 

Jsc(mA/cm2) 20.54 19.33 0.05 22.53 22.46 0.003 

Voc(volt) 1.02 1.02 0.0 1.05 1.04 0.009 

FF 0.71 0.705 0.007 0.72 0.725 0.006 

PCE% 15.04 13.97 0.07 17.04 16.86 0.01 
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Table ‎6-9 Statistical analysis of error and standard deviation values obtained by EHO with 

their values obtained from CSA and DE  

 Model type 

 SDM DDM TDM 

Optimization 

Algorithm 

DE CSA EHO DE CSA EHO DE CSA EHO 

Control 

device 

Error 0.013 0.033 0.002 0.003 0.040 0.002 0.003 0.014 0.002 

St-

dev 

0.008 0.023 0.001 0.002 0.028 0.001 0.004 0.010 0.002 

Modified 

device 

Error 0.046 0.329 0.002 0.001 0.019 0.001 0.002 0.055 0.001 

St-

dev 

0.627 0.233 0.001 0.0014 0.013 0.001 0.002 0.038 0.001 

 

For DDM EHO has error with 0.001 and standard deviation with 0.001, the DE has error 

with 0.001 and standard deviation with 0.0014 and the CSA has error with 0.019 and standard 

deviation with 0.013. Finally for TDM EHO has error with 0.001 and standard deviation with 

0.001, the DE has error with 0.002 and standard deviation with 0.002 and the CSA has error 

with 0.055 and standard deviation with 0.038. From both control and modified devices case it 

is noticed that EHO has the lowest values of error and standard deviations in comparison with 

other competitive algorithms. Therefore, the superiority of EHO algorithm in extracting the 

parameters is proven. 

Tables 6.4 and 6.7 summarize the electrical parameters extracted using the most accurate 

model (TDM). It is worth noticing that in this model, the series resistance value of the control 
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devices (50 ohm) is quite higher than that of the modified ones (48.6 ohm). This is probably 

due to the sensitization of the titania compact layer with D35 organic dye, facilitating the 

electron transport from the perovskite absorber to titania compact layer. Moreover, we 

observed that the shunt resistance in the modified devices (5000 ohm) is quite higher than the 

control devices (4948.5 ohm). This probably originates from lower leakage current that hence 

leads to higher net current and better efficiency. In addition, the modified devices present 

lower diode ideality factor values (than the control ones), clearly indicating a better PN 

junction quality.[43] The junction quality improvement is a result of the dye presence, which 

passivates the titania layer and increases the surface hydrophobicity of the titania compact 

layer, thus permitting the development of a more homogeneous perovskite layer able to 

crystalize under controlled conditions (humidity absence).  

Furthemore, the above results are also reflected on the diode behavior and especially the 

diode saturation current (jd), which is a characteristic factor corresponding to the excitation 

rate of electrons from the valence to the conduction band. This parameter is directly related to 

the recombination rate, which affects the open circuit voltage.[44] The simulation results in 

Tables 6.2 and 6.3 show that in the modified devices, the saturation diode currents values (jd1 

= 3.0162e
-6

 mA, jd2 = 1.0556e 
-6

 mA and jd3 = 2.9026e
-8

 mA respectively) are significantly 

lower than the corresponding values in the control devices (jd1 = 5.9278e
-5

 mA, jd2 = 7.3582e
-

6
 mA and jd3 = 3.1438e

-6
 mA). Therefore, the recombination rate in modified devices is lower 

than the recombination rate in control devices, which was also proved by the experimental 

data. In fact, the analysis performed by electrochemical impedance spectroscopy confirmed 

that the recombination resistance (Rrec) in modified devices (573 ohm) is higher than the Rrec 

in control devices (321 ohm) and the charge transfer resistance (Rct) in the modified devices 

(224 ohm) is lower than the Rct in the case of control devices (316 ohm). Lower jd values 

mean not only lower recombination rates but also higher open circuit voltage (Voc) values. 
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Indeed, the open circuit voltage in modified devices (1.05V) was fond slightly higher than the 

Voc value in control devices (1.02V).  

 Summary 6.8

In this chapter, three electrical models of PSCs called single, double and triple diode 

models has been proposed for two PSCs devices. Estimation and extracting the PSC models 

parameters are carried out using the elephant herd optimization algorithm. To prove the 

capability of the proposed estimation procedure, a comparison study between the proposed 

EHO with crow search optimization and differential evolution algorithms has been employed. 

The simulation results have proved the EHO superiority compared with the competitive 

algorithms. In the view point of experimental verification, the simulation results assure the 

high closeness between the estimated parameters with experimental ones. It can be concluded 

that the proposed three diode model is the best one for modeling both modified and 

controlled devices. The modified devices present lower series resistance, higher shunt 

resistance, lower diode ideality factor, lower diode saturation current, and higher open circuit 

voltage values. This is due to the presence of the dye that permits the easier crystallization of 

the perovskite absorber and facilitates the electron transfer from the perovskite layer to titania 

compact layer and its effective collection on the fluorine-doped transparent oxide (FTO) 

conductive glass substrate. As a result, the EHO algorithm has been proved a very effective 

optimization paradigm to simulate the behavior of dye engineered perovskite solar cells. This 

work paves the way towards fabricating high stable PSCs with high power energy conversion 

as well, through titania layer passivation or doping and new perovskite materials to be used as 

a god absorber. Also new efficient optimization tools can be used in solving the parameter 

estimation problem like Cuckoo Search, Sunflower Optimization algorithm, Krill Herd 

Algorithm, Sine Cosine Algorithm, Hurricane Optimization Algorithm, and Multi-Verse 

Optimizer. 
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 Chapter 7 7

 Energy Efficiency Improvement of Water Pumping 7

System Operated with Synchronous Reluctance Motor 

Using Perovskite Solar Cells 

  Preface  7.1

Perovskite solar cells (PSCs) have high power conversion efficiency (PCE) and are 

fabricated via low cost solution processed techniques, enabling them to gain high attention 

among other emerging photovoltaic (PV) technologies
 
[1, 2]. This is resulting from the 

perovkites’ outstanding optoelectronic properties such as tunable band gaps, [3]
 
long diffusion 

lengths [4] and high absorbance coefficients in [5]. Therefore, in 2019 the PSCs efficiency 

reaches up to 25% in comparison with an almost 3% in 2009 [6]. Based on this high 

efficiency, a lot of research work is published every year towards enhancing their operation in 

both terms of efficiency and stability. [7-22] 

Generally, third generation photovoltaics (PVs) are among the most promising types of 

renewable energy due to rapid efficiency increase and production cost reduction. These 

systems dispose almost zero running cost and can be considered as an environmental friendly 

clean energy source, able to be connected to grid or work as a standalone (off grid) structure. 

Recently, standalone PVs are receiving a great interest in rural regions where the main grid is 

absent or far and the grid connection is expensive. Their application can be extended to drive 

water pumping for irrigation, especially in the desert or in remote areas [23]. 

PV pumping system efficiency increment and total cost reduction are under investigation in 

many research groups [24-33]. DC motors were used in these systems due to their ability of 

direct connection to the PV electric power source or via DC-DC converter; however they 
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present significant problems such as continuous maintenance of brushes and commutators, 

low efficiency and high cost. To overcome these issues, pumping systems based on brushless 

DC Motors (BDCMs) [29, 33, and 34], induction motors (IMs) [28], permanent-magnet 

synchronous Motors (PMSMs) [32] and switched reluctance motors (SRMs) [31] has been 

investigated and presented in the literature. PV pumping systems based on BDCMs and 

PMSMs present several advantages such as high efficiency and power density, nevertheless 

the price of such motors remains high and depends on weather conditions. Besides, additional 

problems are raised including demagnetization and instability. In contrast, IMs have a low 

cost but their efficiency is not the optimum one, especially under partial loading conditions. 

[35] 

On the contrary, synchronous reluctance motors (SynRMs) have several advantages 

compared to the other types of electric machines such as rugged construction, low cost and 

efficiency much higher than IMs [36]. PV pumping systems using SynRMs were discussed in 

a few studies [34], [37] and [38] however; all these publications use the conventional PV array 

modules of low efficiency and large area. 

In this chapter, the design of a direct-coupled perovskite solar array feeding a SynRM for 

pumping applications is introduced. Besides investigation of the whole the system 

performance is presented. The perovskite solar cells are manufactured in the lab and their 

characteristics are measured. Then, SynRM geometry is optimized for obtaining the maximum 

output power at minimum torque ripple. Further, the perovskite solar array is designed to 

produce the maximum output power that corresponds to the maximum power per Ampère of 

the SynRM under standard irradiation and temperature conditions (1sun AM 1.5, 25 
o
C) 

through the proposed control method for the conventional inverter.  
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 The proposed PV pumping system 7.2

Structure of the proposed PSCs -based pumping system  

 

Figure ‎7.1 Schematic diagram of the proposed PV pumping system. 

Figure 7.1 displays a schematic diagram of the proposed PV pumping system which 

consists of the following components: a perovskite solar array ; a conventional voltage source 

inverter (VSI) with control system ; a three phase synchronous reluctance motor (SynRM) ; 

and a centrifugal pump. It is obvious that the proposed system has operates without using 

DC-DC converters and storage batteries. 

Table ‎7-1 Operational parameters of the proposed PV pumping system 

Required amount of water 350 m3/day 

Average number of the motor working hours 10 hours 

Pump average flow rate  35 m
3
/h 

Height difference of the water 35m 

 

The problem of water pumping for both irrigation system and human consumption, in a 

place situated far from the main electric grid or in case that there is no electric grid at all, can 

be solved by the proposed PV pumping system. In fact, the amount of needed water depends 
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on the population, the kind of plant and the corresponding area. Table 7.1 lists the required 

parameters to select the size of each component in the proposed system including the pump’s 

average output power which is determined based on both the water flow rate and the height 

difference. 

 Modelling of the proposed PSCs based pumping system 7.3

7.3.1 PV array model 

A PV array consist of several series and parallel connected PV modules was used in the 

proposed system each module has 36 series cells. The single diode model shown in Figure 

7.2 used for representing the solar cell. 

 

Figure ‎7.2 Single diode solar cell equivalent circuit. 

The solar cell output current can be represented as fellows [39], [40]:  
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(1) 

where Ipv and Vpv are the current and voltage of the solar module; Io and Iph are the 

saturation and photocurrents; Vt is the thermal voltage; a is the diode ideality factor; Rs and 

Rsh are the series and parallel resistances. 

The schematic diagram of the perovskite solar cell (PSC) shown in Figure 7.3-a. The PSC 

layers were fabricated as follows: 
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TiO2 compact layer (electron transport layer) The FTO conductive glasses (Aldrich, 7 

Ohm·□-1) was cleaned with Hellmanex, 2-propanol and acetone in a sonication path after 

etching by a 2m HCl/H2O solution in combination with Zn powder. The FTO conductive 

glasses treated with UV ozone for 15 min. The titania compact layer was deposited over the 

cleaned FTO conductive glasses by spin coating at 2000 r.p.m. for 60 s from an ethanolic 

solution of titanium (IV) isopropoxide (Aldrich, 97%) containing a small quantity of HCl. 

After the spin coating the films were exposed to 500
o
C (5

o
C·min

-1
 temperature ramp rate) in 

the oven for 45 min.  

 

 

Figure ‎7.3 Schematic representation of the perovskite solar cell architecture (a); XRD 

patterns of MAPbI3 perovskite films deposited on FTO glass substrates (b); The cells (a batch 
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of six similar cells) overview  (c); The energy band diagram of the fabricated PSC devices 

(d). 

Perovskite layer (absorber) After forming the titania compact layer the perovskite 

absorber layer (MAPbI3) layer was deposited by spin coating at 2000 r.p.m. for 45 s in the 

glovebox using a perovskite solution containing a 40 wt% Methylammonium iodide (Dyesol) 

along with Lead acetate trihydrate (PbAc2.3H2O, 99.999% trace metals basis, Aldrich) in a 

3:1molar ratio dissolved in anhydrous DMF. Finally a small amount of hypophosphorous 

acid (50% w/w, aquatic solution, Alfa Aesar) was also added to the solution and the final 

molar ratio of HPA:PbAc2 to be 1:4. The films were annealed at 100
o
C for 5 min after drying 

at room temperature for 10 min. The shape and size distribution of (MAPbI3) grains grown 

upon TiO2 substrate of this layer is shown in Figure 7.4.[17] 

 

Figure ‎7.4  SEM images of a MAPbI3 perovskite layer at different magnifications (a) and 

(b); Size distribution of MAPbI3 grains grown upon TiO2 substrate (c). 

Spiro-MeOTAD layer (hole transporting layer): After the perovskite absorber, a hole 

transporting layer of Spiro-MeOTAD was deposited (by spin coating at 3000 r.p.m for 30s) 
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from chlorobenzene (7wt%), containing additives of bis(trifluoromethanesulfonyl)imide 

lithium salt (dissolved in acetonitrile) and 4-tert-butylpyridine.  

Silver electrodes layer: Finally, 100 nm silver electrodes were deposited outside the 

glovebox, using a thermal evaporator (10
-6

 Torr and ~1Å·s
-1

  rate). 

The perovskite layer formation quality and absorption characteristics were examined by X-

Ray Diffraction, Scanning Electron Microscopy and a UV-Vis as shown in Figures  7.3-b, 7.4 

a-b and 7.5 a where the perovskite was formed in a good manner.  

 

Figure ‎7.5 Uv-vis absorption spectrum of the FTO/TiO2/MAPbI3 electrode (a); J-V 

characteristic curve of the PSC device (b); Corresponding action spectrum -IPCE (c). 

Both  J-V curve and incident photon to current efficiency (IPCE) spectrum shown in 

Figures 7.5-b and 7.5-c respectively, were obtained by illuminating the solar cells using Solar 

Light Co. 300 W, Air Mass (AM) 1.5, Solar Simulator Model 16S-300 (1sun, 1000 W/m
2
) 

(a) (b)

(c)
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calibrated by Optopolymer Si reference cell. The electrochemical data were registered with 

an Autolab PG-STAT-30 potentiostat (at a scan rate of 150 mV·s
-1

).  

For a certain number of series (Ns) and parallel (Np) modules, the PV array output current 

can be represented as follows [37]: 
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(2) 

The PV cell, module and array parameters are given in Table 7.2. The current-voltage 

characteristics of the PV array (with total area of 3.42 m
2
) as a functionof irradiation levels 

(G=200 W/m
2
, 500 W/m

2
, 750 W/m

2
 and 1000 W/m

2
) and T=25°C are shown in Figure 7.6. 

It is evident that the parameters of the PV array strongly depends on the irradiation flux of the 

incident light. 

 

Figure ‎7.6 The PV array characteristics at different irradiation levels (G=250 W/m
2
, 500 

W/m
2
, 750 W/m

2
 and 1000 W/m

2
) at uniform irradiation distribution and T=25°C. 

 



Development of New Photovoltaic Devices Based on Perovskite Cells and Application in Electric Power Systems  221 
 

Table ‎7-2 PSC cell, module and array specifications. 

 Voc Isc Ipm Vpm  Pmax A 

Cell 1.07(V) 24.12 (mA/cm
2
) 21.02 (mA/cm

2
) 0.87(V) 0.0183 (W) 0.10 cm

2
 

Module 38.52(V) 0.0048A 0.0039 A 30.36(V) 0.1210(W) 18.00 cm
2
 

Array 924.48(V) 9 A 8.1 A 730.64(V) 5918(W) 3.42 m
2
 

Voc: Open circuit voltage; Isc: Short circuit photocurrent density; Ipm: Short circuit 

photocurrent density at maximum power; Vpm: Voltage at maximum power; A: Area 

Tref: Reference temperature=25 °C 

The required PV array output power is selected 5.66 kW based on the corresponding parts 

of the system design. Accordingly, the number of PV modules is 1899 each one of 0.121 W 

(see Table 7.2). 24 modules are connected in series in order to supply the needed DC bus 

voltage and 1875 modules are coupled in parallel in order to deliver the required motor 

current, while each module has 18 cm
2
 active surface. For a and total area of 3.42 m

2
, the PV 

array based on this produces electrical energy having the following parameters: Isc =9 A, 

Voc=924.48 V, Imax =8.1 A, Vmax=730.64 V, Pout= 5700 W. 

7.3.2 Three phase inverter model 

The output voltage of the inverter can be represented in terms of PV array voltage as 

follows [37]: 
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Figure ‎7.7 Schematic diagram of the voltage source inverter (VSI). 

Using the switching states K1, K2 and K3 of the 3 inverter legs, being either 1 or 0. When 

they equal 1, it means that the corresponding upper switch is ON while the lower one is OFF 

and vice versa as shown in Figure 7.7. The inverter conduction losses were neglected based 

on the assumption of ideal IGBTs. 

7.3.3 SYNRM model 

The dq-axis rotor reference frame was used for SynRM modeling. The detailed model 

given in [39-40] is used in this study. The main SynRM model equations are as follows [40]: 
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(4) 

where (vd, vq), (id, iq) and (λd, λq) indicate the voltage, current and flux linkage of the direct 

and quadrature axis components of the motor respectively; Rs and Te denote the winding 

resistance and the electromagnetic torque; P and p are the pole pairs number and the 

differential operator; ωr is the rotor mechanical speed. 
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Figure ‎7.8  Direct (a) and quadrature (b) axis flux-linkages of the SynRM versus the 

current components  c)  Schematic diagram of the SynRM geometry d) SynRM output power 

versus current angle for several stator current amplitudes 

Table ‎7-3 SynRM geometrical variables 

Ratings Value Geometrical parameters 

Voltage 380 V slots/ poles 36/4 
Phases 

number 

3 

Current 12.23 A 
Stator diameter 

(outer /inner ) 

180/110 mm 
Shaft 

diameter / 

35 mm 

Power 5.5 kW Flux barriers /pole 3 
Air gab 

length 

0.3 mm 

Speed 3000 rpm Stack length 140 mm 
Steel type 

(Rotor/stator) 

M330-50A/ 

M270-50A 
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Based on equation (4), we can conclude that the performance of SynRM depends mainly 

on the dq-axis flux-linkages which are influenced by the magnetic saturation behavior of the 

machine. Therefore, a model that includes the magnetic saturation behavior of the machine is 

essential. In this work, the magnetic saturation of dq-axis flux-linkages of the machine is 

considered as shown in Figure 7.8-a and 7.8-b via lookup tables (LUTs). These tables are 

obtained from FEM. In FEM, both id and iq are modified in a given domain (not exceeding 

twice the value of the evaluated current), in order to achieve the requested analogy with the 

dq axis flux-linkages (ψd, ψq). This method is efficient for including the magnetic saturation 

behavior in the SynRM. The SynRM geometry is shown in Figure 7.8-c while, the motor 

geometrical variables are shown in Table 7.3. Finally, the motor output power versus current 

angle for several stator current amplitudes is shown in Figure 7.8-d. It is clear that it is 

essential to control the current angle correctly so that the motor delivers the maximum 

available power (the green line). 

7.3.4 Modeling of the centrifugal pumb 

The torque (Tpump)-speed (ωr) relation of the centrifugal pump is exemplified by [41]–[43]:  

2

pump p rT k   (5) 

where, kp is the pump proportionality constant  and ωr is the rotor rotational speed in rad/s. 

The kp value is determined according to the motor rated torque and speed. 

 The control system 7.4

The proposed system block diagram is outlined in Figure 7.9.  
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Figure ‎7.9  The complete block diagram of the proposed system. 

SynRM requires a control system for working properly as it is not a self-starting motor. 

Concerning the PV array, it also requires a control system to work at, or at least near to, the 

maximum power point (MPP), in order to increase the output power of PV array. Working at 

MPP increases the PV system efficiency and optimizes the number of required PV modules 

which results in a reduction in the capital cost of the system [44]. In this proposed system, 

both driving the SynRM properly to work at the maximum power per Ampère and 

maximizing the PV output power are implemented using the motor inverter. The SynRM is 

controlled using the conventional field oriented control method and the PV output is 

maximized using the perturbation and observation (P&O) scheme as follows. 

7.4.1 Field oriented control (FOC) technique 

In this technique two reference signals are required as shown in Figure 7.10. The first 

reference signal is the speed signal (ωr*) which controls the power flow of the system and the 

second reference signal is the d-axis current signal (id*) which controls the current angle of 

the SynRM so that the motor works at the maximum power per Ampère. The speed reference 

single (ωr*) is obtained from the MPP tracking technique as described in Figure 7.11. The d-

axis current single (id*) is obtained based on FEM in LUT which correlates the reference 
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current signal (id*) and the motor torque. The PI controller’s parameters were determined 

based on trial and error method [39, 40]. 

 

Figure ‎7.10 The block diagram of the vector control technique. 

7.4.2 Maximum power point tracking technique (perturbation and 

observation (P&O) scheme) 

The PV array has several modules and cells interconnected in series and/or in parallel to 

achieve the required rating. In order to keep the PV system always working at maximum 

power point a MPPT technique is highly needed. 

Figure 7.11 shows the flow chart of the P&O MPPT technique. The proposed methodology 

uses the perturbation and observation strategy. In the beginning, both the voltage and the 

current of the PV system are measured. After that, the PV array output power is calculated. 

At each time instant m the present value of the PV power and voltage are compared with the 

previous values at time instant m-1. This process continues until the maximum power is 

reached. The output of this part is the motor reference speed. 
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Figure ‎7.11 The methodology suggested for maximum power point tracking. 

 Performance of the proposed PV pumping system 7.5

The system under investigation was simulated in MATLAB environment for validation and 

performance assessment. The system performance was examined under two uniform 

irradiation cases (500 W/m
2
 and 1000 W/m

2
); the partial shading case was neglected due to 

the small area (3.42 m
2
) of the perovskite solar array and this is an important merit for this 

type of new PV array in comparison to silicon analogues, which have a much bigger area 

(more than 36 m
2
) for the same power output and can easily be exposed to partial shading 

conditions (due to their large size). A proposed control algorithm based on perturbation and 

observation (P&O) maximum power tracking scheme and vector control strategy is proposed 

to derive both the PV array and SynRM to work at the extreme output power using only the 

motor inverter, see Figure 7.11.  
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The   proposed system performance is shown in Figures 7.12 and 7.13. Figures 7.12-a and 

7.12-b show both the motor speed and torque response under the proposed control system. 

Obviously, the motor speed tracks precisely the reference speed obtained from the P&O 

scheme. Besides, the motor delivers the necessary load torque. 

The motor current components (dq axis currents) are presented in Figures 7.12-c and 7.12-d 

respectively. Obviously the motor currents perfectly match the reference signals. Besides, the 

d-axis varies according to the required load torque to ensure a maximum torque per Ampère 

condition while the q-axis current varies based on the reference speed to increase the power 

of the motor and hence the system towards extracting the maximum available power from the 

PV array. 

 

Figure ‎7.12 SynRM speed versus time a) SynRM torque versus time b) SynRM d axis 

current versus time c) SynRM q axis current versus time d) 
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The power produced by the PV array and the motor input power are shown in Figure 7.13-

a. Obviously, the PV array output power is maximum based on P&O MPPT technique, see 

Figure 7.11. The motor power losses and efficiency are presented in Figures 7.13-b and 7.13-

c respectively. Clearly, the motor efficiency is high for partial loading (at 500 W/m
2
). 

Consequently, using the proposed motor and PV array, the whole system efficiency will be 

high. This results in a lower cost for the produced energy. Finally, the pump flow rate is 

shown in Figure 7.13-d.  

 

Figure ‎7.13 The PV array output power and the motor input power versus time SynRM q 

axis current versus time a) SynRM motor power losses versus time b) SynRM efficiency 

versus time c) The pump flow rate versus time d) 
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 Experimental confirmation 7.6

In order to confirm the accuracy of the proposed system analysis, the experimental setup 

shown in Figure 7.14 has been constructed. 

 

Figure ‎7.14  Laboratory experimental setup. 

A 5.5 kW SynRM is connected with a 9.3 kW induction motor via a torque sensor unit. The 

SynRM is driven through a three-phase voltage source inverter. The control system explained 

above in Figures 7.9 and 7.10 is implemented in DS1103 unit and used for driving the 

SynRM. The motor speed is measured via an incremental encoder of 1024 sample/revolution. 

The SynRM currents are measured through three identical current sensors (LA25-P). A 

power analyzer is used for measuring the electrical components of the system i.e. voltage, 

current, power factor etc. 
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The PV array is emulated by a controlled DC supply while the pump loading conditions are 

emulated by an induction motor which is controlled by a commercial drive. The load torque 

is set at the rated value of the pump and the motor rated speed (3000 rpm) is given as a 

reference value for the control system of Figure 7.10. A lookup table (from FEM) used for 

determining the reference current id* in Figure 7.10 based on the load torque to achieve the 

maximum torque per ampere condition for the SynRM. 

 

Figure ‎7.15 a)Measured SynRM speed against the time b) Measured torque against the 

time c) Measured d- axis currents versus the time d) Measured q- axis currents versus the 

time. 

 

Figure ‎7.16 Measured efficiency of the whole drive (motor+ inverter) at different loading 

condition and rated speed. 
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The motor speed in comparison with the reference speed as a function of time is shown in 

Figure 7.15-a. In this Figure, obviously the motor speed follows successfully the reference 

speed. The motor torque and the pump torque time variations are shown in Figure 7.15-b. 

From Figure 7.15, it is obvious that the motor can supply the load with required torque 

successfully. Figure 7.15-c and 7.15-d show the dq-axis currents. At different load torque, the 

d-axis current is set to reach the maximum torque per ampere state. Firgure 7.16 reprots the 

measured efficiency of the drive system for different loading condition at the rated speed. It is 

evident that the SynRM efficiency is high enough even at low loading condition resulting in 

an increase in the whole PV system efficiency. Consequently, the experimental results 

validate the simulated results of the proposed system. 

  Summary 7.7

An efficient and low cost photovoltaic array based on perovskite solar cells (PSCs) feeding 

a synchronous reluctance motor for water pumping applications was proposed and 

experimentally validated. The whole system was modeled and analyzed, following an 

innovative strategy using a voltage source inverter regulated by a control system, without any 

conventional DC-DC converter or batteries and permitting both the PV array and SynRM to 

work at the maximum output energy.  

The proposed pumping system has significant advantages over those reported in the recent 

literature. Its efficiency is high, thanks to using both the synchronous reluctance motor and 

the perovskite solar array, which also results in a lower cost of the produced energy. In 

addition, due to the high power density of the PSC array, the total area considered for 

installing the perovskite solar array was only 3.42 m
2
, which is very small in comparison with 

the corresponding area of conventional silicon PVs that exceeds 36 m
2
 for the same 

application. This helps to avoid, besides additional costs and space availability problems, the 

partial shading condition that usually reduces the efficiency of PV systems. 
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 Chapter 8 8

 Conclusions and future work 8

  Conclusions 8.1

 For the first time, we proposed the concept of dye sensitization for optimizing the 

compact layer/perovskite interface. The introduction of the solution processable D35 organic 

dye modifier sensitizing the titania compact layer, leaded to planar PSCs delivering enhanced 

power conversion efficiency of up to ~17% which is accompanied by significantly increased 

stability. Our results indicate that this performance enhancement is attributed to enhanced 

recombination resistance, increased electron transfer, better crystallization of the deposited 

perovskite and humidity sealing character of the hydrophobic dye monolayer.The sensitized 

PSCs preserved 75% of their initial PCE after 2h of thermal stress at 100
o
C, a significant 

improvement considering that reference PSCs almost collapsed at the same time. The D35-

based devices was also very stable after 7h under light stress, establishing the overall 

beneficial role of this organic dye in the development of high-quality planar perovskite solar 

cells presenting increased efficiency and enhanced stability. 

 We fabricated efficient and relatively stable planar PSCs, by incorporating rGO 

nanoflakes within the TiO2 ETL, the Spiro-MeOTAD HTL and the CH3NH3PbI3 absorber. As 

a result, for the first time in similar devices, we ascertained its clear beneficial role when 

simultaneously employed in TiO2 and CH3NH3PbI3. Power conversion efficiencies as high as 

16.48% were obtained, increased by almost 20% compared to the PCE of the reference 

device. This enhancement was attributed to the determining presence of rGO within the ETL 

which offers increased conductivity thus improved electron transport rate and charge 

mobility, it favors the growth of large perovskite crystals with improved crystallinity while it 

acts as a perovskite trap states passivator. In addition, the presence of rGO into the 
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CH3NH3PbI3 layer further increases the perovskite grains size and favors the growth of 

smooth and homogenous films. On the contrary the presence of the rGO in the Spiro-

MeOTAD is detrimental, probably due to the creation of direct pathways between the 

perovskite and the top silver electrodes. As a result, the electrical parameters of the 

photovoltaic performance of the PSC were improved, displaying the determining role of 

graphene materials in the performance of PSC, in both terms of efficiency and stability.  

 Cu ions were used as a modifier in order to obtain a Cu-TiO2 ETL for efficient planar 

PSCs. The addition of Cu ions lifts the Fermi level of TiO2. This subsequently enhances the 

open circuit voltage of the PSCs, facilitate the electron passage at ETL/perovskite interface 

reducing the series resistance and increase the short circuit current density, open circuit 

voltage (Voc) and fill factor. The Cu-TiO2 ETL based PSCs showed high electrical 

conductivity, low trap state density, low hysteresis index, and enhanced electron extraction. 

Contact angle measurements confirmed that the introduction of copper ions (Cu
1+

) into the 

compact TiO2 layer increased its hydrophobicity, thus favoring improved perovskite 

crystallization, a fact corroborated by XRD analysis.  As a result, PSCs with PCE higher than 

18% owing to high open circuit voltage (Voc) of 1.1 V, high current density (Jsc) of 23.15 

mA·cm
−2

, and a high fill factor (FF) of 73% were obtained. Outperforming the performance 

of the reference device showing a PCE equal to 15.78% (with Voc equal to 1.07 V, Jsc of 

20.87 mA cm−2, and FF equal to 70 %). Long term stability for 51 days was done for 

reference and Cu modified devices where, the Cu modified devices retained a Jsc of 0.82 from 

Jsc0 , Voc of 0.9 from Voc0 , FF of 0.71from  FF0 and PCE of 0.53 from PCE0 while, the 

reference device retained 0.78,0.76,0.63 and 0.37 respectively.   

 Three electrical models of PSCs called single, double and triple diode models has 

been proposed for two PSCs devices. Estimation and extracting the PSC models parameters 

are carried out using the elephant herd optimization algorithm. To prove the capability of the 
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proposed estimation procedure, a comparison study between the proposed EHO with crow 

search optimization and differential evolution algorithms has been employed. The simulation 

results have proved the EHO superiority compared with the competitive algorithms. In the 

view point of experimental verification, the simulation results assure the high closeness 

between the estimated parameters with experimental ones. It can be concluded that the 

proposed three diode model is the best one for modeling both modified and controlled 

devices. The modified devices present lower series resistance, higher shunt resistance, lower 

diode ideality factor, lower diode saturation current, and higher open circuit voltage values. 

This is due to the presence of the dye that permits the easier crystallization of the perovskite 

absorber and facilitates the electron transfer from the perovskite layer to titania compact layer 

and its effective collection on the fluorine-doped transparent oxide (FTO) conductive glass 

substrate. As a result, the EHO algorithm has been proved a very effective optimization 

paradigm to simulate the behavior of dye engineered perovskite solar cells. This work paves 

the way towards fabricating high stable PSCs with high power energy conversion as well, 

through titania layer passivation or doping and new perovskite materials to be used as a god 

absorber. Also new efficient optimization tools can be used in solving the parameter 

estimation problem like Cuckoo Search, Sunflower Optimization algorithm, Krill Herd 

Algorithm, Sine Cosine Algorithm, Hurricane Optimization Algorithm, and Multi-Verse 

Optimizer. 

 An efficient and low cost photovoltaic array based on perovskite solar cells (PSCs) 

feeding a synchronous reluctance motor for water pumping applications was proposed and 

experimentally validated. The whole system was modeled and analyzed, following an 

innovative strategy using a voltage source inverter regulated by a control system, without any 

conventional DC-DC converter or batteries and permitting both the PV array and SynRM to 

work at the maximum output energy. The proposed pumping system has significant 
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advantages over those reported in the recent literature. Its efficiency is high, thanks to using 

both the synchronous reluctance motor and the perovskite solar array, which also results in a 

lower cost of the produced energy. In addition, due to the high power density of the PSC 

array, the total area considered for installing the perovskite solar array was only 3.42 m
2
, 

which is very small in comparison with the corresponding area of conventional silicon PVs 

that exceeds 36 m
2
 for the same application. This helps to avoid, besides additional costs and 

space availability problems, the partial shading condition that usually reduces the efficiency of 

PV systems. 

 The effect of incorporating PV generation units on the unit commitment problem in 

power system has been investigated and applied in two case studies namely 10 generation 

units and IEEE 30 Bus systems where, a power production cost reduction was obtained in 

comparison with the case of generation units without incorporating PV units, showing the 

economic benefits of using PV units as a generation units. 

 A PV grid connected system performance under constant irradiation and variable 

irradiation levels was investigated via a matlab simulation model which, includes PV model, 

maximum poer point tracking model based on incremental conductance technique, Boost 

converter model, inverter model, inverter control model and utility grid model.   

  Future work 8.2

 Dynamic modelling of the cells and solving the dynamic model by efficient 

optimization algorithms.  

 Using the interface engineering for increasing both efficiency and stability of the 

cells. 

 Investigating the doping concept in order to increase the overall power conversion 

efficiency and stability of perovskite solar cells. 
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 Examine the third generation solar cells (perovskite solar cells) in more electrical 

applications.  

 Hybride perovskite solar cells and thermoelectric generator (TEG) system for 

electricity production investigation. 

 PV grid connected system investigation in the case of smart grid.  
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 Appendix B 12

Types of Faults in Power System 

Faults are classified into four types.  

1. Single line-to-ground fault (L-G) 

2. Line-to-line fault (L-L) 

3. Double line-to-ground fault (L-L-G) 

4. Balanced three-phase fault (L-L-L-G) 

 

Single Line-to-Ground Fault 

A single line-to-ground fault is shown in Figure 1 and this type is the most commonly 

occurring unsymmetrical fault. This type may be resulted from a vehicular accident causing 

one of the phase conductors to fall and come in contact with the earth, or it may be caused by 

tree branches, or it could be caused by flashovers across dusty insulators during rain-showers. 

 
 

 
 

Figure B.1: A single line-to-ground fault  

 

The fault conditions are 

Ia = If  
Ib = Ic = 0 

Va = Vf = IfZf 
The line currents symmetrical components are 
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𝐈𝐚𝟏 = 𝟏/𝟑(𝐈𝐚 + 𝐚𝐈𝐛 + 𝐚𝟐𝐈𝐂) 

𝐈𝐚𝟐 = 𝟏/𝟑(𝐈𝐚 + 𝐚𝟐𝐈𝐛 + 𝐚𝐈𝐂) 

𝐈𝐚𝟎 = 𝟏/𝟑(𝐈𝐚 + 𝐈𝐛 + 𝐈𝐂) 

From above equations 

 

𝐈𝐚𝟏 = 𝐈𝐚𝟐 = 𝐈𝐚𝟎 = 𝟏/𝟑(𝐈𝐚 + 𝟎 + 𝟎)= 𝐈𝐚/𝟑 

 

𝐈𝐚 = 𝐈𝐚𝟏 + 𝐈𝐚𝟐 + 𝐈𝐚𝟎 = 𝟑𝐈𝐚𝟎 

Voltages calculations 

 

𝐕𝐚 = 𝐕𝐚𝟏 + 𝐕𝐚𝟐 + 𝐕𝐚𝟎 

 

𝐕𝐚 = 𝐕𝐟 = 𝐈𝐟𝐙𝐟 

 

𝐕𝐚 = 𝐈𝐚𝐙𝐟 = 𝟑𝐈𝐚𝟎𝐙𝐟 = (𝟑𝐙𝐟)𝐈𝐚𝟎 

 

(𝟑𝐙𝐟)𝐈𝐚𝟎 = 𝐕𝐚𝟏 + 𝐕𝐚𝟐 + 𝐕𝐚𝟎 
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Figure B.2 equivalent circuit of line to ground fault 

 

A line to line fault 

A line to line fault or unsymmetrical fault occurs when two conductors are short circuited. In 

the figure shown below shows a three phase system with a line-to-line fault phases b and c. 

The fault impedance is assumed to be Zf. The LL fault is placed between lines b and c so that 

the fault be symmetrical with respect to the reference phase a which is un-faulted. 

  
Figure B.3: A  line-to-line fault  

 

 

 

 

https://circuitglobe.com/symmetrical-and-unsymmetrical-faults.html
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The fault conditions are 

Ia = −Ic = If 

Ia = 0 

Vb − Vc = Vf = IbZf 

a2Ia1 +    aIa2 + Ia0 = −aIa1 − a2Ia2−Ia0) 

 

2Ia0 = −(a2 + a)Ia1 − (a2 + a)Ia2 

 

2Ia0 = Ia1 + Ia2 

 

Ia0 = −(Ia1 + Ia2) 

Ia2 = −Ia1 

Ia0 = 0 

2Ia0 = Ia1 + Ia2 

 

If = Ib = a2Ia1 + aIa2 + Ia0= (a2 − a)Ia1 

Voltages calculations 

Vb − Vc = Vf = IfZf 

 

(a2 − a)Va1 + (a − a2)Va2 = (a2 − a) Ia1Zf 

 

Ia1Zf = Va1 − Va2 

 



Development of New Photovoltaic Devices Based on Perovskite Cells and Application in Electric Power Systems  255 
 

 

Figure B.4 equivalent circuit of line to line fault 

 

A line-to-line to ground fault 

 

Figure B.5: A line-to-line to ground fault 

The fault conditions are 

If = Ib + Ic 

Ia = 0 

Vb = Vc = Vf = IfZf 

Ia0 = −(Ia1 + Ia2) 

 

Voltages calculations 

 

Vb = Vc 
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a2Va1 + aVa2 + Va0 = aVa1 + a2Va2 + Va0 

(a2 − a)Va1 = (a2 − a)Va2 

Va1 = Va2 

 

If = Ib + Ic = (a2 + a) Ia1 + (a2 + a) Ia2 + 2Ia0 

If = −Ia1 −  Ia2 + 2Ia0 

If = 3Ia0 

Vb = Vc = Vf = IfZf = 3Ia0Zf 

a2Va1 + aVa2 + Va0 = 3Ia0Zf 

Va1 − Va0 + Va0 = −3Ia0Zf 

 

Figure B.6 equivalent circuit of line to line to ground fault  

 


