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ABSTRACT 

 

Graphene, largely because of its dynamic properties such as enhanced carrier mobility, has 

emerged as an important photovoltaic material for increased photo energy conversion. The 

efficiency of a perovskite photovoltaic cell can be improved by replacing the “hole transport 

layer” (HTL) with a layer of graphene. This study demonstrates how growing graphene using 

the PECVD technique affects the device efficiency. An ITO/PCBM/CsPbI3/Graphene model 

is simulated using the software SCAPS-1D where CsPbI3 is used as absorber, PCBM as the 

ETL and Graphene as the HTL. A numerical relation between solar cell efficiency and the 

plasma parameters is established and the numerically calculated efficiency is compared with 

that of the simulated model. It is also found that, upon introducing an increment in electron 

and ion density of graphene sheet, the efficiency of device reduces due to an inverse relation 

with the debye length, whereas, introducing an increment in the electron and ion temperatures 

results in the enhancement of the device efficiency due to a linear relation with the debye 

length, thereby showing that altering the different plasma parameters at an optimum thickness 

of the absorber layer and HTL, the device efficiency can be raised, which would better its 

performance and real-world application.  
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CHAPTER 1 

INTRODUCTION 

 

1.1. Introduction to Solar Cell 

Any device that directly converts light energy into electrical energy is called a solar cell, 

also referred to as a photovoltaic cell. Another term for this phenomena is the photovoltaic 

effect. Several types of solar cells have been developed and researched in an effort to reach 

high efficiency since the discovery of the photovoltaic effect. The type of solar cell and 

building materials used in a photovoltaic device impact how well it works overall[7]. These 

days, the majority of solar cells that are commonly utilized in commercial applications have 

an efficiency of up to 15% and are based on silicon. Unlike batteries or fuel cells, solar cells 

don't require fuel or chemical processes to operate. They generate power by utilizing the 

photovoltaic effect. 

 

1.1.1 Construction 
 

A solar cell is typically made of an n-type layer of crystalline silicon. The uppermost layer is 

referred to as the "Emitter layer". The "base," or second layer, is composed of a p-type 

semiconductor. They create a p-n junction when combined. The surface is coated with an anti-

reflective material to stop incident light energy from being wasted through reflection. A solar 

photovoltaic panel is an arrangement of several solar cells grouped together and orientated in 

a single plane. Solar cells are generally connected in series to give voltage, but connecting 

them in parallel produces a bigger current.  

 

 

 
 

Fig 1.1 Structure of a solar cell 
 

1.1.2 Working 

 
In a photovoltaic cell, the semiconductor material has the ability to either absorb or reflect 

back photons that strike it. When a certain quantity of photons is absorbed, the electrons in 

the semiconductor material's atom become free electrons. The same is true with holes.  
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As a result, the junction thermal equilibrium is disturbed and a depletion layer is formed. The 

potential barrier prevents electrons and holes from moving beyond it, and the buildup of 

charges across the junction produces a voltage known as the photovoltaic emf. 

 

 
1.1.3 Efficiency 

 
The ratio of energy output to input energy obtained in a solar cell is known as the cell's 

efficiency. It is given by the following expression 

 

𝜂 =
𝑃𝑚𝑎𝑥

𝑃𝑖𝑛𝑐
 

 

Pmax = FF x VOC x ISC 

 

where, 

Pinc stands for Incident photon power and Pmax for maximum power. The fill factor is 

represented by FF, the open circuit voltage by VOC, and the short circuit current by ISC. [7] 

Fill factor can be given by the following expression, 

 

                                              𝐹𝐹 =
𝑉𝑚𝑎𝑥  ×  𝐼𝑚𝑎𝑥

𝑉𝑂𝐶  ×   𝐼𝑆𝐶
 

here, 

Vmax is the maximum voltage 

Imax is the maximum current [7] 

    

1.1.4 Layers in Solar Cell 

 
The five primary layers of a solar cell are “glass”, the “absorber”, the “back metal”, the “hole 

transport layer”, and the “electron transport layer”.  

 

(a) Glass -  The translucent rear layer of glass-glass solar panels lets light enter the module 

from the front and isn't absorbed by the solar cells. Since the amount of light that reaches 

the solar cells is the single factor that determines power output, this increases cell to 

module losses and reduces the power generated. 

 

(b) Electron Transport Layer (ETL) –  In solar cells, electrons are injected from the absorber 

layer into the “electron transport layer” (ETL), where they are subsequently carried by 

the “electron transporting materials” (ETM) and collected by the electrode. 

 

(c) Hole Transport Layer (HTL) – The extraction and transport of holes, surface passivation, 

perovskite crystallization, device stability, and cost are all significantly influenced by 

hole-transporting layers (HTLs), which are a crucial part of inverted, p–i–n PSCs. 

 

(d) Absorber – Electrons in the absorber layer of a solar cell are excited by light to migrate 

from their lower-energy “ground state,” where they are bonded to certain atoms in the 

solid, to a higher “excited state,” where they can move freely inside the solid. 

 

(1.1) 

(1.2) 

(1.3) 
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(e) Black Metal – When ordinary silicon's surface is scratched to create microscopic, 

nanoscale pits, black silicon is created. These pores cause the silicon to turn black 

instead of gray, and more importantly, they trap more light—a necessary component of 

solar cells that work well. 

 

By altering the composition of the various layers, a solar cell's efficiency can be increased. 

 

1.2 Graphene Based Solar Cells 
 
Graphene is a two-dimensional substance composed of carbon atoms arranged in a hexagonal 

configuration. Though it is up to five times lighter than aluminum, it has the same density as 

carbon fiber and is structurally similar to graphite. Its strength can outperform steel by up to 

200 times, even though it is much thinner. Graphene is transparent, flexible, and waterproof, 

but it also has outstanding thermal and electrical conductivity, which must be considered. 

 

The use of graphene for renewable energy has been a primary scientific goal since its 

discovery, and renewable energy is a popular topic in the twenty-first century. One of the 

industries with the quickest growth is solar photovoltaics, which currently generates more than 

2% of global electricity. The most common type of photovoltaics is silicon-based, but they 

are not very cost-effective. Different options were therefore devised. Since their invention in 

2009, perovskite solar cells, or PSCs, have already achieved a 25% efficiency. PSCs are less 

expensive than those made of silicon. Interface engineering's ability to integrate graphene and 

similar two-dimensional materials boosts efficiency, which is a promising development for 

PSCs and the photovoltaics industry overall. 

 

1.2.1 Structure of graphene 

Three nearby carbon atoms combine to form graphene through sp2 hybridization. Together, 

they form a monolayer graphene sheet with a planar shape that is referred to as a honeycomb 

network. The structure of graphene can be two or three dimensions. 

 

Fig 1.2 (a) Monolayer graphene honeycomb lattice; white and black circles, respectively, 

represent the carbon atoms at sites A and B, (b) different carbon allotropes of various 

dimensions are formed from graphene [9]. 
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1.2.2 Growth of graphene layer using plasma 

The production of graphene sheets involves two fundamental techniques: a top-down and 

bottom-up approach. The flowchart for the various techniques is shown below. 

 

Fig 1.3 Various synthetic methods for producing graphene sheets [8]. 

 

We are mainly focusing our study on fabrication of graphene sheet using plasma technique. 

This technique is called Plasma- enhanced chemical vapor deposition (PECVD) 

The three steps of the PECVD process for graphene synthesis are precursor delivery, 

breakdown, and graphene generation. 

1. Introduction of Precursor: A gaseous precursor is present in the plasma zone, where it 

can break down into more manageable reactive reagents like CO and H2. 

2. Creation of Plasma: A high frequency electric field or alternative methods are used to 

form a plasma.  

3. Chemical Reaction: In the plasma, the precursor gas experiences chemical reactions 

that result in the production of reactive species.  

4. Thin Film Deposition: On the substrate, carbon takes the form of graphene as the 

residual gases leave the plasma zone. The entire process is completed in a matter of 

seconds.  

5. Subsequently, the chamber is cooled, and the substrates that have been deposited 

with graphene are removed. They are preserved for additional examination. 

 

       An overview of the method is shown in figure below [8]. 
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Fig 1.4 An overview of PECVD [8]. 

 

1.2.2.1 Input parameters 

The following are examples of input parameters: temperature, chamber pressure, precursor, and 

plasma power. The conventional industrial microwave (MW) and radio frequency (RF) 

frequencies for the synthesis of graphene are 2.45 GHz and 13.56 MHz, respectively.  

Precursor: It goes by the names monomer and feedstock as well. The pace at which precursor 

flows determines the synthesis of graphene. There must be carbon compounds in the precursor. 

Gaseous hydrogen (H2) is usually used with a precursor in the production of graphene. The ratio 

of gas to precursor plays a significant role in the synthesis process.  

Chamber pressure: While high vacuum pressure is needed to achieve a high production rate in 

microwave plasma, sub-atmospheric pressure has a poor production rate.  

Temperature: Precursors vary in temperature according to the C-H bonding energy. Lower 

temperature PECVD is made feasible by the active and energetic ions and electrons that can 

help break down molecular chains. 

 

1.2.2.2. Growth mechanism of graphene 

Using the RF-PECVD technique, vertical graphene grows in three stages, i.e,  

(i) initial carbon film nucleation and island development 

(ii) initial graphene sheet growth and  

(iii) subsequent growth and net-like graphene sheet synthesis. Ref. [9] 
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1.2.3 Application of graphene based solar cells 

 

Three layers of graphene can be used in a solar cell: the carrier transport layer, the photoactive 

layer, and the electrodes.  

 

1. As transparent conducting anode: Graphene is one of the best materials to be used as 

transparent conducting electrode/anode due to its exceptional transparency and low sheet 

resistance. By replacing the commonly used materials, indium tin oxide (ITO) and 

fluorinated tin oxide (FTO), it can reduce prices while enhancing flexibility and stability.  

2. As transparent conducting cathode: It is the perfect material to utilize as a transparent 

conducting cathode because of its high conductivity, extremely high mobility, and 

transparency. 

3. As catalytic counter electrode: The photovoltaic performance is enhanced by graphene's 

flexibility, high catalytic activity, low charge transfer resistance, and ease of production at 

ambient temperature.  

4. As active layer: Graphene has the potential to be used as a light harvesting material 

because of its heterostructure and light harvesting capabilities. 

5. As carrier transport layer: Graphene can be employed as a carrier carrying layer because 

of its great carrier mobility. Moreover, its carrier mobility is high. 

6. As Schottky junction: The performance of solar systems was improved by graphene-

based materials that showed exceptional mobility and conductivity and improved the 

mechanism of electron transport.  

7. As electron transport layer: High mobility and conductivity makes graphene suitable as 

electron transport layer.  

8. As hole transport layer: Increased hole extraction and electron blockage while improving 

the performance of the solar cell makes graphene an exciting candidate for hole transport 

layer.  

 

 

 

Fig 1.5 In a solar cell, a photoactive layer is positioned in between the electron and hole 

transport layers and the back and front electrodes. [7] 
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1.2.4 Advantages and Disadvantages of graphene based solar cells 

1.2.4.1 Advantages 

 
1. Because graphene sheets are extremely thin, making graphene solar cells is inexpensive 

because it only needs a little amount of raw materials. 

2. Because graphene is transparent and flexible, it is used in aircraft and spacecraft.  

3. Solar cells require conductive materials that allow light to flow through them. The enhanced 

conductivity and transparency of graphene are useful in this situation. Graphene is a great 

conductor, but it is not particularly good at absorbing the current that is produced inside the 

solar cell.  

4. Graphene has a larger spectrum of capture and absorbs 2.3% of radiation. (2010) Bonaccorso 

and co workers.  

5. The exceptional mobility of graphene carriers (μ=20,000 cm2/Vs) combined with its low 

sheet resistance make it a prospective substitute for Indium doped Tin Oxide (ITO) as a 

photo anode. Chen and colleagues (2008); Rowell and McGehee (2011). 

6. Charge collection and release are brought about by the huge surface to mass ratio 

(2630m2/g), which improves performance. Pigney and associates, 2001. [7] 

7. The superior chemical activity of graphene makes it ideal for application as a photoactive 

layer in solar cells. Yan et al. (2010); Liu et al. (2008); Gupta et al. (2011).  

8. The counter electrode's catalytic activity is altered and the charge transfer process is 

enhanced by a larger chemically active surface area. High current density, improved charge 

transfer activity, and low sheet resistance were all demonstrated by chemically 

functionalized graphene. (Mayhew-Roy and others, 2010).  

9. Moreover, by accelerating the carrier separation and diffusion process, 

graphene/semiconductor Schottky connections enhance performance. [7] 

Given its ability to promote efficient energy absorption, graphene might be the material of choice 

for solar cell production.  

 

1.2.4.2 Disadvantages 

 

1. Graphene is difficult to deal with in solar cells, which results in low production and the 

possibility of hydrophobicity.  

2. Graphene oxide has limited control over post-preparation functionalization and low 

electrical and thermal conductivity when employed in solar cells.  

3. The application of reduced graphene oxide (rGO) results in hydrophobicity. It is 

challenging to deal with and has characteristics specific to the production process. 

 

Graphene is still regarded as the best material out of all those that are accessible, despite this 

issue. 
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1.3 SCAPS Software  

A variety of factors and physical characteristics are taken into consideration when simulating 

solar cell operation using SCAPS (Solar Cell Capacitance Software). It makes it possible for 

engineers and scientists to model and evaluate the electrical behavior of solar cells under varied 

conditions. Usually, it only works with one dimension.  

 

It is crucial to be able to use the program to simulate the capacitance-voltage (C-V) 

characteristics of solar cells in order to understand their electrical properties. It can provide 

insight into how different building practices, materials, and architectural styles impact solar cell 

efficiency. 

Some photovoltaic parameters include JSC, VOC, FF and PCEff etc. 

 

1.3.1 User interface 

 

Fig 5: SCAPS template 

 

Software references have been included below [20-27]. 
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CHAPTER 2 

MODEL 

TOPIC: Analytical modelling and numerical simulation of 

plasma - assisted graphene solar cells 

 

2.1 Literature Review  

At the initial stage of my research, I read the following papers under the guidance of my 

supervisor:  

 

2.1.1 Effect of thickness on the efficiency [4]. 
 

In order to create industrial-grade solar cells, the authors of this work employed the PECVD 

(Plasma Enhanced Chemical Vapour Deposition) technique to manufacture graphene in 

continuous layers directly on planar n-type silicon. The work function, VOC, and PCE may all 

be greatly increased by adjusting the graphene thickness. The authors' suggested schematic 

diagrams are displayed below [4]. 

 

 
 

Fig 2.1 (a) Diagram of the device used to demonstrate graphene-silicon grown directly 

Schottky junction solar cells [4]. 

 

 
 

Fig 2.2 (b-d): Diagrams representing the growth times of 2, 4, and 8 nm thin graphenes at 

2.5, 3.5, and 4.5 hours, respectively [4]. 
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This technique used multi-layer graphene that was directly synthesized on silicon. The best 

results were obtained by varying the graphene's thickness and including an additional polymer 

layer. With its balanced conductivity and transparency, the 4 nm thick graphene device 

performed at its best. Using a direct growth technique, the author's efficiency in bare silicon 

was 5:51%; this was further increased to 9:18% following PMMA coating and doping [4]. 

 

 
 
Fig 2.3 Comparing direct-grown graphene on bare silicon with varying growth durations or 

thicknesses in terms of its photovoltaic characteristics and performance parameters. 

(a) Current vs Voltage curves under light with thickness variation. 

(b) J-V curves in both dark and light conditions, with an optimal thickness of 4 nm. 

(c) By computing the ideality factor, a J-V plot on a semi-log scale can be used to verify a 

diode's ideal behavior. 

(d) Plot of relationship between current density and dV/d(ln J), which yields series 

resistance. Depending on the thickness, the arrow direction represents a reduction in 

series resistance [4]. 

 

 

2.1.2 Analysis of weak charge screening in 2D Semiconductors [3]. 

In this paper, in order to properly characterize the electrostatic behavior in thin 

semiconductors, the authors have demonstrated that the 3D electrostatic models do not 

correctly describe semiconductors thinner than the 3D Debye length [3]. As a result, they have 

concluded that new 2D specialized electrostatic models are required [3]. 

 
They have taken a simple perturbation in 2D semiconducting material and have solved for 

Poisson’s equation. They have then determined the 2D Debye screening length, the analytical 

expressions for the electrostatic potential, its Fourier representation etc.  

 



20 
 

 

From the paper, 

𝜆𝐷 =
𝑘𝑇

𝑞

2𝜀𝑜𝑥

𝑞𝑁2𝐷

, 

where 𝜆𝐷 = 2D Debye screening length. 

Then solve the Poisson equation with appropriate boundary conditions to get the expression 

for potential.  

The general solution is:  

 

𝑉(𝑥, 𝑦)  =  
𝑞𝑁1𝐷

4𝜖𝑜𝑥
∑

2𝑠𝑖𝑛(𝜆𝑛ℎ)

𝜆𝑛(ℎ + 𝑐𝑜𝑠2(𝜆𝑛ℎ)𝜆𝐷)

∞
𝑛=1  sin(𝜆𝑛𝑦) ⅇ−𝜆𝑛𝑥 

                              

 
And for y = h  

𝑉2𝐷(𝑥)  = 𝑉(𝑥, 𝑦 = ℎ) =  
𝑞𝑁1𝐷

2𝜖𝑜𝑥
∑

(𝜆𝑛 𝜆𝐷
2/ℎ)ⅇ−𝜆𝑛𝑥 

𝜆𝑛
2𝜆𝐷

2 + 1 + 𝜆𝐷/ℎ

∞
𝑛=1  

 

 

 

2.1.3 Review paper: Recent progress in Graphene incorporated Solar Cell 

Devices.  

 
In this review paper, the PCE of several graphene solar cell devices has been studied by the 

writers. They have looked into a variety of solar cell systems, including hybrid, inorganic, and 

organic designs. The paper describes the various layers of the solar cell and the role they play 

in the photovoltaic generation of electricity in solar cells.  

 

They have noted the following observations: 

  
1. The efficiency for DSSCs with graphene counter electrode was 4.5%, which is similar 

to the 6.3% efficiency of a device based on Pt counter electrode.  

2. The efficiency of the Gr/Silicon nanowire based Schottky device was 10.30%, whereas 

the Gr/Silicon nanohole based Schottky device was 8.71%.  

3. The performance of bulk hetero-junction solar cell devices has risen from 5.9% to 7.5% 

with the use of GO as the electron transport layer [7]. 

 

2.1.4. Effects of process parameters on vertically grown graphene sheets 

using PECVD method [6]. 

In order to investigate the process factors and their impact on vertically oriented graphene 

sheets (VOGS) produced in a PECVD system using a reactive gas mixture of Ar + H2 + 

C2H2, the authors of this work have developed a numerical model. The input plasma power 

and total gas pressure are two examples of these parameters [6].  

They have noticed the following things:  

1. From the bulk plasma area to the substrate surface, there is a discernible drop in the 

concentrations of various plasma species. 

2. The plasma zone exhibits a measurable loss of energetic electrons for both low input 

power (for constant gas pressure) and high pressure (for constant input power). 

3. When input plasma power is increased from 100 to 300 W, the growth rate of VOGS 

increases. However we start noticing a drop in the growth rate of VOGs when the 

plasma power is increased even more than this value [6]. 

(2.1) 

(2.2) 

(2.3) 
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After reading these articles, it struck me to learn more about the efficiency and operation of 

solar cells as well as the several plasma-based growth methods used to expand the graphene 

layer on the device. I was able to create a link between the thickness of the graphene layer 

and the plasma parameters using the Debye length thanks to the papers in [3] and [4].  

 

 

2.2 Simulated device structure 
 

We simulate a model of ITO/PCBM/CsPbI3/Graphene (GrPeSC) using the SCAPS 1D 

program. Initially, a 0.050 μm-thick layer of ITO serves as the top electrode. We designate 

PCBM as the ETL, measuring 0.010 μm thick, and an HTL of plasma aided graphene, 

measuring 0.068 μm thick, to collect electrons and holes from the absorber layer. A 0.5 μm-

thick layer of CsPbI3 is taken into account as the absorber in the PeSC design. In our 

experiment, we vary the thickness of the absorber layer from 0.1 μm to 1 μm and the graphene 

layer from 0.001 μm to 0.01 μm. The results are presented in the results and comments. We 

also include Au as the cathode, which has a work function of 5.3 eV. During the simulation, 

the air mass spectrum of AM 1.5 radiation was assumed, keeping a working temperature of 

300K, frequency of 106 Hz and the device was operated under illuminated (ON) condition. 

 

Fig. 2.4 Schematic diagram of ITO/PCBM/CsPbI3/Graphene solar cell  

 

Marc Burgelman created the one-dimensional numerical modeling and simulation program 

called SCAPS 1D. [20], [21], [22], [23], [24], [25], [26], [27]. There are certain one 

dimensional equations governing the charge carriers and conduction of semiconductor under 

the steady state. By resolving those equations, this software facilitates understanding of the 

basic characteristics of solar cells and pinpoints the key elements influencing their operation.  
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Fig. 2.5 Simulated structure of the GrPrSC model using SCAPS-1D software. 

We know the Poisson’s equation to be,  

                                                  𝛻(𝜀. 𝛻𝜓) = −𝜌                                                             (1) 

The equation of continuity for negative charged carriers is given as, 

                                        
𝜕𝑛

𝜕𝑡
=

1

𝑞
𝛻(𝐽𝑛) + 𝐺𝑛 − 𝑅𝑛                                               (2) 

The equation of continuity for positive charged carriers is given as,  

                                           
𝜕𝑝

𝜕𝑡
=

1

𝑞
𝛻(𝐽𝑝) + 𝐺𝑝 − 𝑅𝑝                                                     (3) 

The air mass spectrum of AM 1.5 of the radiation was assumed during the simulation, 

keeping a working temperature of 300K, frequency of 106 Hz and the device was operated 

under illuminated (ON) condition.   

Table 2.1 Simulation parameters of ITO, Absorber, ETL and HTL. 

S.N. Parameter ITO Absorber ETL HTL 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

Thickness (nm) 

Band Gap (eV) 

Electron affinity (eV) 

Layer Relative permittivity 

CB effective density of states (1/cm3) 

VB effective density of states (1/cm3) 

Electron mobility (cm2/V.s) 

Hole mobility (cm2/V.s) 

Shallow uniform acceptor density (1/cm3) 

Shallow uniform donor density (1/cm3) 

References 

500 

3.5 

4 

9 

2.2 x 1018 

1.8 x 1019 

20 

10 

- 

1 x 1021 

[29],[41], 

[42],[43] 

Variable 

1.694 

3.95 

9 

1.1 x 1020 

8.2 x 1020 

25 

25 

1 x 1015 

- 

[2],[44] 

10 

2.0 

3.9 

3.9 

2.5 x 1021 

2.5 x 1021 

0.2 

0.2 

- 

2.93 x 1017 

[2],[42],[43], 

[45],[46],[47] 

33.4 

0.098 

4.8 

10 

3 x 109 

3 x 109 

10 x 105 

10 

2.328 

1 x 1019 

[37],[38] 
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Table 2.2 Parameters used for metal contacts 

S.N. Parameter Right contact (front) Left contact (back) 

1 

 

2 

3 

Electron surface recombination velocity 

(cm.s-1) 

Work function of metal used (Au) (eV) 

Hole surface recombination velocity (cm.s-1) 

1 x 107 

 

3.8415 

1 x 105 

1 x 105 

 

5.3 

1 x 107 

Table 2.3 Parameters used for defect in solar cells 

S.N. Parameter Graphene/CsPbI3  

1 

2 

3 

4 

5 

6 

7 

Type of defect 

Capture cross section of electrons (cm2) 

Capture cross section of holes (cm2) 

Energy distribution 

Reference for def. energy level (eV) 

Energy w.r.t reference 

Total density (cm-3) 

68.3 

0.098 

4.8 

10 

3 x 109 

3 x 109 

1 x 1015 

 

2.2. Numerical modelling 

We have attempted to obtain a numerical expression in our study that links the graphene 

solar cell's efficiency and the plasma characteristics.  

From Ref. [3], we determine the potential across a 2D semiconductor, which is represented 

as an incredibly thin sheet of thickness h encircled by a dielectric. 

.  

Fig 2.6 Boundary condition for semiconductor sheet [3] 

 

Taking a small line charge perturbation at x=0, we select boundaries at y=0 and y=h. Then 

𝜙 = 0 is taken as the reference potential. Through application of Gauss law, a relationship 

between the electric field in the dielectric directly beneath the semiconductor and its charge 
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density (σ) can be established, [3] and imposing Dirichlet's conditions along the boundaries, 

we have,  

At y = -h, 

𝜕𝑉

𝜕𝑦
 = -Ey = 

σ

2𝜖𝑜𝑥
 = 

𝑞𝑁2𝐷 

2𝜀𝑜𝑥
 (1 - exp(𝑞𝑉/𝑘𝑇))        

 

where Ey signifies the electric field in y-direction, 𝜖𝑜𝑥 is representatie of the dielectric 

permittivity, q is any point charge, ND,2D is the donor sheet density of 2D semiconductor and 

kT is the thermal energy. 

The net surface charge density, derived from Maxwell Boltzmann approximations, is given 

by:-  

σ = q𝑁2𝐷 (1 - exp(𝑞𝑉/𝑘𝑇)) 

 

When 𝑞𝜙 < kT, we can linearize the exponential term of equation,  

at y = h-                         
𝜕𝑉

𝜕𝑦
 =  − 

𝑞𝑁2𝐷

2𝜀𝑜𝑥

 
𝑞𝑉

𝑘𝑇
 

 

𝜕𝑉

𝜕𝑦
=  − 

𝑉

𝜆𝐷

 

 

Where the Debye screening length is written as:  

𝜆𝐷 =
𝑘𝑇

𝑞

2𝜀𝑜𝑥

𝑞𝑁2𝐷

 

  
𝜆𝐷 is the 2D Debye screening length. 

 

Solving the Poisson’s equation ∇2𝑉 = 0 and following the calculations as done in Ref. [3], we 

get the general solution which can be written as,  

 

 

𝑉(𝑥, 𝑦)  =  
𝑞𝑁1𝐷

4𝜀𝑜𝑥
∑

2𝑠𝑖𝑛(𝜆𝑛ℎ)

𝜆𝑛(ℎ + 𝑐𝑜𝑠2(𝜆
𝑛

ℎ)𝜆𝐷)

∞
𝑛=1  sin(𝜆𝑛𝑦) ⅇ−𝜆𝑛𝑥 

 

 
For y=h we can write,  
 

𝑉(𝑥)  = 𝑉(𝑥, 𝑦 = ℎ) =  
𝑞𝑁1𝐷

2𝜀𝑜𝑥
∑

(𝜆𝑛 𝜆𝐷
2/ℎ)ⅇ−𝜆𝑛𝑥 

𝜆𝑛
2𝜆𝐷

2 + 1 + 𝜆𝐷/ℎ

∞
𝑛=1  

 

 

 

In the model we let the graphene sheet of length ‘l’ and thickness ‘t’, put the variables in place 

of ‘x’ and ‘h’ in above expression, we obtain the value of potential across the sheet to be, 

 

(2.6) 

(2.7) 

 

(2.8) 

 

(2.9) 

 

(2.10) 

 

(2.11) 

 

(2.12) 

 

(2.13) 
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𝑉(𝑥)  =  
𝑞𝑁2𝐷

2𝜖𝑜𝑥
∑

(𝜆𝑛 𝜆𝐷
2/ℎ)ⅇ−𝜆𝑛𝑙 

𝜆𝑛
2𝜆𝐷

2 + 1 + 𝜆𝐷/𝑡

∞
𝑛=1  

 
We derive the expression for current collected due to positive ions and neutrals from Ref. [6], 

equation (7) and (8) and take l=0 for 2D graphene sheet.  

 

Taking h → ∞ , the potential is found to be, 

                             𝑉′ =
𝑒𝑁1𝐷

2𝜋𝜀𝑜𝑥
𝑙𝑛(

𝜆𝐷

𝑡
)                                                             (2.14) 

where 𝜆𝐷 is the debye length of the plasma given by, 

                                          
1

𝜆𝐷
2 =

1

𝜆𝑒
2 +

1

𝜆𝑖
2                                                           (2.15) 

                                      𝜆𝑒 = √
𝜀𝑜𝐾𝐵𝑇𝑒

𝑛𝑒𝑒2
  , 𝜆𝑖 = √

𝜀𝑜𝐾𝐵𝑇𝑖

𝑛𝑖𝑒2
                                           (2.16) 

And 𝑁2𝐷 = 𝑁1𝐷 × 𝑡𝑠𝑒𝑚𝑖𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑜𝑟  

We know the expression for the efficiency for a photovoltaic device is [31],  

                                              𝜂 = (
𝐹𝐹×𝑉𝑂𝐶×𝐽𝑆𝐶

𝑃𝑖𝑛𝑐
)                                                 (2.17) 

where,  

 

 

                                              𝑉𝑂𝐶 =
𝐾𝐵𝑇

𝑒
𝑙𝑛(

𝐽𝑆𝐶

𝐽𝑂
+ 1).                                         (2.18) 

 

Taking the ratio of equation (3.1) and (3.5) then substituting in equation (3.4), we get the 

expression of efficiency in terms of plasma parameters,  

 

                  𝜂 = (
𝐹𝐹×𝐽𝑆𝐶

𝑃𝑖𝑛𝑐
)

𝐾𝐵𝑇𝑁1𝐷

2𝜋𝜀𝑜𝑥𝑉
𝑙𝑛(

𝜆𝐷

𝑡
) 𝑙𝑛(

𝐽𝑆𝐶

𝐽𝑂
+ 1).                                   (2.19) 

Table 2.4 Parameters used for numerical calculation.  

Parameters Symbol Value References 

Electron Density 

Electron Temperature 

Ion Density 

Ion Temperature 

Donor Concentration 

Oxide Dielectric Constant 
 

ne 

Te 

ni 

Ti 

N2D 

𝜀𝑜𝑥 

2.77 x 1017 m-3 

2.76 eV 

5 x 1018 m-3 

0.2 eV 

15 x 1016 m-2 

3.9𝜀𝑜 
 

[50] 

[50] 

[50] 

[50] 

[3] 

   [3] 
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CHAPTER 3 

RESULTS & CONCLUSION 

 

3.1. Results & Discussion 

Band gap diagram of the simulated model 

 

Fig. 3.1 Bang gap diagram of the simulated GrPrSC model. 

Fig 3.1 shows the band gap structure of the GrPrSC model. The above illustration shows 

various layers of the solar cell derived from SCAPS- 1D software. It lets us analyse the 

performance the solar cell.  

Examining the variation of quantum efficiency with absorber thickness observed in the 

simulated model 

The quantity known as quantum efficiency Qeff indicates “how many electron hole pairs are 

produced for every incident photon”[49]. The spectra gives us a measure of the total solar 

energy absorbed by the device. It gives all the information about the photon, whether it is 

reflected, absorbed or transmitted. Fig 3.2. depicts the plot of how the quantum efficiency 

changes when there is a noticeable variation in the wavelength of the incident light.  

 

 

 

 

 



27 
 

 

Fig. 3.2 Plot of change in Qeff with a varying values of the incident wavelength.  

Variation analysis of the J-V Characteristics with changing values of absorber thickness. 

 

Fig. 3.3 The J-V curve for the graphene based solar cell when absorber thickness is 500 nm. 

One essential tool we use to "evaluate the performance of a solar cell" is the J-V curve. It 

provides significant information about the apparatus's electrical characteristics. The J-V curve 

can also tell us about the device's PCEff. Fig 3.3 displays the J-V curve for the simulated 

GrPrSC model at 500 nm thickness of the CsPbI3 layer. The production of positively and 

negatively charged carriers known as holes and electrons is triggered by photons that land on 

the surface of the solar cell at AM 1.5. The photocurrent that the photovoltaic device produces 

is the result of these electron-hole pairs.  

More current is generated when we increase the thickness of the absorber layer. In this work, 

we varied the thickness of the absorber layer between 100 and 1000 nm to improve the 

device efficiency.  

The simulated results are in accordance with the research previously done. 
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Variation analysis of solar cell parameters using simulated absorber thickness using SCAPS-

1D software. 

 

 

                              

Fig. 3.4 These plots show the various trends with  Jsc, PCEeff., FF, Voc when the absorber is 

varied from 100 nm thick to 500 nm thick.  

As observed from the fig 3.5, the PCEff. and Jsc show a steady increase if we increase the 

absorber (CsPbI3) thickness while fill factor FF shows a constant trend. This is because of the 

increase in Voc as observed above in the figure. The curves of efficiency (PCEff.) shoot 

upwards and Jsc start to saturate around 500 nm, indicating that any further introduction of 

increment in thickness of absorber will lead to no changes in the Jsc of the simulated GrPrSC 

device. From Fig 3.4, the increase in efficiency η shows that with an increasing thickness of 

absorber, more incident light gets absorbed leading to a higher current generation and 

increased device efficiency as observed. However, the light absorption reaches a maximum 

after a certain thickness and any further increment in the thickness leads to no further changes 

in the GrPrSC efficiency and the current density. The FF of the simulated devices shows an 

almost constant trend line, with an incredibly small decrease around 700 nm, as observed from 

the figure, and Voc shows an increasing trend when we introduce an increment in the absorber 

(CsPbI3) thickness. From the J-V curve, at 500 nm thick CsPbI3 layer, we obtain a PCEff. of 

11.442%, a FF of around 78.0518 %, Jsc around 19.4428 mA/cm2  and Voc near the value 0.754 

V.  
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Variation analysis of Solar Cell Parameters with HTL thickness simulated in SCAPS-1D 

software 

                                                       

 

                                                          

Fig. 3.5 A constant trend with PCEff., Jsc, FF, Voc is shown when HTL thickness is changed.   

Fig 3.5  shows how important paramters of solar cell which describe its working and properties 

varies graphically with the thickness of HTL (plasma assisted graphene). Not much impact of 

the HTL replaced by graphene is seen on Jsc and shows values ranging from 19.448 mA/cm2  

to 19.449 mA/cm2 .  Similar trend for FF is observed as shown in the graph. Voc is shown to 

range from 0.753823 V to 0.758532 V. The trends shown in the results are in compliance with 

the research done previously. [59]-[76]. 
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Summarized results from SCAPS- 1D simulation 

Table 3.1 Variation in solar cell parameters with changing thickness of absorber layer 

Thickness of Absorber (nm) VOC (V) JSC (mA/cm2) FF (%) Efficiency 

(%) 

100 

144 

189 

233 

277 

322 

366 

411 

456 

500 
 

0.627589 

0.64621 

0.660747 

0.672549 

0.684017 

0.695214 

0.707091 

0.72059 

0.735714 

0.753823 
 

9.162042 

11.58848 

13.48206 

14.97424 

16.16085 

17.11258 

17.88222 

18.50929 

19.02375 

19.44828 
 

80.6287 

80.7404 

80.7311 

80.7223 

80.5752 

80.3495 

80.0009 

79.488 

78.8631 

78.0518 
 

4.6362 

6.0463 

7.1917 

8.1295 

8.907 

9.5591 

10.1156 

10.6018 

11.0377 

11.4428 
 

Table 3.2 Variation in solar cell parameters with changing thickness of HTL layer 

Thickness of HTL (nm) VOC (V) JSC (mA/cm2) FF (%) Efficiency 

(%) 

10 

20 

30 

40 

50 

60 

70 

80 

90 

100 
  

0.753823 

0.753847 

0.753823 

0.753825 

0.753827 

0.753828 

0.75383 

0.753832 

0.753833 

0.753834 
 

19.44828 

19.44829 

19.44828 

19.44828 

19.44828 

19.44828 

19.44828 

19.44828 

19.44828 

19.44828 
 

78.0518 

78.0522 

78.0518 

78.0519 

78.0519 

78.0519 

78.052 

78.052 

78.052 

78.052 
 

11.4428 

11.4433 

11.4428 

11.4429 

11.4429 

11.4429 

11.443 

11.443 

11.443 

11.443 
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Comparison between results obtained from simulation of solar cell model in SCAPS – 1D and 

the results calculated numerically 

 

 

Fig. 3.6 A comparative plot between the how the graphene thickness (which serves as the 

HTL) affects the efficiency calculated for the simulated model and calculated numerically.  

The Fig 3.6 demonstrates a comparison between the efficiency fluctuation with graphene 

thickness found by numerical and simulation methods. The PCEff., which is computed 

numerically and for the simulated model, decreases slightly from 3.25 nm to 10 nm until the 

graph saturates, showing that additional thickness modifications have no effect on the 

PCEff. The cause might be traced to a number of environmental variables, including 

variations in the amount of sun radiation and the temperature at which the device is being 

used. This outcome is consistent with the study conducted by Sagar Bhattarai et al [39]. 

Because graphene is a two-dimensional material, its electronic characteristics are limited to 

its plane. Its ability to perform its job and play a part in charge transport is not greatly altered 

by adding more layers. Graphene can create a layer that is devoid of defects and offers 

efficient surface covering even at the lowest thickness. Unlike other materials, graphene 

exhibits chemical stability and resistance to deterioration, resulting in consistent efficiency 

despite variations in thickness. The efficiency's invariance with HTL thickness permits 

flexibility in the film's manufacture process. Graphene can be deposited as HTL by 

manufacturers without the requirement for exact thickness control.  
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The simulated model yields a result where the PCEff. of 11.442%, a FF of around 78.0518 %, 

Jsc around 19.4428 mA/cm2  and Voc near the value 0.754 V at an optimum thickness of 33.4 

nm. The numerical results for the same FF, Jsc, Voc and thickness shows a PCEff. of 11.84%.  

Table 3.3 Comparison between the results obtained from simulation and numerical 

modelling  

Thickness of HTL (nm) VOC (V) JSC 

(mA/cm2) 

FF (%) Simulated 

Efficiency 

(%) 

Numerical 

Efficiency 

(%) 

5.5 

7.75 

10 

20 

33.4 

40 

50 

90 

100 
  

0.765328 

0.758532 

0.753823 

0.753847 

0.753823 

0.753825 

0.753827 

0.753833 

0.753834 
 

19.45181 

19.44971 

19.44828 

19.44829 

19.44828 

19.44828 

19.44828 

19.44828 

19.44828 
 

78.2628 

78.1201 

78.0518 

78.0522 

78.0518 

78.0519 

78.0519 

78.052 

78.052 
 

11.651 

11.5252 

11.4428 

11.4433 

11.4428 

11.4429 

11.4429 

11.443 

11.443 
 

12.2628 

11.62199 

11.82573 

11.81532 

11.82138 

11.811 

11.82743 

11.84018 

11.8402 
 

 

Analysis of impact of plasma parameters on the Solar Cell parameters particularly efficiency 

Now we analyze the impact of plasma parameters on the device photovoltaic parameters 

particularly efficiency. Table 9 lists the various parameters used in the simulation of the 

trendlines shown in the graphs below. (Fig 3.7, Fig 3.8, Fig 3.9, Fig 3.10).  

 

 

Fig. 3.7 PCEff. enhances when an increment is introduced in Te.  
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Fig. 3.8 PCEff. is enhanced when an increment is introduced in Ti. 

 

 

From Fig 3.7 and Fig 3.8, we can observe a direct relationship between Te and Ti and the 

PCEff. of the device. The reason for this can be attributed to the fact that the debye length 𝜆D 

directly proportional to Te and Ti and hence has an overall impact upon the results. Hence the 

graph shows that upon decreasing the Te and Ti, the PCEff. of the device increases.  

 

 

 

Fig. 3.9 PCEff. reduces when an increment is introduced in ne 
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Fig. 3.10 PCEff. shows an inverse relation with the ion density ni 

 

Similarly, ne and ni are inversely proportional to the debye length 𝜆D, leading to an inverse 

relation with the efficiency resulting in the trends as shown in Fig 3.9 and Fig 3.10.  

The Fig 3.7 – Fig 3.10 shows the variation trendlines between efficiency of device and plasma 

parameters (ne, ni, Te, Ti) calculated numerically using the values given in Table 2.4, at an 

optimum thickness of 33.4 nm, where a FF = 78.0518 %, Jsc = 19.4428 mA/cm2  and Voc = 

0.754 V is taken. 

Low carrier lifetimes, high defect density, and low recombination rates can all be prevented 

by maintaining ideal plasma conditions. These plasma conditions also affect the interface's 

sharpness. Device efficiency can be reduced by a poor interface. The device's efficiency is 

directly impacted by variations in the ratio of t/𝜆D and the ensuing 2D debye screening effect, 

as demonstrated by Eqs 2.19. This was established during the numerical modeling of the 

device. 

Since the electron density ne is inversely proportional to the debye length 𝜆D, it leads to an 

inverse relation with the efficiency. Higher density of electrons and ions results in increased 

collisions and defects. It can also cause rapid growth rates and non uniformity in the graphene 

layer. Non uniformity affects the electrical conductivity of the device and hence affects the 

device efficiency. On the other hand the electron temperature is directly proportional to the 

debye length 𝜆D, leading to a direct relation with the efficiency and hence resulting in the trends 

as shown in Fig 3.7 – Fig 3.10. This could be due to the enhanced reaction kinetics from the 

increased Te, leading to formation of higher quality graphene as well as cleaner substrate prior 

to graphene growth which can help in reducing defects and recombination and improving 

crystalline quality in the film. Therefore a balance between the Te and ne is necessary to 

produce high quality graphene sheets that enhances the efficiency of the GrPrSC. 
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Table 3.4 Summary of the analysis of the impact of plasma parameters on the device 

efficiency 

S.N. Parameter Effect on the Solar Cell Efficiency  

1 

2 

3 

4 

Electron Temperature Te 

Ion Temperature Ti 

Electron Density ne 

Ion Temperature ni 

Increases with an increase in Te and 𝜆D 

Increases with an increase in Ti and 𝜆D 

Decreases with an increases in ne and 𝜆D 

Decreases with an increase in ni and 𝜆D 

 

3.1. Conclusion 

An efficiency of 11.442 % is achieved along with an FF = 78.0518 %, Jsc = 19.4428 mA/cm2 

and Voc = 0.754 V when a 33,4 nm thick graphene and 790 nm thick CsPbI3 which here serves 

as the absorber is taken in a model of ITO/PCBM/CsPbI3/Graphene is simulated using 

SCAPS-1D. Taking the same values from the simulated model and incorporating them in our 

formula, we deduce the numerical efficiency to be 11.84 %. If we increase the electron and 

ion densities, we observe an inverse relation with the efficiency which decreases steadily. 

Similarly, upon increasing the electron and ion temperatures the trend of efficiency gives us a 

direct relation with the parameters and increases. Therefore, we conclude that manipulation 

of the PoCE of a GrPeSC is possible by changing the CsPbI3 thickness and parameters of the 

plasma used to grow the graphene sheet. 

 

3.2. Future Scope 

1. Graphene is a great material for solar cells because of its remarkable electrical 

conductivity and transparency. Increasing the ratio of graphene to other materials can 

result in more efficient devices.  

 

2. Large-scale, highly-efficient, and scalable manufacturing of high-quality graphene is 

possible with the PECVD technique.  

 

3. The chemical stability and mechanical strength of graphene add to the long-term 

performance and resilience of solar cells. 

 

4. Moreover, graphene is not easily degraded by the atmosphere. The environmental 

effect of solar cell manufacturing can be further reduced by developing ecologically 

benign precursors for graphene production and improving the PECVD process. 

 

5. Developing scalable and economical production techniques, integrating graphene with 

other materials, and guaranteeing reliable, high-quality graphene production are a few 

of the difficulties.  
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 ACCEPTANCE LETTER

Dear Ms. Shreya Vasu
DELHI TECHNOLOGICAL UNIVERSITY

Greetings!!
 
ARSD College welcomes you to the 2nd International conference on Recent Advances in  Functional Materials
(RAFM-2024).
 
RAFM-2024 to be held online mode at Atma Ram Santan Dharma College, University of Delhi during March 14-
16, 2024, which is being organized by Department of Physics, IQAC and STAR College Scheme (GOI). Its matter
of great pleasure that the technical committee accepted your research paper entitled:
 
ANALYTICAL MODELING AND NUMERICAL SIMULATION OF PLASMA ASSISTED GRAPHENE
SOLAR CELLS
  
You are invited for a presentation of the same at RAFM-2024 as Oral Presentation.
 
Time allotted for oral presentation is 10 (8+2) Min. and the participant is requested to report and present
online your paper within stipulated time.

Thank You

--

Dr. Manish Kumar

(Convener, RAFM-2022)

Assistant Professor

Department of Physics, ARSD College

University of Delhi, Dhaula Kuan, New Delhi-110021

Email: mkumar2@arsd.du.ac.in

Mob.: +919555977892
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