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Solar Energy

Solar energy is crucial for
sustainable and clean energy

Reliable and lasting energy

source but also a very cost-effective
and efficient.

Techniques to generate, use, and
store the sun’s energy by using
different types of solar panels.

Note: A solar cell is an electrical device that converts
the energy of light directly into electricity by the
photovoltaic effect.
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Solar Panel
Optimization

Ongoing research focuses on “Hybrid Solar Panels” with perovskite, silicon, graphene, and
raindrop energy, where:

* Hybrid panels hold promise for reshaping the energy landscape towards sustainability.
» Raindrop energy is an innovative addition for diversified energy sources.

Perovskite Perovskite

silicon Graphene Droplets
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Research Directions

Recent Progress in Perovskite Tandem Solar Cells

S e Nemise ' e Mo o M

BEVIEW ARTICLE M\\”'\'

T Perovskite/Si tandem solar cells: Fundamentals, advances,
[ SR ——— NS —T - i -

stiiationpmihammintnatiad b o challenges, and novel applications
Perovskite-silicon hybrid cells: e

Combine light absorption of perovskite and silicon kool ilpcradzerbsbonslo
efficiency. ~
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Perovskite Solar Cell Development: e A e e

Encompasses materials discovery, synthesis, . e s

fabrication, optimization, and integration. — TL
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High-Efficiency Breakthrough: T A —————

Scientists at KAUST achieve 33.7% efficiency in e SRS RS e T
perovskite-silicon solar cell. s S Grsiseiiie
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Mechanically Stacked, Two-Terminal Science

Graphene-Based Perovskite/Silicon Tandem
Solar Cell with Efficiency over 26%

Lamanna, Fabic Matteacci,” Emanuele Calabro,' Luca S

Research Directions

6

Efficient stable graphene-based perovskite solar
cells with high flexibility in device assembling

a Menchini,* Ma Sara Pasc

Antono 0,'” Mano Tucci,”* and Aldo Di Carlo S ki B B € > p 3

3o 13 seas via modular architecture design+
SUMMARY - - ~" 'Nang.” Hong Zhang, Yulin Feng,” Wenming Tian,
Purzvakitals tandem soler ce Yuchen Wang,” Shengye Jin,”

iddin, £2* Michael Gratzel” and Yantao Shilo*"

Graphene-perovskite solar cell T .

t (PCE) st lags behind that of dewvices based on Au or Ag as the current

Contents lists available at Sciencel n innovative modular PSC design using a carbon b lectrode, whose

"

greatly reduced by covenng & with another carbon-coated FTO

pressure. We showed that these b ndivdual elemments could be

Materials & Design

jy. Morecwver, amang the vanous commercial carbon sources (carbon

7ene), graphene exhbited the best overall performance, showing the

journal homepage: www.elsevier.com/locate/matdes — 655

5 & charge collactor. Power conversion efficiency (PCE] o

was

{G-PSCs). which was among the hghest efficency reported so far

nized devices without encapsulstion retained 90% of ther intial PCE
000 h. Rermarkably, G

Graphene enhances conductivity, improving charge transport
and panel efficiency.
Graphene-perovskite solar cell achieved 20.3% efficiency.

ture of

Cs thowed sgnificart structural

The roles of graphene and its derivatives in perovskite solar cells:
A review

n n PCE after repeated disasssembing and assembling for more than

| a promising prospect for the facile repair and maintenance of PSCs wa

egwes May be extended to other devices.

Kaiwen Gong *, Jichao Hu*, Nan Cui**, Yunzhou Xue °, Lianbi Li *"*, Gen Long**, Shenghuang Lin*

“Sengihan Lok Matesiali Labe
* Schoal of Science, Xi'on Polylocka

oy 21808, PR China
8, PR Chins

Depavtiment af Electrosic Eng ooy, X, 710048, o
# Coliege of Chessisery asd Envirn Liaiversity, Shens 60, PR Ching s of perovise solar cells (PSCs). It has been seen that the weilisation of carbos
¥ impeove the stability and reduce the cost of PSCs. Caebon hased PSCs (CPSO)
the pust few years, the insprovement i the power conversion efficienscy (FCE) for
st eaebon electrodes s 4 chults of ehrge transfer Gyramics. The ICEs of mast
HIGHLIGHTS GRAFPHICAL ABSTRACT [opansE of C¥SCs through s a
« PSCs is considered to be the most a
pramising energy conversion
candidate for carboo-free energy
production in the next few years
o How to keep PSCs high-performance
and good stability Is still 3 key Issue.
« Graphene and its derivatives have Introduction

revealed their advantages in the field
of PSCs.

« Future challenges and oppartunitics
for development of graphene and Its
denivatives In PSCs in the futare are
discussed.

In the past few years, perovskite solar cells (PSCs) have experi-

enced a stunning growth in power conversion efficiencies

baand tandam wclar cels, i which (PCEs), and the best-certified PCE of 24.2% was achieved very

recently. " However, the long-term operational stability of the

new photovoltaic devices has not yet been ascertained so far,
which has become the main limitation hindering their practical
v applications.” One potential source of instability is the Au- or
Ag-based metal back contact, which is prone to react with

ARTICLE INFO ABSTRACT halogen jons from the perovskite, leading to performance

5
degradation. Importantly, moisture- and heat-resistant

With the rapid demand growth of green energy technologies, solar cell has been considered as a very carbon materials show great promise as alternative charge
promising technology 1o address current energy and enviroamental Issues. Amang them, perovskate solar

cells (PSCs) have attracted mach research Interest in recent years due to the prominent advantages of

lizht welght, good flexibility, low cost, and comparable power conversian efficiency (PCE) to that of tra.

dational commercial solar cells (b, amorphous silicon, CaAs, and CdTe) Meanwhile, elemental two- . i 12 5 & 3585
dimensional {2D) graphene and its derivatives, which possess the outstanding advantages of abundant

functional groups, good environmental stability, and good compactness, have been extensively studied

on the Integration with PSC devices. The review introduces the properties and preparation methods of

graphene and its denivatives, and the applications in PSC are summuarized in detadl. Ultimaredy, the critical

challenges and prospects for the further development of graphene and its denvatives in PSCs are

discussed.

© 2021 The Authors. Published by Elsevier Ltd. This s an open access article under the CCBY-NC-ND lcense
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1. Introduction

e e S, S e oo e Global energy consumption has reached 16 terawatts in 2006
o i sy Ve ; Ly, and is predicted to increase to ~30 terawatts by 2050 [1]. How
” ) (G. Long) o S L ever, traditional energy sources such as fossil fuels usually increase
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Research Directions

Droplet Layer:

Transistor-inspired structure introduced new coplanar-electrode which

overcomes issues related to parasitic capacitance.

Strip-like droplet energy harvesting panel overcomes challenges,

achieving high output voltage.

Raindrop energy harvesting:

Raindrop impact's kinetic energy can supplement solar energy,

especially in rainy regions.

Radio Frequency Energy harvesting

energy conversion technique employed for converting energy from the

electromagnetic (EM) field into the electrical domain.

Joule Cell

Mechanically Stacked, Two-Terminal
Graphene-Based Perovskite/Silicon Tandem
Solar Cell with Efficiency over 26%

o Lamanna, Fabioc Matteacci
LY <

e Calabro, Luca Martir

nio Agrest

a Menchin ani,

Mano Tucci,”* and Aldo Di Carlo
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Introduction

Renewable energy, such as water energy, solar energy, and wind
energy, is a promising alternative to fossil fuels for solving the
energy crisis being faced by humanity today. Water, covering

about 72% of the earth's surface, contains vast energy in the

form of raindrops,” river flows,” ocean waves,” and others.> "
Traditional hydropower plants, which are bulky and require a

largevolume water supply, have achieved great success in the

global energy supply system. By contrast, the enormous energy
1 stored in droplets has not yet been effectively exploited, such as
raindrops, dews, and waterfalls. For raindrops, the estimated

kinetic energy is 3000 TW h per year, which Is equal to 5% of
the global annual energy consumption™'*'* (the amount of

RERERERAMNES 4SXTRALCT ¢ global annual precipitation is about 5.05 x 107 km”, diameter
v e e e e e e T . of rain droplets is about 2 mm, and terminal speed of rain
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Proposed System

01. Perovskitel/Silicon Tandem Solar Cell

02. Graphene in Perovskite Solar Cells

03. Droplet Layer

04. Antenna
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Advanced Solar Panel Configuration

Droplet Energy Harvester =« ’

Encapsulant-EVA ,—J

Perovskite-Graphene cell —

Transparent
Contact

Transparent
¥ Contact

Optical Coupling / Interconnection <

Transparent
Contact

Perovskite-Silicon Cell =

Rear Contact =

Encapsulant-EVA <«

Back sheet =« » Junction Box

Adaptive configuration captures sunlight and raindrop energy
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Silicon layer:
Enhances charge separation and collection efficiency. Droplet Energy Harvester «
Perovskite Iayers: Encapsulant-E\"A PU—— Transparent
Contact

Excel in light absorption, generating electron-hole pairs.
Perovskite-Graphene cell

Transparent

Graphene layer: " Contact

Acts as a superior conductor, amplifying charge transport. UIcAl Compng MR Transparent

- \ Contact
Raindrop Energy Panel: Perovskite-Silicon Cell + |
Raindrop impact generates electrical charge, adding to power generation. Rear Contact «

Encapsulant-EVA «

A L4

Back sheet «+— /

— Junction Box
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PerovskitelSilicon Tandem Solar Cell Structure
PEROVSKITE ON SILICON
TANDEM SOLAR CELL

* Unified Solar Device Integration.
Merges perovskite and silicon technologies for enhanced solar ioonsalel ey Selective
spectrum capture and higher efficiency. =1r i
* Perovskite Solar Cell Evolution:
Encompasses material discovery, synthesis, fabrication,
optimization, and integration with other solar tech. ~y—

Perovskite top-cell

Silicon bottom-cell

Recombination Back Electrode

Laver

/////\/!

.A\A
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Graphene Features

* Two-dimensional (2D) material.
* Optical Transparency.

* Electrical Conductivity

° Carrier Transport Properties.
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Graphene in Perovskite solar cells:

25
21.6
20.320.2 20.1
20 18.2 — 18.7 18.1 18.7
. 216'4 15.6 15.c 8 15.7
14,
15 == I BB —
12.4 o
10 N B ;
O i
1112 1.3 2:1.2:2 2.3 3.1 3.2 33 4142 43 5.1 5.2 5.3

MTCE WMETL mPL WMHTL mCBE

Performance Impact of Graphene in Perovskite Solar Cell Layers
The position of graphene doping in one of the five layers significantly impacts the performance and efficiency of
perovskite solar cells.
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Droplet Energy Harvesting

Intact

Human |
7% /

Habitation §
05"

Untapped Water Energy Potential:

» 70% of the Earth’s surface is covered by water.

- Earth's water holds substantial energy in various motion forms.
* Raindrops alone possess significant kinetic energy.

* An underutilized resource.

Raindrops Energy Global Impact:

» Raindrops contribute substantial kinetic energy - 3000 TW h
annually.

* This energy accounts for 5% of the world's yearly energy
consumption.
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Droplet VMiechanism

(b) Working mechanism o
(i) . (ii) (iii) (iv) —LLhs
—> o —>
v i : T

Before impact Droplet contacts drain Droplet retracting Droplet slides off
electrode
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M Droplet
B FEP
Droplet Cell Structure
PET
Droplet energy harvesting panel e
STLD;
(1) (i1) Transistor-inspired
droplet energy harvester
This transistor inspired structure DEH cell consists - schac O

Dielectric

of 3 layers:

» FEP: Transparent Di-electric material, with strong electron-
attraction ability.

 ITO: Transparent Conductor Transistor inspired structure DEH cell

* PET: Transparent Hydrophobic Substance.

The coplanar source electrode and drain electrode were separated by etching a gap
with a width of 1 mm on the ITO.

ITO: Transparent Conductor.
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Droplet Cell Features

® Fully Transparent.
® High Performance.

® High-efficiency droplet energy harvesting under multi-
position.

® Robustness:

1. When the source—drain gap was covered by water, the output performance
remained unchanged.

2. After taking out from water, the output voltage gradually recovered and
stabilized at about 220 V in 3 min.
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Strip-Like DEH Coplanar electrode Sustaining
for random addresses the output voltage
droplets Parasitic capacitance of 103.47V

>

Droplet Layer Factors

Droplet Hydrophobic volmeand
volume and
spreading area dielectric layer height
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b Best Research-Cell Efficiencies Tansoming
Simulation Results
A Two-junction (non-concentrator) @ CIGS
| A Single crystal O CdTe
40 V' Thin-film crystal Emerging PV
Crystalline Si Cells O Perovskite cells
B Single crystal (non-concentrator) A& Perovskite/Si tandem (monalithic)
35 O Multicrystalline @ Organic cells (various types)
® @ Silicon heterostructures (HIT) &> Quantum dot cells (various types)
Perovskite/Silicon Tandem Solar Cell e €=

The expected theoretical PCE for such a solar cell

is around 40%. X B
=
® Up to now: b
Scientists at KAUST achieved 33.7% efficiency in é
: or- 20
perovskite-silicon solar cell. L rEe
E’ 16 ‘
12—
B_
4_
| e o e e (o Lo T L i e (e T e e e T e
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Simulation Results

By using the simulation software (COMSOL) yields the outcome:

* Graphene in Perovskite solar cells

Enhanced Device Performance with ( SnO2:GRDs):

= Achieved average power conversion efficiency
(PCE) 0f 19.2 £ 1.0%.

» Peak steady-state PCE reached 20.23% with minimal hysteresis.

Method for Performance Enhancement:
Enhancing electronic properties of SnO2 effectively boosts cell performance.

Spiro-OMeTAD

CH,NH,Pbl,
g dgl

4 1;'@31®S Y
5 4 b

0099 90
0°o°%o

«~€g © &
0=Sn=0 ; S - 900"
—_— *To%e®

p— 0

Sno, GQDs
Q

—@— Steady state PCE: 20.23%

1 A 1 M 1

40 60 80 100
Time (s)

Result showcases improved perovskite solar cell performance
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Simulation Results

Voltage Current
300 - 1300
By using the simulation software (COMSOL) yields the outcome:

~ <

2,200} 1200 =
* Droplet Energy Harvester: 5 :;

« )
The latest achievement in DEH panel is a strip-like DEH panel to the % 100 F 1100 E
coplanar-electrode DEH panel can delicately alleviates the parasitic i &
capacitance issue.
Maintaining a high output voltage of 103.47V. OF "————

0‘2‘4‘6l8‘10
Time (s)

After taking out from water, the output voltage gradually recovered and stabilized at about

220 Vin 3 min
Output voltage and current of the DEH cell
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RF Energy
Harvesting

Radio frequency energy harvesting (RFEH) is an energy
conversion technique employed for converting energy from the
electromagnetic (EM) field into the electrical domain.

In particular, RF Energy Harvesting is a very appealing
solution for use in body area networks as it allows low-
power sensors and systems to be wirelessly powered in

various application scenarios.

esﬁ) information | energy

Fig.1. RF Waves Sources

Receiving
Antenna

Impedance Rectifier =
Matching  Voltage Management
Network Multiplier g

~[ o || 4% [| @

T

Applications

Fig.2. RF Energy Harvesting Block Diagram
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RF Energy Harvesting Design Procedure

> »

Band selection Design ol Antenna

-Local Survey for used bands and
frequencies
-Band Usage and Allocation

-Patch Shape Selection and
Analysis
-Design and Simulation
-Antenna Array Design

| | W |
) 3

Circuit Design

-Combiner circuit design (only Final S.I-E'ps
for antenna array) -Fabrication
-Rectifier Circuit design -Testing

-Matching network design -Assembly
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Using Antennas for Energy
Harvesting

. Nowadays we are surrounded by a lot of electromagnetic
waves from different sources such as WIFI, Bluetooth,
telecommunication towers, etc. which makes a feasible source
for energy harvesting.

. \We can use antennas to harvest RF energy from the
electromagnetic waves

* Antenna gain

* Resonance freq.
* Bandwidth
Transmission amcnna\/ >>>> \ ; Receiving antenna
Impedance A tapt
pe Rectifier/Voltage Power Applications
matching network .
RF generator ) multiplier management | |
..... b_ "
| -l
™~ = @
* RF power * Free space path . $11 * Gain
* Transmission loss « Q factor o RF-DC power * Energy storage  * Power
freq. * Operation * Resonance freq conversion ' g:;ou: mpowe‘ r. . ;onwmpuon
range * Bandwidth efficiency p e Wty-cycle
* Number of stage
* Rectifier
configuration
* Sensitivity
) RF source Transmissson pace Wireless power harvesting carcunt
Ay
: L : . :
: L‘ . : g—
e e —
S e e aEm = = r = = s T T s L |
X g1 - - | ! =l sk
E = o — 1 —
5 . - | .
B - ' o - .
| - ' S = |- ———— i

E = @ 2R = 20 __ n
: N i :: = - - F— =
. = e

LIIIIIII

Lre-crgy S raps
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Microstrip Antenna

Microstrip Feed

Patch

+ A microstrip patch antenna is a type of low-profile antenna
commonly used in modern wireless communication systems,
such as mobile phones, satellites, and Wi-Fi routers.

+ Structure:

. A thin metallic patch (radiating element) on a dielectric
substrate.
. A ground plane on the other side of the substrate.

Key Features:

Substrate

Compact size, lightweight, and easy to integrate into /'
devices. Ground Flane
Supports applications with frequencies ranging from MHz to

several GHz.

Low cost and easy to manufacture.
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Microstrip Antenna

Basic Working Principle:
The metallic patch acts as a resonant cavity, radiating
electromagnetic waves when fed with an RF signal. Radiation
occurs due to the fringing fields at the edges of the patch.
Modes of Operation:
The dominant mode of operation is the TM1010 mode, where
the electric field is maximum along one dimension of the patch.
Feeding Methods:
Coaxial feed, microstrip line feed, aperture coupling, and
proximity coupling.

L afiifal |'|.||:'

:'l'-._l_--.l_-|.|. |
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Construction of Antenna over Solar Cell for
Hybrid system /2

The whole system is constructed of the following parts:

« Patch acting as RF collector using conductive material

« Perspex acrylic substrate for RF Patch

» Feedline for transferring the collected RF power to the SMA
connector for energy harvesting and matching the impedance
with SMA connector.

» Glass for protecting the solar cell panel

» Solar cell panel

« SMA for terminating the antenna matching to 50ohm
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Combining Solar Cell with Antenna

a Rectmgulr ring paich

Stcked
A layrdof p
eaprulihce HAH

Solar cel (Sui]

® Building antennas around solar cells

a
(RERANENRNERERENARANEE]
[IIlIIllllllIIIllllI[} W

® Interdigitate the Antenna
over the solar cells

oUsing Meshed Antenna

oUsing Transparent Conductors

The transparent antenna allows us to utilize the whole solar cell
surface to build antenna and/or antenna arrays
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Combining Solar Cell with Antenna
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Transparent Antenna
Concept

@ Transparent antenna could be achieved
by:

Using transparent material
Meshing the Antenna Design by using very thin lines

@ Meshing line width effect the peak
gain of antenna
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Types of Transparent Conductors

 Nano Carbon

1. Graphene

2.Carbon Nano Tubes (CNT)
» Transparent Conductive Oxide (TCO)
* Conductive Polymer

* Nanowires

CNT-Silver Nano Tube -Hybrid
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Effect of transparency on
antenna gain

[=)] ~l o]

For a fixed line width, higher transparency results
in gain reduction,

Peak Gain (dB)
(4]
P

g% w L
T

o

however, when fixing transperency and
optimizing for line width, it is noticiable that the
relation between antenna gain and line width is
iInversely proportional thus the thinner the line
results in higher gain.

Transparency (%)

20 40 60 80 100 |
Transparency (%)

0 20 40 60 80 100 |

Peak Gain (dB)

85

1

Li

1 j5
ne Width (mm)

2

2.3
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I 14
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Effect of solar cell on
antenna

* When solar cells are placed near an antenna, they can cause o I il
interference and affect the performance of the antenna -

|:'| 1 1 1 1 1 k 1 1 1 1 1 1 1 1

00 02 04 06 0F 10101017 10t 10”7 10" 107 107

LA

I

Lid

Gam (dB)

Pt

(=1
—
N L
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° This interference effect the overall efficiency of the antenna

* The presence of solar cells can also lead to changes in the
radiation pattern and polarization of the antenna

* The most noticeable reduction in antenna gain occurs at the L e Blectodes
. . g . i —ip— w0 Electrodes
conductivity level where solar panel junctions operate L E
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Effect of Antenna on Solar Cell

* Solar cells efficiency is very sensitive to the attenuation in solar energy
* Addition of any materials over the solar cell increase the attenuation
* Conductors easily block light due to it's nature
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Conclusion

** Integration of perovskite, silicon, and graphene layers yields remarkable
achievements.

*+* Efficacy of up to 33.7% (perovskite-silicon) and 23.1% (perovskite-graphene)
realized

*** Hybrid Energy Source: Combining transparent microstrip patch antennas with

solar cells enables dual-mode energy harvesting from both RF and solar sources.

*** Transparency Advantage: Transparent antennas offer practical benefits for
applications requiring visibility, such as in windows or wearable devices.

¢ Nanomaterial Enhancements: Using nanomaterial substrates improves the
efficiency and compactness of transparent antennas, optimizing energy
harvesting.
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Future Work

* Study the feasibility of transparent conductive materials suitable for antenna

°* Development of suitable conductive ink with low resistivity and can sustained
wear and tear.

°* Testing more techniques for placing antenna over solar cells for better
transparency results.

* Study the feasibility of using graphene solutions to print antenna using ink-jet
material printers.

* Adding the new materials to simulation software and simulating the antenna
structure using it.

* Study the impedance effect on matching transmission line due to different
materials used in antenna and connector electrode.
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