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ABSTRACT

Our work investigates the use of Carbon Nanotube (CNT) arrays with varying radii and
lengths, synthesized via the Plasma-Enhanced Chemical VVapor Deposition (PECVD) method,
as absorber layers in solar cells. CNTs with different geometric properties were
systematically analyzed to evaluate their impact on the photovoltaic performance of solar
cells. The PECVD technique was employed to grow high-quality, well-aligned CNT arrays,
with radii and lengths precisely controlled. The effects of CNT radius and length on key solar
cell parameters, such as current density, open-circuit voltage, fill factor, and overall
efficiency, were simulated using the SCAPS 1D software. Simulation results revealed that
both CNT radius and length significantly influenced the performance of the solar cells, with
optimal CNT dimensions leading to improved efficiency. The study highlights the potential
of tailoring CNT array properties to enhance the performance of solar cells, providing
insights into how variations in CNT geometry can be leveraged to optimize the absorber layer

in photovoltaic devices.
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ABBREVIATIONS

Table 1 Parameters and Symbols used in the present work

Parameters Symbols
Effective area of the Solar cell A
Resistances in series Rs
Surface recombination velocity for electrons Se
Electron concentration N
Current density J
Recombination rate of Holes Rp
Ideality factor No
Resistances in Parallel Rsh
Reverse Saturation Current density Jo
Carbon Nanotubes CNTs
Recombination rate of Electrons Rn
Length of CNT L
Radius of CNT R
Power Conversion Efficiency PCE
Electron Temperature Teo
lon Temperature Tio
Debye length AD
Solar irradiance Pin
Generation rate of Electrons Gn
Absolute temperature T
Electronic charge q
Electron Density Neo
Surface recombination velocity for holes Sh
lon Density Nio
No. of Carbon Nanotubes (CNTs) N
Efficiency of Solar cell n
Power Output Pout
Indium tin oxide ITO
Open circuit voltage Voc
Electron current density Jn
Generation rate of Holes Gp
Air mass spectrum AM
Photocurrent density Jsc
Conduction band CB
Boltzmann’s constant Ks
Valance band VB
Hole concentration p
Metal work function 0
Transparent conductive oxide TCO
Hole current density Jp
Quantum efficiency QE
Surface Potential Vs
Thickness of Absorber layer t
Fill factor FF
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CHAPTER 1
INTRODUCTION

1.1 Solar Cell Introduction

Solar cells, or photovoltaic cells, transform sunlight into electrical current using the
photovoltaic process [1]. In this process electric current is generated when specific materials
are exposed to light [2],[3].

1.1.1 Principle of Solar Cell

This process in solar cell is based on the concept, which is somewhat similar to the
photoelectric effect [2]. In the photovoltaic effect, when light strikes a semiconductor
material, bound electrons gain sufficient energy to transition to the conduction band,
becoming mobile charge carriers [4]. Conversely, in the photoelectric effect, photons eject
electrons entirely from a metal surface into vacuum [5]. This distinction—internal charge
mobilization versus external electron emission—defines the core principle of photovoltaic
energy conversion [1].

1.1.2 Construction of Solar Cell

A solar cell consists of a P-N junction diode, where the N region is very thin (0.3
micrometers) and the P region is much thicker (300 micrometers) [1]. The N region is kept
thin to ensure that light can reach the junction without significant absorption [6]. Metallic
fingers are deposited on the top of the silicon layer, forming the front contact [7], while the
bottom of the P-type silicon layer is coated with a metal (copper), known as the back contact

[8].

Glass

Sunlight Transparent

conductive
oxide (ITO)

n-layer
(CdS)

| p-layer
(CNT)

Aluminum
(back contact

Fig. 1.1 Schematic Diagram of Solar Cell
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1.1.3 Working of Solar cell

The photovoltaic effect can be explained as follows: When certain materials, primarily
semiconductors like silicon, are exposed to light, photons strike the material's surface. The
energy from these photons is absorbed by the electrons, exciting them and causing them to
move to a higher energy state [4]. This absorption creates electron-hole pairs, with the
electron moving to the conduction band, leaving behind positively charged holes in the
valence band [6]. Inside the semiconductor, an internal electric field is created that helps
separate these electron-hole pairs [1]. This field drives the excited electrons toward the
electron collector electrode (typically the n-type semiconductor) and the holes toward the
hole-collecting electrode (typically the p-type semiconductor) [7]. The movement of electrons

and holes generates an electric current [9].

1.1.4 Efficiency Calculation for solar cell

The Photo Current Density of semiconducting device i.e. Solar Cell given by

J« = 4 ] QE(E)b,(E)dE,

Where, g = Charge on electron can be denoted by e also have value 1.6x10"°c
bs(E) = Flux Density of Incident Photons

QE(E) = Probability of incident light particles with energy E which is given to the electron to
the Load Circuit [1].

A dark current also found in solar cells denoted by Jdark(V) at an external voltage (V) can be
calculated by:

Jdurk (V) = JO(qu/”kBT | l)

Where, Jo = constant
N = Ideality factor
Kb= Boltzmann constant

T = Absolute temperature in kelvin
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Now, Net current density is equal to the addition of photocurrent density and dark current

density. And dark current having same direction. So net current density will be [1],[4]:

- JO (qu/nkBT . 1) _Jsc

When circuit is open, Jdark(V) = Jsc. Equation for open circuit voltage (Voc) will be [10],[1]:

kT ”
V()C:—lrI(J; + l).
q Jo

In a real solar cell, the presence of material resistance, resistance at contact terminals, and
leakage current all contribute to energy loss. These resistances can be modelled as two
parasitic resistances: series resistance (Rs) and shunt resistance (Rsh). The series resistance
(Rs) represents the resistances in the current path, such as the contact resistance and internal
material resistance, while the shunt resistance (Rsh) accounts for leakage current through
paths that bypass the junction [7],[11].

The total current density (J) in the solar cell, taking these resistances into account, can be

expressed as:

V — JAR;

J e
ARsh l

J - JO (e(](V—JAR,s)/HkBT . 1) +

Where,

A= Solar Cell Effective Area [6],[12].

Definition of Fill Factor (FF):

The Fill factor is explained like it is division of product of Jm.VVmand Jsc.\Voc respectively [12],[1]:

JmVm

FF = .
JSC Vl)C

Solar cell efficiency (n) with incident light power density (Pin) [13],[9]:

1 = EExVocx]sc x 100
Pin
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1.2 Carbon nanotube (CNT)

Carbon nanotubes (CNTs) were discovered in 1991 by Japanese scientist Sumio lijima [14].
CNTs are excellent conductors of electricity but are highly flammable due to their carbon
content [15]. Classification of CNTs based on chirality includes single-wall carbon nanotubes
(SWCNTs) and multi-wall carbon nanotubes (MWCNTS) [16]. CNTs are formed by folding
a graphene sheet: folding a single sheet of graphene cylindrically results in a single-wall

CNT, while folding multiple graphene sheets creates a multi-wall CNT [17].

i -"'-*ifi.f"‘i.' :
Graphene

(b)

Fig. 1.2 Different Types of CNTs

1.2.1 CNT Implements in Solar Cells

Here, carbon nanotubes (CNTs) are utilized as the anode material in solar cells, and future
applications may extend to replacing indium tin oxide (ITO) and active layers [18]. When
CNTs are incorporated, they improve efficiency due to their exceptional electrical
conductivity [19]. CNT-based solar cells can achieve efficiencies up to 30% [20], as

demonstrated in this study's simulations (Table 4.1).
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Fig. 1.3 CNT implement in single solar cell

1.3 Growth of Carbon Nanotubes using Plasma

1.3.1. Experimental methods;

A. Arc discharge Method [14]
B. laser ablation Method [21]
C. Chemical Vapor deposition Method [22]

Here, we focus on only CNT grown from PECVD techniques [23]

1.3.1 (c) Chemical Vapor Deposition (CVD) Method
Recently Chemical Vapor Deposition (CVD) techniques are getting popular to produce thin
films and coatings through the chemical reaction of gaseous precursors on a substrate surface
[24]. In CVD, precursor gases decompose or react on heated substrates, forming adherent
solid films [25]. This method is commonly used in industries like semiconductor
manufacturing, thin film deposition, and surface modification, due to its ability to create
high-quality, uniform coatings with precise control over material properties [26]. CVD is

essential for applications like microelectronics, solar cells, and protective coatings [27].

Carbon nanotube growth by PECVD:

Plasma enhance chemical vapor deposition method is a technique that is uses in various
industries such as microelectronics and material sciences to deposit thin film on substrate.

The
process involves the uses of plasma to enhance the chemical reactions that lead to the deposition of

the desired materials.
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Here is a more detailed explanation of this process

1. Introduction of Precursors

Volatile precursor gases are introduced into a vacuum chamber containing the substrate [30].
These precursor gases serve as the source materials for the thin film that will be deposited
onto the substrate during the CVD process [27].

2. Creation of Plasma

A plasma is generated in the chamber by applying a high-frequency electric field, such as RF
or microwave energy, to the gas [31]. Plasma is a state of matter in which the gas becomes
ionized, meaning some atoms or molecules loss or gain electrons, resulting in charged

particles (ions and electrons) [32].

3. Chemical Reactions

The energetic species in the plasma, such as ions, electrons, and radicals, interact with the
precursor gases. This interaction triggers chemical reactions that result in the formation of
solid or liquid thin films [33]. Plasma helps break down the precursor molecules and

increases the reactivity of the involved species, facilitating the deposition process [29].

4. Deposition

The reaction byproducts and newly formed materials are deposited as thin films. The
properties of these thin films, such as thickness and composition, can be controlled by
adjusting parameters like gas flow rate [34]. Plasma-enhanced chemical vapor deposition
(PECVD) is a technique widely used in industries such as microelectronics and materials
science to deposit thin films on substrates. This process utilizes plasma to enhance chemical
reactions, facilitating the deposition of the desired material, with the pressure also playing a

key role in controlling the outcome [28].
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Setup of PECVD Technique:

Inert Process
Gas Gas

1 1Y

RF Power

Heated Plate —

By-Products

Fig. 1.4 Schematic Diagram of PECVD Machine

1.4 Application of CNT based Solar cells

electricity without obstructing light or visibility, which is particularly relevant for building-
integrated photovoltaics (BIPV) [35]. CNT-based solar cells may also offer improved
tolerance to high temperatures compared to traditional silicon-based cells, making them
suitable for environments with elevated temperatures, such as in space applications or

concentrated solar power systems [36].

1.5 Advantages of CNT Based Solar cell

(A) The unique electronic properties of CNTs may contribute to improving the efficiency of
solar cells up to 27% [20].

(B) Carbon nanotubes can be produced through various methods, and researchers are
investigating scalable and cost-effective manufacturing processes for CNT-based solar cells.

If successful, this could contribute to reducing the overall cost of solar energy production
[37].
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1.6 Disadvantages of CNT Based Solar Cell
(A) Since CNT are used and they are highly flammable so they are not firing resistance [15].
(B)CNT manufacturing is little bit tough to grow so they have consisted less production speed

[38].

1.7 SCAPS Software

SCAPS 1-D is a simulation tool for solar cells. A product developed by the Department
of Electronics and information system (ELIS) of the University of Gent, Belgium [39].

It is used to simulate to device and analyze its Photovoltaic values and also Current

Densities, Open circuit voltage and efficiency etc [40].
The Scientists who have invented this are Alex Niemegeers, Mark Burgelman,

Koen Decock.,Stefaan Degrabe, John Verschraegen [41].
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1.7.1 Interface of SCAPS

Fig. 1.5 Interface of SCAPS Software
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CHAPTER 2

MODELING AND SIMUATION OF PLASMA-ASSITED
CARBON NANOTUBES ARRAY BASED SOLAR CELLS

2.1 Literature Review

In the beginning of our research, we have read the following published research papers underte
guidance of our supervisor.

Feijiu Wang, Kazunari Matsuda. Applications of Carbon Nanotubes in Solar Cells (pp.
497-536) (2019). https://doi.org/10.1007/978-3-319-92917-0_20.

M. Kansal, S.C. Sharma. Plasma-based nanoarchitectonics for vertically aligned dual-
metal carbon nanotube field-effect transistor (VA-DMCNFET) device: effect of plasma
parameters on transistor properties. Applied Physics A: Materials Science and Processing,
128(1) (2022). https://doi.org/10.1007/s00339-021-05096-2

Introduction to plasma physics by F.Chain

Mugdha V. Dambhare, Bhavana Butey and S. V. Moharil. Solar photovoltaic technology: A
review of different types of solar cells and its future trends. Journal of Physics: Conference
Series, 1913(1) (2021). https://doi.org/10.1088/1742-6596/1913/1/012053

Feida Li, Kangning Liu, and Jun Dai. "Flexible p-i-n perovskite solar cell with optimized
performance by KBFs additive," Opt. Express 32, 366-378 (2024).
https://doi.org/10.1364/0e.503856

Brian J. Landil, Ryne P. Raffaellel*,y, Stephanie L. Castro2 and Sheila G. Bailey3
Single-wall Carbon Nanotube—Polymer Solar Cells. Progress in Photovoltaics. (2005)
https://onlinelibrary.wiley.com/doi/10.1002/pip.604

Md .Forhad Hossain, Avijit Ghosh, Mohd Abdullah Al Mamun, AsifAhammad Miazee,
Hamad Al-lohedan, R.  Jothi Ramalingam, Mohammad  Fokhrul Islam Buian, Syed
Riazul Islam Karim, Md. Yousup Ali , M. Sundararajan . Design and simulation numerically
with performance enhancement of extremely efficient Sb2Se3-Based solar cell with V205 as
the hole transport layer, using SCAPS-1D simulation program. OpticsCommunications, 559
(2024). https://doi.org/10.1016/j.optcom.2024.130410

Singh, S.K., Sharma, I. & Sharma, S.C. Plasma-assisted carbon nanotube for solar cell
application. J Comput Electron 23, 884-898 (2024). https://doi.org/10.1007/s10825-024-
02188-z



https://doi.org/10.1007/978-3-319-92917-0_20
https://doi.org/10.1007/s00339-021-05096-2
https://doi.org/10.1088/1742-6596/1913/1/012053
https://doi.org/10.1364/oe.503856
https://onlinelibrary.wiley.com/doi/10.1002/pip.604
https://doi.org/10.1016/j.optcom.2024.130410
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2.2 Introduction

A solar cell is a type of photovoltaic device that converts light into electrical current,
operating in a manner similar to a P-N junction Diode [42]. When sunlight shines on the
photovoltaic, transitions of electrons from Conduction Band (CB) to Valance Band (VB)
takes place, generating holes in the conduction band. This results in the movement of charge
carriers, which generates the photocurrent [4]. There are Various types of solar cells,
including thin-film, perovskite, and dye-sensitized solar Photovoltaics [43]. In Laboratory
setup Perovskites cells can achieve a efficiency of up to 22.1% [44], but their stability under
light exposure is a concern [45].

Researchers have found that integrating Carbon Nanotubes (CNTSs) into solar cells can
significantly improve their PCE, boosting it from 1.3% to 30% [20]. CNT-based solar cells
typically follow the structure of a single P-N junction solar cell, with CNTSs replacing either
the P or N-type material [46]. CNTs shows highly conductive behavior, more than copper—
due to their covalent SP2 hybridization carbon atoms [19]. In CNTSs the band gap ranges from
0.1 eV to 2 eV [17], and they come in three main types: armchair, zigzag, and chiral, with
armchair CNTs being the most stable [47].

To grow CNTs for use in solar cells, we employed the Plasma Enhanced Chemical Vapor
Deposition (PECVD) process [48]. While previous studies have used CNTSs in solar cells,
none provided a mathematical expression for calculating the efficiency of CNT-based solar
cells as a function of plasma parameters. In this study, CNTs were grown via PECVD and
incorporated into the absorber layer of a CNT-based solar cell for simulation. We also
derived a mathematical formula to estimate the solar cell efficiency based on various plasma

parameters, including electron and ion temperatures and densities.
The results showed an increased efficiency for the ITO-CdS-CNT-based solar cell of 23-24%,
which is consistent with both the simulation results and previous research [49].

SCAPS-1D [39] software was used to model the solar cell and determine its parameters. We varied
geometrical properties of CNTs in absorber layer thickness from 100 to 1000 nm, and observed key
parameters like FF, V., Js, efficiency, and band gap. The efficiency calculated from our formula
closely matched the simulated efficiency, as shown in Fig. 11.0, and is consistent with earlier studies.
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2.3. Solar Cell Structure and (SCAPS Simulation)
2.3.1 Layer Stack and Device Architecture:

The simulated device typically consists of a multilayer heterostructure, for example:
Front contact (e.g.ITO) / Buffer layer (e.g., CdS) / Absorber layer (VACNT or SWCNT)
/ Back contact (e.g., SnS, Pt, Au) [50].

The exact stack and materials may vary, but for VACNT-based absorbers, the structure
often mirrors those used for SWCNT-based devices, such as FTO/CdS/SWCNT/SnS/Au
or ITO/TiO2/SWCNT/SnS [51],[49].

Incoming
Photons Front

- 88 ﬂ Contact

N
4

£ ITO @

o

S

; |

£ Cds I

S I

= Back
v \_,_/C ontact

0.440 cm

Fig. 2.1 Solar Cell

2.3.2 Modelling the CNT Absorber Layer:

The VACNT/SWCNT absorber is modelled as a homogeneous p-type layer in SCAPS
[50], with its properties (bandgap, mobility, etc.).

The bandgap is set according to the CNT radius, using established theoretical
relationships (e.g., tight-binding model), allowing for bandgap tunability [17].

The absorption coefficient is chosen based on literature values for CNTSs, typically

exceeding 10* cm. ensuring strong light absorption [53].
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hickness of Solar cell (202 nm- 1102 nm)
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-
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v
left contact right contact

back front RN —

Fig. 2.1 Solar Cell constructed in SCAPS-1D Software

2.3.3 Contacts and Boundary Conditions:

Front Contact: Usually a transparent conductive oxide (e.g., ITO or FTO), with
specified work function and surface recombination velocities [54].

Back Contact: Metals such as Pt or Au are used, also with defined work function and
recombination velocities [55].

Surface Recombination Velocities: Set for both electrons and holes at the front and

back contacts to reflect realistic carrier extraction and recombination rates [56].

2.3.4 ITO-CdS-CNT Device Configuration

The solar cell, based on an ITO-CdS-CNT structure, is utilized for the simulation work
conducted using SCAPS-1D software [39]. In this configuration, ITO functions as the
window layer [57], while CdS enhances the interface between the CNT absorber layer by
acting as a buffer layer [58]. This configuration is selected due to its effective absorption
properties and efficient charge carrier generation and transport [49]. The ITO and
absorber layers are electrically connected using Bi and Au materials as contacts.
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2.3.5 Device Dimensions and SCAPS-1D Software

The dimensions selected for this configuration are (0.441 cm) x (0.440 cm) x (202 to
1102 nm) as depicted in Fig 2.1. SCAPS is a one-dimensional solar cell simulation
program developed by the Department of Electronics and Information Systems (ELIS) at
the University of Gent, Belgium [39]. SCAPS software requires specific material

properties to perform the simulation [40].

2.3.6 Governing Equations in SCAPS-1D

SCAPS-1D uses some basic concepts of Physics and Mathematics for semiconductor
devices expressed in equations (a-c), which are as follows:

Poisson’s Equation:V - (eV¥) = —p [59]

Continuity Equation for Electrons: Z—Y: = %V “Jn + G, — R, [10]

A . . Op 1
Continuity Equation for Holes: P —EV Jp + G, — R, [10]

2.3.7 Working/Operating Point in SCAPS-1D

In the SCAPS-1D simulation software, the following conditions are assumed [12],[39]:
e Air mass spectrum AM 1.5 of the radiation [60]
e Working temperature: 300 K
e Solar irradiance: 1 kW/m? (ideal condition) falling on the Earth
e Applied voltage: 0.77 V in the working point section
e Shunt resistance: 5.0 x 101 Q-cm?
e Series resistance: 0.44 Q-cm?

e Frequency of incident light: 1 x 10 Hz




Table 2.1 Proposed Simulation values of the proposed Solar cell layers for SCAPS -1D software [60-64];

Page |15

S.N. Parameters ITO Cds Absorber
(VACNTYS)

1 Thickness (um) 0.051 0.051 0.1-1

2 Shallow uniform acceptor density NA (cm™) - - 1.1 x 10"

3 Electron mobility (cm?.V.s™) 51 170 8.1 x10*

4 Layer electron affinities (eV) 4.5 4.2 4.28

5 Layer Relative dielectric permittivity 8.8 8.72 35

6 Electron thermal velocity in the layer (cm.s™) 1.1x10° 1.1 x10’ 1.1 x10°

7 Layer density of defects (cm™) - 1.0 x10" 1.0 x10"

8 Layer Band gap (eV) 3.5 2.3 1.2

9 Hole thermal velocity in the layer (cm.s™) 1.1x10° 1.1 x10’ 1.1 x10’

10  In VB layer, Effective density of states (cm™) 1.9 x10"° 1.9 x10% 6.1 x10%

11 Hole movement within the layer (cm?.V.s™) 11 16 2.1 x10°

12 Shallow uniform donor density ND (cm™) 1.1 x10% 1.1 x10" -

13 In CB layer, Effective density of states (cm™) 2.3x10® 2.3 x10% 5.1 x10'°

For Front and Back contact metal properties;

Table 2.2 Proposed Solar cell of SCAPS -1D software Metal contacts parameters [60,65-67];

S.N. Parameters Right contact (front)  Left contact (back)
1 Electron surface recombination velocity (cm.s™) 1.0 x 10’ 1.0 x 10’
2 Work function of used Metal (eV) 5.42
3 Hole surface recombination velocity (cm.s™) 1.0 x 10’ 1.0 x 10’
Table 2.3 Layer Defects in Solar cells [60];
S.N. Parameters Absorber ITO
1 Holes, capture cross-section (cm2) 10-15 10-15
2 Reference for defect energy level Et Above EV (SCAPS<2.7) Above EV (SCAPS<2.7)
3 Energetic distribution Single type Single type
4 Nature of Defect Neutral Neutral
5 Electrons, capture cross-section (cm?) 1015 1015
6 Energy level relative to the Reference (eV) 0.600 0.600
7 Nttotal (cm®) 1014 1014
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CHAPTER 3
CNT synthesis Via PECVD

3.1 Sub-1 nm VACNT Synthesis via PECVD

3.1.1. PECVD Setup and Growth Conditions

Vertically aligned carbon nanotubes (VACNTS) can be synthesized in a direct-current plasma-
enhanced chemical vapor deposition (DC-PECVD) system [28]. The reactor comprised of a A
vacuum chamber (base pressure: 107¢ Torr) with heated substrate stage (600-750°C). DC plasma
source (power: 120-180 W) with parallel-plate electrode configuration [25]. Precursor gases:
C:H: (carbon source, 2040 sccm), NHs (catalyst etchant/diluent, 60-100 sccm), and H:
(reduction, 50 sccm). Plasma conditions require Pressure (3-6 Torr), electrode gap (1 cm),
plasma current density (0.5-1.2 A/lcm?) [69].

Catalyst layers (Fe/Al.0s/Si) should be prepared by e-beam deposition: Al.Os buffer layer (10
nm), Fe catalyst (1-2 nm) [48]. Pre-treatment of Annealing at 700°C (H2/NHs, 10 min) to form
nanoparticles [70].

3.1.2. Synthesis of Radius-Varied VACNTSs (Fixed Length: 0.1 pum)

To achieve radius control (0.31-0.51 nm) at constant length (0.1 pm) following conditions has
to be taken into considerations:

Catalyst size modulation: Fe nanoparticle diameter was tuned via annealing time (5-15 min)
and H: flow rate (40—80 sccm) [48]. Smaller nanoparticles (3-5 nm) yields narrower CNTs (0.31
nm); larger particles (6—8 nm) gives wider CNTs (0.51 nm) [71].

Plasma-enhanced nucleation (lon density (Nj,) control): Increased Nj, (via higher plasma
power, 150-180 W) enhances catalyst activation, reducing radius dispersion [28]. Electron
temperature (T.) needs to be optimized, Lower T, (1-2 eV, via reduced bias voltage) minimize

defect-induced radial deviations [29].

Growth termination: Process should be halted at 0.1 um length by quenching plasma

immediately after current saturation [70].
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3.1.3. Synthesis of Length-Varied VACNTSs (Fixed Radius: 0.33 nm)

To achieve length control (0.1-1.0 um) at fixed radius (0.33 nm) following conditions has to be

taken into considerations:

Catalyst uniformity: Identical Fe nanoparticles (4.0 £ 0.3 nm) ensure constant radius [72].

Time-dependent growth: Generally, growth duration varies (1-10 min), with linear length

increase (0.1 pm/min) [73].

Plasma parameter stabilization: Constant electron density (Ngo ~ 10'° cm™3) maintained via
fixed power (140 W) and pressure (4 Torr) [74].

lon flux control: Higher Nj, (=10° cm™3) suppresses termination by etching, enabling longer

growth.

3.1.4 Analysis of trends (Mansa et.al Results)

Table 3.1 Variation in Plasma Parameters with Channel Radius

(Channel length fixed at 100 nm)

Electron
Channel Electron Density | Temperature T, lon Density lon Temperature
Case | Radius (nm) | n, (cm™) (eV) N (cm™) Tio (K)
1 2 1x 107 0.5 5% 10° 2400
2 3 5x 10° 0.45 4.2 x 10° 2300
3 4 1x10° 0.4 2.5x10% | 2200
4 5 1x10° 0.3 1x10° 2100

Table 3.2 Variation in Plasma Parameters with Channel Length

(Channel radius fixed at 5 nm)

Electron
Channel Electron Density | Temperature T, lon Density lon Temperature
Case | Length (um) | n,o (cm™) eV) n;o (cm™) T;o (K)
1 1 5 x 108 1.1 5x 107 2180
2 2 1% 10° 1.2 5x 108 2210
3 3 5x 10° 1.3 1x10° 2250
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To achieve different channel radii (R) and lengths (L) of carbon nanotubes (CNTs), we adjust the

plasma parameters during the Plasma-Enhanced Chemical Vapor Deposition (PECVD) process [28].

Controlling Channel Radius (R): Plasma parameters influence the CNT radius by affecting the
availability of neutral carbon atoms for growth. Higher plasma energy (via increased electron/ion density

or temperature) enhances ionization, reducing neutral atoms and limiting radial growth [29].

Key Parameters:

Increased Ne, (electron density), Te (electron temperature), Nj, (ion density), or T; (ion
temperature) leads to smaller radius (R|) [25].
Example (Table 3.1):

Neo = 107 ecm™3, T,, = 0.5eV — R = 2nm.

Neo = 10°cm™3, T,, = 0.3eV — R = 5nm.

Decreasing these parameters leads to larger radius (R1).

Mechanism:

Higher plasma parameters increase ionization, reducing neutral carbon atoms needed for radial

growth. This is modeled in Eq. (5):

V.L 1 /n n;
()i )
*P\ o )zez\T,, T T,

Higher N,, /T, or N;,/T; decreases R [74]

Controlling Channel Length (L):

Plasma parameters also affect the vertical alignment and growth time of CNTs. Higher plasma

energy promotes sustained vertical growth over longer durations.

Key Parameters:

Increased N, Te, Nj,, Or T; gives Longer channel tubes (L1) [69].
Example (Table 3.2):

Neo = 5% 108cm™3 — L = 1 um.

Neo = 5% 10°cm™3 — L = 3 um.
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Decreasing these parameters gives shorter channel tubes (L)]).

Mechanism:

Higher plasma parameters strengthen the electric field in the plasma sheath, aligning CNTs
vertically. Extended exposure under these conditions allows longer growth [48]. The relationship

is implicit in the paper’s physical model but not directly derived in equations.

Table 3.3 Summary Table:

Plasma Parameter Adjustment | Effect on CNT Geometry
Increase N,,, T,, N;,, T; Smaller radius (R 1), Longer channel (L T)
Decrease N,,, T,, N;,, T; Larger radius (R T), Shorter channel (L |)
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CHAPTER 4

SIMULATION WORK

4.1 Simulation of Solar Cell parameters in SCAPS-1D

The simulated performance of carbon nanotube (CNT)-based solar cells was analyzed using SCAPS 1D

under two distinct parameter variations. The first investigation varied the CNT length while maintaining
a constant radius, whereas the second explored radius variation at a fixed length. Key parameters such as
fill factor (FF), open-circuit voltage (V,.), short-circuit current density (Js.), and power conversion

efficiency (PCE) were evaluated to identify optimal design configurations.

Table 4.1 SCAPS-1D Simulation results for ITO/CDS/CNT based solar cell (at constant R)

Length of CNT | Fill Factor Open Circuit Short Circuit Current Efficiency
.No (um) FF (%) Voltage (V) Density (mA cm™) (%)
1 0.1 84.33 0.7553 19.428 12.375
2 0.25 83.93 0.76719 30.498 19.638
3 0.55 83.68 0.77184 36.500 23.576
4 0.85 83.61 0.77276 37.880 24.476
5 1.0 83.59 0.77292 38.163 24.659

As shown in Table 1, increasing the CNT length from 0.1 um to 1 pum significantly enhances PCE from
12.38% to 24.66%, driven primarily by a rise in /5. from 19.43 mA cm™ to 38.16 mA cm™ [49]. This
trend suggests that longer CNTs improve charge carrier collection by reducing recombination losses [53],
thereby boosting current density. The V,. also marginally increases from 0.755 V to 0.773 V, likely due
to improved junction quality [1]. Notably, FF remains stable (~83.6-84.3%), indicating minimal resistive
losses despite length scaling [46]. These results highlight the critical role of CNT length in optimizing
photocurrent and overall efficiency [20].
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Table 4.2 SCAPS-1D Simulation results for ITO/CDS/CNT based solar cell (at constant L)

Radius of Energy Fill Factor | Open Circuit | Short Circuit Current | Efficiency
3.No | CNT (nm) | Bandgap (eV) FF (%) Voltage (V) Density (mA cm™) (%)
al 0.51 0.784 76.27 0.71155 329 17.83
b2 0.46 0.869 80.75 0.75357 299 18.21
| 3 0.41 0.975 83.61 0.76211 263 16.76
ed 0.36 1.111 84.21 0.75867 222 14.11

5 0.31 1.290 84.40 0.75215 172 10.92

2 demonstrates the interplay between CNT radius and electronic properties. Reducing the radius from
0.51 nmto 0.31 nm increases the energy bandgap (E,) from 0.784 eV to 1.290 eV, consistent with
guantum confinement effects [17]. However, this bandgap widening inversely impacts /., which
declines sharply from 329 mA ¢cm™2 to 172 mA cm2, likely due to reduced light absorption and increased
carrier scattering [53]. The highest PCE (18.21%) occurs at a radius of 0.46 nm, balancing E, and /..

Interestingly, FF peaks at 84.3% (radius = 0.36 nm) but does not correlate with maximum efficiency,
underscoring the complex trade-offs between voltage, current, and resistive losses in smaller-diameter
CNTs [49].

4.2. Theoretical Framework for Efficiency CNT-Based Solar Cells

4.2.1 Efficiency Modeling in CNT-Based Solar Cells
Power conversion efficiency (n) is defined as [1]:

_ FF X Ve X Jsc
= P

n X 100 (4)

The photocurrent density J5c incorporates resistive losses [7]:

q(Voc — JARs) Voc — JARg
) e ®

Jsc=Jo [exp( ARy

For CNT absorbers, the effective area A depends on nanostructure geometry [75]:

A = NnR?+ N(2nRL) (6)

v=(z)xGR) @

Substituting (6)-(7) into (4)-(5) yields the geometry-dependent efficiency expression:

n= ( 20 [y fexp (q(VOC — AR ), Yoc ~ URs

La al A D
;7L MoKp1 7 7 ARgH




CNT radius (R) during PECVD growth follows [74]:

VsL 1
R =exp (ZL) s 9D
e/ |4me? (22 +72)
el i

where Vs is sheath voltage, and N,y/N;q, T./T; are plasma densities/temperatures [31].

4.2.2. ldeality Factor Analysis
The ideality factor (n) diagnoses recombination mechanisms [10],[1]:

e n = 1: Bulk recombination (ideal)
e n = 2: Space-charge region recombination

e n > 2: Defect-assisted recombination

Dark current density reveals n through [6]:

]dark(V) = ]O(BqV/nkBT - 1) (10)
Linearized in semi-log form [6]:

qV
In(Jgar) = In(fp) + kT (11)
Extracting slope S from J-V data gives [6]:
_ 9
n=sr (2
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4.3. Analytical Modeling Results:

This section presents and discusses the theoretical calculations of key solar cell parameters for carbon
nanotube (CNT)-based absorbers, examining the impact of varying CNT radius and length. Two tables
are analyzed: Table 1 explores the effect of varying the CNT radius (R) while maintaining a constant
length (L), and Table 2 investigates the effect of varying L while keeping R constant. These results will

later be compared with SCAPS-1D simulations to validate the theoretical model.

Table 4.3 Result from Simulated and Analytical work at constant Length of CNT

S.N0 | Neo | Nio | Te Ti R(m) | N |[Vyc (V) | FF (%) | Js¢c (MA/cm?) n | n (%)

1 8.88 | 6.20 | 7071 | 2550 | 0.51 8.6 | 0.71155 | 76.26 | 30.96 1.941 | 17.951
2 1.10 | 6.30 | 7112 | 2556 | 0.46 1.06 | 0.75357 | 80.75 | 29.17 2.065 | 18.384
3 1.40 | 6.44 | 7170 | 2560 | 0.41 1.33 | 0.76211 | 83.61 | 24.40 2.113 | 16.925
4 1.80 | 6.52 | 7240 | 2570 | 0.36 1.73 | 0.75867 | 84.21 | 20.36 2.103 | 14.155
5 2.50 | 6.60 | 7304 | 2575 | 0.31 2.34 | 0.75215 | 84.39 | 16.96 2.146 | 11.059

Table 1 demonstrates how changes in R influence the open-circuit voltage (V,.), fill factor (FF), short-
circuit current density (Js¢), ideality factor (n), and efficiency (n). The radius R is modulated by
adjusting plasma parameters (e.g., electron density N,,, ion density N;,, electron temperature T,, and ion

temperature T;), as derived from Equation (7):
4.3.1 Key Observations:

Efficiency (n): n peaks at 18.38% for R = 0.46 (Row 2) but declines to 11.06% as R
decreases further (Row 5). This non-linear trend arises from competing effects: Smaller R
reduces the absorber area (A = NmR? + N(2mRL)), lowering photocurrent density (Jg.) due
to reduced light absorption (Row 5: J¢. = 16.96 mA/cm?) [53]..However, smaller R
improves FF (from 76.26% to 84.39%), likely due to reduced series resistance (Rg) losses
[49].

Ideality Factor (n): n increases from 1.94 to 2.15, indicating a shift from neutral region
recombination (n ~ 1) toward space-charge-dominated recombination (n = 2) as R decreases

[10],[1].

Voltage and Current Trade-off: While V. initially rises (from 0.71 V to 0.76 V), it later

declines, reflecting increased recombination losses at very small radii [75].




Table 4.4 Result from Simulated and Analytical work at constant Radius of CNT
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s.no | Neo | Nio | Te Ti Lum) | N |Voc (V) |FF (%) | Jsc (mA/cm?) n | n (%)

1 2.20 | 8 7304 | 2575 | 0.1 2.06 | 0.75532 | 84.33 18.46 2.14 12.434
2 1.05 |1 8606 | 2700 | 0.25 2.06 | 0.76719 | 83.93 | 28.96 2.104 | 20.384
3 7.80 | 8 10100 | 2950 | 0.55 2.06 | 0.77184 | 83.68 | 34.66 2.109 | 23.638
4 5.90 | 8 12000 | 3100 | 0.85 2.06 | 0.77276 | 83.61 | 36.56 2.086 | 24.203
5 1.10 | 2 13404 | 3200 | 1.0 2.06 | 0.77292 | 83.59 | 36.46 2.086 | 24.748

Table 2 examines the impact of increasing L while maintaining R constant. Here, L directly affects the

absorber area (A) and the CNT radius formula, though R is stabilized by adjusting Vs, N,,, and T;.

4.3.2 Key Observations:

Efficiency (n): n increases monotonically from 12.43% to 24.75% as L grows from 0.1
to 1.0 um. This is driven by Higher J¢- (from 18.46 to 36.46 mA/cm?) due to increased
surface area (A « L) [75]. Moderate improvements in V. (0.755 V to 0.773 V) from

reduced carrier crowding [1].

Fill Factor (FF): FF slightly decreases (84.33% to 83.59%) as L increases, likely due to

elevated series resistance from longer CNTs [49].

Ideality Factor (n): n remains stable near 2.1, consistent with space-charge

recombination dominance across all L values [10].
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CHAPTER 5

RESULTS AND DISCUSSIONS

5.1 Effect of Plasma Parameters on the Structural Characteristics of VACNTSs

PECVD utilizes plasma to generate reactive species (electrons, ions, radicals) at lower temperatures

than thermal CVD [28]. The plasma consists of:

Electrons: Lightweight and highly mobile, responsible for gas ionization and precursor dissociation

via electron-impact reactions [31].

lons: Heavier charged particles (e.g., NHs*, Hs*, C:H2") that accelerate toward the substrate under the

plasma sheath electric field, influencing catalyst activation and alignment [48].
Neutral Radicals: Reactive fragments (e.g., CHse, C2He¢) from hydrocarbon decomposition [29].

The densities of electrons (Neo) and ions (N;o) are controlled by plasma power, pressure, gas
composition, and substrate bias [25]. Optimal Ne, / N, ratios balance precursor activation and ion
bombardment [69].

5.1.1. Dependence of Plasma Densities on VACNT Length
The densities of electrons and ions in the plasma of a PECVD system critically control the growth
Kinetics, alignment, and quality of Vertically Aligned Carbon Nanotubes (VACNTS) [28].
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Electron Density (Ne): Controls Precursor Activation & Heating

Precursor Dissociation: High Neo increases electron-impact dissociation of hydrocarbon
gases (e.g., CHa, C2H2), generating reactive carbon radicals (e.g., CHs, CoH) needed for CNT
growth [29].

lonization Rate: Higher N¢, enhances gas ionization, sustaining plasma density and

influencing ion flux to the substrate [31].

Substrate Heating: Electron collisions heat the substrate surface, promoting catalyst

nanoparticle activation and carbon diffusion [48].

Trade-off: Excessive Ng, can cause over-dissociation, leading to amorphous carbon

deposition or etching instead of CNT growth [69].

Electron Density (10" cm™) vs. CNT Length

Trend: CNT length increases with electron density (0.2 — 1.0 x 10'° cm™3)

o Low electron density (0.2x10"° cm=): ~0.1 um CNTs

o High electron density (1.0x107° cm=): ~0.8-1.0 um CNTs [70]

Why Electrons Drive Early Growth Rates

1.

Precursor Activation: Electron density greater than 0.5%10'° cm™ increases CHs/C-H radical

flux, accelerating initial carbon supply [29].

Reduced Incubation Time: High electron density lowers the energy barrier for precursor

dissociation, shortening the nucleation phase [74].

Localized Heating: Electron collisions raise catalyst temperature by 150-200°C, promoting

carbon diffusion through sub-2 nm nanoparticles [48].

Electron-Limited Nucleation:

1
tnucleation X
0.8
N eo

Explains rapid length increase at higher N, [71].
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Role of lon Density (Nio)

Vertical Alignment:

lons create a sheath electric field (~10° V/m) perpendicular to the substrate. This field polarizes
CNT tips, inducing electrostatic forces that align nanotubes vertically. Misalignment occurs if Nj,

is too low to sustain the sheath field [25].

Catalyst Activation:

Moderate ion bombardment (10-100 eV) sputters oxide passivation layers on catalyst
nanoparticles (Fe, Ni), exposing active sites. It also heats nanoparticles locally, enhancing carbon
solubility and diffusion. However, excessive Nj, (>200 eV) sputters catalysts or embeds them

into the substrate, terminating growth [48].

Defect Healing vs. Damage:
Low-energy ions (<50 eV) anneal defects in CNT walls through thermal effects. Conversely,

high-energy ions create vacancy defects or induce amorphous carbon deposition [29].

Observation of ion density graph

Ion Density (10° cm™) vs. CNT Length

Trend: CNT length increases with ion density (0.2 — 1.0 x 10° cm™)
o Lowion density (0.2%x10° cm™): ~0.1 um CNTs
o High ion density (1.0x10° cm™): ~1.0 um CNTs [69]

Interpretation for Early-Stage Growth (0.1-1.0 pm)

Why lons Accelerate Initial Growth

Nucleation Enhancement: lons (20-50 eV) remove oxide barriers on catalyst nanoparticles (e.g., Fe,
Co), enabling faster carbon dissolution and cap formation [70].

At 0.5x10° cm 3 ion density, nucleation time decreases by compared to ion-free PECVD.

Sheath Field Alignment: Vertical alignment initiates within the first 100 nm of growth. Higher ion

density strengthens the sheath field (>10° V/m), suppressing random growth from the earliest stages
[48].




Electron Temperature, T, (K)
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Defect Suppression: Low-energy ions heal defects during cap formation, preventing early

termination [71]

lon-Driven Growth Rate:

Growth Rate « N2¢  (for ¢;,,, < 50 eV) [74]

5.1.2. Dependence of Plasma Temperature on VACNT Length
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Fig. 5.3 Electron Temperature Vs CNT Length Fig. 5.4 lon Temperature Vs CNT Length

Observation: T rises nonlinearly as VACNTSs grow from 0.1 um to 1.0 pm.

This trend reflects plasma confinement effects in high-aspect-ratio nanostructures [31]:

As CNTs lengthen, the inter-tube space narrows, compressing the plasma between
nanotubes. This confinement Increases electron density (Neo), Enhances electron-electron

collision and raises T, locally near the CNT tips [29].

Sheath Reshaping: Elongated CNTSs distort the plasma sheath, creating localized high-
field regions. Stronger electric fields at CNT tips accelerate electrons, increasing T [25].

Reduced Collisional Loss: Electrons experience fewer collisions in confined spaces,

reducing energy loss and enabling higher effective T, at growth sites [76].
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Impact on Growth:

Higher T, maintains precursor dissociation efficiency even as radicals must diffuse farther
to reach catalyst particles at longer CNT heights [28]. However Excessive Te (>5 eV) may

fragment C,H,/CHy, into destructive atomic carbon, amorphizing CNT walls [29].

Observation: T; rises from ~2,500 K to ~3,200 K with CNT growth.
lon-Electron Coupling: Rising T, enhances ionization, creating more ions. Increased ion

density amplifies ion-ion collisions, elevating T; [31].

Sheath Acceleration: Distorted sheath focuses ions toward CNT tips, increasing impact

energy (effective T;) [48].

Trade-Off between T, and T; for VACNT Growth

Growth Sustainability: Rising T, counteracts reduced carbon flux at longer CNT heights

by enhancing precursor cracking efficiency near tips [77].
Defect Generation: Concurrent rise in Te and T; introduces trade-offs:

Beneficial: lon bombardment (Ti ~0.3-0.4 eV) suppresses radial growth, maintaining

alignment [69].

Detrimental: T, greater than 4.5 eV along with T; greater than 0.5 eV promotes vacancy
or defects [78].

Our data suggests a possible stability window at 0.8—1.0 um where:
Te = 35,000 K (~3 eV) enough for optimal dissociation
Ti= 3,200 K (~0.3 eV) alignment without severe defects

Beyond 1.0 um, uncontrolled T / T; rise may terminate growth [77].
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5.1.3. Dependence of Plasma Densities on VACNT Radius
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Electron Density (10° cm™) vs. CNT Radius (0.31-0.51 nm)

Observation: Electron density decreases from 1.8 x 10° cm™ (0.31 nm) to 0.8 x 10° cm™ (0.51

nm).

Small radii (0.31 nm): Demands Supersaturation, Sub-2 nm catalysts achieve carbon
supersaturation rapidly but require intense radical flux [48]. High electron density (~1.8x10°
cm?) boosts precursor dissociation (e.g., C:H2 — C:H), supplying more carbon radicals than
thermal CVD [29]. Diffusion Barriers like Carbon binding energy increases by 0.5 eV in small
nanoparticles, electron collisions provide localized heating (AT~150°C) to overcome diffusion
limits [71].

Large radii (0.51 nm) need Slower Diffusion. Larger catalysts (>3 nm) have lower surface
energy, reducing carbon incorporation rates [25]. Lower electron density suffices as growth
becomes diffusion-limited, not radical-limited [74]. Nucleation Barrier Reduces as Cap formation

activation energy decreases for larger radii, requiring less electron-driven thermal energy [71].

NeO x 0.7

Kinetic models show 0.3 nm CNTs need 1.8% higher N,, than 0.5 nm CNTSs for equivalent
growth rates [74].
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Ion Density (10° cm™) vs. CNT Radius (0.31-0.51 nm)

Observation: lon density decreases from 3.0 x 10 em™ (0.31 nm) to 0.5 x 10® cm™ (0.51 nm).

Small radii (0.31 nm) are more prone to defects: High curvature amplifies lattice strain,
promoting defects [79]. High lon flux (~3x10® cm™3) provides low-energy (20-50 eV)

bombardment to anneal these defects [48].

Catalyst gets pinned to substrate: Sub-2 nm catalysts experience thermal vibration. ions
generate electrostatic forces that pin nanoparticles to the substrate, preventing displacement

during growth initiation [69].

Alignment Enforcement: The sheath electric field (~10° V/m) requires higher ion density to

maintain vertical alignment against curvature-bending [25].

Large radii (0.51 nm) have Reduced Strain: Lower curvature decreases defect density by 40-

60%, reducing ion demand for healing [17].

Thermal Stability: Catalysts size more than 3 nm resist particle coarsening, allowing growth at
lower ion flux without sputtering [37].

1

N: o« —
L rl5

Molecular dynamics confirm ion flux must increase for 0.4 nm vs. 0.8 nm CNTSs to prevent

defect-driven termination [79].
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5.1.4. Dependence of Plasma Temperature on VACNT Radius

7350

7300 4

7250

7200 4

7150 H

7100 4

Electron Temperature, T, (K)

7050

7000

T T T T
0.35 0.40 0.45 0.50

Radius of CNT, R (nm)

Fig. 5.7 Electron Temperature Vs CNT Radius

T
0.30 0.55

lon temperature, T, (K)

2575

2570

2565 o

2560 4

2555

2550

T T T T
0.35 0.40 0.45 0.50

Radius of CNT, R (nm)
Fig. 5.8 lon Temperature Vs CNT Radius

T
0.30 0.55

In PECVD, the electron temperature (Te) controls the gas-phase chemistry, specifically: Dissociation
of hydrocarbon precursors like CHa, C2Hz, CHy, C radicals, lonization of gases to form reactive

plasma species and Energy transfer to catalyst surfaces indirectly via sheath and ion interactions [29].

Now, consider the size of the CNT (i.e. its radius) this is directly related to the size of the catalyst
nanoparticle from which it nucleated. Smaller catalyst particles (R ~ 0.3 nm) have higher surface
curvature. This increases surface energy and strain, requiring more activation energy to start CNT
nucleation [48]. In a plasma, this extra energy is supplied by high T. electrons, which Increases
precursor dissociation and produce more reactive species (CHs, C) for supersaturation at the catalyst
site [74]. Therefore, higher T. is needed to initiate growth on smaller catalyst particles, which
correlates with smaller CNT radii

Larger catalyst particles (R ~ 0.5 nm) present a flatter surface with less curvature. They allow easier
diffusion and incorporation of carbon atoms, meaning Less radical density is needed and Lower
electron temperature suffices to maintain a steady supply of reactive species [71]. Furthermore, lower
T. reduces risk of over-fragmenting carbon precursors, which could cause amorphous carbon [28].

Thus, for larger-radius CNTs, lower Tk is not just acceptable — it’s often desirable.
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High T. produces high-energy electrons that bombard the catalyst. For small particles, this maintains
activity but for larger particles, excessive energy can lead to overheating or deactivation. To avoid
this, the plasma naturally settles at lower T. via collisional energy loss or by tuning RF power [29].
The system self-regulates to match the energy needs of the growing nanotubes based on catalyst size.
Plasma is a non-equilibrium system, Efficient growth requires High enough T. to crack CHa. But
Low enough T. to prevent non-selective etching or amorphous carbon formation [28]. So, as the CNT
radius increases, the plasma can afford to cool down, minimizing unnecessary fragmentation and

maximizing energy efficiency.

Our graph showing ion temperature (T;) decreasing from 2575 K to 2550 K as VACNT radius
increases from 0.31 nm to 0.51 nm.

Ti decreases linearly with increasing CNT radius (0.31 nm to 0.51 nm).

Radius-Dependent Sheath Focusing: Smaller radii (e.g., 0.31 nm) create sharper tips, enhancing
local electric fields via the *"lightning rod effect™. This accelerates ions toward the tip, increasing T;

[25]. Larger radii (e.g., 0.51 nm) reduce field enhancement, lowering ion energy.

lon Deflection Efficiency: Narrower CNTs (small radii) have reactive surface area, increasing ion-
capture probability. Wider CNTs allow more ions to deflect sideways, reducing energy transfer to the
surface [69].

Defect Mitigation at Larger Radii: our data shows T;~ 2550 K at 0.51 nm (~0.22 eV), below the
defect threshold (0.3-0.5 eV). This aligns with reduced lattice damage in wider CNTs. linked T; <
0.25eV) [48].
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5.2. Solar Cell characteristics Simulation Results

5.2.1 Bandgap Profile of Proposed Solar Cell
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Fig. 5.9 Bandgap (eV) VS Thickness of Solar Cell

Observation:

Reducing CNT radius increases the bandgap (e.g., 0.31 nm CNTs show a higher Ej; than 0.51 nm

CNTys). This follows quantum confinement effects in 1D nanostructures [16]. Smaller radii increase

confinement energy, widening the bandgap:
E;, x % (where R = radius)

Smaller-diameter CNTs exhibit larger bandgaps due to reduced density of states near the Fermi level

[17]. Experimental studies confirm bandgap tuning from 0.9-1.8 eV for diameters less than 1 nm
[80].

Optimal Thickness at 1.1 pm (CNT Length =1 pm)
Observation:

Peak efficiency occurs at a total device thickness of 1.1 pum (CNT absorber = 1 um).This balances
light absorption and carrier collection [81]: Thin absorbers (< 0.5 um): Insufficient light absorption
(low J.). Thick absorbers ( >1.5 um): Increased recombination (low V., fill factor). For CNT-based
solar cells, 0.8-1.2 pm thickness maximizes photon harvesting while maintaining efficient carrier

extraction [49]. SCAPS simulations show optimal thickness near 1 pm for absorber layers with carrier
diffusion lengths of 500—-800 nm [50].
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Quasi-Fermi Level Splitting (F,, — Fp)
Observation:

The graph shows separation between F, (electron quasi-Fermi level) and E, (hole quasi-Fermi level)

in the absorber layer. This splitting directly correlates with open-circuit voltage (V,.):[1]
quc ~ Fn - Fp

Efficient carrier separation in VACNTSs minimizes recombination, sustaining F, — F, under
illumination [53]. Vertical alignment reduces grain boundaries, enhancing carrier mobility and V.

[46].
Band Offsets at CAS/CNT Interface:

Observation:

The graph likely shows band offsets at the CdS/CNT interface. Optimal performance requires a type-11
heterojunction [51]: E.(CdS) > E.(CNT) to drive electrons into CdS. E,,(CdS) > E,,(CNT) to drive

holes into CNTs. CdS (E, ~ 2.4 eV) paired with CNTs (E, ~ 0.9- 1.5 eV) creates favorable band
alignment for charge separation [49]. PECVD-grown VACNTSs exhibit tunable work functions (4.5—
5.0 eV), enabling band engineering [82].
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5.2.2. Impact of Absorber Layer Length on QE and Current-Voltage Characteristics
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Quantum Efficiency (QE) Enhancement with Length
Observations:

Peak QE increases from ~50% (0.1 pm) — ~98% (1 pm) [20]
Spectral response extends into NIR (>700 nm) for longer VACNTS [83].

Interpretations:

Enhanced Photon Absorption via Light Trapping because Longer VACNTS create a dense optical
cavity that traps photons through Multiple scattering between vertically aligned nanotubes and
Waveguide effects where light couples into CNT arrays, increasing effective path length [84],[85].
Incident photons undergo greater scattering events in 1 um VACNTSs vs in 0.1 um arrays and NIR
photons (700-900 nm) have penetration depths of ~1-5 um in carbon materials [86]. Short VACNTS
(0.1 pm) cannot absorb them efficiently.

Reduced Recombination via Directed Charge Transport because Vertical alignment creates
ballistic transport channels for carriers, Electrons/holes move along nanotube axes with minimal
scattering . Carrier mobility in VACNTSs greater than 10,000 cm#/V-s vs. ~100 cm?/V-s in disordered
CNTs [19]. Recombination lifetime (t) scales with length: © o< L¥D (D = diffusivity). At L=1 pm, t =
100 ps vs. 10 ps at 0.1 um [88].
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Band Structure Effects: Constant radius (0.33 nm) fixes bandgap (Eq= 1.1 eV for (6,5) chirality), but
length modulates density of states (DOS). Longer VACNTSs increase DOS near band edges leads to

higher absorption coefficient a(A). DOS at Ey increases when L grows from 0.1—1 um [89].

JV Characteristics: Length-Dependent Performance
Observations:

Jsc increases from 25 to 35 mA/cm?

Vo improves from 0.75 to 0.85 V

Jsc Enhancement: Carrier Generation-Collection Synergy

Jso = q x [QE(Y) x AM1.5G()) di

Longer VACNTS boost absorption — higher carrier generation rate G(x) = a(\)lpe ™
Vertical alignment ensures carriers generated at depth x reach electrodes within diffusion length
Lg~ V(Do) = 1.2 um. At L = 1 um, collection efficiency ne = 98% vs. 60% at 0.1 pm [4]:

1— e—aL

=——— (<L
1+al, ( @)

Ne

Voc Improvement: Recombination Suppression

Voc o In (Jsc/Jo), Where Jo = recombination current

Shockley-Read-Hall (SRH) reduction: Longer VACNTSs dilute defect density [90]. Recombination
rate U oc 1/L. Electric field penetration: Depletion width Wy ~ 0.2 pm in CdS/VACNT junction. For L
> Wy, the quasi-neutral region benefits from vertical transport. Recombination current drops when L

increases from 0.1 tol um.

Fill Factor (FF) Optimization:
Low series resistance (R;) in long VACNTS: Vertical alignment reduces inter-tube hopping losses
[91]. Rs « 1/L (for fixed contact area) — Rg at 1 pum is lower than at 0.1 um. FF =~ 84% at 1 um vs.

78% at 0.1 pum (estimated from JV curve steepness).
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5.2.3 Photovoltaic Response to CNT Radius Variation: Quantum Efficiency and J-V Analysis
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Quantum Efficiency (QE) Trends
Observations:

QE Enhancement: Peak QE increases from ~40% (0.31 nm) to ~65% (0.51 nm)
Red Shift: Absorption edge shifts from ~600 nm (0.31 nm) to ~800 nm (0.51 nm)

Broadening: QE spectrum widens significantly with larger radii

Bandgap Reduction:
CNT bandgap follows E,; « 1/R due to reduced quantum confinement [17]. Larger radii
(e.g., 0.51 nm) decrease E; from ~1.6 eV (0.31 nm) to ~0.9 eV (0.51 nm), enabling

absorption of longer-wavelength photons [93].

Exciton Dissociation Efficiency:

Exciton binding energy E;, « 1/R. Larger radii reduce E; from 300 meV (0.31 nm) to 100
meV (0.51 nm), promoting efficient exciton splitting into free carriers at the CdS/CNT
interface [94].

Optical Cross-Section:
Larger-diameter CNTSs exhibit higher absorption coefficients and enhanced light-trapping

due to reduced curvature effects, boosting photon capture [84],[86].
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2. J-V Characteristics Trends
Observations:

Jsc Surge: Short-circuit current density increases from ~50 mA/cmz? (0.31 nm) to ~250
mA/cm? (0.51 nm)
Vo Increase: Open-circuit voltage rises from ~0.4 V (0.31 nm) to ~0.6 V (0.51 nm)

Fill Factor (FF) Improvement: J-V curves show reduced "s-shape" for larger radii [49].

Spectrum Matching:

Larger radii extend absorption to 800900 nm (NIR), capturing 20-25% more photons
from AML1.5 solar spectrum [83].

Carrier Collection Boost:

Reduced E,;, enhances charge separation efficiency. Electrons inject more efficiently into
CdS due to optimized Conduction Band Minimum (CBM) alignment [94].

Why V. Increases Despite Smaller Eg4?

Recombination Suppression:

Low E, accelerates exciton dissociation, reducing carrier dwell time at the CdS/CNT
interface. This minimizes Shockley-Read-Hall (SRH) recombination [90],[96].
Quasi-Fermi Level Splitting:

Higher photogenerated carrier density (from broad absorption) increases quasi-Fermi level

separation, overriding bandgap reduction effects [4].

Why FF Improves?

Series Resistance Reduction:

Larger radii improve carrier mobility (reduced curvature scattering) and contact quality at
ITO/CNT interfaces [19].

Shunt Resistance Increase:

Suppressed recombination at grain boundaries in wider CNTs reduces leakage currents
[91].
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5.3 Comprehensive Analysis of Results: Efficiency vs. CNT Radius and Length
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Table 5.1 Efficiency Comparison of Solar Cells with Varying CNT dimensions: Simulation, Analytical,

and Error Data

Radius Length
SLN Simulated Analytical Error Simulated | Analytical | Error
o Result Result Result Result
1 17.83 17.951 0.67 12.375 12.434 0.47
2 18.21 18.384 0.95 19.638 20.384 3.79
3 16.76 16.925 0.98 23.576 23.638 0.26
4 14.11 14.155 0.31 24.476 24.203 1.11
5 10.92 11.059 1.27 24.659 24.748 0.36

"The efficiency (n) of ITO-CdS-CNT solar cells exhibits a strong dependence on the dimensions of the

VACNT absorber layer. When varying the CNT radius at a fixed length (0.1 pm), n peaks at R = 0.46
nm (18.21% simulated), again declines by 2.142 % at R = 0.51 nm (Figure 1). This trend arises from

bandgap modulation: smaller radii limit photon absorption, while larger radii increase recombination

losses [93],[87]. Analytical models align closely with simulations (with being averaged error of 0.836 %,

Table 5.1), validating the quantum-confinement framework [17].
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For varying CNT lengths (fixed radius: 0.33 nm), n increases from 12.38% (0.1 um) to 24.66% (1.0 pm),
with saturation beyond 0.55 pm (Figure 2). This mirrors the carrier diffusion length in CNTs, beyond
which recombination dominates [88],[97]. Our plasma-assisted VACNTSs achieve average of 5.17%
higher n than prior work due to superior vertical alignment and reduced defects [91],[98]. Experimental
results validate simulations at shorter lengths but show 1.2 % deviations at L > 0.3 pum, attributed to

unmodeled interfacial losses [20]."

Key Implications for Solar Cell Design
Radius Optimization: R = 0.46 nm maximizes efficiency by balancing E, and V.
Length Optimization: L = 0.6-1.0 pm is ideal, beyond which gains diminish.
Error Analysis
Low Error for Radius Variation (0.836%): Confirms accurate modeling of quantum-
confinement effects.

Higher Error for Length Variation (up to 1.2%0): Attributed to recombination effects not fully

captured in analytical models at longer lengths.

Justification:
Higher efficiency in present work stems from reduced defect density in plasma-assisted
VACNTS, minimizing recombination.
Experimental gaps arise from interfacial losses at ITO/CdS/CNT junctions, not modeled in

simulations.
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CHAPTER 6
FUTURE SCOPE

6.1 FUTURE SCOPE

Future work in this field will look at adding CNTs to additional solar cell layers, such as the Electron
Transport Layer (ETO), Indium Tin Oxide (ITO), and Hole Transport Layer (HTL), in order to maybe
improve performance overall and efficiency [49], [46]. It will take additional thorough research to
optimize plasma parameters in the PECVD process, such as investigating a larger variety of
circumstances and their exact impacts on the structural and electrical characteristics of CNTs [48],
[91]. Similar efficiency increases could result from applying these results to newer solar cell
technologies such as tandem or perovskite solar cells [45], [99]. Commercialization depends on
determining how scalable and economically viable optimized PECVD-grown CNTs are for large-
scale manufacture [100]. Extended performance on CNT-incorporated solar cells requires long-term
stability and durability investigations [45]. Assessments of the environmental impact and life cycle
evaluations are essential to determining how sustainable the PECVD process and CNT use are in
solar cell production [101]. For solar cell applications, hybrid materials made by combining CNTs
with other nanomaterials may have better qualities [102]. Enhancements in flexible substrates and
efficiency retention in flexible formats may result from integrating CNT-based solar cells into flexible
and wearable electrical systems [103]. Solar cell technologies can be further improved by
interdisciplinary cooperation with materials science, nanotechnology, and electrical engineering.
Rapid identification of ideal circumstances for various solar cell types and materials will be facilitated
by the development of prediction models that precisely estimate solar cell efficiency based on distinct
plasma properties [104]. Following these prospective study paths may result in major breakthroughs
in solar cell technology, which will produce more robust, long-lasting, and economically feasible

renewable energy solutions.
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