COMPUTATIONAL MODELLING OF LIGHT-MATTER INTERACTION
IN AMORPHOUS SILICON WITH QUANTUM DOT
FOR SOLAR CELL APPLICATIONS

MIRZA BASYIR BIN RODHUAN

A thesis submitted in
fulfilment of the requirement for the award of the

Degree of Master of Science

Faculty of Applied Sciences and Technology

Universiti Tun Hussein Onn Malaysia

FEBRUARY 2023



“Not everything is as simple as Simple Harmonic Motion.” — Mirzaldehyde (2015)
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ABSTRACT

As the world population rises, energy needs, including power generation, are becoming
critical; using photovoltaic technologies like amorphous silicon solar cells (aSiSC) to
harness solar energy might benefit global concerns. Recent investigations stated that
aSiSCs were poor short-wavelength absorbers. Quantum dot (QD) technology may be
applied to aSiSC to improve optical absorptions and electric fields since the QDs’
bandgap is tunable, spanning a larger electromagnetic spectrum. However, the
computational approach to QD properties is not yet computationally summarised.
Here, this work focuses on the fundamental design of a 3D quantum dots amorphous
silicon solar cell (aSiQDSC) model with various core sizes of core/shell QD to identify
the optical absorption peak, electric field profiles, and light-matter interaction process.
This study used COMSOL Multiphysics software to simulate utilising the finite
element model (FEM). The aSiSC model’s optical absorption peaked at 736 nm at
41.83%. For aSiQDSC models, type-I QD: cadmium selenide/zinc sulphide
(CdSe/znS) with 0.5 nm core radius produced the maximum optical absorption,
46.01% at 642 nm, compared to type-1l: cadmium telluride/cadmium selenide
(CdTe/CdSe) and inverted-type-I: cadmium telluride/indium phosphide (CdTe/InP).
As the QD core radius diminished, optical absorption peaks and electric fields rose.
The quantum confinement effect (QCE) causes multi-exciton generations (MEG)
within the QD to provide advantages to aSi. This study continued by combining
nanocavity (NC) and nanoantenna (NA) to increase optical absorption and electric
fields. In the presence of gold (Au) rectangular (5%x5x3) nm nanosheets NA, the model
showed higher optical absorption of 46.58% at 642 nm due to strongly restrained
electric fields, creating a hot spot in the 0.5 nm nanogap resulting in localised surface
plasmon resonance (LPSR). Ultimately, the largest cavity aperture hemi-ellipsoidal
NC with 8.0 nm in the aSIQDNANCSC model amplified the optical absorption with
47.00% at 641 nm. Computationally, this model design is an environment-friendly,

high-absorption, and electric fields SC that will enable future research and fabrication.
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ABSTRAK

Peningkatan populasi dunia dan keperluan sumber tenaga seperti penjanaan kuasa
adalah semakin genting. Teknologi fotovoltan seperti sel suria silikon amorf (aSiSC)
untuk menyerap tenaga solar adalah bermanfaat kepada sejagat. aSiSC diwartakan
penyerap panjang gelombang pendek yang lemah. Teknologi bintik kuantum (QD)
boleh diterapkan ke dalam aSiSC untuk meningkatkan penyerapan optik dan medan
elektrik atas jurang jalurnya yang boleh ditala, merentangi spektrum elektromagnet
yang luas. Namun, pendekatan pengiraan ciri-ciri QD masih belum disimpulkan. Oleh
itu, penyelidikan ini fokus kepada asas rekabentuk 3D sel suria QD silikon amorf
(aSiQDSC) dengan beberapa saiz teras bagi QD teras/petala untuk mengkaji puncak
serapan optik, medan elektrik, dan proses interaksi cahaya dan jirim. Kajian ini
menggunakan perisian COMSOL Multiphysics dengan menggunakan model unsur
terhingga (FEM). Puncak penyerapan optik bagi aSiSC adalah pada 736 nm sebanyak
41.83%. Bagi model aSiQDSC, QD jenis-l: CdSe/ZnS dengan jejari teras 0.5 nm
menghasilkan penyerapan optik yang tinggi, 46.01% pada 642 nm, berbanding dengan
jenis-1l: CdTe/CdSe dan songsangan-jenis-l1: CdTe/InP. Apabila jejari teras QD
mengecil, puncak penyerapan optik dan medan elektrik meningkat. Kesan
pengurungan kuantum (QCE) menyebabkan berlakunya penghasilan berbilang eksiton
(MEG) dalam QD, manfaat kepada aSi. Kajian ini diteruskan dengan menggabungkan
ruangannano (NC) dan antenanano (NA) untuk meningkatkan penyerapan optik dan
medan elektrik. Penggunaan kepingannano emas (Au) segi empat (5x5x3) nm NA,
model menunjukkan penyerapan optik, 46.58% pada 642 nm disebabkan oleh medan
elektrik yang dikawal kuat menghasilkan titik panas pada 0.5 nm ruangnano yang
mengakibatkan resonans permukaan plasmon setempat (LSPR). Bagi reka bentuk
terakhir, aSIQDNANCSC, ruangan bukaan terbesar NC hemielipsoid, 8.0 nm
menggandakan penyerapan optik, 47.00% pada 641 nm. Khususnya, model ini adalah
mesra alam, sel suria dengan penyerapan optik dan medan elektrik yang tinggi
membuka ruang kepada penyelidikan dan penghasilan pada masa akan datang.
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CHAPTER 1

INTRODUCTION

1.1 Background of the study

As the global population grows and energy is in demand, the challenges of fossil
energy exhaustion, greenhouse effect, and environmental issues become critical (Lu et
al., 2020; Channa et al., 2020; Selopal, 2020; Ojo et al., 2019). According to British
Petroleum’s yearly report in 2017 (Ojo et al., 2019), the world depends on fossil fuels
as primary sources of energy (Selopal, 2020; Abdulkarim et al., 2019). It is almost
85% of total energy usage, 5% nuclear power, and 10% renewable energy resources—
consequently, this movement is not sustainable and lead to catastrophic effect.
Furthermore, renewable energy sources are replenishable over a human lifetime (Ojo
et al., 2019). Consequently, numerous efforts by the scientific team are devoted to
replacing fossil fuels with renewable resources such as hydroelectric, biofuels, wind
power, and solar energy (Selopal, 2020; Ahmad et al., 2018; Wu et al., 2016).

One of the most promising solutions to the global energy dilemma has been
harnessing solar energy to generate electricity (Lee & Ebong, 2017). Solar energy is a
readily available, unlimited, and environmentally benign energy source that meets the
energy demands (Selopal, 2020; Abdulkarim et al., 2019; Wu et al., 2016), providing
a chance to solve the energy crisis and reduce the environmental issues of the fossil
fuel usage (Liu et al., 2020). The sun’s continual thermonuclear fusion generates
energy, emits substantial electromagnetic radiation, and reaches Earth’s surface with
plentiful energy in an hour more than the world’s annual energy consumption; this
suggests that solar energy conversion is viable for meeting future energy requirements
(Channa et al., 2020; Ojo et al., 2019).



The technology of solar power has advanced in focusing on larger areas,
particularly photovoltaic (PV) technology, which captures energy from the ultraviolet
(UV), visible light, and infrared spectrum (IR). The energy conversion of solar power
into electricity focuses on PV energy conversion technology. The light-matter
interaction process (Felicetti, 2015) converts solar power’s exciting electrons into a
direct current to generate electricity (Ojo et al., 2019). The excited electrons in the PV
device jump to a higher energy level by photons from the sunlight, permitting them to
operate as charge carriers. The method warrants the utilisation of PV semiconductor
materials, producing a depletion area where the electron-hole pairs are generated when
high-energy photons with more significant energy than the material bandgap are
injected, causing the charge carriers effectively separate before recombination occurs,
and charge carrier conveyance over an external circuit (Ojo et al., 2019; Bisquert,
2017). However, the solar cells’ absorber could absorb light in a specified portion of
the electromagnetic spectrum, representing that few lights were not absorbed while
others transformed into heat (Ali et al., 2018; Jasim, 2015).

Numerous solar technologies, specifically thin film, have been studied with
tremendous results to attain dependability, cost-effectiveness, and high performance
of devices (Lee & Ebong, 2017). Thin film technology is one most promising
development in photovoltaic research (Jabeen & Haxha, 2018) where it has become
the most demanding in commercialisation and rigorous development research as the
size of thin films down to two microscales or less have effective absorption and
flexibility (Jabeen & Haxha, 2019). According to Ojo et al. (2019), the material used
as the absorber in manufacturing PV technology is classified as first-, second-, and
third-generation solar cells. Solar cells (SC) based on silicon material (Si) comprise
the first generation. First-generation SCs are the most firm of all SC types and are
notable for their extensive use of bulk materials and high production costs. Second-
generation SCs apply thin-film technology to minimise material fabrications and
production costs. Third-generation SCs portray thinner films, lower fabrication
temperatures, higher efficiency, and cheaper costs.

In a brief theoretical approach, the electromagnetic field (photon) interacts with
matter in the solid state, the most fundamental physical process in solar cells, called
the light-matter interaction process (Felicetti, 2015). The term ‘light-matter
interaction’ covers classical theory to the quantum electrodynamics (QED) theory. The

separation of light and matter topics occurred a long time ago and then reunited even



more details as the increment of quantum mechanics changed people’s perception of
the behaviour of wave-particle duality to light and matter (Weiner & Nunes, 2017,
Felicetti, 2015), as shown in Figure 1.1. Felicetti (2015) also explained that the light-
matter interaction concept has a more comprehensive meaning, the interaction between
bosonic fields (light) and anharmonic systems (matter), which effectively involves few
energy levels. The ‘interaction’ terms showed that light and matter are different

identities that influence one another by a mediator (Weiner & Nunes, 2017).
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Figure 1.1: The brief history of light and matter interaction
(Weiner & Nunes, 2017)

The unification of quantum applications and condensed matter physics
culminated in the participation of the quantum dot (QD), a nanoparticle interconnected
to light and matter (Tighineanu, 2015). The QD was declared an artificial atom since
its crystalline structure and semiconductor behaviours are analogous to atomic
structure and optical characteristics (Delgado et al., 2020; Nideep et al., 2019;
Kantner, 2018; Slamet & Sahni, 2017; Schiitz, 2015). Compared to the atomic
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