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Abstract 

Global energy consumption has reached new peaks year on year and keeps increasing 

because of continuously growing demand. Solar energy is an abundant clean energy 

source, which has become one of the most promising energy sources to cope with 

potential energy crisis in the future as the solar cell technology keeps developing. There 

have been significant achievements in emerging photovoltaic research especially on 

efficiency and fabrication techniques of perovskite solar cell in recent years. However, 

there is still large proportion of incident light that remains unabsorbed due to optical 

losses before reaching the photoactive layer. This thesis will investigate a potential 

approach to enhance the light absorption in photoactive layer through numerical 

modelling and experimental fabrication with characterisation. 

The background and solar cell fundamentals are briefly introduced followed by a quick 

review of existing literature that is relevant to the absorption enhancement for solar cell. 

Based on review of previous and current research progress in solar cell absorption 

enhancement, the research objectives focus on the impact on optical absorption due to 

parabola-cone array at the front surface of perovskite solar cell using a finite-difference 

time-domain (FDTD) method with the aid of computational tool pack. To investigate the 

optical behaviour of perovskite solar cell with parabola-cone surface structure, parabola-

cone array is modelled on a perovskite solar cell surface with varying parameters such as 

height, base diameter, aspect ratio, angle of incidence and base duty ratio. The modelling 

results suggest that the aspect ratio and the base duty ratio of parabola-cone array are two 

key parameters that can affect the transmission and absorption of incident light. It was 

discovered that parabola-cone with aspect ratio of 1.0 and 1.5 are the two best performed 

geometry setup among the selected values under normal incidence when the base 

diameter of parabola-cone is around the absorption spectrum of the solar cell as they can 

provide the highest photo generation rate and short-circuit current density, which are 

important measure of solar cell’s optical absorption. The oblique incidence scenario is 

also modelled for a parabola-cone array to further investigate the enhancement effect. The 

modelling results show a nonlinear relationship between the angle of incidence and the 

short-circuit current density of a solar cell for solar cell with and without parabola-cone 

structured surface. For parabola-cone with base diameter of 1 um and base duty ratio of 

1.0 under oblique incidence, it was discovered that the enhancement in short-circuit 
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current becomes more distinctive as the aspect ratio increases from 0.5 to 2.0 especially 

for large incident angle, achieving an absorption enhancement of around 5% when the 

aspect ratio is 2.0.  

The direct-writing laser beam lithography and photo imprint lithography techniques are 

studied by fabricating the parabola-cone array with proposed geometric setup onto the 

front surface of a perovskite solar cell to explore the practicability of proposed fabrication 

techniques. The intended surface structure is characterised for geometrical profile as well 

as the solar cell performance, which is measured prior and after the parabola-cone 

structured film is applied. Results from both modelling and experiments are analysed and 

it is found that the fabricated structured film demonstrates strong absorption enhancement 

impact when the aspect ratio is 1.5 and base diameter of 1 um under normal incidence.  

The intended parabola-cone array can generally be achieved with proposed techniques 

however, there is still a lot of room for improvement especially in terms of accuracy for 

geometric profile. Overall, the fabricated parabola-cone achieved average 8% 

enhancement in short-circuit current density for selected angle of incidence, which 

improves the energy conversion efficiency up to 1% - 2% compared to solar cells with no 

surface structure, depending on the angle of incidence.   

 

Key words: Surface structure, parabola-cone array, perovskite solar cell, finite-difference 

time-domain (FDTD), Lumerical FDTD Solutions, aspect ratio, base duty ratio, angle of 

incidence, direct-writing laser lithography, photolithography for nanoimprint 
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Chapter 1 

Introduction 
 

Solar energy is a renewable form of energy that offers a clean, environmentally-friendly 

energy source to human beings. It is also an abundant and inexhaustible energy source 

that is relatively well-spread over the globe. However, by the end of 2017, solar power 

only contributed to around 1.9% of global electricity demand [1]. To meet the increasing 

energy demand of the world and protect earth environment, the utilization of solar energy 

has to grow and may eventually replace conventional energy sources, becoming one of 

the most predominant energy sources in the future.   

According to the renewables 2017 Global Status Report, solar generated power has 

increased more than 30 GW each year in the past five years and there is additional 50 GW 

solar generated power add onto last year, bringing its total contribution to 227GW 

worldwide [2]. To further facilitate the fast-growing photovoltaic utilization, research and 

development in solar cells play an important role in protecting against excessive 

greenhouse gas emission from conventional power generation. Currently, two main 

challenges in solar cell development are further enhancement of device efficiency and 

reduction of manufacturing cost. This thesis will explore a potential solution may help to 

achieve those goals in a more cost-effective way. 

 

1.1  Development of Solar Cell 
 

A solar cell is a type of device that converts solar energy to electrical energy by taking 

advantage of the photovoltaic effect. It was first discovered in 1839 by French physicist 

Edmond Becquerel, who observed current flow when light was projected on the 

electrodes that immersed in electrolyte solution [3]. There was not much advancement 

until Adams and Day discovered photovoltaic effect in Selenium and confirmed the 

photovoltaic effect in solid state system for the first time in 1876 [4]. After Albert Einstein 

successfully demonstrated the photovoltaic effect and put forward the concept of the 

photon in 1905, a much more comprehensive understanding of the photovoltaic effect 
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was formed [5]. In 1930, Grondahl investigated the rectifying property of Cu-Cu2O 

heterojunction and designed solar cells based on the heterojunction structure. After that, 

Bergmann modified Selenium based photovoltaic devices in 1931 and Nix reported solar 

device based on CuS in 1939 [6].    

With the development of electronic computers, people have a more comprehensive study 

and understanding of silicon material. In 1954, the first practical solar cell based on 

monocrystalline silicon was developed in Bell’s lab and achieved 6% energy conversion 

efficiency [7]. Over the next few decades, solar cells were mainly used for space 

technology. In 1985, the University of New South Wales in Australia reported the Si 

based solar cell they developed with its conversion efficiency over 20%, which initiated  

a second round of research efforts in solar cell technology [8].  

Due to the intensive research and fast development in photovoltaic technology in the past 

decades, there are many different types of solar cells currently available and these can be 

classified into different categories based on their fabrication materials. The mainstream 

solar cells are the silicon based solar cells, organic solar cells (OSCs), dye-sensitized solar 

cells (DSSCs), Quantum dot sensitized solar cells (QDSCs) and inorganic compound 

semiconductor based solar cells. 

 

Figure 1.1 Efficiency chart of research cell record (2018) [9]. Figure 1.1 shows the roadmap of 

photovoltaic technology development from past to present including the latest device efficiency 

records and the records over the decades. The cell efficiencies are presented in five different 

semiconductor families which are the multi-junction cells, single-junction gallium arsenide cells, 

crystalline silicon cells, thin film technology cells and the emerging photovoltaic cells. 
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As shown in Figure 1.1, the efficiency of all kinds of solar cells are improving year by 

year. However, the efficiency growth of majority solar cells tends to be less rapid in recent 

years except for the emerging photovoltaic cells such as quantum dot cells and perovskite 

solar cells. After high performance thin film solar cells (3rd generation) were introduced 

in 2003 by Professor Martin Green from the University of New South Wales [10], the 

emerging solar cells set new records of cell efficiency.  

 

1.2  Solar Cell Fundamentals and Key Characterization 

Parameters 
 

The sun continuously emits energy as a blackbody to outside world in the form of 

photons, which can be converted into electricity by a solar cell. For example, when 

photons are incident on a PN junction cell made of inorganic semiconductor, if the energy 

of the photon is lower than the semiconductor bandgap (hv < Eg), it can pass through the 

semiconductor without absorption; if the energy of the photon is greater than the 

semiconductor bandgap (hv ≥ Eg), it will be absorbed by semiconductor material to break 

the bond of electrons in valence band. As a result, the electron with absorbed energy will 

jump from the valence band to conduction band and leaving a hole behind in the valence 

band. Under the effect of internal electric field, the photo-generated electron hole pair 

will be separated. Electrons are collected in N type semiconductor and holes are collected 

in P type semiconductor. Charge carriers that are generated in the depletion region will 

travel to electrodes by diffusion. However, not all photon-generated electrons and holes 

are collected at electrodes, due to the recombination of electrons and holes. When the 

electrodes are connected to external load, a closed loop for charge is formed to flow and 

as a result photocurrent is generated.  
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Figure 1.2.1 Typical structure of a PN junction solar cell. Sunlight passes through the 

antireflection coating and the emitter of the PN junction solar cell, generating electron-hole pairs.  

 

Ideally, the photo generation characteristics can be described by the diode equation in the 

dark and under illumination as shown in Equation 1.1 and 1.2. The diode equation for a 

solar cell in the dark is 

                                            ������ �  ���exp ��.	

�

	 
 1�,                                                (1.1) 

and under illumination is 

                                        ������ �  ���exp ��.	

�

	 
 1�  
 �����,                                   (1.2) 

where ������  is the current flowing through the PN junction, and ��  is the saturation 

current in the dark due to free motion of charge carries. V is the applied voltage across 

the PN junction, q is the electron charge, k is Boltzmann’s constant, T is the absolute 

temperature and  ����� is the photo-generated current. 

Since the current is proportional to the area of the cell, current density J is used, which 

gives the current per area of the device. According to the diode equation, the J-V 

characteristic curve of a solar cell in the dark and under illumination are shown in Figure 

1.2.2. 
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Figure 1.2.2 Current-voltage curve for PN junction cell in dark and under illumination. ��� is the 

short circuit current density, which is the current flows through external loads when electrodes of 

the solar cell are short circuited per unit cross-sectional area.  ��� is the open circuit voltage, at 

which no current flows through external circuit. and ���� is the maximum output power, which 

is given by the product of Jmax and Vmax. 

 

This J-V curve defines the key parameters of a solar cell and is widely applied to 

characterise solar cell performance: 

 ���  is the short circuit current which is a measure of light absorption. It is the 

maximum amount of current that the solar cell can generate and highly 

dependent on the active material properties such as its thickness, geometry, 

dielectric function and carrier diffusion length.  

It can be estimated by 

                                            ���  = qG (�� +  ��)                                            (1.3) 

where q is the electron charge, G is the electron-hole pair generation rate, �� and 

�� are the diffusion length of electrons and holes respectively. 

 ���  is the open circuit voltage, which is a measure of the charge separation 

within the cell. It is the maximum amount of voltage that the solar cell can 

generate and depends on the built-in voltage and recombination rate. It can be 

calculated by solving the J-V curve for V when J = 0 (open circuit), which gives 

                                          ��� = 
��

�
ln (

	��
	�

+ 1)                                                 (1.4) 
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 Fill factor, commonly known as “FF”, which in conjunction with ��� and ��� , 

determines the maximum power from the solar cell. It is a key measure of solar 

cell quality and mostly depend on the series and shunt resistance of the solar cell. 

It is defined as the ratio of maximum power from the solar cell to product of ���  

and ���. 

                                                FF = 
	��×
��

	��×
��
                                                   (1.5) 

 Energy conversion efficiency is the most common parameter to measure a solar 

cell’s performance. It is defined as the ratio of the solar cell energy output to the 

energy input from the sun.  

                                             ��� =  ��������                                             (1.6) 

                                                � =  

��	����

���
                                                   (1.7) 

Where ��� = 1kW/m2 or 100mW/cm2. The efficiency depends on the spectrum 

and intensity of the incident sunlight and as well as the solar cell temperature.  

Therefore, efficiency measurements are standardized to a temperature of 25°C 

and air mass 1.5 (AM 1.5), which is acknowledged worldwide in both 

photovoltaic research and industry. 

 Quantum efficiency (QE) is another key measure of solar cell’s performance 

which is not shown in the J-V characteristic diagram. The QE can be used to 

refer to both internal quantum efficiency (IQE) and external quantum efficiency 

(EQE). The EQE is defined as the ratio of the number of charge carriers 

(electron-hole pairs) collected by the electrodes that contributing to photo-

generated current to number of photons impinge on the solar cell surface. IEQ is 

the ratio of the number of charge carriers collected by the solar cell to the number 

of photons absorbed by the solar cell. Therefore, IQE is always greater than EQE. 

 

1.3  Motivation and Current State of Arts 
 

Optical absorption plays a key role in any type of solar cell as it provides the input power 

to the photovoltaic system for energy conversion. For solar cells made of semiconductor 

with certain bandgap, if more photons with energy greater than the semiconductor 

bandgap can be captured by the photoactive material, it can potentially stimulate more 
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charge carriers within the cell and improve the photo-generated current, which may lead 

to a higher device efficiency. In fact, a large number of photons are reflected from the 

solar cell surface before they are captured.  

 

Figure 1.3 Surface reflection from a silicon solar cell with different surface conditions. Bare 

silicon surface reflects over 30% of incident light. Silicon under glass reflects 15% to 30% of the 

incident light depending on incident wavelengths. Silicon under glass with optimal antireflection 

coating of n = 2.3 only reflects less than 10% of incident light for the main absorption spectrum. 

 

For example, the Figure 1.3 shows the comparison of surface reflection from a silicon 

solar cell with and without a typical anti-reflection coating [11]. It can be seen that more 

than 30% of light is reflected at the surface of bare silicon and over 15% of light is 

reflected for silicon under glass, whereas the silicon under glass with optimal 

antireflection coating (n = 2.3) gives a relatively low reflection over the whole absorption 

spectrum of silicon solar cell. According to Figure 1.3, nearly all the incoming light at 

600 nm wavelength can be absorbed by silicon solar cell under glass with optimal 

antireflection coating. However, there are still a considerable number of photons that fail 

to be captured due to surface reflection. The optical losses caused by surface reflection is 

not only an issue for silicon solar cell but also for other type of solar cells.  

Furthermore, assuming there are sufficient number of photons reach the photoactive 

layer, theoretically, a thicker photoactive layer would absorb more photons than a thin 

photoactive layer with the same material, due to larger volume, and contribute higher 

photo-generated current. However, the photons that actually contribute to the 

photocurrent generation is much less than expected in a thicker photoactive layer. This is 
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because when the thickness of photon absorbing layer is greater than the diffusion length 

of the photo-generated charge carriers, the free electrons and holes recombine before they 

reach the electrodes and therefore do not contribute to photo-generated current. Thus, a 

relatively thinner photoactive layer that is close to diffusion length is preferable as it 

allows free carriers to be collected at electrodes before recombination happens. As a 

result, the overall number of photons that captured by photoactive layer decreases as the 

thickness become thinner.  

To achieve high efficiency solar cells, it is important to retain the photon absorption of a 

thicker device in the thin device structure. Therefore, it is crucial to reduce the optical 

losses at solar cell surface and enhance photon absorption by the photoactive material, 

which is the motivation behind this research. 

Light trapping is an approach to maximise capture of photons from an impinging electro-

magnetic (E-M) wave with the objective of generating charge carries, excitons or heat 

[12]. It has been widely used in many applications including sensing [13], photo-

electrochemistry [14], solar fuel production [15], and photovoltaics [16]. To maximise 

the light absorption of a solar cell, there are three main categories of methods to realise 

light trapping enhancement, which are the antireflection coating, surface plasmon 

resonance and surface texturing. 

Antireflection Coating (ARC) 

An antireflection coating is one of the most straightforward approaches to improving the 

capture of photons, which makes by applying single or multiple antireflection layer on 

the top of the solar cell surface. It is usually made of a thin layer of dielectric material 

with a specially chosen thickness to allow destructive interference between the reflected 

wave from the top and bottom of the antireflection coating layer and therefore resulting 

in zero net reflected energy. Since single antireflection coating only works for certain 

wavelength, multi-layer antireflection coating is more widely used in high efficiency solar 

cells as it covers broader spectrum of solar radiation [17].  

Latest research on ARC reports that the reflectivity of the textured silicon wafer with 

TiO2 single layer has achieved 5.3% average reflectance (the reflectance average between 

300 nm and 1100 nm), whereas, reflectance is further reduced down to 3.3% after spin 

coating ZrO2 on the spray-deposited TiO2 compact layer, which improved the solar cell 
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conversion efficiency from 15.19% to 15.88% and the short circuit current density from 

35.3 mA cm-2 to 37.2 mA cm-2 [18]. 

Surface Plasmon Resonances (SPRs) 

Surface plasmons exist along the interface of a metal and a dielectric, and this has been 

used as an effective light trapping method in solar cells during the past decade. When 

light is incident on a metallic surface, the unpaired electrons which are confined to surface 

of the material starts oscillating collectively. This leads to certain resonances when the 

frequency of incident photons match with the frequency of collective oscillations 

produced by the electrons of metallic material. As a result, photons are trapped on the 

surface of the metal due to the interaction with the free electrons. This provides a way of 

light trapping by using metal nanoparticles for absorption enhancement and light 

extraction, as the resonance is strongly depending on the size, shape and the dielectric 

environment of nanoparticles. By controlling these parameters of nanoparticle, they can 

be used as efficient light scattering material as part of the light confinement system [19]. 

In recent research, SPRs are utilised in most types of solar cells including emerging 

photovoltaic devices such as perovskite solar cells and other types of organic solar cells. 

A recent study reported performance improvement on perovskite solar cell with silver 

nanoparticles embedded into compact TiO2 layer by taking advantage of localized surface 

plasmon resonance effect [20]. Meanwhile, the embedded silver nanoparticles also 

contribute to the light harvesting through the scattering effect, which effectively extends 

the optical path of incident light and therefore increase the interaction time between 

photons and photoactive layer and hence improve the photon absorption.  

The optimal result was achieved when the compact TiO2 was incorporated with silver 

nanoparticles concentration at weight percentage of 20%. Due to the SPR effect near the 

doped silver nanoparticles, the short circuit current (JSC) was improved from 11.05 

mA/cm2 to 13.18 mA/cm2 whereas the open circuit voltage (VOC) was improved from 

0.72 V to 0.78V. Both contribute to the overall efficiency enhancement, which was 

increased from 7.96% to 10.28% by around 29% comparing to solar cell without silver 

doping particles and the efficiency gets reduced when concentration is greater than 20% 

in terms of weight percentage. 
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Surface Texturing  

It was discovered in 1977 [21] that highly textured surfaces can appreciably reduce 

reflectivity. Since then, there has been increasing amount of research and experiments 

have demonstrated the light trapping ability of different surface structures and it became 

a popular topic in photovoltaic research and development.  

The basic idea of light trapping by surface texturing is to manipulate the optical path of 

incident light by creating multiple reflection before light escape as impinging photons are 

forced to travel more in the plane of absorber when they hit textured surface of the cell. 

In this way, it confines photons within the solar cell so that the interaction time between 

the photons and photoactive material can be maximised, therefore resulting higher 

absorption rate.  

Early research has discovered and confirmed that a moth’s compound eye contains cone-

shaped hexagonal protuberances array which effectively reduce the reflection of light of 

wavelength from 300 nm to 900 nm [22]. To maximise the effectiveness of light 

absorption at solar cell front surface, an optimized design of moth eye antireflection 

structure was designed specifically for organic photovoltaics by Shigeru’s research group 

[23]. The moth eye antireflection structure is employed at the front surface of the P3HT: 

PCBM based organic bulk heterojunction solar cell. The light trapping effect due to the 

moth eye structure was numerically studied using FDTD simulation. According to the 

modelling results, the device reached its best performance when period and height of 

moth eye array is 592 nm and 601 nm respectively. It gives JSC of 13.31 mA/cm2 which 

is 9.05% higher than the reference cell. By analysing the light propagation, it was found 

that the light path is significantly bent with the optimal period rather than the smaller one 

and this phenomenon leads to the enhancement of the electric field in the active material 

and therefore producing larger short circuit current. The findings suggest that moth eye 

texture with shorter period (less than 300 nm), which is widely used, was unable to reach 

the moth eye structure’s full potential for antireflection.  

There are many different light trapping techniques other than surface texturing such as 

micro lenses [24], buried nanoelectrodes [25], photonic crystals [26], and a combination 

of above techniques. Each technique has its own emphasis in terms of mechanism and 

fabrication, however, the majority of the above techniques more or less overlap with 
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surface texturing in some way due to the needs of achieving designed structure or 

functionality. Currently, many surface structures and their corresponding fabrication 

techniques were studied such as random pyramids, inverted pyramids, nanorods, 

nanowires, nanocones, nanoholes and nanospheres and so on. Some of them have 

demonstrated significant enhancement in light trapping in the latest research and keep 

attracting attention.  

 

1.4  Parabola-Cone Structured Film 
 

As discussed, at the current state of art, all the techniques discussed above can effectively 

improve the light absorption in solar cells. However, some of them are more favourable 

than others due to their simple fabrication process and lower fabrication cost. Comparing 

to the light trapping technique using surface plasmonic effect and direct surface texturing, 

a conventional antireflection coating is easier to fabricate and can reasonably enhance 

light absorption at a much lower cost. However, even antireflection coatings with multiple 

layers hardly cover the whole absorption spectrum.  

Surface structures such as the “moth eye” structure can largely eliminate reflection of 

visible light, which corresponding to the wavelength from 380 nm to 780 nm due to 

evolutionary development to avoid attention from predator [27]. Some of the moth eye 

structure is highly similar to parabola-cone, which suggests that the parabola-cone 

structured surface may have great opportunity of reducing surface reflection of incident 

light and enhance the transmission and therefore improve the light trapping process in 

solar cells. Moreover, Benjamin Lipovsek’s research uses an electrical modelling method 

that compares the enhancement effect of different surface structure including pyramidal, 

inverted pyramidal, parabolic, inverted parabolic and sinusoidal surface structure. He 

found that the parabolic surface structure (H = 9 um, D = 10 um) exhibits a superior light 

trapping enhancement as it provides the largest short-circuit current density among other 

tested surface structure, which improves from 10.04 mA/cm2 to 12.26 mA/cm2 [28]. 

Based on theoretical studies, See-Eun Cheon’s group fabricated the parabola-cone array 

on the silicon solar cell surface by nanosphere lithography and single step reactive ion 

etching (RIE). [29] A parabola-cone array with the period of 520 nm and height of 300 

nm reduces surface reflection rate down to 2.75% and improves the solar cell efficiency 
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from 16.2% to 17.2%. Therefore, anti-reflective films with a parabola-cone structured 

surface may be a promising approach to enhance the light absorption of solar cells with 

much lower manufacturing cost and simpler fabrication process. 

According to the latest review on photovoltaic research and development, the bandgap of 

prevalent photoactive materials is ranging from 1.1 eV to 1.8 eV, which is shown in 

Figure 1.5.1 [30].  

 

Figure 1.5.1 Theoretical Shockley – Queisser detailed – balance efficiency limit as a function of 

band gap (black line). The maximum theoretical efficiency that can be achieved by different 

photovoltaic materials are given along with their band gap.  

 

The bandgap range suggests that the corresponding absorption spectrum of majority 

current available solar cells is approximately from 400 nm to 1100 nm, where the visible 

light covers more than half of this bandwidth and significantly contributes to photocurrent 

generation in solar cells because of its high radiation intensity on earth, which is shown 

in Figure 1.5.2.  
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Figure 1.5.2 Radiation intensity of solar spectrum. The sun can be characterised as an ideal black 

body with temperature of 5900 K and has peak emission around 500 nm. Extra-terrestrial solar 

radiation is the radiation received from the sun outside atmosphere, generally characterised by 

AM0. Terrestrial solar radiation is the radiation corresponds to yearly average for mid-latitudes 

on earth, which is also known as AM1.5. 

Therefore, enhancement in capture visible light will benefit most current available solar 

cells by reducing reflection at the solar cell surface. However, the properties are different 

for each type of solar cell and creating antireflective surface structure directly on the solar 

cell usually requires complex fabrication processes, which consume large energy input 

and increase its manufacturing cost. To reduce the manufacturing cost without 

compromising the solar cell efficiency, the desired surface structure can be fabricated as 

a transparent thin film, which can be attached to solar cell surface regardless of their type 

and intrinsic properties.  

The perovskite solar cell, which represents an emerging photovoltaic technology, has 

been widely studied since it was firstly discovered in 2009. The efficiency of perovskite 

solar cell was improved rapidly in recent years from 9.3% to 22.1% [31]. It has become 

one of the most promising candidates for future renewable energy sources due to its low 

manufacturing cost and relatively simple fabrication process with high energy conversion 

efficiency. Perovskite’s bandgaps typically from 1.5 eV to 2.2 eV depending on the halide 

content, and therefore possesses absorption spectrum coverage from 300 nm to 800 nm, 

which fully covers the visible light spectrum. However, there is still large amount of 

incident light reflected back into the incident medium, which is also known as the optical 

losses at the solar cell surface. Reduction of surface reflection would lead to a potential 

enhancement in light transmission to the perovskite layer so that incident photons can be 
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used more efficiently resulting in distinct improvements in the photo-generated current 

and a higher energy conversion efficiency. Therefore, perovskite solar cells are one of the 

most suitable candidates for this project and were chosen to be used as solar cell substrate 

for the investigation of transmission enhancement effect of parabola-cone structured film. 

Thus, the main objective of this research is to systematically explore the optical properties 

of the parabola-cone structured surface based on perovskite solar cell using theoretical 

modelling and develop the transparent parabola-cone structured film that can provide an 

optimum light transmission enhancement to photoactive material through experimental 

fabrication. More specifically, the study of light transmission enhancement effect will 

focus on the impact caused by different geometric parameters such as height, aspect ratio, 

period, and array arrangement. The designed model with geometric parameters that 

provides promising transmission enhancement from theoretical modelling will be 

fabricated as a transparent film at the front surface of perovskite solar cell substrate to 

explore the practicality and effectiveness of parabola-cone structured films. 

 

1.5  Chapter Summary 
 

Chapter one briefly outlined the background of the photovoltaic research and industry, 

addressed the importance of light harvesting for solar cells and highlighted the latest 

research achievements and techniques on light harvesting enhancement for photovoltaic 

devices as well as their constraints and limitations. The motivation and the objectives of 

this project is to further investigation of the light trapping enhancement effect due to 

structured surface based on current research and to exploit the advantage of parabola-

cone surface structure to seek a viable approach to achieve better light harvesting. 

 

1.6  Thesis Summary 
 

In chapter two, the research background and basic parameters that measure the 

performance of a solar cell are briefly introduced and existing literature on relevant topics 

is reviewed, which helped to understand the motivation behind the project and narrow 

down the research objectives to the impact on optical absorption due to parabola-cone 
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array at the front surface of perovskite solar cell. A theoretical foundation is then provided 

to establish a basic understanding and help to appreciate the numerical modelling for 

photovoltaic devices and application, which covers the electromagnetic fundamentals, 

finite-difference time-domain (FDTD) method, and the key traits of computational tool 

used. 

In chapter 3, a parabola-cone array is modelled on a perovskite solar cell surface with 

varying parameters such as height, base diameter, aspect ratio, angle of incidence and 

base duty ratio to investigate their impact on the transmission and absorption 

enhancement. The results obtained from modelling suggest that the aspect ratio and the 

base duty ratio of parabola-cone array are two key parameters that can strongly affect the 

transmission and absorption of incident light. Some characteristic patterns regarding their 

impact are also found and a promising geometric setup of parabola-cone array is proposed 

based on modelling results.  

In chapter 4, the fabrication techniques of developing parabola-cone structured film onto 

the front surface of a perovskite solar cell is studied and implemented to explore the 

practicability of implementing proposed idea. The intended surface structure is 

characterised for geometrical profile as well as the solar cell performance, which is 

measured prior and after the parabola-cone structured film is applied.  

In chapter 5, the results from both modelling and experiments are analysed and the key 

findings from the project are highlighted and summarised. It is found that the parabola-

cone array structured film can be achieved with current fabrication techniques and the 

fabricated structured film demonstrates strong absorption enhancement impact when the 

aspect ratio is 1.5 and base diameter of 1 um under normal incidence. However, there are 

still some aspects and related issues that are not addressed in this research and remain 

unsolved, which could be further investigated in future research. 
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Chapter 2 

Theory for Electromagnetic Modelling 
 

Sunlight is a form of electromagnetic radiation produced by the nuclear reaction in the 

sun. Solar cells can capture certain spectrum of the sunlight and use it for electrical energy 

generation through photovoltaic effect. This project focuses on the study of optical 

interaction between incident light and the parabola-cone structured surface, aiming to 

enhance the light transmission to the solar cell active layer and thus enhance the device 

efficiency.  

Electromagnetic modelling is an effective approach to study the interaction between the 

incident light and the structured surface as it allows a user to build their own structure 

model with desired specifications and theoretically simulate the designed model under 

customisable conditions [32]. It provides an opportunity to cheaply and quickly test our 

ideas, optimize the designs or variables and solve the problems prior to fabricate a 

prototype which is usually an expensive and time-consuming process [33]. 

To numerically investigate the anti-reflective and transmission enhancement effect of the 

parabola-cone structured surface, it is essential to understand the theory behind the 

electromagnetic modelling, which can also help us appreciate the optical behaviour and 

properties of the structured surface.  

This chapter will introduce the theoretical background of light propagation and 

interaction between incident light and a surface from an electromagnetic wave’s 

perspective, review the electromagnetic fundamentals that is necessary for understanding 

the theoretical modelling such as Maxwell’s equations and Poynting theorem. The 

application of finite-difference time-domain (FDTD) method to electric and magnetic 

field are expressed with the aid of central difference method, which not only helps to 

appreciate the theoretical approach but also leads to a suitable decision of commercial 

software that will be used for theoretical modelling. 
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2.1 Electromagnetic Fundamentals 
 

Maxwell’s equations together with the material equations describe how electric and 

magnetic fields are generated and transmitted in different materials. However, the 

commonly used Maxwell’s equations are the microscopic Maxwell’s equation which 

relates to the electric and magnetic field to total charge and total current in materials at 

atomic level. Whereas in the context of solar cell study, we need to emphasise the general 

behaviour of matter from a macroscopic perspective at larger scale. The macroscopic 

Maxwell’s equations provide an approach that describe the large-scale behaviour of 

matter without having to consider atomic scale details by defining two auxiliary fields, 

which are the displacement field D and the magnetizing field H respectively. 

The field variables in the Maxwell’s equations are defined as: 

E��⃗  electric field                                           [volts/meter; Vm-1] 

H��⃗  magnetic field                                  [amperes/meter; Am-1] 

B��⃗  magnetic flux density                                           [Tesla; T] 

D��⃗   electric displacement                        [coulombs/m2; Cm-2] 

J⃗  electric current density                         [amperes/m2; Am-2] 

ρ electric charge density                        [coulombs/m3; Cm-3] 

The magnetic field due to a current distribution satisfies the Ampere’s law, which can be 

expressed as 

∇ × H��⃗  = J⃗.                                                              (2.1) 

Ampere’s law was derived for steady-state current phenomena with ∇ • J⃗ = 0. Using the 

continuity equation for charge and current gives 

∇ • J⃗ ＋ 
��

��
 = 0,                                                                 (2.2) 

and combining with the Gauss’s law for electric field 

∇ • D��⃗  = ρ,                                                                            (2.3) 
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gives 

 ∇ • （J ＋ 
��

��
 ）= 0.                                                                (2.4) 

Therefore, Ampere’s law is generalized by the replacement  

J⃗ →J⃗ ＋ 
����⃗

��
,                                                                 (2.5) 

thus, equation (2.1) can be written as: 

∇ × H��⃗  = J⃗ ＋ 
����⃗

��
.                                                                  (2.6) 

It is known that Gauss’s law for magnetic field is given by: 

∇ • B��⃗  = 0,                                     (2.7) 

and Faraday’s law of induction is given by: 

∇ × E��⃗  ＋ 
���⃗

��
 = 0.                                                                   (2.8) 

Material equations for magnetic fields are: 

B��⃗  =  µ�µ�H��⃗ ,                                                                  (2.9) 

D��⃗  (ω) = 	�	�(ω) E��⃗  (ω).                                            (2.10) 

Combining Gauss’s law for magnetic field and Faraday’s law of induction from 

Maxwell’s equations with the material equations gives: 

����⃗

��
 = − 

�

µ�
 ∇ × E��⃗ ,                                                     (2.11) 

where µ�  and µ�  in the equations are relative permeability of a material and the 

permeability of vacuum. 	�  and 	�  are the relative permittivity of a material and the 

permittivity of vacuum, which can also be found in the list of symbols with their physical 

connotations. 

In three dimensions, there are six electromagnetic field components of Maxwell’s 

equations: E , E� , E� , H , H� , H� . Assuming that the structure is infinite in the z 

dimension and the fields are independent of z, specifically that 

	� (ω, x, y, z) = 	� (ω, x, y),                                               (2.12) 
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����⃗

��
 = 

����⃗

��
 = 0.                                                        (2.13) 

The Maxwell’s equations can therefore split into two independent sets of equations that 

consists of three vector quantities each, which can only be solved in the x-y plane and 

known as the transverse electric (TE) and transverse magnetic (TM) equations. Both sets 

of equations can be solved using the following components: 

TE: E, E�, H�; 

TM: H, H�, E�. 

For example, in the TM case, Maxwell’s equations reduce to: 

��	

� 
 = 

�!


�"
 − 

�!�

�#
,                                                            (2.14) 

D�����⃗  (ω) = 	�	�(ω) E��⃗ � (ω)                                                  (2.15) 

�!�

��
 = − 

�

µ�
  
�$	
�#

                                                        (2.16) 

�!


��
 =  

�

µ�
  
�$

�

                                                      (2.17) 

Similarly, in the TE case, Maxwell’s equations reduce to: 

��	

� 
 = 

�$

�"

 − 
�$�
�#

                                                            (2.18) 

D�����⃗  (ω) = 	�	�(ω) E��⃗ � (ω)                                                  (2.19) 

�$�
��

 = − 
�

µ�
  
�!	

�#
                                                        (2.20) 

�$

��

 =  
�

µ�
  
�!	

�
                                                      (2.21) 

By solving these simplified Maxwell’s equations in the time domain and performing 

Fourier transforms, the electromagnetic fields can be obtained as a function of frequency 

or wavelength, which is used to analyse the reflection and transmission of incident light 

through the structured surface across the absorption spectrum of a chosen photovoltaic 

device. 
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2.2 Energy Density and Poynting theorem 
 

Electromagnetic waves carry energy from one region of space to another as they 

propagate. In terms of a solar cell, the energy of incident light propagates along with the 

light in the form of electric and magnetic field, which can be reflected, transmitted or 

absorbed depends on the properties of each material in the solar cell. 

According to the Poynting theorem, the time rate of flow of electromagnetic energy per 

unit area is given by the vector S�⃗ , which is the Poynting vector, defined as the cross 

product of the electric and magnetic fields, 

S�⃗  = E��⃗  × H��⃗ .                                                                (2.22) 

The units of the Poynting vector are J/(m2•sec) or W/m2 and the direction of S�⃗  is the 

direction in which the energy is transported, which is the same direction as the 

electromagnetic wave propagates. To calculate and normalise power in the frequency 

domain, the complex Poynting vector can be used to calculate the power flow in a 

particular direction. 

 S��⃗  = E��⃗  (ω) × H��⃗  (ω).                                                               (2.23) 

The time – averaged power flowing across a surface is then given by 

power (ω) = 
�

%
 
��� (S�⃗ ) • �A��⃗ .                                     (2.24) 

Assuming the source is a plane wave that normally incident to a receiving surface, the 

reflectance and transmittance of incident light can be measured by calculating the time – 

averaged power flowing across a surface that opposite and behind the surface where the 

incident light gets reflected. Together with the generalized expression of reflectance and 

transmittance, 

R = 
�������

��������
,                                                                  (2.25) 

T = 
�����������

��������
.                                                      (2.26) 

The normalized reflectance R (ω) as a function of frequency can be calculated using 
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R (ω) = 

�

�
 &�'�( ()�⃗ ������ (*)) • +,��⃗  

�

�
&�'�( ()�⃗ ����� (*)) • +,��⃗

.                                      (2.27) 

Similarly, the transmittance T (ω) as a function of frequency is given by 

T (ω) = 

�

�
 &�'�( ()�⃗ ����������  (*)) • +,��⃗  

�

�
&�'�( ()�⃗ ����� (*)) • +,��⃗

.                                     (2.28) 

For light that normally incident on the surface of a material with certain thickness, some 

proportion of the incident power is either transmitted through the material nor reflected 

back to the incident medium. This proportion of power is absorbed by the material. 

Assuming the incident light has power of a unit source power and it is losses while 

transmitting in both the incident media and the material, the absorptance of incident light 

at the material can therefore be expressed as  

A = 1 – R – T,                                                    (2.29) 

which also can be expressed as a function of frequency. Since 

c = f λ,                                                          (2.30) 

where c is the speed of light, which is a known constant, the reflectance, transmittance 

and absorptance can also be regarded as a function of wavelength, which is more 

favourable for studying the optical properties of structured surface of a solar cell device.    

 

2.3 Finite Difference Time Domain Method 
 

The finite-difference time-domain (FDTD) algorithm was firstly proposed by Kane Yee 

in 1966 as a three-dimensional approach to numerical solution of Maxwell’s curl 

equations using second-order central differences. It is one of the most popular and 

effective full-wave techniques to solve electromagnetic related problems such as 

scattering from metal objects and dielectrics, antennas, microstrip circuits and 

electromagnetic absorption, especially when the characteristic dimensions of the domain 

of interest are similar to the size of the wavelength [34].  
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2.3.1 Central Difference approximation 

Conventionally, the finite-difference method refers to the finite difference 

approximations of derivatives, which is the terminology of the finite difference quotients 

in a numerical methods context.  

The mathematical expression of a finite difference can be written as 

f (x + b) – f (x + a),                                                                 (2.31) 

difference quotient is given by 

- ( . /) – - ( . �)   

/0�
.                                                         (2.32) 

Assuming finite difference is taken between f (x + 
∆

%
) and f (x – 

∆

%
) and the ∆� represents 

the change along the horizontal axis and is sufficiently small. Using the Taylor series 

expansions of the function f (x) to expanded regarding x with an offset of ±
∆

%
 gives:  

                f (x + 
∆

%
) = f (x) + 

∆

%
 f ' (x) + 

�

%!
(

∆

%
)% f '' (x) + 

�

1!
(

∆

%
)1 f ''' (x) + …,              (2.33) 

                f (x – 
∆

%
) = f (x) – 

∆

%
 f ' (x) + 

�

%!
(

∆

%
)% f '' (x) – 

�

1!
(

∆

%
)1 f ''' (x) + …,              (2.34) 

where the primes indicate differentiation. Taking the difference by subtracting (2.34) 

from (2.33) gives: 

                      f (x + 
∆

%
) – f (x – 

∆

%
) = ∆� f ' (x) + 

%

1!
(

∆

%
)1 f ''' (x) + ….                        (2.35) 

Dividing both side by ∆� gives,  

                                   
- ( . 

∆�

�
) – - ( 0 

∆�

�
)   

∆
 = f ' (x) + 

�

1!
(

∆

%
)% f ''' (x) + …,                    (2.36) 

Thus, difference quotient of the function f (x) within ∆� is obtained, which is shown on 

the left-hand side of equation (2.36). The right-hand side is the derivative of function f (x) 

at the point � plus a term depends on ∆�%, plus an infinite number of subsequent terms 

with next term depends on ∆�2. The relationship is commonly written as:  

                                     
+- ( )

+
 = 

- ( . 
∆�

�
) – - ( 0 

∆�

�
)   

∆
 = f ' (x) + �(∆�%),                              (2.37) 



30 

 

based on the assumption that ∆�  is sufficiently small the higher order of ∆�  are 

neglectable. When ∆� is small enough that the second order of ∆� is also neglectable, a 

reasonable approximation to the derivative can be expressed using the central difference 

approximation given by 

+- ( )

+
 = 

- ( . 
∆�

�
) – - ( 0 

∆�

�
)   

∆
≅ f ' (x),                               (2.38)                                 

which offers a more accurate approximation than forward and backward difference and 

is the fundamental approach to discretize the time-dependent Maxwell’s equations in 

FDTD method.  

The vector curl equation of Ampere’s law  

	 
����⃗

��
 =  ∇ × H��⃗ ,                                                    (2.39) 

can be expressed by three scalar equations: 

	 
�$�
��

 = 
�!	

��
 −  

�!


��
,                                                (2.40) 

	� 
�$

��

 = 
�!�

��
 −  

�!	

�
 ,                                               (2.41) 

	� 
�$�
��

 = 
�!


�
 −  

�!�

��
.                                                (2.42) 

Similarly, the vector curl equation of Faraday’s law 

µ 
����⃗

��
 =  −∇ × E��⃗ ,                                                    (2.43) 

The permeability µ is a scalar with value µ (= µ0) = 4π × 10-7 H/m in free space, whereas 

in some anisotropic materials, the atom or molecule components have peculiar dipole 

properties that lead to different magnitude and direction in terms of the material 

permeability.     

Thus, equation (2.43) gives three scalar equations: 

µ  
���

��
 =  

��


��
 −  

��	

��
,                                                     (2.44) 

µ�  
��


��
 =  

��	

�
 −  

���

��
,                                                     (2.45) 
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µ�  
��	

��
 =  

���

��
 −  

��


�
.                                                     (2.46) 

In the Yee’s algorithm, the E, H� and H� are considered shifting in space by half of a 

cell in time by half a time step for central difference approximation of the derivatives. For 

example, replacing all the derivatives by finite differences for x component gives 

	 (i, j, k) 
$�

���34,5,670$�
�34,5,67

∆�
 = 

!	
���.�(4,5,6)0!	

���.�(4,50�,6)

∆�
 −   

!

���.�34,5,670!


���.�34,5,60�7

∆�
,         

(2.47) 

µ(i, j, k) 
!�

���.�34,5,670!�
���.�34,5,67

∆�
 =  

$

�(4,5,6.�)0$


���.�(4,5,6)

∆�
 −   

$	
�34,5.�,670$	

�34,5,67

∆�
,   

                                                                                                                                    (2.48) 

where ∆� and ∆� represent the change in field along y and z axis respectively and ∆� is 

the change in time.  

Therefore, the future field component can be expressed in terms of the past field which 

gives, 

for the electric field, 

�
�.��i, j, k� 

= �
��i, j, k� − 

∆�

8�(4,5,6)
 { 

!	
���.�(4,5,6)0!	

���.�(4,50�,6)

∆�
 −  

!

���.�34,5,670!


���.�34,5,60�7

∆�
 }.  (2.49) 

For the magnetic field, we have 

�
�.�.9�i, j, k� 

= �
�0�.9�i, j, k� + 

∆�

µ�(4,5,6)
 { 

$

�(4,5,6.�)0$


���.�(4,5,6)

∆�
 −   

$	
�34,5.�,670$	

�34,5,67

∆�
}.       (2.50) 

By solving the above equations repeatedly over the desired duration in time domain, the 

field intensity along the horizontal axis can be obtained for both the electric field and 

magnetic field. Using the same analogy, the field components in space can also be 

obtained through solving the full set of three-dimensional equations and therefore the 

field distribution in space over the desired period of time can be described. 

To ensure stable solutions from FDTD modelling, both the cell size of change in space 

∆� (assuming electromagnetic wave propagates along the z direction) and the time step 
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∆� need to be chosen at appropriate resolution that is sufficient to perform the above 

computation. It is widely acknowledged that at least 10 cells per wavelength are required 

to guarantee an adequate representation according to previous model that has been 

successfully tested [35].  

Thus, 

                                                           ∆� ≤
 :

��
 

For one dimensional scenarios, the time step is chosen according to stability consideration 

once the cell size was chosen, which can be expressed as: 

                                                           ∆� ≤
∆�

;�
(2.52) 

where �� is the speed of light.  

For higher dimensional scenarios, the stability condition (Courant condition) in general 

is given by 

                                                            ∆� ≤
∆

;�√+
(2.53) 

where d represents the order of dimension and ∆  is the smallest cell size [36]. A 

commonly used condition for ∆� that suits the scenario of all different dimension [37], 

[38] is given by 

                                                             ∆� =
∆

%;�
 

In short, the FDTD method employs finite difference as approximations in both the spatial 

and temporal derivatives that appear in the Ampere’s law and Faraday’s law of Maxwell’s 

equations. As a result, space and time get discretized so that the electric and magnetic 

fields are staggered in both of them. By solving the resulting difference equations, the 

equations that describe the unknown electric and magnetic fields can be expressed in 

terms of known fields.  

To effectively analyse the electric and magnetic field obtained from FDTD method, the 

conversion of time-domain field data to frequency domain (magnitude and phase) over 

the desired region is required. The most prevalent approach to realise the conversion from 

time-domain to frequency domain is by performing the Fourier transform [39]. For most 
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discrete applications such as FDTD, Fourier transform offers accurate conversion for 

single and multiple frequency simulations and there are a number of commercial software 

available for these computations. 

2.3.2 Broadband Fixed Angle Source Technique (BFAST) 

When studying periodic systems, periodic boundary conditions (BC) allows user to 

calculate the response of the entire system by only simulating one unit-cell and the 

periodic BC's constrain the electromagnetic fields that occur at one side of the simulation 

to be equal to those at the other side. Special treatment however will be required when a 

broadband plane wave is injected into a structure at an angle [40]. One way is to use Bloch 

boundary condition instead of periodic boundary condition. However, the actual injection 

angles for broadband illumination changes as a function of frequency for non-zero 

injection angles when Bloch/periodic plane wave source type is used [41]. One way to 

solve this problem can be the wavelength or frequency sweep, or a number of incident 

angles are simulated and interpolation is required, which usually much more time-

consuming and therefore much less efficient.  

Another method to avoid the sweeping is to reformulate the FDTD algorithm. A 

simplified description of this method can be briefly described as follow: 

A plane wave angled in x-z plane (traveling along z axis) can be expressed as 

                                                                                                            (3.01) 

To remove the angular dependence from the field, a set of new variables is used, such as: 

                                                                                                        (3.02) 

and then the split field method (e.g. split x component to x-y and x-z) is used to 

reformulate the FDTD update equations. Therefore, by reformulating the FDTD update 

equations, a new algorithm can be developed by removing this angle dependence. More 

details can be found in Liang etal’s paper [42]. No Bloch BCs are required as it has its 

own built-in boundaries conditions transverse to the propagation direction. Using this 

type of planewave source without angular dependence component from the field for 

broadband modelling is known as the broadband fixed-angle source technique (BFAST) 
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which enable light injection at a fixed angle over a broad spectrum for periodic structures 

and it accelerates the analysis of metamaterials, grating-based devices, solar cells and 

image sensors. 

 

2.4 Simulation Software  
 

There are a number of computational tools capable of solving complex Maxwell’s 

equations within time and space domain and performing Fourier transform for 3D 

photovoltaic modelling and commercially available such as Sentaurus TCAD, Crosslight, 

Silvaco, COMSOL Multiphysics and Lumerical FDTD Solutions [43]. However in the 

past few years, there has been a huge increase in the use of Lumerical FDTD Solutions 

as an effective modelling tool, especially in optical related topics and field such as 

photovoltaics and many of the results from relevant research have been published [44] 

[45] [46]. 

2.4.1 Lumerical FDTD Solutions 

Lumerical is a modelling software developer that provides different commercial products, 

which allow users to suit their own needs. Lumerical FDTD Solutions is a high-

performance 3D Finite Difference Time Domain (FDTD)-method Maxwell solver for the 

design, analysis and optimization of Nano photonic devices, processes and materials.  It 

has become one of the most prevalent FDTD solver and is largely used for research 

worldwide where there are already over hundreds of papers published utilising this tool 

since 2010 [47].  

The FDTD Solution provides a 3D computer aided design (CAD) environment that allows 

user to build 1D, 2D or 3D models; define custom surfaces and volumes; import special 

refractive index data and parameterize simulation objects; and is capable of handling 

complex geometries. It also embedded with broadband fixed-angle source technique 

(BFAST) which enable light injection at a fixed angle over a broad spectrum for periodic 

structures and it accelerates the analysis of metamaterials, grating-based devices, solar 

cells and image sensors.  
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For solar cell simulations, FDTD Solutions calculates the absorbed power, electric and 

magnetic fields for designed models and using those quantities to calculate the absorbed 

power per unit volume at each wavelength by performing Fourier transforms during the 

simulation.  

For electric and magnetic fields: ��⃗ (�⃗ , λ), ���⃗ (�⃗ , λ), the absorbed power per unit volume 

at each wavelength is given by 

��/= (�⃗ , λ) = 
�

%
 ω| ��⃗ (�⃗ , λ) |2 Im {ε (�⃗ , λ)}.                                   (2.55) 

Assuming each absorbed photon generates one electron-hole pair, the generation rate per 

unit volume under solar illumination is given by 

G (�⃗) ≈ 

����(�⃗ ,:)>�����(?)

>�����(?)
 d �.                                         (2.56) 

As the equation (2.24) shows, the absorbed power is calculated from the intensity of 

electric field and the property of the material, namely the imaginary part of the 

permittivity. First, the absorbed power for arbitrary input spectrum can be calculated and 

then using the linear nature of the system to calculate the impulse response by dividing 

the absorbed power by the input power. Once the impulse response is obtained, it can be 

multiplied by the solar spectrum in frequency domain (e.g. AM 1.5 G) and integrated the 

whole function over the frequency spectrum to calculate the generation rate. 

The effectiveness and accuracy of the Lumerical FDTD Solutions modelling package has 

been verified from previous research on optical and photovoltaics topics that covers both 

numerical and experimental aspects. Recent research on transparency of surface structure 

with gold particles [48] and light trapping effect of nanostructured diatom [49] investigate 

the optical property of structured surface and compare the results that obtained from 

theoretical modelling using Lumerical FDTD Solutions as computational software and 

the results that obtained from experiments. According to the literature, the theoretical and 

experimental results were found in good agreement and such agreement was also found 

in similar research on organic solar cell interlayer surface that embedded with gold 

nanoparticles [50] and optical modelling of black silicon for solar cells [51]. 

Based on the theory for electromagnetic modelling and the key attributes of available 

commercial software, FDTD Solutions is one of the best options that fulfil all the 
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requirements and perfectly meets the needs of the modelling part of this project. Therefore, 

Lumerical FDTD Solutions was chosen as the modelling tool for this research project. 

 

2.5 Chapter Summary 
 

Chapter two reviewed the electromagnetic fundamentals that required to appreciate the 

theoretical modelling and briefly introduced the finite-difference time-domain (FDTD) 

method, which is the state-of-the-art approach to solve Maxwell’s equations in complex 

geometries. Lumerical FDTD Solutions was chosen as it offers a unique insight of 

electromagnetic problems to users by directly solving the problem within time and space 

domain. The frequency solutions can be obtained by exploiting Fourier transforms and 

therefore a full range of useful quantities such as the complex Poynting vector and the 

reflectance of incident electromagnetic wave can be calculated, which will be used to 

investigate the optical property of parabola-cone structured surface. 
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Chapter 3 

 

Theoretical Modelling of Parabola-Cone 

Structured Surface  
 

Following a brief introduction of the research background and the theory behind 

electromagnetic modelling in the first two chapters, this chapter will explore the optical 

properties of the parabola-cone structured surface by calculating the transmission and 

absorption rate under different geometric conditions and various optical incident angle 

using computational software Lumerical FDTD Solutions. More specifically, the 

generation rate at perovskite layer with variations in parabola-cone surface structure in 

terms of its height, base diameter, base duty cycle, and the oblique incidence will be 

investigated to seek suitable combination of parameters that not only provide promising 

enhancement in optical transmission but are also producible in a subsequent fabrication 

process. 

3.1 Perovskite Solar Cell without Surface Structure 

 

Figure 3.1 shows the physical device structure of a typical inverted perovskite solar cell 

based on ZnO and Spiro-OMeTAD. 

 

Figure 3.1 Schematic of perovskite solar cell structure. Layers from the top to the bottom are: 

Ag/Spiro-OMeTAD/Perovskite (CH3NH3PbI3) /ZnO/ITO/Glass 
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The ITO coated glass substrate at the bottom acts as a transparent cathode, which allows 

incident light to pass through and collect electrons that are generated at the photoactive 

layer. Zinc Oxide (ZnO) between the cathode and perovskite layer acts as an electron 

transport layer (ETL) bridging the energy bandgap between the ITO and perovskite. 

Similarly, the Spiro-OMeTAD is a type of hole transport layer (HTL), which is also 

known as an anode interlayer, was built on the top of the perovskite layer transporting 

photo-generated holes from the perovskite to its silver electrode. There are many other 

types of perovskite solar cell with different physical structures, which may provide higher 

efficiency or stability, however, the full wavelength refractive index profile of some 

critical layers is not available and cannot be modelled for optical analysis. Thus, the 

investigation of optical impact due to parabola-cone surface structure was based on this 

specific perovskite solar cell structure as the full wavelength refractive index profile of 

each layer were available from previous research [52].   

Light incident from the bottom of the cell can reach the photoactive layer after passing 

the ITO electrode and ZnO layer. Theoretically, the more photons that are capable of 

generating charge carriers that are absorbed by the photoactive layer, the higher the 

generation rate of charge carriers and the better the solar cell can potentially perform. 

Therefore, it would be beneficial to enhance the absorption of photons by the perovskite 

layer to improve solar cell efficiency.  

To investigate the absorption enhancement effect of the parabola-cone structured surface, 

it is essential to understand the absorption characteristics of perovskite layer without the 

surface structure, which can also be used as a reference to compare with the absorption 

rate when parabola-cone surface structure is applied.  

Figure 3.2 Designed model layout in simulation environment. The orange rectangular frame 

defines the region where the FDTD analysis is performed in 3D with perfectly matched layer 

(PML) boundary condition. Layers from the top to the bottom are Glass/ITO/ZnO/Perovskite 

(CH3NH3PbI3) / Spiro-OMeTAD/Ag. 
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Figure 3.2 shows the model layout of a ZnO and Spiro-OMeTAD based perovskite solar 

cell built in Lumerical FDTD Solutions from x-z plane’s perspective for optical modelling. 

Inside the FDTD analysis region, glass, ITO, ZnO, perovskite, Spiro-OMeTAD and silver 

layers are aligned from top to bottom with thickness of 300 nm, 140 nm, 40 nm, 450 nm, 

300 nm and 100 nm respectively based on the data from literature [52]. The purple arrow 

pointing downwards represents the plane wave source simulating solar radiation with 

customizable incident spectrum injecting downwards from the z axis onto the x-y plane. 

The injection spectrum was set to 400 nm to 800 nm to match with the absorption 

spectrum of perovskite. Two yellow lines placed above and below the perovskite layer 

indicate the frequency domain field and power monitors that measure the electromagnetic 

field intensity and power at the position where the monitor is placed. The upper monitor 

measures the optical transmission rate to the perovskite layer whereas the lower monitor 

measures the optical transmission rate to the Spiro-OMeTAD layer. Therefore, the 

incident light that is absorbed by the perovskite layer can be obtained by taking the 

difference of above two values. With this layout setup, the transmission rate to perovskite 

and Spiro-OMeTAD layer and the absorption by perovskite layer can be obtained through 

FDTD analysis and calculation. 

 

Figure 3.3 Transmission and absorption rate for critical layers of perovskite solar cell. The 

transmission to Spiro-OMeTAD and the perovskite layers are modelled and the absorption by the 

perovskite layer is obtained by taking the difference of the transmission to Spiro-OMeTAD layer 

from the transmission to perovskite layer. 



40 

 

 

Quantity Name Average Rate (%) 

Transmission to Perovskite 76.82 

Transmission to Spiro-OMeTAD 2.09 

Absorption by Perovskite 74.73 

 

Table 3.1 shows the proportion of incident light that is transmitted to perovskite layer and Spiro-

OMeTAD layer respectively followed by the absorption due to perovskite. Around 20% of 

incident light was either reflected at the front surface or lost internally before reaching the 

perovskite layer. Thus, reduction in surface reflection and enhancement in transmission rate to 

perovskite layer can potentially lead to significant improvement on perovskite solar cell 

performance. 

 

It can be seen from Figure 3.3 that the transmission of incident light to the perovskite 

layer varies over a relatively large range with the wavelength especially for wavelengths 

greater than 650 nm, whereas the transmission to Spiro-OMeTAD is 0% from 400 nm to 

500 nm and remains under 5 % from 500 nm to 800 nm. Correspondingly, the light 

absorbed by perovskite layer is identical to the transmission rate for perovskite layer for 

wavelength from 400 nm to 500 nm, whereas for wavelength from 500 nm to 800 nm, the 

absorption by perovskite layer is reduced by the transmission for Spiro-OMeTAD. The 

average transmission and absorption rate were estimated by performing the trapezoidal 

numerical integration using MATLAB, which approximates the integration over an 

interval by breaking the area down into trapezoids with more easily computable areas. 

Assuming the full transmission coverage across the whole absorption spectrum has unit 

area of one, the average rate of transmission and absorption can be converted to a 

percentage. The key computation results across the wavelength range between 400 nm 

and 800 nm are shown in Table 3.1.  

In addition to the absorption rate of incident light by perovskite layer, the spatial 

distribution of generation rate (number of absorbed photons/m3/s) can provide a clear 

visualisation of the distribution of photogenerated charge carriers within perovskite layer 

at different depth, which is another key measurement can be used to characterise the solar 

cell performance. With the chosen modelling setup, the spatial distribution of the 

generation rate was plotted in x-y and x-z plane as it is shown in figure 3.4, where the 

span of z axis represents the thickness of photoactive layer and the colour bar represents 
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number of photogenerated carriers in unit volume from low to high as the colour gradually 

change from blue to red. 

 

(a)                                                                     (b) 

Figure 3.4 Spatial distribution of generation rate (m-3) within perovskite layer (a) top-down view 

from x-y plane (b) sectional view from x-z plane.  

 

3.2 Perovskite Solar Cell with Parabola-Cone Structured 

Film  
 

The parabola-cone structured surface has been studied on silicon solar cells in recent years 

and has demonstrated promising anti-reflective enhancement through both numerical 

modelling and experimental attempt. Recently, the effect of the height and diameter of 

the periodic unit on light trapping enhancement of the parabolic-shaped nanocone 

(PSNC) arrays was studied for silicon solar cells using a finite difference time domain 

(FDTD) method [53]. This study finds that the average reflectance decreases with 

increasing height of the PSNC from 1 µm to 7 µm over the absorption spectrum when the 

diameter is set to 0.9 µm. This is due to the enhancement in the scattering effect of the 

incident light with increasing height of PSNC, which increases the optical path of incident 

light and allows better absorption. Similarly, when the height is set to 7 µm, the average 

reflectance is well below 0.25% for visible spectrum for all the chosen diameters from 

0.2 µm to 0.9 µm, which effectively reduce the reflection of incident light. In a study be 

Yongfeng et al, the parabolic cone array structure was studied based on silicon solar cell 

through modelling using finite-difference time-domain (FDTD) method but focuses on 

the subwavelength dimension structure [54]. The reflection rate can be reduced to less 

than 3% for the whole absorption spectrum of silicon solar cell while base diameter of 
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the parabola-cone was chosen to be 128 nm, 160 nm, 213 nm, 256 nm and 320 nm at the 

height of 600 nm with the period same as the base diameter. Since both studies use FDTD 

modelling based on silicon material, the optical property for transparent parabola-cone 

array would have different optical profile regarding the surface reflection and 

transmission rate at certain dimensions and period due to the different refractive index of 

material.  

Transparent films with surface structures similar to the parabola-cone were examined in 

a study by Mohammad et al as a subsection along with its main objectives to investigate 

antireflective and self-cleaning functionality of nanocone surface. The relationship 

between antireflective effect and aspect ratio was studied for nanocone array with both 

period and base diameter of 1 um under different aspect ratio of 0.25, 0.5 and 1 

respectively. The optimum antireflective effect was found when the aspect ratio is 1, 

which leads to about an 8% reduction in surface reflection [55].  However, the study on 

transparent nanocone films was limited and did not consider other key parameters that 

may affect the optical properties of the film, which can potentially lead to different solar 

cell performance.  

Therefore, a more systematic study on parabola-cone structure at both subwavelength and 

micrometre dimension is required to identify promising geometric parameters that can 

provide optimum transmission rate of incident light to perovskite layer for photon 

absorption enhancement. This is what we turn to now. 

3.2.1 Height and Base Diameter 

In Lumerical FDTD Solutions, an individual parabola-cone structure is defined by height 

(H) and base diameter (D) of the cone and the dielectric index and material of the 

parabola-cone are customisable with corresponding refractive index profile. The single 

model of parabola-cone that used for modelling is shown in Figure 3.4.  
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Figure 3.5 Schematic model of parabola-cone in Lumerical FDTD Solutions defined by height H 

and base diameter D  

One of the most commonly used material for transparent functional film is 

polydimethylsiloxane (PDMS), however some transparent photo curable resists have 

become more popular for their fast and convenient curing process, including UV curable 

resists. Typically, the refractive index of commercially available UV curable resist ranges 

from 1.45 to 1.65 and the refractive index usually increases by 0.03 to 0.05 after curing 

process. In order to have a smoother transition profile of refractive index at optical 

interface between film and glass, the UV resist with refractive index of 1.45 was chosen 

to match with the refractive index of glass (n = 1.5) after curing assuming the refractive 

index of UV curable resist will increase to 1.5. Therefore, the refractive index of parabola-

cone was set to 1.5 in the following models. 

Height 

In this section, we adjust the height of the parabola-cone, keeping the period fixed at the 

diameter of the base, to investigate the effect of height alone. Perovskite solar cells can 

absorb incident light with wavelength from 400 nm to 800 nm, which suggests the 

subwavelength dimension should be no greater than 800 nm for both height and width. 

Four groups of base diameters were chosen to explore the optical characteristics of 

parabola-cone in each scenario to get a basic idea of the influence caused by height. Base 

diameters were set to 200 nm, 400 nm, 600 nm and 800 nm. For each individual group 

with same base diameter, the height was changed from 200 nm to 800 nm with 200 nm 

increment to investigate the impact on transmission and reflection rate due to variation in 

height. 
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(a)                                                                     (b)                                                    

(c)                                                                                  (d)                                                    

Figure 3.6 Absorption rate in percentage calculated for different heights (200 nm-800 nm) for 

base diameters (a) D = 200 nm, (b) D = 400 nm, (c) D = 600 nm, (d) D= 800 nm, when the period 

to diameter ratio is set to 1.0. 

 

As it is shown in Figure 3.6, the solid line with different colour represent absorption rate 

of perovskite layer with parabola-cone surface structure at different heights as the legend 

indicates. It can be seen from (a) and (b) that there is little impact on absorption rates due 

to the change in parabola-cone height and only limited changes within a small range was 

found for wavelength from 600 nm to 750 nm. As the base diameter increases to 600 nm, 

the absorption rate starts varying when the height of parabola-cone changes and the 

variation becomes clearer when base diameter increased to 800 nm. Comparing the 

absorption characteristics obtained for different base diameters, it can be seen that 

parabola-cone surface structure with base diameter of 600 nm slightly outperforms the 

other three groups due to stronger enhancement effect for wavelength from 670 nm to 

750 nm. Nevertheless, no significant pattern was found regarding the impact due to 

parabola-cone height. 
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Figure 3.7 Transmission and reflection at solar cell surface under different parabola-cone heights 

(H = 2-800 nm, D = 600 nm). The period to diameter ratio is set to 1.0. 

 

Figure 3.7 outlines the transmission and reflection characteristics for parabola-cone 

structured surface with different height. The surface reflection was generally reduced over 

the whole absorption spectrum except for some wavelength at very narrow range. As a 

result, transmission rate to the solar cell structure was enhanced. According to the 

modelling results shown in Figure 3.7, the parabola-cone with height of 600 nm has the 

best performance in terms of transmission enhancement followed by parabola-cone with 

height of 800 nm and 400 nm, whereas the least enhancement was found when parabola-

cone has height of 200 nm. 

Parabola-cone Height 

(nm) 

Short-circuit Current 

Density JSC (A/m2) 

Performance 

Ranking 

No Structure 206.437 5 

200 212.497 4 

400 218.473 3 

600 219.912 1 

800 219.668 2 

Table 3.2 Short-circuit current density due to photogeneration by perovskite layer for 

corresponding geometrical setups (H = 2-800 nm, D = 600 nm). The solar cell performance is 

ranked by their short-circuit current density (highest short-circuit current density corresponds to 

best performance). The best solar cell performance and the performance for solar cell without 

surface structure is highlighted in yellow and green colour respectively. 
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Introduced in chapter two, the short-circuit current is one of the key parameters that 

measures the solar cell’s capability to covert optical energy into electrical energy. Table 

3.2 compares the short-circuit current obtained from computations for parabola-cones 

with different heights. The highest short-circuit current was achieved when parabola-cone 

is 600 nm high at a diameter of 600 nm, which is followed by parabola-cone with height 

of 800 nm, 400 nm and 200 nm in descending order. Combing the modelling result of 

absorption with perovskite layer, surface transmission and reflection and the short-circuit 

current, it was discovered that these parameters are highly correlated to each other. 

However, parabola-cone with different geometric setup may outperform those setups that 

demonstrate higher overall enhancement for specific wavelength range.  

Since wavelengths from 500 nm to 700 nm have the highest solar radiation intensity at 

the earth, which is also a key absorption range of the perovskite solar cell, base diameter 

of 500 nm and 600 nm were chosen for a more detailed modelling to investigate the 

impact due to height variation of the parabola-cone, where the height is varying from 0.5 

um to 4 um and increased by common ratio of two.   

 

(a)                                                             

 

(b) 

Figure 3.8 Absorption rate calculated for different heights for base diameters (a) D = 500 nm, (b) 

D = 600 nm (H = 0.5 – 4 um). The period to diameter ratio is set to 1.0. 
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As Figure 3.8 shows, both (a) and (b) demonstrate some absorption enhancement for 

wavelengths from 400 nm to 580 nm and 680 nm to 800 nm comparing to reference group. 

The strongest absorption enhancement was observed when the parabola-cone had a base 

diameter of 0.6 um and height of 0.5 um in (b) and there was little impact on absorption 

rate from height variation in (a). However, when base diameter was set to 500 nm, 

parabola-cone with height of 0.5 um slightly outperform other heights as it is shown in 

Figure 3.8 (a).  

 

Figure 3.9 Transmission and reflection at the solar cell front surface for parabola-cone with base 

diameter of 600 nm and height of 500 nm when the period to diameter ratio is set to 1.0. 

 

Figure 3.9 compares the transmission and reflection characteristics of solar cell surface 

with and without parabola-cone surface structure. It can be seen that the selected 

geometry setup generally demonstrates effective reduction of reflection at solar cell 

surface across the whole absorption spectrum from 400 nm to 800 nm and provides 

significant transmission enhancement for wavelength ranging from 400 nm to 545 nm 

and from 670 nm to 760 nm. 
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(a)                                                                     (b) 

 

(c)                                                                     (d) 

Figure 3.10 Spatial distribution of generation rate within perovskite layer (a) top-down view from 

x-y plane when there is no surface structure (b) sectional view from x-z plane when there is no 

surface structure, (c) top-down view from x-y plane when parabola-cone surface structure with 

base diameter of 600 nm and height of 0.5 um is applied, (d) sectional view from x-z plane when 

parabola-cone surface structure with base diameter of 600 nm and height of 0.5 um is applied.  

 

Figure 3.10 compares the spatial distribution of generation rate within perovskite layer 

for solar cell with and without parabola-cone surface structure. It can be seen clearly from 

figure 3.10 (d) that generation rate is improved at a deeper location within the perovskite 

layer and that multiple generation centres are observed at different depth, which 

represents an increasing number of charge carriers that were generated when the parabola-

cone surface structure (D = 600 nm, H = 0.5 um) is applied. This result suggests that the 

parabola-cone surface structure with certain geometric setups can achieve higher short-

circuit current by generation rate.  
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Geometric Set up of parabola-cone Short-circuit Current Density JSC (A/m2) 

No Structure 206.437 

D = 600 nm, H = 500 nm 219.526 

 

Table 3.3 Short circuit current density due to photogeneration by perovskite layer for with and 

without surface structure. The data which the parabola-cone surface structure with base diameter 

of 600 nm and height of 500 nm is highlighted. 

The short circuit current was computed using optoelectronic analysis module that applied 

to perovskite layer which is shown in table 3.3. The short circuit current was improved 

from 206.437 A/m2 to 219.526 A/m2 when parabola-cone surface structure is applied, 

which provides a 6.34% enhancement comparing to perovskite solar cell without any 

surface structure. 

The parabola-cone surface structure at micrometre dimension was also studied to fully 

investigate the impact on absorption characteristics due to height variation. Base diameter 

was chosen to be 1 um, 2 um, 3 um and 4 um, whereas the height was chosen to vary from 

1um to 4 um by increments of 1 um. 

 

(a) (b) 

 

(c)                                                                                 (d)    

Figure 3.11 Absorption rate calculated for different heights for base diameters a) D = 1 um, b) D 

= 2 um, c) D = 3 um, d) D = 4 um for H = 1, 2, 3 and 4 um. 
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As is shown in Figure 3.11, the absorption curves demonstrate similar characteristics to 

previous modelling of parabola-cone in subwavelength dimension. Shifts and oscillations 

in absorption rate were observed at certain wavelength, however, the overall outline of 

the absorption characteristics remains similar. Significant absorption enhancement was 

observed for incident wavelengths from 670 nm to 740 nm due to the parabola-cone 

surface structure that was employed and there was larger fluctuation in absorption 

characteristics as the parabola-cone varies.  It is worth noting that the absorption rate in 

Figure 3.11 (d) shows distinct characteristics for wavelength between 650 nm to 715 nm, 

which increases as the height increases from 1 um to 4 um. Nevertheless, it was still 

difficult to elaborate any general patterns on absorption enhancement due to height 

variation. A promising enhancement effect was found in Figure 3.11 (a) when the height 

is 1 um and 3 um, which has similar level of power absorption comparing to each other. 

Therefore, the transmission and reflection at the solar cell surface was modelled for 

parabola-cone with this promising geometric setup, which is shown in Figure 3.12.  

 

Figure 3.12 Transmission and reflection at the solar cell front surface for parabola-cone with base 

diameter of 1.0 um and height of 1.0 um and 3.0 um. 

 

As is shown in figure 3.12, both groups demonstrate significant transmission 

enhancement, which covers nearly the whole absorption spectrum of perovskite. It was 



51 

 

also observed that parabola-cone with height of 1 um slightly outperform the other group 

with height of 3 um as it generally provides higher transmission rate to solar cell. 

 

(a)                                                                                 (b)    

 

(c)                                                                                 (d)    

Figure 3.13 Spatial distribution of generation rate within perovskite layer when parabola-cone 

surface structure is applied (a) top-down view from x-y plane when parabola-cone with base 

diameter of 1.0 um and height of 1.0 um is applied (b) sectional view from x-z plane when 

parabola-cone with base diameter of 1.0 um and height of 1.0 um is applied, (c) top view from x-

y plane when parabola-cone with base diameter of 1.0 um and height of 3.0 um is applied, (d) 

sectional view from x-z plane when parabola-cone with base diameter of 1.0 um  and height of 

3.0 um is applied. 

 

A similar level of power absorption was observed in Figure 3.11 (a) for parabola-cone 

with above geometric setup, but the spatial distribution generation rate turns to be 

different as it is shown in Figure 3.13. When the parabola-cone has height of 1 um, the 

strongest generation centre is located right beneath the centre of parabola-cone and 

multiple generation centres were found in good alignment at different depth level of 

perovskite layer. When height increases to 3.0 um, highest generation centre was found 
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at the side of optical analysis region under parabola-cone with darker colour comparing 

to Figure 3.13 (a), which represents higher local generation rate.  

Since the photo-generated charge carriers will be transported to cathode and anode 

through transporting layers at the top and bottom, this process would be more efficient if 

there are multiple generation centres well distributed within perovskite layer. The 

corresponding short-circuit current for above geometric setup is shown in Table 3.4. 

Geometric Set up of 

parabola-cone 

Short-circuit Current 

Density JSC (A/m2) 

No Structure 206.437 

D = 1 um, H = 1um 219.245 

D = 1 um, H = 3 um 216.472 

 

Table 3.4 Short circuit current density due to photogeneration by perovskite layer when parabola-

cone surface structure has base diameter of 1.0 um and height of 1.0 and 3.0 um. 

 

Base Diameter  

As with the height of the parabola-cone, the base diameter also plays an important role 

on determine the geometry of the parabola-cone structure. It was set to fixed value while 

exploring the effect on perovskite absorption rate due to the height variation in the former 

section, whereas in this part, we explore the impact on the transmission and reflection rate 

caused by variations in base diameter. For each height that was used in the previous 

models, the absorption rate was replotted with the base diameter value changing for single 

fixed height value so that possible pattern depending on the base diameter can be 

visualised and more appreciable. 

 

 



53 

 

(a)                                                                     (b)       

 

(c)                                                                                 (d)    

Figure 3.14 Absorption rate calculated for different base diameters (D = 200-800 nm) for heights 

a) H = 200 nm, b) H = 400 nm, c) H = 600 nm, d) H = 800 nm. 

 

As it is shown in Figure 3.14, absorption rate was largely improved when base diameter 

is 600 nm (purple curve) among all height groups. Nevertheless, no specific relationship 

was found between absorption characteristics of perovskite and variation in base diameter 

at subwavelength dimension. 
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(a)                                                                     (b) 

                   

(c)                                                                                 (d)    

 Figure 3.15 Transmission and reflection rate under different base diameter (D = 1.0-4.0 um) and 

height condition. a) H = 1.0 um, b) H = 2.0 um, c) H = 3.0 um, d) H = 4.0 um. 

 

In Figure 3.15 (a) and (b), it can be seen that the absorption rate was significantly 

enhanced when base diameter and height are the same, especially for a wavelength range 

between 670 nm and 750 nm. Specifically, in Figure 3.15(a), when height of the parabola-

cone is 1.0 um, the absorption rate gradually reduces as the base diameter increases from 

1 um to 4.0 um between above wavelength range. From 400 nm to 550 nm, the highest 

absorption was found when base diameter is 1.0 um and it fluctuates up and down as the 

base diameter of the parabola-cone increases from 1.0 um to 4.0 um. Comparing to the 

perovskite solar cell without parabola-cone surface structure, the applied surface structure 

generally shows an overall enhancement in absorption rate to different extent depending 

on the geometrical profile of parabola-cone. However, no distinct pattern was observed 

solely due to either height or base diameter of the parabola-cone array at both 

subwavelength and micrometre dimension based on modelling results from selected 

values for the parameters that of interest, which may due to disproportionate changes in 

parabola-cone base diameter and height.  
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Thus, it is reasonable to believe that the absorption rate of perovskite layer could be more 

correlated with the height and the base diameter ratio rather than when either parameter 

is considered individually. Thus, one of the key geometric parameters that consists of 

height and base diameter is the aspect ratio, which defined as the ratio between height 

and base diameter of the parabola-cone. This may have more effective impact on 

absorption rate at the perovskite layer. Therefore, more information about the relationship 

between the absorption characteristics and the aspect ratio of parabola-cone may 

contribute to our knowledge on how to modify the surface structure to maximize the 

potential enhancement in light harvesting. 

 

3.2.2 Aspect Ratio (AR) 

Conventionally, the aspect ratio refers to the ratio of longer side to the short side of a 

rectangle or the ratio between the width and height if the geometry is oriented as a 

“landscape”. However, in photolithography, the aspect ratio usually refers to the ratio of 

the height to the width of an etched or deposited surface structure. In this context, the 

aspect ratio of a parabola-cone equals to the ratio between the height and the base 

diameter of parabola-cone. 

According to previous modelling results, the parabola-cone with a base diameter of 600 

nm and 1 um provides a relatively higher absorption rate at perovskite layer for a wide 

range of selected heights with subwavelength dimensions. Thus, the focus of our 

investigation of aspect ratio a parabola-cone with base diameter of 600 nm and 1 um, 

which can not only provide a suitable invariant value but also helps to explore promising 

geometric setups to find the optimum condition for transmission enhancement. The 

transmission and reflection characteristics at the solar cell surface and absorption by the 

perovskite layer were modelled with an aspect ratio set to values from 0 (without surface 

structure) to 2.0 at 0.5 increments to investigate the impact on the absorption 

characteristics of the parabola-cone array.  



56 

 

 

Figure 3.16 Transmission and reflection at the solar cell front surface for parabola-cone with base 

diameter of 600 nm and aspect ratios (AR) from 0.5 to 2.0. 

 

Figure 3.17 Absorption rate calculated for perovskite layer with parabola-cone structured surface 

under aspect ratios (AR) from 0.0 to 2.0 when base diameter is 600 nm.  

 

Figure 3.16 compares the transmission and reflection characteristics at solar cell surface 

with parabola-cone structured surface under different aspect ratio conditions whereas 

Figure 3.17 shows the absorption characteristics of perovskite layer under same aspect 
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ratio conditions. It was observed that the transmission and absorption characteristics for 

varying aspect ratio shares high similarity, however, the optical absorption rate by 

perovskite layer is slightly less comparing to the optical transmission rate to solar cell due 

to the optical losses in solar cell layers before reaching the perovskite layer. The 

absorption rates for wavelength below 530 nm and above 750 nm were highly similar 

under all selected aspect ratios, however, parabola-cone with aspect ratio of 1.5 and 2.0 

provide slightly higher absorption rate than lower aspect ratios for wavelength under 530 

nm. The impact on absorption rate due to different aspect ratio becomes more distinct for 

wavelength from 550 nm to 800 nm, especially from 670 nm to 750 nm. In this 

wavelength range, strong enhancement in absorption rate was observed when aspect ratio 

of parabola-cone is 1.0, which followed by aspect ratio values of 0.5, 1.5 and 2.0. 

 

(a)                                                                                 (b) 

 

(c)                                                                                 (d) 

Figure 3.18 Spatial distribution of generation rate within perovskite layer when parabola-cone 

surface structure with base diameter of 600 nm is applied with different aspect ratios (a) top view 

from x-y plane when parabola-cone with aspect ratio of 0.5, (b) sectional view from x-z plane 

when parabola-cone with aspect ratio of 0.5 is applied, (c) top view from x-y plane when parabola-

cone with aspect ratio of 1.0 is applied, (d) sectional view from x-z plane when parabola-cone 

with aspect ratio of 1.0 is applied.  
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(a)                                                                                 (b) 

 

(c)                                                                                 (d) 

Figure 3.19 Spatial distribution of generation rate within perovskite layer when parabola-cone 

surface structure with base diameter of 600 nm is applied with different aspect ratios (a) top view 

from x-y plane when parabola-cone with aspect ratio of 1.5, (b) sectional view from x-z plane 

when parabola-cone with aspect ratio of 1.5 is applied, (c) top view from x-y plane when parabola-

cone with aspect ratio of 2.0 is applied, (d) sectional view from x-z plane when parabola-cone 

with aspect ratio of 2.0 is applied. 

 

As it is shown in Figure 3.18 and Figure 3.19, the spatial distribution profile of generation 

rate in perovskite layer is displayed in both x-y and x-z plane. For x-y plane figures, the 

location of high generation rate centres was found at corners of modelling region when 

AR = 1.0, whereas the high generation centres were much less apparent for other selected 

aspect ratios. For x-z plane figures, high generation centres are mostly located at top 

corners except when AR = 0.5, the high generation centre is at the middle of perovskite 

top surface. The overall highest generation rate was found when AR = 1.5, which also 

has demonstrated high generation rate at deeper level within perovskite layer. Therefore, 

it is more probable that the best solar cell performance is between AR = 1.0 and AR = 1.5 

due to their superior spatial distribution of generation rate. However, it is still difficult to 
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distinguish which aspect ratio provides the best solar cell performance. Thus, the 

computation of short-circuit current is required. 

Aspect ratio Short-circuit Current 

Density JSC (A/m2) 

Performance 

Ranking 

No Structure 206.437 5 

0.5 215.177 3 

1.0 219.912 1 

1.5 218.243 2 

2.0 214.463 4 

 

Table 3.5 Short circuit current density due to photogeneration by perovskite layer when parabola-

cone surface structure has base diameter of 600 nm with different aspect ratios (0.5 to 2.0). 

 

According to Table 3.5, the parabola-cone with aspect ratio of 1.0 has much superior 

optical absorption property comparing to other selected aspect ratio values and is 

followed by 1.5, 0.5 and 2.0. 

Similarly, same set of modelling was performed when base diameter is 1 um. 

 

Figure 3.20 Transmission and reflection at the solar cell front surface for parabola-cone with 

base diameter of 1.0 um and aspect ratios (AR) from 0.5 to 2.0. 
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Figure 3.21 Absorption rate calculated for perovskite layer with parabola-cone structured surface 

under aspect ratios (AR) from 0.0 to 2.0 when base diameter is 1.0 um. 

 

Figure 3.20 and Figure 3.21 shows the modelling result of transmission and reflection at 

solar cell surface and optical absorption rate of perovskite layer respectively. It can be 

seen clearly in Figure 3.20 that the reflection rate generally drops when parabola-cone 

surface structure is applied and correspondingly the transmission rate increases and the 

optimal overall transmission characteristic was found at aspect ratio of 1.5, which only 

slightly outperform the parabola-cone with aspect ratio of 1.0 especially for wavelength 

greater than 740 nm. In terms of optical absorption by perovskite layer, the highest 

absorption rate was also observed when aspect ratio is 1.5, followed by parabola-cone 

with aspect ratio of 1.0, 2.0 and 0.5. This result may cause by more suitable focal distance 

of parabola-cone which is able to converge incident light at perovskite surface and 

improve the absorption process of photons and therefore improve the transmission rate at 

solar cell surface and given lower surface reflection rate. The spatial distribution of 

generation rate for perovskite layer can provide visualisable profile that highlights the 

local absorption centres and help to verify the above inference.  
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(a)                                                                                 (b) 

 

(c)                                                                                 (d) 

Figure 3.22 Spatial distribution of generation rate within perovskite layer when parabola-cone 

surface structure with base diameter of 1.0 um is applied with different aspect ratios (a) top view 

from x-y plane when parabola-cone with aspect ratio of 0.5, (b) sectional view from x-z plane 

when parabola-cone with aspect ratio of 0.5 is applied, (c) top view from x-y plane when parabola-

cone with aspect ratio of 1.0 is applied, (d) sectional view from x-z plane when parabola-cone 

with aspect ratio of 1.0 is applied. 

 

As is shown in Figure 3.22 (a) and (c), the big circular feature located in the middle of x-

y plane is the main generation centre due to the convergence effect of parabola-cone at 

the solar cell surface. In addition to the main generation centre, multiple small centres 

with relatively lower generation rate were observed surrounding the main centre, which 

also can be seen from the z-x plane in Figure 3.22 (d) near the top surface of perovskite. 

Overall, the parabola-cone with aspect ratio of 1.0 demonstrates a higher generation rate 

than parabola-cone with aspect ratio of 0.5 within the perovskite layer. 
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(a)                                                                                 (b) 

 

(c)                                                                                 (d) 

Figure 3.23 Spatial distribution of generation rate within perovskite layer when parabola-cone 

surface structure with base diameter of 1.0 um is applied with different aspect ratios (a) top view 

from x-y plane when parabola-cone with aspect ratio of 1.5, (b) sectional view from x-z plane 

when parabola-cone with aspect ratio of 1.5 is applied, (c) top view from x-y plane when parabola-

cone with aspect ratio of 2.0 is applied, (d) sectional view from x-z plane when parabola-cone 

with aspect ratio of 2.0 is applied. 

 

As is shown in Figure 3.23 (a) and (b), the spatial distribution of generation rate for 

parabola-cone with aspect ratio of 1.5 is similar to that Figure 3.22 (c) and (d) in terms of 

the location of main generation centres. However, the intensity of generation rates that 

were observed for 1.5 aspect ratio group at different centres are quite different. The 

middle generation centre shows relatively low intensity compared to its surrounding 

centres, whereas in the x-z plane, a much higher generation rate was observed from 

perovskite surface to interior compared to the previous group when aspect ratio is 1.0. 

This is due to the combined effect of surrounding generation centres that exhibit a higher 

generation rate. As the aspect ratio increases to 2.0, there are four different generation 

centres with high generation rate at each corner and one relatively lower rate centre at the 
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middle of x-y plane. As a result, the corresponding spatial distribution in x-z plane 

changes, as shown in Figure 3.23 (d). 

Aspect ratio Short-circuit Current 

Density JSC (A/m2) 

Performance 

Ranking 

No Structure 206.437 5 

0.5 213.453 4 

1.0 219.348 2 

1.5 219.756 1 

2.0 214.828 3 

 

Table 3.6 Short circuit current density due to photogeneration by perovskite layer when parabola-

cone surface structure has base diameter of 1.0 um with different aspect ratios (0.5 to 2.0). 

 

Table 3.6 lists the short-circuit current density that was obtained from computation using 

Ampere’s law. As the ranking shows, the parabola-cone with an aspect ratio of 1.5 

demonstrats the highest short-circuit current density, slightly outperforming the 1.0 aspect 

ratio structure. Parabola-cones with aspect ratio of 2.0 and 0.5 come third and fourth. The 

group with parabola-cone structured surfaces show a significant enhancement in short 

circuit current density compared to perovskite solar cell without surface structure (up to 

7%), which gives short circuit current density of 206.437 A/m2.  Combined with the 

results from the spatial distribution of generation rate within perovskite layer, we believe 

that more local generation centres with reasonable generation rate would be more 

beneficial to current generation process, which produces higher short-circuit current 

density and potentially enhance the solar cell performance. Nevertheless, this may not be 

the case if the incident light is not perpendicular to the parabola-cone surface and it will 

be further explored in later section, which specifically looks into the impact on reflection 

and transmission characteristics under oblique incident condition. 

Parabola-cones with base diameter of 2.0 um and 4.0 um were also studied to explore the 

possibility of providing optimal enhanced solar cell performance and to investigate the 

optical behaviour of perovskite solar cell due to variation in parabola-cone aspect ratio in 

corresponding geometrical scenarios.  
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Figure 3.24 Transmission and reflection at the solar cell front surface for parabola-cone with 

base diameter of 2.0 um and aspect ratios (AR) from 0.5 to 2.0. 

 

Figure 3.25 Absorption rate calculated for perovskite layer with parabola-cone structured surface 

under aspect ratios (AR) from 0.0 to 2.0 when base diameter is 2.0 um. 
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(a)                                                                                 (b) 

 

(c)                                                                                 (d) 

Figure 3.26 Spatial distribution of generation rate within perovskite layer when parabola-cone 

surface structure with base diameter of 2.0 um is applied with different aspect ratios (a) top view 

from x-y plane when parabola-cone with aspect ratio of 0.5, (b) sectional view from x-z plane 

when parabola-cone with aspect ratio of 0.5 is applied, (c) top view from x-y plane when parabola-

cone with aspect ratio of 1.0 is applied, (d) sectional view from x-z plane when parabola-cone 

with aspect ratio of 1.0 is applied. 

 

Comparing Figure 3.26 (a) and (c), we observed that a generation centre has higher 

generation rate when the parabola-cone surface structure has aspect ratio of 0.5 but the 

size of the generation centre is larger when parabola-cone surface structure has aspect 

ratio of 1.0. From Figure 3.26 (b) and (d), we observed that the generation rate is slightly    

higher within the perovskite layer as it shows in the sectional view of spatial distribution 

when parabola-cone has aspect ratio of 1.0. 
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(a)                                                                                 (b) 

 

(c)                                                                                 (d) 

Figure 3.27 Spatial distribution of generation rate within perovskite layer when parabola-cone 

surface structure with base diameter of 2.0 um is applied with different aspect ratios (a) top view 

from x-y plane when parabola-cone with aspect ratio of 1.5, (b) sectional view from x-z plane 

when parabola-cone with aspect ratio of 1.5 is applied, (c) top view from x-y plane when parabola-

cone with aspect ratio of 2.0 is applied, (d) sectional view from x-z plane when parabola-cone 

with aspect ratio of 2.0 is applied. 

 

Aspect ratio Short-circuit Current 

Density JSC (A/m2) 

Performance 

Ranking 

No Structure 206.437 5 

0.5 210.453 4 

1.0 212.61 2 

1.5 214.152 1 

2.0 214.330 3 

 

Table 3.7 Short circuit current density due to photogeneration by perovskite layer when parabola-

cone surface structure has base diameter of 2.0 um with different aspect ratios (0.5 to 2.0). 
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Based on the results that obtained from previous modelling regarding height and base 

diameter and modelling in both subwavelength and micrometre dimension, it suggests 

that the aspect ratio of parabola-cone has more powerful impact than the height or base 

diameter of a parabola-cone itself for parabola-cone structure at both dimensions.  

 

Figure 3.28 Transmission and reflection at the solar cell front surface for parabola-cone with 

base diameter of 4.0 um and aspect ratios (AR) from 0.5 to 2.0. 

 

Figure 3.29 Absorption rate calculated for perovskite layer with parabola-cone structured surface 

under aspect ratios (AR) from 0.0 to 2.0 when base diameter is 4.0 um. 
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(a)                                                                                 (b) 

 

(c)                                                                                 (d) 

Figure 3.30 Spatial distribution of generation rate within perovskite layer when parabola-cone 

surface structure with base diameter of 4.0 um is applied with different aspect ratios (a) top view 

from x-y plane when parabola-cone with aspect ratio of 0.5, (b) sectional view from x-z plane 

when parabola-cone with aspect ratio of 0.5 is applied, (c) top view from x-y plane when parabola-

cone with aspect ratio of 1.0 is applied, (d) sectional view from x-z plane when parabola-cone 

with aspect ratio of 1.0 is applied. 
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(a)                                                                                 (b) 

 

(c)                                                                                 (d) 

Figure 3.31 Spatial distribution of generation rate within perovskite layer when parabola-cone 

surface structure with base diameter of 4.0 um is applied with different aspect ratios (a) top view 

from x-y plane when parabola-cone with aspect ratio of 1.5, (b) sectional view from x-z plane 

when parabola-cone with aspect ratio of 1.5 is applied, (c) top view from x-y plane when parabola-

cone with aspect ratio of 2.0 is applied, (d) sectional view from x-z plane when parabola-cone 

with aspect ratio of 2.0 is applied. 

 

Aspect ratio Short-circuit Current 

Density JSC (A/m2) 

Performance 

Ranking 

No Structure 206.437 5 

0.5 209.468 4 

1.0 208.251 3 

1.5 210.094 1 

2.0 209.874 2 

 

Table 3.8 Short circuit current density due to photogeneration by perovskite layer when parabola-

cone surface structure has base diameter of 4.0 um with different aspect ratios (0.5 to 2.0). 
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Figure 3.32 Short circuit current density due to photogeneration by perovskite layer when 

parabola-cone base diameter are 0.6 um, 1.0 um, 2.0 um and 4.0 um with varying aspect ratios 

(AR) from 0.5 to 2.0. 

 

Based on the modelling results from all four groups with different base diameter,(see 

Figure 3.32) it was discovered that the parabola-cone surface structure is generally well-

performed in terms of their short-circuit current density when base diameter of parabola-

cone are 600 nm and 1 um, which demonstrates more desirable performance enhancement 

at all selected aspect ratios than parabola-cone with other base diameter setups. The 

highest short-circuit current density was found when parabola-cone has base diameter of 

600 nm and aspect ratio of 1.0 whereas the second-best performance was observed when 

parabola-cone has base diameter of 1 um and aspect ratio of 1.5. As the base diameter 

increases from 600 nm to 4 um, the highest short-circuit current density of each base 

diameter group gradually drops from 219.912 A/m2 to 210.094 A/m2. According to Figure 

3.30, the short-circuit current density were found to be higher for selected aspect ratios 

when parabola-cone has base diameter of 600 nm and 1 um. Thus, it is more practical to 

focus on the above two base diameters. Considering the possibility of subsequent 

fabrication process of parabola-cone surface structure, 1.0 um base diameter is more 

achievable than 600 nm based on chosen fabrication technic and instruments that are 

available. Therefore, the following investigation was focusing on the parabola-cone with 

base diameter of 1 um. Based on parabola-cone aspect ratios that have already modelled, 

additional aspect ratios were modelled to provide a more sophisticated characteristics of 

short-circuit current density and their corresponding absorption characteristics and spatial 

distribution of generation rate. 
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(a)                                                                                 (b) 

 

(c)                                                                                 (d) 

 

(e)                                                                                 (f) 

Figure 3.33 Spatial distribution of generation rate within perovskite layer when parabola-cone 

surface structure with base diameter of 1.0 um is applied with different aspect ratios (a) top view 

from x-y plane when parabola-cone with aspect ratio of 0.25, (b) sectional view from x-z plane 

when parabola-cone with aspect ratio of 0.25 is applied, (c) top view from x-y plane when 

parabola-cone with aspect ratio of 0.5 is applied, (d) sectional view from x-z plane when parabola-

cone with aspect ratio of 0.5 is applied, (e) top view from x-y plane when parabola-cone with 

aspect ratio of 0.75 is applied, (f) sectional view from x-z plane when parabola-cone with aspect 

ratio of 0.75 is applied. 
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(a)                                                                                 (b) 

 

(c)                                                                                 (d) 

 

(e)                                                                                 (f) 

Figure 3.34 Spatial distribution of generation rate within perovskite layer when parabola-cone 

surface structure with base diameter of 1.0 um is applied with different aspect ratios (a) top view 

from x-y plane when parabola-cone with aspect ratio of 1.0, (b) sectional view from x-z plane 

when parabola-cone with aspect ratio of 1.0 is applied, (c) top view from x-y plane when parabola-

cone with aspect ratio of 1.25 is applied, (d) sectional view from x-z plane when parabola-cone 

with aspect ratio of 1.25 is applied, (e) top view from x-y plane when parabola-cone with aspect 

ratio of 1.5 is applied, (f) sectional view from x-z plane when parabola-cone with aspect ratio of 

1.5 is applied. 
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(a)                                                                                 (b) 

 

(c)                                                                                 (d) 

Figure 3.35 Spatial distribution of generation rate within perovskite layer when parabola-cone 

surface structure with base diameter of 1.0 um is applied with different aspect ratios (a) top view 

from x-y plane when parabola-cone with aspect ratio of 1.75, (b) sectional view from x-z plane 

when parabola-cone with aspect ratio of 1.75 is applied, (c) top view from x-y plane when 

parabola-cone with aspect ratio of 2.0 is applied, (d) sectional view from x-z plane when parabola-

cone with aspect ratio of 2.0 is applied. 

 

According to Figure 3.33 to Figure 3.35, significant enhancement in generation rate was 

observed when parabola-cone aspect ratio is 1.5 and multiple generation centres with 

reasonable generation rate were found.  

 

 

 

 



74 

 

Aspect ratio Short-circuit Current 

Density JSC (A/m2) 

Performance 

Ranking 

No Structure 206.437 9 

0.25 207.193 8 

0.5 213.453 7 

0.75 216.599 5 

1.0 217.318 3 

1.25 218.591 2 

1.5 219.756 1 

1.75 217.028 4 

2.0 214.828 6 

 

Table 3.9 Short circuit current density due to photogeneration by perovskite layer when parabola-

cone surface structure has base diameter of 1.0 um with different aspect ratios (AR) from 0.25 to 

2.0. 

 

Figure 3.36 Short circuit current density due to photogeneration by perovskite layer when 

parabola-cone base diameter is 1.0 um with varying aspect ratios (AR) from 0.25 to 2.0. 

 

The modelling result in table 3.9 was plotted to obtain a more visualised characteristics 

of short-circuit current density against aspect ratio of parabola-cone. It can be seen that 

the short-circuit current density increases from 207.193 A/m2 to 219.756 A/m2 as the 
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aspect ratio increases from 0.25 to 1.5 and reaches its peak value when aspect ratio is 1.5, 

which also agrees with the observation in spatial distribution of generation rate. As the 

aspect ratio further increases from 1.5 to 2.0, the short-circuit current density drops to 

214.828 A/m2. Correspondingly, the strongest enhancement in generation rate was found 

when aspect ratio is 1.5 as it is shown in Figure 3.34 (f).  

 

Figure 3.37 Transmission and reflection rate calculated for solar cell with parabola-cone 

structured surface under aspect ratios of 1.5 when base diameter is 1.0 um. 

 

Figure 3.38 Absorption rate calculated for perovskite layer with parabola-cone structured surface 

under aspect ratios of 1.5 when base diameter is 1.0 um. 
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Figure 3.37 compares the transmission and reflection rate at solar cell surface with 

promising geometrical setup and without parabola-cone surface structure, whereas Figure 

3.38 compares the absorption characteristic of the perovskite layer. It can be seen clearly 

that the parabola-cone structured surface generally exhibits a lower reflection rate and 

higher transmission rate than untextured plain surface over the absorption spectrum 

except for the wavelength range from 600 nm to 670 nm. Even if there was no 

enhancement of antireflection and transmission of incident light within a small 

wavelength range, the overall transmission rate is still much improved comparing to plain 

surface, which suggests that the proposed parabola-cone setup can effectively reduce the 

surface reflection and correspondingly enhance the optical transmission through the solar 

cell surface under normal incidence. Correspondingly, the absorption characteristics is 

highly similar to the transmission characteristics with slightly lower rate, which is due to 

the optical losses prior to reach the perovskite layer. 

Based on modelling results that obtained, it is observed that the short-circuit current 

density is the most effective approach to identify the absorption enhancement effect in 

perovskite layer due to parabola-cone structured surface. Transmission and reflection 

characteristics at the solar cell surface and perovskite absorption characteristics provide 

insight of optical behaviour over the absorption spectrum, whereas the spatial distribution 

of generation rate helps to visualise the enhancement effect within perovskite layer and 

observe the impact due to variations in geometrical setup.  

3.2.3 Duty Ratio (Period) 

So far, the optical characteristics of a single parabola-cone has been studied through 

modelling and promising parameters of geometry were found that demonstrated 

enhancement across the major portion of the absorption spectrum. The distance between 

the centre of two adjacent parabola-cone is defined as the period of an array that made of 

individual parabola-cones in regular arrangement and it is one of the most important 

factors that determines the optical characteristics of a structured surface. In this section, 

we briefly explore the influence on optical absorption within perovskite layer due to the 

change in the parabola-cone array period. 

The ratio between the base diameter (D) and the period (P) of the parabola-cone array is 

introduced as the base duty ratio (D/P) to provide a measure of the period in terms of the 
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base diameter, which not only links parameters of individual parabola-cone and the array 

together but also helps to characterise the optical absorption in a way that widely used in 

the field. The value of the base duty ratio (D/P) is greater than zero and has the largest 

value of one when the period equals the base diameter, which means the parabola-cones 

situated right next to each other without any space between them.  

Under normal incidence, the optical characteristics with different array period is modelled 

by defining the width of the region that FDTD analysis is performed according to the base 

duty ratio for a single parabola-cone assuming the parabola-cone array is in rectangular 

arrangement. The optical characteristics obtained from the modelling are equivalent to 

the characteristics of solar cell with parabola-cone array applied to its front surface 

because a parabola-cone array consists of many identical individual parabola-cone and 

each of them shares the same optical property. 

The modelling for the base duty cycle runs for values from 0.4 to 1 with increment of 0.2 

to get a basic idea of the impact on absorption rate due to different period for the parabola-

cone with the base diameter of 1.0 um and aspect ratio of 1.5, which is the promising 

setup that obtained from previous modelling.   

 

Figure 3.39 Absorption rate calculated for perovskite layer with parabola-cone structured surface 

with base diameter of 1.0 um and aspect ratio of 1.5 under different base duty ratio from 0.4 to 

1.0. 
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Duty ratio Short-circuit Current 

Density JSC (A/m2) 

Performance 

Ranking 

No Structure 206.437 5 

0.4 207.211 4 

0.6 209.571 3 

0.8 214.719 2 

1.0 219.756 1 

 

Table 3.10 Short circuit current density due to photogeneration by perovskite layer when 

parabola-cone surface structure has base diameter of 1.0 um and aspect ratio of 1.5 with different 

base duty ratios (0.4 to 1.0). 

 

It can be seen clearly from Figure 3.39 that the absorption rate was significantly enhanced 

for wavelength from 400 nm to 600 nm and 665 nm to 750 nm when the base duty ratio 

increases from 0.4 to 1.0 and reach the highest transmission enhancement when base duty 

cycle is 1.0. The transmission rate exhibits a slight decrease as the base duty cycle 

increases for wavelength between 600 nm and 665 nm, which covers much narrower band 

comparing to the wavelength range with significant enhancement. Correspondingly, the 

short-circuit current density for each duty ratio was calculated and listed in Table 3.8, 

which agrees with the observations from absorption characteristics. Based on these 

findings, two additional groups with promising parabola-cone setup were modelled to 

verify the pattern that found between the absorption rate and the base duty cycle for 

chosen base diameter.  
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Figure 3.40 Absorption rate calculated for perovskite layer with parabola-cone structured surface 

with base diameter of 1.0 um and aspect ratio of 1.25 under different base duty ratio from 0.4 to 

1.0. 

 

Duty ratio Short-circuit Current 

Density JSC (A/m2) 

Performance 

Ranking 

No Structure 206.437 5 

0.4 207.054 4 

0.6 208.793 3 

0.8 213.972 2 

1.0 218.591 1 

 

Table 3.11 Short circuit current density due to photogeneration by perovskite layer when 

parabola-cone surface structure has base diameter of 1.0 um and aspect ratio of 1.25 with different 

base duty ratios (0.4 to 1.0). 

 

Figure 3.40 shows the results of the same modelling that performed on parabola-cone 

array with the base diameter of 1 um and aspect ratio of 1.25. It shares the same optical 

characteristics as the previous modelling regardless of the change in aspect ratio of 

individual parabola-cone. 
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Figure 3.41 Absorption rate calculated for perovskite layer with parabola-cone structured surface 

with base diameter of 1.0 um and aspect ratio of 1.0 under different base duty ratio from 0.4 to 

1.0. 

 

Duty ratio Short-circuit Current 

Density JSC (A/m2) 

Performance 

Ranking 

No Structure 206.437 5 

0.4 206.964 4 

0.6 208.725 3 

0.8 213.064 2 

1.0 217.318 1 

 

Table 3.12 Short circuit current density due to photogeneration by perovskite layer when 

parabola-cone surface structure has base diameter of 1.0 um and aspect ratio of 1.0 with different 

base duty ratios (0.4 to 1.0). 

 

Modelling results from Figure 3.39 to Figure 3.41 shows good consistency with previous 

research on parabola-cone array based on silicon solar cell, where the surface reflection 

gets largely reduced as the base duty cycle increases and the lowest surface reflection was 

found when the period of the array equals the base diameter of the parabola-cone [34]. 
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However, less anti-reflective enhancement was achieved with the transparent parabola-

cone array that has chosen setups comparing to the silicon parabola-cone array.  

Therefore, for chosen geometrical parameters of parabola-cone, the surface reflection rate 

generally gets reduced as the base duty cycle increases and reaches the lowest when the 

period equals the base diameter. Correspondingly, both transmission and absorption rate 

increase as the base duty cycle increases and reaches its peak when base duty ratio is 1.0, 

which suggests that the higher the parabola-cone density in an array, the better the 

enhancement effect will be. Nevertheless, this pattern may change under oblique 

incidence which was also investigated in the following content.  

 

3.3 Oblique Incidence 
 

Modelling with normal light incidence has helped us to understand the basic optical 

property of the parabola-cone regarding fundamental geometrical parameters. However, 

the light injection conditions are far more complicated in real world scenario. Since the 

angle of solar radiation varies over time during a day, solar incidence to a solar cell 

surface will not be normed without angle adjustment and always with an incident angle 

larger than zero. Therefore, it is important to improve the capability of omnidirectional 

light harvesting of a solar cell so that it can become more practical for real world 

applications. 

There are three major parameters that can affect the surface reflection and transmission 

rate of parabola-cone structured surface under oblique incidence condition, which are the 

incident angle, aspect ratio of parabola-cone, the duty ratio (D/P). To investigate the 

impact due to each parameter individually, it is essential to make the rest parameters fixed 

and focus on the parameter that of interest. Sunlight reaches the solar cell surface at an 

incident angle that highly depending on the location that the solar device is installed and 

the tilt angle of the solar device, which means it is difficult to preciously cover each 

individual scenario. However, the incident solar radiation to majority continental surface 

excludes Antarctica and Arctic region generally falls in a range between 0° (normal 

incidence) to 50° over the globe. Thus, the modelling with oblique incidence was focused 

on the incidence angle that varying from 0° to 50° with interval of 10°. The transmission 
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to photoactive layer can be modelled for the entire absorption spectrum of perovskite 

solar cell at each incident angle that was selected by using a specific setup for source 

called Broadband Fixed Angle Source Technique (BFAST) offered by Lumerical FDTD 

Solutions, which provides an effective approach to obtain broadband simulation results 

at angled illumination for periodic structures.  

 

3.3.1 Broadband Analysis Under Changes in Angle of Incidence  

Under normal incidence, no refraction takes place as the incident light will be reflected 

or transmitted without deviation, which can be proved by the Snell’s Law. However, 

propagation is different when the angle of incidence is greater than zero as refraction 

happens at the optical interface due to different refractive indices of different mediums. 

Some proportion of incident light get reflected back into the incident medium at the 

optical interface whereas the rest of it get refracted. The refracted light continues 

propagating in the direction of incident light with an angle deviates from its original path 

(angle of refraction), which is usually defined as light that transmitted through an optical 

interface. Thus, reducing surface reflection under both normal and oblique incidence 

condition can effectively enhance the transmission of sunlight to the photoactive layer 

and potentially improve solar cell performance. 

In the past few decades, many researches have studied surface reflection and transmission 

characteristics over wavelength based on different types of solar cell under normal and 

oblique incidence [57]. However, majority of these studies are focusing on prevalent solar 

cells such as silicon solar cells and other highly efficient inorganic or tandem solar cells. 

There has been little attention on perovskite solar cells in terms of reflection and 

transmission characteristics under oblique incidence. The broadband fixed-angle source 

technique (BFAST) enables us to explore the optical transmission characteristics across 

the absorption spectrum of perovskite solar cell with and without parabola-cone surface 

structure in a convenient and cost-effective way. 

The optical absorption by perovskite layer was modelled over 400 nm to 800 nm under 

incident angle from 0° to 50° (AM1.5 corresponds to solar zenith angle of ƶ = 48.2°) with 

interval of 10° when no surface structure is applied. 
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Figure 3.42 Absorption rate calculated for perovskite layer under different angle of incidence 

from 0° to 50°. 

 

As it can be seen from Figure 3.42, absorption characteristic of perovskite layer shows 

distinct differences as the angle of incidence increases from 0° to 50°. Different patterns 

were observed for different wavelength ranges of incident light. One of the key 

observations is that the local maxima and minima of absorption characteristics shifts 

along the wavelength axis to the left as the angle of incidence increases. The absorption 

rate gradually reduces as the angle of incidence increases for wavelength from around 

460 nm to 650 nm and 760 nm to 800 nm despite of some fluctuations within small range, 

whereas no specific patterns were found for the rest of the absorption spectrum due to a 

number of crossovers between absorption characteristics. Generally, the overall 

absorption rate by perovskite layer tends to decline when the angle of incidence increases 

from 0° to 50°. 
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Angle of Incidence 

θ (°) 

Short-Circuit Current 

Density (A/m2)  

0 206.437 

10 205.745 

20 203.781 

30 201.072 

40 196.205 

50 172.931 

60 127.143 

70 23.857 

80 5.079 

90 0.000 

 

Table 3.13 Short circuit current density due to photogeneration by perovskite layer under angle 

of incidence from 0° to 90°. 

 

Figure 3.43 Short circuit current density due to photogeneration by perovskite layer under angle 

of incidence from 0° to 90°. 

 

Table 3.13 and Figure 3.43 presents the corresponding short-circuit current density when 

angle of incidence varies in chosen range. It can be seen from Figure 3.43 that the short-
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circuit current density has the highest value under normal incidence and it gradually drops 

as the incident angle increases to 40°, which is followed by a dramatic drop as the incident 

angle increases from 50° to 90°. The decrease in short-circuit current density at large 

incident angle is mainly caused by the reduction of transmitted optical flux density onto 

the solar cell surface as the horizontal component of incident light become larger as a 

result of increasing angle of incidence.  

 

3.3.2 Aspect Ratio (AR) 

The impact on the absorption rate of the perovskite layer due to variation in aspect ratio 

of parabola-cone has been modelled under normal incidence in the previous section and 

it was discovered that parabola-cone with base diameter of 1 um and aspect ratio of 1.5 

demonstrated a superior enhancement effect. However, the change in incident angle was 

not considered.  

To further investigate the impact on absorption rate of perovskite based on normal 

incidence for chosen base diameter, the incident angle was set to be varied from 0° to 90° 

with interval of 10°, whereas the ratio between base diameter of parabola-cone and 

distance of two adjacent pitches (D/L) was set to 1. According to the radiation intensity 

of solar spectrum that is shown in Figure 1.5.2, high radiation intensity was found for 

wavelength from around 400 nm to 800 nm under AM 1.5 (solar radiation that reaches 

earth surface), which means solar cells can receive significant proportion of sunlight 

within this particular wavelength range than other wavelength ranges. Therefore, the 

modelling under oblique incidence focused on the transmission enhancement effect for 

wavelength from 400 nm to 800 nm. 
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Figure 3.44 Short-circuit current density characteristics under oblique incidence with different 

aspect ratios from 0.5 to 2.0. 

 

As Figure 3.44 shows, the short-circuit current density was enhanced when parabola-cone 

surface structure was applied especially when the angle of incidence is large. When angle 

of incidence is below 40°, there was not much difference in terms of the enhancement 

effects due to parabola-cone surface structure despite of different aspect ratios. However, 

parabola-cone with aspect ratio of 1.5 demonstrates the highest short-circuit current 

density comparing to other aspect ratio. As the incident angle further increases, the short-

circuit current generally drops much more rapidly at small incident angles for all groups 

regardless of the fact that parabola-cone surface structure is applied or not.  Nevertheless, 

significant enhancement was observed when parabola-cone surface structure is applied. 

The highest short-circuit current density was found when aspect ratio is 2.0, which is 

followed by parabola-cone with descending aspect ratio. This specific characteristic is 

caused by a combine effect of refraction when light enter the parabola-cone at large 

incident angle and the total internal reflection which helps to confine the light within the 

solar cell system. There was no single aspect ratio that demonstrates optimum 

transmission enhancement at all studied angles of incidence, however, the parabola-cone 

with aspect ratio of 2.0 provides strongest improvement on short-circuit current density 

for incident angle greater than 40° and reasonable enhancement when incident angle 

below 40° based on above modelling results. The characteristics of short-circuit current 

density has provided a clear view regarding the enhancement effect due to parabola-cone 
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with different aspect ratios under different angle of incidence, which helped to distinguish 

promising aspect ratio for optimum enhancement. In addition to the characteristics of 

short-circuit current density, the spatial distribution of generation rate for perovskite layer 

in x-z plane was also modelled for parabola-cone with base diameter of 1.0 um and aspect 

ratio of 2.0 to provide a more visible and insightful perspective regarding the 

enhancement effect under oblique incidence comparing to solar cell without any surface 

structure.  

(a)                                             (b)                                                                (c) 

                                                      

(d)                                                                   (e)                                           (f) 

(g)                                           (h)                                                                 (i)                                                                   

 

(j)                                                                (k)                                              (l) 

Figure 3.45 Spatial distribution of generation rate within perovskite layer under different angle of 

incidence from 0° to 50°. (a) (b) (c) (g) (h) (i) are top view from x-y plane and (d) (e) (f) (j) (k) (l) 

are sectional view from x-z plane. 
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(a)                                             (b)                                                                (c) 

 

(d)                                                                   (e)                                           (f) 

 

 

(g)                                                    (h) 

Figure 3.46 Spatial distribution of generation rate within perovskite layer under different angle of 

incidence from 60° to 90°. (a) (b) (c) (g) are top view from x-y plane and (d) (e) (f) (h) are sectional 

view from x-z plane. 

 

Figure 3.45 and Figure 3.46 provide comparison in spatial distribution of generation rate 

between non-surface structure solar cell and solar cell with parabola-cone structured 

surface under different angle of incidence. The results shown in Figure 3.45 and Figure 

3.46 conform with the short-circuit current density that obtained in Figure 3.44, where 

the overall spatial generation rate generally drops as the angle of incidence increases 

despite of the application of parabola surface structure. However, the solar cell with a 

parabola-cone surface structure generally presents higher generation rate within 

perovskite layer comparing to solar cell without the surface structure, especially at some 

local generation centres. Overall, a significant enhancement in generation rate was found 

when aspect ratio is 2.0 for incident angle greater than 30 degrees under oblique incidence 
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by increasing the transmitted optical flux density that reaches the perovskite layer. Much 

less enhancement was found for parabola-cone with lower aspect ratios.  

The following chapters are based on experimental exploration, which will focus on the 

fabrication of the parabola-cone array with desired parameters onto the perovskite solar 

cell surface and compare the perovskite solar cell performance for the scenario where the 

parabola-cone surface structure is applied to the device surface and no surface structure 

is applied. 

 

3.4 Chapter Summary  
 

This chapter has investigated the optical characteristics at specific interfaces and the 

impact on these characteristics due to parabola-cone surface structure using a numerical 

method with the help of commercial software Lumerical FDTD Solutions. The impact on 

transmission and absorption rate due to different geometrical parameters were modelled 

focussed on height, base diameter, base duty cycle and aspect ratio of parabola-cone.  

According to the modelling results, it was found that a parabola-cone array at the 

perovskite solar cell surface can effectively enhance the optical absorption through light 

confinement and therefore allow more photons to reach the photoactive layer of a solar 

cell.  

The aspect ratio of parabola-cone demonstrates the strongest impact on the optical 

property among other single parameters such as height or base diameter and there is an 

optimum value of aspect ratio that provides maximum transmission and therefore 

minimum surface reflection and maximum absorption by perovskite layer. If the aspect 

ratio goes beyond the optimum value, the reflection rate would increase as the aspect ratio 

increases, which would cause corresponding drop in transmission rate. For selected base 

diameters less than or equal to 1.0 um, it is likely that the absorption enhancement effect 

due to parabola-cone becomes stronger as the aspect ratio increases from value that less 

than 1.0 to 1.0. However, as the aspect ratio of parabola-cone increases to values that are 

greater than 1.5, we see a steep drop in the absorption enhancement, which may cause by 

increased optical losses in parabola-cone structure and at the optical interfaces within the 

perovskite solar cell due to increased height of the parabola-cone. 
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Moreover, different base duty ratios can provide different transmission enhancement 

within specific wavelength range. For a parabola-cone array that made of individual 

parabola-cones with specific geometrical setups, the distance between the centre of two 

adjacent parabola-cone (period) affects the absorption enhancement effect as different 

periods can lead to different optical paths and different degrees of light absorption. When 

an individual parabola-cone has base diameter of 1.0 um with an aspect ratio of 1.0, the 

overall absorption rate across the absorption spectrum increases as the duty ratio increases 

0.4 to 1.0 and peaks when the duty ratio equals 1.0, which suggests that the higher the 

density of individual parabola-cones in given area, the stronger the optical absorption 

enhancement the array can produce.  

The broadband fixed angle source technique (BFAST) in Lumerical FDTD Solutions was 

used to study the transmission and absorption of optical power under oblique incidence. 

It was observed that the optical absorption rate behaves differently for different 

wavelength across the absorption spectrum, however, the absorption rate generally drops 

as the angle of incidence increases from 0° to 90°. The transmission and reflection rate of 

selected parabola-cone surface fluctuate within a small range over the absorption 

spectrum when incident angle is 20° and below, and the absorption rate drops 

dramatically for incident angle greater than 40° especially for wavelength longer than 500 

nm.   

For a parabola-cone array with base diameter of 1.0 um under oblique incidence, the 

absorption enhancement effect due to the parabola-cone array becomes stronger as the 

aspect ratio of parabola-cone increases from 0.5 to 2.0, which can be seen from higher 

short-circuit current density compared to solar cell with parabola-cones with lower aspect 

ratios. Based on the modelling results and analysis, the parabola-cone array with base 

duty ratio of 1.0, height of 2 um and base diameter of 1 um exhibits promising 

transmission rate with approximately 5% enhancement and around 15% enhancement in 

terms of short-circuit current density on average. The modelling results demonstrate that 

the enhancement in short-circuit current density due to the parabola-cone structure at the 

solar cell surface can be significant. Therefore, the parabola-cone array with this 

specification will be put forward to be experimentally investigated.  
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Chapter 4  

 

Fabrication of Parabola-cone Structured 

Film and Characterization 
 

In order to take advantage of the absorption enhancement due to the parabola-cone 

structured surface, it is important that we are able to fabricate the designed model into 

prototype and evaluate the actual absorption enhancement effect that can be achieved by 

the fabricated parabola-cone structured film. Thus, the fabrication technique of parabola-

cone structured film is explored and the characteristics of fabricated structure and 

corresponding enhancement in solar cell performance are studied. 

In this chapter, the most commonly used techniques for surface texturing were briefly 

discussed and a more detailed fabrication process of photo nanoimprint lithography is 

introduced. The parabola-cone array is fabricated as a transmission-enhancement film on 

the perovskite solar cell surface using a modified photo nanoimprint technique.  

 

4.1 Technology for Surface Texturing  
 

There are different techniques currently available to fabricate nano-scale surface patterns. 

These can be classified into three main categories: photolithography, electron beam 

lithography, and nanoimprint lithography.  

Photolithography is one of the most commonly used techniques to create patterns on part 

of a thin film or the bulk of a substrate. Light is used to transfer a geometric pattern from 

a photomask to a light-sensitive photoresist on the substrate, which is then either engraved 

using the exposure pattern with a series of chemical treatments or covered by the 

deposition of new material upon the material that is underneath the photoresist [58]. 

Photolithography is used extensively for fabrication of complicated integrated circuits 

due to its high resolution. It is able to create small patterns down to few tens nanometers 

in size [59]. Electron beam lithography (EBL) uses a mechanism similar to 
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photolithography, however a highly focused beam of electrons is used instead of light to 

create custom patterns on a substrate surface covered with an electron-sensitive film that 

allows selective removal of either the exposed or non-exposed region [60]. EBL can 

achieve custom patterns (direct-write) with resolution down to sub-10 nm, which is the 

main advantage among other similar technology [38]. Nanoimprint lithography (NIL) is 

an alternative fabrication technique to conventional lithography technology that uses 

replica molding to achieve surface patterns on a nanoscale dimension based on 

mechanical deformation of a polymer resist layer with a template presenting a surface 

geometry. The polymer layer can be used either as a resist mask for subsequent processing 

steps or as it is, as a functional layer [62]. 

Each lithography technique has their own advantages and is used for different 

applications. Compared to photolithography and electron beam lithography, nanoimprint 

lithography is much more cost effective due to the simplicity of the fabrication process, 

and much lower instrumental costs as it does not need complex optics or high-energy 

radiation sources, which are essential for photolithography and electron beam 

lithography. The surface structure is fabricated by bringing the intended functional 

surface layer and the mold into direct contact or with an anti-adhesive film between the 

intended surface and the mold that is then mechanically pressed. Once the mold has been 

fabricated, it can be repeatably used for as many as thousands of times to imprint the 

unique surface structure, which can potentially save significant manufacturing costs. 

Three of the most common types of nanoimprint lithography are thermoplastic 

nanoimprint lithography (T-NIL), photo nanoimprint lithography (P-NIL) and resist-free 

direct thermal nanoimprint lithography. T-NIL and resist-free direct thermal nanoimprint 

lithography have more factors to be considered than P-NIL, which may affect the outcome 

of designed fabrication and require sophisticated instruments to control the force and 

temperature at suitable level during the whole fabrication process. The intended parabola-

cone surface structure in this specific project can be easily achieved using P-NIL with an 

appropriate mold. Thus, it is unnecessary to use T-NIL and the resist-free direct thermal 

nanoimprint lithography as the P-NIL can achieve the desired structure with a simpler 

manufacturing process and lower cost. The P-NIL is therefore the best option to fabricate 

the intended surface structure. 
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4.2 Photo Nanoimprint Lithography 
 

After a short review of three conventional surface texturing techniques, we realised that 

the photo nanoimprint lithography is a more suitable approach to fabricate designed 

models from theoretical modelling. Thus, a more detailed fabrication process using photo 

nanoimprint lithography is introduced. 

The photo nanoimprint lithography follows a similar fabrication process as the 

conventional NIL, where a master mold is required to transfer the desired surface pattern 

to the intended surface. However, a specific photo (UV) curable resist will be applied to 

the sample substrate for curing process under UV exposure instead of using techniques 

with controlled thermal energy and pressure in T-NIL or resist-free direct thermal.  

 

Figure 4.1 Standard process of nanoimprint lithography using existing mold. Step 1: deposit 

selected resist onto the substrate. Step 2: apply mold with intended pattern onto the resist followed 

by imprinting and hardening. Step 3: remove the mold from step 2 (demolding) [63]. 

 

The standard process for P-NIL typically consists of three main steps which are shown in 

Figure 4.1 in schematic, namely, the resist dispensing, imprint and hardening, and the 

demolding. Firstly, a mold that has the inverted geometry of the intended surface pattern 

need to be fabricated or purchased from commercial supplier. With intended mold 

available, a layer of photo curable resist will be applied on the sample substrate surface 

prior to the imprint process and UV exposure by spin coating, which can provide a 

uniform layer of photo resist on the sample substrate. In order to allow UV to reach the 
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photo-curable resist, the mold has to be made of transparent material with high 

transmission rate for UV light. The transparent mold is then pressed onto the photo resist, 

with appropriate pressure, that allows fine contact between the photo resist and the mold 

followed by UV exposure to solidify the resist and form the pattern that transferred from 

the mold. The mold is removed once the resist is shaped and the intended surface 

structured will be firmly attached to the sample substrate. A similar pattern transfer 

process can be applied to transfer the resist pattern onto the underneath material after 

separation of the mold, however, this is not required for this project. To fabricate a 

parabola-cone array with the desired shape and dimension on a sample substrate using P-

NIL technique, it is essential to prepare a custom-made transparent mold. 

 

4.3 Fabrication of Mold and Perovskite Solar Cells 
 

4.3.1 Mold Fabrication 

Transparent molds with surface structures are commonly made of a high-molecular 

polymer such as polydimethylsiloxane (PDMS), polyurethane acrylate (PUA) and 

perfluoropolyether (PFPE), which are highly transparent and have low surface energy that 

can potentially avoid adhesion during fabrication process. These three polymers have 

their own advantages and disadvantages, however the PDMS is most widely used silicon-

based organic polymer, known for its good rheological properties in both research and 

industry.  

PDMS is mechanically viscoelastic, chemically inert, nontoxic, and cost-effective, which 

makes it the ideal candidate for master mold. The elastomeric molds are usually prepared 

by casting the PDMS in liquid form (liquid pre-polymer mixed with curing agent) against 

a master mold with intended structure, followed by curing process at higher temperature. 

It has a refractive index of around 1.4 and is optically transparent for wavelengths ranging 

from 240 nm to 1100 nm with an extinction coefficient less than 10 and negligible 

birefringence [64].  It also reduces surface reflection in solar cell applications in surface 

structures such as pyramidal [65], semi-spherical [66] and nanocone [67]. PDMS is the 
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best option among available choices to be used to fabricate the transparent mold for P-

NIL due to its superior properties that matches with the needs of our intended experiment. 

To make the PDMS mold with an inverted parabola-cone array for P-NIL, a master mold 

with a parabola-cone array at the surface is required. Direct-writing laser beam 

lithography is one of the most effective approaches that currently available to prepare the 

master mold. It capable of writing with variable dose in a single lithography step and 

generating high precision microstructures for optical systems [68]. Direct-writing laser 

beam lithography follows a very similar process to the standard photolithography process; 

however, it is simpler due to fewer fabrication steps.  

 

Figure 4.2 Schematic representation of the standard photolithography process. Coat: deposit the 

photoresist onto the sample substrate by spin-coating followed by prebake. Expose: the 

photoresist-coated sample is covered with a photomask and treated under photo exposure. 

Develop: the exposed photoresist is then developed by removing more dissolvable part with 

developing solution followed by post-bake. Etch: substrate with remaining photoresist is etched 

to achieve intended pattern. Strip: remove the photoresist remaining on the substrate. 
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Typically, there are five key steps in the photolithographic process, as outlined in Figure 

4.2 [69]. The photoresist is deposited on the surface of a substrate sample, usually by spin 

coating, followed by a prebake (soft baking) at higher temperature to evaporate the 

coating solvent and densify the photoresist. There are two types of photoresist that are 

commonly used, which are called the positive and negative photoresist. Positive resists 

are removed in the areas under photo exposure and retained in the area that is not exposed, 

remaining on the substrate as the chemical structures of the exposed area become more 

soluble in the developer. Negative resists behave exactly the opposite to the positive 

resists. Photo exposure of the negative resist polymerizes its chemical structure, making 

it becomes more difficult to dissolve in the developer, and thus, it remains on the sample 

substrate. Photomasks are used to control the photo exposure, allowing incident light to 

be expose a customisable shape. The exposed substrate is then immersed in a developing 

solution to dissolve the part of the photoresist that is intended to be removed depending 

on the type of photoresist that is used. It followed by post-bake (hard baking), which is 

necessary to harden the photoresist and improve adhesion to the substrate surface. The 

areas of the remaining photoresist, (after the developing process) is used to mask the 

underlying substrate for subsequent etching or pattern transfer steps followed by stripping 

to remove the photoresist on the substrate. 

However, only the first three steps are required when fabricating the master mold with 

direct-writing laser beam lithography. Instead of using a photomask to achieve selective 

photo exposure in standard photolithography, the intended pattern is created by the 

controlling the laser intensity at certain location of the photoresist coated substrate 

according to pre-loaded schematic (created here using MATLAB), which is uploaded as 

an input to the laser beam lithography instrument.  
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Figure 4.3 Schematic of hexagonal arranged parabola-cone array with base diameter of 1.0 um, 

height of 2.0 um and duty ratio of 1.0 in grayscale image. Higher grayscale indicates larger height 

will be remain at the location during subsequent lithography process. 

 

Figure 4.3 shows the top view schematic of a hexagonal arranged parabola-cone array 

with desired specifications that is supposed to be fabricated as master mould. The dark 

circles represent the parabola-cone surface structure that is intended to remain on the 

photoresist coated substrate after laser lithography in an ideal scenario. The gap between 

individual circles represent the coated photoresist that removed by developing process 

after laser lithography. To achieve the parabola-cone shape according to the designed 

schematic, positive resist is a more suitable choice due to its photochemical properties 

and it was deposited on a pre-cleaned glass substrate by spin coating at 2500 rpm for 20s 

followed by 15 mins prebake (soft baking) at 90°C in thermal oven. The photoresist 

coated substrate was then loaded on the exposure platform of direct laser writing system 

for photo lithography according to the preloaded schematic design. When the exposure 

process was complete, the corresponding developing solution was applied to the substrate 

to remove unwanted portion of photoresist.  

Different from the master mold with parabola-cone array, the soft mold is an inverted-

parabola-come mold that used to fabricate parabola-cone structured surface on the solar 

cell surface. The solution for making soft mold was prepared by mixing high-molecular 

polymer polydimethylsiloxane (PDMS) with corresponding curing agent with a weight 

ratio of 10: 1. Sufficient PDMS solution was then deposited onto the premade master 

mold surface followed by standing for 3 mins to ensure the PDMS solution and the master 

mold are in fine contact, then 8 hours baking at 60°C in thermal oven to allow soft mold 



98 

 

to shape up. After the sample was cooled down, PDMS mould was peeled off from the 

master mold and the transparent soft mold is ready for use. 

4.3.2 Perovskite Solar Cell Fabrication 

 

Figure 4.4 Schematic of a typical perovskite solar cell structure made of Ag/Spiro-OMeTAD/ 

Perovskite (CH3NH3PbI3) /ZnO/ITO. 

 

The physical structure of the perovskite solar cell samples that are used for this project 

are shown in Figure 4.4. They were prepared in a clean room environment following 

standard fabrication procedure including substrate cleaning, solution preparation, spin 

coating with annealing, and thermal evaporation, as detailed below. 

 

Substrate Cleaning 

It is essential to clean the ITO coated glass substrate prior to the coating process to remove 

any possible dirt on the substrate surface, which could enhance adhesion between the 

coated layer and the substrate. The ITO coated glass substrates (CSG Holding Co. Ltd., 

Shenzhen) have dimension of 25 mm by 25 mm and a thickness of 1 mm with sheet 

resistance of 8 to 12 ohm/sq. To clean the substrate, it was immersed in acetone and 

placed in an ultrasonic oscillator for 10 min to remove the organic contamination on its 

surface.  It was followed by the same process except for using aqueous surfactant solution 

to remove impurity particles on the substrate surface.  Deionized water was used to clean 

the aqueous surfactant solution and it was followed by an overall cleaning using 
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isopropanol inside ultrasonic oscillator for 10 mins.  The substrate is then placed in a UV-

Ozone cleaner for 15 mins for further cleaning and make the substrate surface 

hydrophilic. Once cleaning was finished, the substrate was dried with high purity nitrogen 

gun followed by 3 mins plasma cleaning. 

 

Solution Preparation 

In order to spin coat different layers of material onto the pre-cleaned ITO coated glass 

substrate, the materials of each interlayer need to be sufficiently fluid so that they can be 

uniformly deposited. Therefore, it is necessary to prepare the solution with the solute 

material if they are not available from commercial suppliers.  Following the relevant 

literature, the ZnO solution was prepared by dissolving zinc acetate dihydrate 

(Zn(CH3COO)2•2H2O, Aldrich) and 0.056g ethanolamine (NH2CH2CH2OH, Aldrich) in 

2 ml 2-methoxyethanol (CH3OCH2CH2OH, Aldrich, 99.8%) under stirring for 12 h in the 

air [70]. Dimethyl sulfoxide (DMSO) and butyrolactone (GBL) are commonly used as 

cosolvent in perovskite preparation process due to their ability to coordinating ligands 

that affect the chemistry of solution and subsequent film quality and morphology [71]. 

The perovskite solution was prepared in the glove box by mixing CH3NH3I and PbI2 

(Sigma Aldrich) precursor ink with a ratio of 1:1 mol% in 1ml of cosolvent that consists 

of dimethyl sulfoxide (DMSO) and butyrolactone (GBL) by a ratio of 3:7 followed by 

one-hour magnetic stirring at 50°C. The Spiro-OMeTAD solution was prepared by 

dissolving 80 mg Spiro-OMeTAD (Nichem), 28.8 ml 4-tert-butylpyridine (tBP, sigma-

Aldrich) and 17.5 ml lithium-bis (tri-fluoromethanesulfonyl) imide (Li-TFSI, Sigma-

Aldrich) solution (520 mg Li-TFSI in 1 ml acetonitrile) in 1ml chlorobenzene [70].  

 

Spin Coating and Annealing 

To fabricate a sample cell with the structure that is shown in Figure 4.4, all the layers 

except for the silver cathode were deposited on the sample substrate by spin coating and 

annealing inside a glovebox to eliminate possible interference from oxygen and moisture 

in open environment. The ZnO layer was spin-coated onto the ITO coated glass substrate 

at 4000 rpm for 40s and was transferred on a hotplate at 150 °C for 15 mins for thermal 

annealing to ensure good formation of the layer and followed by 10 mins cool down.  
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Subsequently, the prepared perovskite solution was collected using a burette and was 

dropped in the middle of the ZnO coated sample substrate followed by 10 s spinning at 

1000 rpm and 30 s at 6000 rpm. 100 µL of chlorobenzene was dropped onto the substrate 

surface during the second phase spinning at 10 s for photoactive layer deposition followed 

by 30 mins thermal annealing at the temperature of 100°C and 10 mins cool down. The 

Spiro-OMeTAD solution was spin-coated onto the perovskite layer at 4000 rpm for 30 s 

and oxidised in a dehumidifying air-filled box for 16 h. 

 

Thermal Evaporation 

Thermal evaporation is one of the simplest physical vapor deposition (PVD) techniques, 

and is widely used in metal electrode fabrication for solar cells. To deposit the silver 

cathode on Spiro-OMeTAD, the coated substrate was transferred from the dehumidifying 

air-filled box to the thermal evaporator using a sealed container filled with high purity 

nitrogen to prevent material degradation due to moisture before loading to the substrate 

platform. Two pellets of high purity silver were loaded on a metal boat as the source 

material and evaporated on the Spiro-OMeTAD under vacuum (<5×10-7 Torr) using 

thermal evaporator (Mini-Spectro’s, Kurt J. Lesker). 

 

4.4 Fabrication of Parabola-cone Array on Solar Cell 

Sample 
 

Once the transparent mould and solar cell sample are prepared, a parabola-cone array can 

be fabricated using photo imprint lithography as previously introduced. The front solar 

cell surface was firstly cleaned with isopropanol and dried with high purity nitrogen prior 

to the deposition of UV curable resist to enhance adhesion at interface. UV curable resist 

was then deposited onto the front surface of solar cell sample to cover the entire effective 

area. The premade transparent PDMS mould was directly pressed onto UV curable resist 

with the inverted parabola-cone array facing downwards and sufficient force was applied 

to bring the UV curable resist and transparent mould into complete contact. UV light with 

the intensity of 12 mW/cm2 was used for photo exposure for 5s, which allows the curable 

resist to be fully exposed under UV radiation for curing process. The transparent PDMS 
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mould was then removed from the sample substrate remaining the intended parabola-cone 

array developed on the solar cell surface. 

 

4.5 Solar Cell Performance Testing and Surface Structure 

Characterisation  
 

The same solar cell sample was tested before and after the fabrication of parabola-cone 

surface structure at both normal and oblique incident scenarios to compare their 

performance when the substrate is with and without the designed surface structure and 

therefore provide key measurements for comparison and analysis of enhancement effect 

due to the nanocone array at solar cell surface.  

The solar cell samples were placed under a solar simulator that provides the solar 

spectrum at AM 1.5 (air mass) at a calibrated intensity of 100 mW/cm2, which is the 

global standard radiance for photovoltaic device testing. The Keithley 2401 Source 

Measure Unit was connected to the solar cell samples to provide an internal bias range 

from -1.0 V to 1.0 V, which combines with the photo generated current and gives J-V 

characteristic curve under illumination condition. The data was collected and visualized 

with the aid of LabVIEW tool pack, which also stores the data for further analysis.  

For oblique incidence, a stand with rotating clamp system in the vertical plane was used 

so that the sample could be adjusted to face the solar simulator at incident angle of 30°, 

45°, 60° and 90° respectively to test the solar cell performance under each condition.  

After the performance testing and measurements collection, the surface geometry of the 

solar cell sample was then characterised using scanning electron microscope (SEM), 

which can provide high resolution image of the fabricated parabola-cone array at the solar 

cell surface in x-y plane. The sample was firstly stabilised onto a metal substrate using 

conductive tape leaving the intended testing area exposed for subsequent gold coating 

process.  The substrate was placed into ion sputter metal coating device (Magnetron) with 

supplied current of 28 mA for 18 s to deposit a thin layer of gold on the surface structure 

prior to SEM so that it becomes conductive when scanning electron was applied and 

therefore the surface geometry can be captured and characterised.  
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To measure the height and obtain an estimation of the surface parabola-cone geometry 

profile, the atomic force microscope (AFM) (SPM-9700, Shimadzu) was used to outline 

the fabricated parabola-cone surface by sweeping a non-contactable probe across the 

structured surface to provide an overview of the intended structure and their key 

geometric measurements. 

 

4.6 Chapter Summary 
 

This Chapter was reviewed experimental processes and techniques used covering the full 

fabrication process of parabola-cone surface structure and CH3NH3PbI3 based perovskite 

solar cell. The parabola-cone surface structure was fabricated using photo nanoimprint 

technology where a soft template (PDMS) was required to transfer the desired pattern 

onto solar cell surface. To fabricate the soft template for nanoimprint and pattern 

transformation, a master mould with the desired surface geometry was required, which 

was made using direct-writing laser beam lithography on specific photoresist. The 

characterisation processes for the fabricated mould and device such as SEM, AFM and 

standard J-V measurement were also covered to provide a detailed overall workflow of 

performance testing. 
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Chapter 5 

 

Experimental Results  
 

The previous chapter has covered the key experimental procedures including the 

fabrication process of the parabola-cone surface structure, the preparation of CH3NH3PbI3 

based perovskite solar cell samples and the characterisation of surface structure and solar 

cell performance. This chapter presents the results that were collected from the 

experiments and some key findings obtained by analysing the data. 

5.1 Parabola-cone master template 
 

           

                            (a)                                                                               (b) 

Figure 5.1 Top view of parabola-cone array master template under optical microscope with 

different magnification (a) ×1000, (b) ×2500 

 

Following the procedure in Chapter 4, Figure 5.1 shows the master template image 

obtained under electronic microscope with the magnification factor of 1000 and 2500. It 

can be seen that the parabola-cone array developed from direct laser writing shows a 

reasonably good resolution comparing to the designed schematic. However, the tip of the 

parabola-cone that fabricated seems to be sharper as it is shown in both image of Figure 

5.1 and scanning electron microscopy (SEM) will be required if a more detailed geometry 

characterisation of the fabricated master template is needed. 
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5.2 Soft template 

    
(a)                                                                                 (b) 

Figure 5.2 Top view of PDMS soft template with inverted parabola-cone structure under optical 

microscope with different magnification (a) �500, (b) �1000 

 

Following the fabrication process of soft template from Chapter 4, it can be seen from 

Figure 5.2 that the fabricated soft template base of the inverted parabola-cone looks more 

similar to a hexagonal shape rather than designed circular shape which is mainly due to 

the unsmooth edge of the fabricated master template. 

 

5.3 Perovskite solar cell  
 

 

 
 

Figure 5.3 Fabricated perovskite solar cell sample. There are 5 individual solar cells on the 

substrate and the silver anode, effective solar cell area and the ITO cathode are shown as indicated. 

ITO Cathode Silver Anode  

Effective Solar Cell Area 
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We then fabricated the perovskite solar cell sample following the procedure in Chapter 4. 

As is shown in Figure 5.3, some parts of the perovskite solar cell surface are in white 

colour, which is the conductive paste that applied to the silver anode and ITO cathode 

deliberately to enhance the electrical conductivity between solar cell electrodes and the 

characterisation device.  There are five separated solar cells on one substrate and they all 

share a common ITO cathode. Each small solar cell on the substrate is 0.4 cm ×0.5 cm 

in size and the total effective solar cell area on the substrate is 1 cm2, which is five times 

the area of a single small solar cell.  

5.4 Surface Characterisation 
 

The fabricated parabola-cone surface structure was characterised by using SEM and AFM 

to provide a three-dimensional profile of the solar cell surface.  

  
(a) (b) 

  
(c)                                                                               (d) 

Figure 5.4 Top view of fabricated surface structure from SEM. (a) Overview of solar cell surface, 

(b)(c)(d) Zoomed in view of selected parabola-cone 
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Figure 5.4 (a) shows the overview of the solar cell surface on x-y plane, where some 

unregular bulge can be observed in majority area of the surface. However, the highly 

organised parabola-cone array was not found, which could be mainly caused by material 

degradation and unexpected contact, which may damage the surface structure during huge 

delay between J-V characterisation and surface characterisation due to unavailability to 

the SEM and AFM instruments. The perovskite solar cell samples with parabola-cone 

surface structure was stored in a sealed plastic container in the lab under room 

temperature for 6 months before get tested. Figure 5.4 (b) (c) (d) shows the zoomed in x-

y plane profile of selected single parabola-cone structure corresponding to marked 

locations in figure 5.4 (a). It can be seen that the diameter of the bulges is generally around 

1.0 um, which is the dimension that was intended to achieve. Nevertheless, the convex 

surface did not seem to be as smooth as designed because the colour over the parabola-

cone area was not uniformly distributed, which indicates roughness over the convex 

surface. There is also some cracking at the edge of the parabola-cone (especially in figure 

5.4 (d)), which may be damage from inappropriate storage leading to contact with the 

solar cell surface. 

             

Figure 5.5 AFM capture of selected parabola-cone structure from solar cell surface 
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   (a) 

 

   (b) 

 

   (c)  

Figure 5.6 Geometric measurement of selected parabola-cone (a) atomic probe scanning path, (b) 

geometric scanning profile of path A-B, (c) geometric scanning profile of path C-D 
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Figure 5.7 three-dimensional view of selected parabola-cone structure from solar cell surface 

 

Due to the limitation of AFM instrument and the small number of parabola-cones that 

remains at the solar cell surface, it was harder to locate a relatively well-preserved 

parabola-cone structure from the solar cell surface and a full scan with a single atomic 

probe for the entire surface would be time-consuming and cost prohibitive. Thus, a 

parabola-cone structure with a reasonably good geometric figure was chosen to be 

zoomed-in for a more detailed in order to make an estimation of the fabricated surface 

structure. Figure 5.5 to 5.7 show the geometric profile of several selected parabola-cone 

surface structures. 

Based on the SEM image in Figure5.4, the base diameter of the fabricated parabola-cone 

is between 1.20 um to 1.30 um. Whereas the parabola-cone that was selected for AFM 

also shows the base diameter is around 1.20 to 1.30 um, which agrees with the 

measurement range obtained from SEM. The x-z plane profile of the parabola-cone was 

obtained from AFM, which shows that the parabola-cone shape has nearly achieved with 
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the height of 451 nm at the highest point. This height is much lower than the designed 

model may be caused by the room that did not filled with UV curable resist at the tip of 

the inverted parabola-cone soft mould during the photo nanoimprint process or the 

damage to the parabola-cone at the top. Therefore, it is estimated that the best fabricated 

parabola-cone has at least achieved the above geometrical features, where the base 

diameter is 1.2 to 1.3 times of the designed model and the height is 23% of the designed 

model.  

 

5.5 J-V Characteristics 
 

The key parameters for solar cell performance, such as JSC and VOC, introduced by 

equation (1.3) and (1.4), were measured. The current density and voltage that produce the 

maximum outpower were also measured and the FF and ECE were calculated using 

equation (1.6) and equation (1.7) respectively, which were previously introduced in 

Chapter 1. The calculated results were included in the J-V characteristics plot. Results 

from both normal incidence and oblique incidence scenario are presented to compare the 

enhancement effect due to the parabola-cone surface structure. 

 
Figure 5.8 J-V characteristics under normal incidence. Solar cell with parabola-cone surface 

structure has fill factor of 0.694 and energy conversion efficiency of 11.76% with open-circuit 

voltage of 0.849 V and short-circuit current density of 19.96 mA/cm2. Solar cell without surface 

structure has fill factor of 0.629 and energy conversion efficiency of 9.61% with open-circuit 

voltage of 0.846 V and short-circuit current density of 18.05 mA/cm2.  
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Figure 5.9 J-V characteristics under incident angle of 30 degrees. Solar cell with parabola-cone 

surface structure has fill factor of 0.689 and energy conversion efficiency of 10.67% with open-

circuit voltage of 0.652 V and short-circuit current density of 18.35 mA/cm2. Solar cell without 

surface structure has fill factor of 0.652 and energy conversion efficiency of 9.54% with open-

circuit voltage of 0.846 V and short-circuit current density of 17.30 mA/cm2. 

 

 

Figure 5.10 J-V characteristics under incident angle of 45 degrees. Solar cell with parabola-cone 

surface structure has fill factor of 0.675 and energy conversion efficiency of 9.95% with open-

circuit voltage of 0.841 V and short-circuit current density of 17.52 mA/cm2. Solar cell without 

surface structure has fill factor of 0.647 and energy conversion efficiency of 8.92% with open-

circuit voltage of 0.840 V and short-circuit current density of 18.41 mA/cm2. 
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Figure 5.11 J-V characteristics under incident angle of 60 degrees. Solar cell with parabola-cone 

surface structure has fill factor of 0.647 and energy conversion efficiency of 6.61% with open-

circuit voltage of 0.849 V and short-circuit current density of 12.02 mA/cm2. Solar cell without 

surface structure has fill factor of 0.626 and energy conversion efficiency of 5.86% with open-

circuit voltage of 0.846 V and short-circuit current density of 11.07 mA/cm2. 

 

 
Figure 5.12 J-V characteristics under incident angle of 90 degrees. Solar cell with parabola-cone 

surface structure has fill factor of 0.647 and energy conversion efficiency of 6.61% with open-

circuit voltage of 0.849 V and short-circuit current density of 12.02 mA/cm2. Solar cell without 

surface structure has fill factor of 0.626 and energy conversion efficiency of 5.86% with open-

circuit voltage of 0.846 V and short-circuit current density of 11.07 mA/cm2. 
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According to the J-V characteristics shown from Figure 5.8 to 5.12, it can be seen clearly 

that the perovskite solar cell with fabricated parabola-cone surface structure generally 

outperform the perovskite solar cell without any surface structure under selected oblique 

incidence scenarios. An enhanced short-circuit current (JSC), which is a key measurement 

of optical absorption for solar cell was observed and the energy conversion efficiency 

(ECE) for both structured and unstructured solar cell drops as the angle of incidence 

increases from 0° to 90° due to increased reflection at solar cell surface. However, 

according to the J-V characteristics obtained from the experiment, solar cells with 

parabola-cone structured surface always has a larger JSC and higher ECE, which suggests 

that fabricated parabola-cone surface structure is able to enhance the optical absorption 

process and lead to an enhancement in solar cell efficiency.  

The efficiency for the solar cell with or without the parabola-cone surface structure at 

incident angle of 90° was 0% as the calculated value for efficiency were ~ 10-5. 

Nevertheless, the efficiency for both structured and unstructured solar cell are still non-

zero values which suggest that there was still current generated by the device at 90° 

incident angle, due to the absorption of light in the ambient environment of the device as 

the testing environment was not completely dark to allow basic experimental operations. 

The CH3NH3PbI3 based perovskite solar cell samples were fabricated and characterised, 

which have achieved energy conversion efficiency around 9.61% under normal incidence 

comparing to values for the same cell structure that reported in literature of around 14%. 

The efficiency of the standard perovskite solar cell that fabricated in this project is around 

5% less than the best researched cell of this kind. The environment that was created within 

the glove box could be a factor in this as the formation of the perovskite active layer is 

very sensitive to its ambient environment. It suggests that there is relatively large room 

for improvement and a reasonably higher efficiency could be achieved by more practice 

and strictly following the right procedure to eliminate possible operational errors. 
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Figure 5.13 Comparison of solar cell performance in energy conversion efficiency under different 

angle of incidence (0°-90°) without surface structure and when parabola-cone is with base diameter of 

1.0 um, aspect ratio of 2.0 and duty ratio of 1.0 is applied. 

 

Figure 5.13 compares the energy conversion efficiency (ECE) for perovskite solar cell 

with and without parabola-cone surface structure at selected angle of incidence ranging 

from 0° to 90° in a more sensible manner to help us visualise the data that obtained from 

device testing. The strongest enhancement in efficiency was found when the solar cell 

sample is exposed to light at normal incidence, which increased from 9.61% to 11.76% 

and the enhancement remains around 1% in terms of ECE as the angle of incidence 

increases from 0° to 90°. When incident angle increases to 90°, the energy efficiency 

drops to around 0% due to insufficient photons that absorbed by perovskite solar cell, 

which leads to low short-circuit current density. However, the fill factor of the fabricated 

solar cell tends to be relatively stable ranging from 0.626 to 0.652. This is mainly because 

the fill factor is determined by intrinsic properties of a solar cell such as its series and 

shunt resistance. Nevertheless, the calculated fill factor from experimental measurements 

is around 5% to 8% lower than expected fill factor value of around 0.70 for a well- 

performed perovskite solar cell.  

However, the relative percentage enhancement at each incident angle has increased as 

angle of incidence getting larger because of the decreasing ECE for increased angle of 
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incidence, which agrees with the characteristics of short current density that obtained 

from theoretical modelling in Chapter 3. 

 

Figure 5.10 Theoretical and experimental data for short-circuit current density under oblique 

incidence (0° – 90°) for the parabola-cone with base diameter of 1.0 um, aspect ratio of 2.0 

and duty ratio 0f 2.0. 

 

Figure 5.10 compares the short-circuit current that obtained from the theoretical 

modelling based on angle of incidence in Chapter 3 and experimental measurements for 

perovskite solar cells with and without parabola-cone surface structure. It is clear that the 

experimental values for short-circuit current density are smaller than the theoretical 

values, which is likely due to imperfect conditions during the fabrication and 

characterisation process. However, there same trend is observed for the short-circuit 

current density in both theoretical and experimental data. We can conclude that perovskite 

solar cells with parabola-cone surface structures exhibit effective enhancement in terms 

of short-circuit current density at different angle of incidence comparing to the standard 

solar cell without surface modification. 

Angle of Incidence 0° 30° 45° 60° Average 

Percentage enhancement (Theoretical) 6.25% 4.77% 3.78% 18.8% 8.4% 

Percentage enhancement (Experimental) 10.58% 6.06% 6.76% 8.58% 8.0% 

 

Table 5.1 Percentage enhancement in short-circuit current density of perovskite solar cell 
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According to the comparison of short-circuit current density that measured under normal 

and oblique incidence before and after the parabola-cone surface structure was applied, 

the experimental results have very similar characteristics to the results that obtained from 

theoretical modelling however slightly less in magnitude. This consistency between 

theoretical results and experimental results strongly suggest that the fabricated parabola-

cone array is fairly close to the geometrical profile of our designed model. However, the 

most effective approach is to characterise the surface structure right after the J-V 

characterisation to prevent any activities that may damage the structured surface. It would 

be better to characterise the surface structure firstly using AFM and followed by SEM 

since the surface structure will have to coated with gold to enable conduction for profile 

imaging during SEM, which may increase the measurement values but usually very small. 

 

5.6 Discussion 
 

According to the characterisation results from SEM and AFM, some irregular parabola-

cone like bulges were observed across the projected area from both SEM and AFM 

characterisations. A highly organised parabola-cone array was not found. The selected 

parabola-cone has a base diameter of approximately 1.2 um and height  around 451 nm. 

The actual base diameter is slightly larger than designed 1.0 um whereas the height is 

around 23% of the designed value. Considering the J-V characteristics for perovskite 

solar cell with parabola-cone surface structure exhibits effective enhancement in short-

circuit current density at various angle of incidence as expected based on modelling 

results, it is reasonable to believe that the fabricated parabola-cone height should have 

been greater than current measurement of around 451 nm and there should have been 

some organised parabola-cone array at the solar cell surface. However, it was lack of 

evidence and experimental data to provide a more accurate estimation of the parabola-

cone’s geometric profile due to limited number of parabola-cones that were available for 

study. The key causes for this result were likely due to material degradation and some 

damage from unexpected contact with the parabola-cone surface structure during long 

period of waiting after J-V characterisation because of access restrictions to the 

geometrical characterisation instruments. 
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The fabricated soft mold was also measured for x-y plane profile under electronic 

microscope which shows that the base diameter of individual parabola-cone is around 

1.25 um. This measurement is slightly larger comparing to the designed value which 

could be caused by slightly larger base diameter size of the master template due to 

instrumental error and imperfect contact between UV curable resist and the soft mould 

during photo nanoimprint process. However, these deviations between designed model 

and experimental measurement could be reduced by adjusting the geometrical setups that 

load to the direct writing laser beam lithography instrument according to multiple 

measurements and observations from trial and error to minimise the deviation from the 

desired dimensions but this was cost prohibitive. 

Based on the J-V characterisation results for perovskite solar cell with parabola-cone 

surface structure under both normal and oblique incidence, it was observed that the short-

circuit current density for surface structured solar cell are always higher than the standard 

solar cell for about 6% to 10% of the standard short-circuit current density value. As a 

result, the efficiency of the solar cell was also enhanced. Nevertheless, the experimental 

results for both surface structured and unstructured solar cell are still slightly 

underperforming compared to the short-circuit current density that obtained from 

theoretical modelling but consistent with each other in terms of general trend. Thus, 

modelling results provide a theoretical expectation for short-circuit current density and 

help to predict possible experimental results whereas the experimental results verify the 

prediction with real world measurement values from fabricated device. 

This suggests that the direct writing laser beam lithography might be a promising 

technique to fabricate a template for nanoimprint lithography due to its simplicity and 

relatively easier fabrication process comparing to conventional techniques such as 

standard photolithography. However, the subsequent nanoimprint lithography may 

require different parameter setups in temperature, pressing force and the period of time 

that the force is applied according to the property of different material that intended to be 

textured. It is believed that fabricating surface structure that less than 1.0 um in dimension 

using nanoimprint might be challenging but the template around 1.0 um in dimension can 

be achieved with current direct writing laser beam lithography technology and the larger 

the required dimension is, the more accuracy can be achieved. 
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5.7 Chapter Summary 
 

The parabola-cone array was fabricated onto the perovskite solar cell surface following 

the process introduced in Chapter 4. This chapter presented the key results obtained from 

experiments including the electronic microscope image of master template and soft mold, 

the fabricated perovskite solar cell and its J-V characteristics before and after the 

parabola-cone surface structure is applied under both normal and oblique incidence, 

geometrical characterisation of fabricated parabola-cone array on the perovskite solar cell 

surface using SEM and AFM. Quantitative agreement with the theory was found based 

on theoretical and experimental results. 

A reasonably clear surface geometry in the x-y plane was obtained under electronic 

microscope, where the height of the parabola-cone was estimated by the change in 

grayscale. The perovskite solar cell with parabola-cone surface structure has achieved 

around 8% enhancement in short-circuit current density and 1% to 2% in energy 

conversion efficiency over the standard unstructured solar cell which suggests that the 

direct-write laser beam lithography and the subsequent nanoimprint with UV 

photolithography might be a promising approach to develop the parabola-cone structure 

on the perovskite solar cell substrate using master template and soft template.  

Nevertheless, the accuracy of the fabricated geometry using this fabrication technique 

also depends on the dimension of the design model, where a parabola-cone with size 

larger than 1 um in base diameter and height would be easier to achieve. 
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Chapter 6  

 

Summary and Outlook 
 

6.1 Summary 
 

Solar cells are one of the most promising candidates to cope with future energy crisis, 

reduce carbon emission and protect global environment. However, the majority solar cells 

and photovoltaic devices are underperformance compared to theoretical expectations 

given by their intrinsic properties, which usually caused by some extrinsic factors such 

as optical losses due to surface reflection and poor absorption by photoactive material. 

Reduction in surface reflection and enhancement in optical absorption can potentially 

offset the mentioned extrinsic impact to some extent and therefore improve the solar cell 

performance. 

As far as the optical losses are concerned, this research project focused on geometry 

design, optimization and fabrication technique of parabola-cone array with the purpose 

of efficiency improvement. The optical property of parabola-cone array was 

systematically studied based on ITO coated glass substrate using a finite-domain time-

difference (FDTD) method through theoretical modelling. The parabola-cone array was 

experimentally fabricated as a film attached to the surface of perovskite solar cell to 

evaluate the effectiveness of the parabola-cone surface structure on improving solar cell 

performance. The completed objectives and key achievements of this thesis are listed 

below. 

(1)  Construction of theoretical model and modelling for parabola-

cone array  

Based on the electromagnetic theory, the parabola-cone array model was created in 3D 

computer aided design (CAD) environment using finite-domain time-difference (FDTD) 

method. The main work was focusing on parabola-cone model design with different 

geometrical parameters, computation of transmission and reflection rate for designed 

models and modelling analysis to study the impact on optical properties due to factors 
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such as height, base diameter, aspect ratio, base duty cycle of parabola-cone array and the 

angle of incidence. By comparing the simulation results from models with different 

geometrical parameters, it was discovered that the aspect ratio has much stronger impact 

on the optical properties of parabola-cone array comparing to the influence when height 

or base diameter was individually considered.  

(2)  Investigation on fabrication techniques of parabola-cone array  

Based on the conventional photo nanoimprint lithography techniques for surface structure 

fabrication, the direct writing laser beam lithography and thermal nanoimprint 

lithography fabrication techniques were investigated to make template that consists of 

parabola-cone array, which was required in subsequent fabrication process for parabola-

cone transmission enhancement film on solar cell surface. The master template and 

transparent soft mould were fabricated according to geometrical setups of designed 

models obtained from simulation, which is one of the most promising and achievable 

geometrical specifications. The master template was fabricated using the direct writing 

laser beam lithography technique whereas the transparent soft mould was made with 

thermal nanoimprint lithography. Both templates achieved reasonably good geometrical 

profile comparing to the designed model, which demonstrates a promising prospect of 

using proposed fabrication techniques as an alternative approach to conventional 

technique to reduce complexity of template fabrication process.   

(3)  Fabrication and characterisation of perovskite solar cell 

The CH3NH3PbI3 based perovskite solar cell samples were fabricated referring to the 

standard procedures reported in the previous literature, which includes sample cleaning, 

solution preparation, spin coating, thermal annealing and thermal evaporation. The 

fabricated perovskite solar cell sample was then characterised using Keithley 2401 Source 

Measure Unit with internal bias and the measurements were collected and visualised 

using LabVIEW tool pack. Based on the data obtained from characterisation, the 

fabricated perovskite solar cell has achieved energy conversion efficiency of 9.61% under 

normal incidence with short-circuit current density of 18.05 mA/cm2 and fill factor of 

0.629. Moreover, the perovskite solar cell sample was also characterised under oblique 

incidence scenario with the incident angle of 30°, 45°, 60° and 90°, which allowed us to 
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study and investigate the solar cell performance under different angle of incidence 

through the analysis of their J-V characteristics. 

(4)  Fabrication and characterisation of parabola-cone array based 

on perovskite solar cell sample 

The parabola-cone array with desired geometrical features was fabricated on the 

perovskite solar cell surface using photo nanoimprint lithography, where transparent UV 

curable resist was used as the material for the transmission enhancement film. The solar 

cell with parabola-cone structured surface was then characterised under the same incident 

conditions as the previously measured standard solar cell samples without surface 

structure for J-V characteristics and other key parameters so that the enhancement due to 

parabola-cone surface structure can be analysed. According to the measurements that 

collected for surface structured solar cell, it was observed that the energy conversion 

efficiency has increased from 9.61% for non-structured solar cell to 11.76% for the solar 

cell with the parabola-cone surface structure under normal incidence. This is 

approximately 22.4% enhancement from its original value, which is a distinct increase. 

Similar degree of enhancement in efficiency were also seen when the angle of incidence 

changes to values of 30°, 45° and 60°, which agrees with our expectation based on results 

that obtained from theoretical modelling. However, there still reasonable gaps between 

theoretical value and experimental values in short-circuit current density due to imperfect 

operation and non-ideal environmental conditions during the fabrication process. It is 

reasonable to believe that the improvement in energy conversion efficiency may be 

further enhanced with the more sophisticated fabrication process.  

(5)  Geometrical characterisation of the parabola-cone surface 

structure on perovskite solar cell sample 

In addition to the J-V characteristics that obtained from performance characterisation of 

the surface structured solar cell, the geometrical profile of the fabricated parabola-cone 

array was also acquired by performing SEM and AFM at the solar cell surface. It was 

seen from the 2D and 3D profile image that the selected fabricated parabola-cone has 

achieved base diameter of around 1.25 um and height of around 451 nm. However, highly 

organised parabola-cone array that we observed from the master template and soft mould 
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were not found from the solar cell surface. Instead, there are irregular bulges spread across 

the surface, which is likely due to unexpected damage to parabola-cone surface structure, 

while in storage before geometrical characterisation and possible material degradation 

during the delay. Nevertheless, the J-V characteristics for solar cell sample with parabola-

cone array on its surface shows around 8% enhancement on average in the short-circuit 

current density over the non-structured solar cell, which is close to the theoretical 

expectation of average enhancement of 8.4%, which suggests that the actual geometry of 

fabricated parabola-cone array could be also close to our designed model.  

 

6.2 Novelty of this Project 
 

(1) There has been much less research conducted based on parabola-cone array, a 

derivative structure with biological proof of anti-reflective effect from moth eye, 

which is distinct from the majority of surface structures for optical management of 

solar cells such as pyramid, inverted pyramid, pillar, concave pit, sphere, hemisphere 

and cone, which has been extensively studied. Thus, the systematic study on optical 

property of parabola-cone array can not only provide an insight understanding of the 

impact on transmission and reflection rate of the surface structure and optical 

absorption within photoactive layer due to different geometrical settings of the 

parabola-cone array, but also lay a meaningful foundation for future research and 

development in related area. 

 

(2) There has been some research looked into parabola-cone surface structure for solar 

cell applications, however, almost all of the relevant studies are based on silicon solar 

cells with silicon parabola cone array in tens to hundreds nanometre dimension, which 

usually highly prohibited from fabrication for practical utilization due to either 

extremely high manufacturing cost or restrictions of available instrument to achieve 

desired precision of intended structures. This research investigates optical properties 

of parabola-cone array as a transparent film that can be potentially attached to any 

surface of a solar cell to enhance the optical absorption of incident light within certain 

range of absorption spectrum, which may lead to a much wider range of applications 
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on solar cells and other photovoltaic devices and the idea is far more practical to be 

achieved and commercialized if reasonable experimental outcome was obtained.  

 

(3) Most research on surface structures are based on theoretical modelling and 

computation under ideal conditions and lack empirical support from real world 

experiments. In this project, the designed model of proposed surface structure was 

studied through both theoretical modelling and experimental fabrication, which 

investigates the optical characteristics using numerical method and explore the 

possibility of developing a transparent textured film with parabola-cone array 

structure on the front surface of perovskite solar cell sample. 

 

(4) The surface structures are usually fabricated using nanoimprint technology which 

required a master mould and sometime a soft mould is also needed depending on the 

surface structure design. Conventionally, the master mould is fabricated using 

techniques such as electron-beam lithography (EBL), reactive ion etching (RIE) and 

anodised aluminium by electrochemical etching. However, the first two methods are 

highly demanding in terms of their sophistication level of instrument whereas it is 

very challenging to fabricate desired geometric shape by electrochemical etching.  

In this project, the direct-writing laser beam lithography technique was attempted to 

seek potential approach for master mould fabrication as a cost-effective alternative 

instead of using the traditional methods. In terms of surface structure development 

process, thermal nanoimprint technique is a widely used method in previous and 

current research however precise and simultaneous control of applied force and 

temperature are required. Therefore, a commercially available transparent UV curable 

resist was used for film development and it was immediately cured after short period 

of UV exposure, which is a much simpler and more convenient process that leads to 

quality outcomes. 

 

(5) Both surface structured and non-structured solar cell sample were characterised for J-

V characteristics and other key parameters that measures solar cell performance not 

only under normal incidence but also under oblique incidence condition at selected 

angle of incidence. These experimental data were crucial for analysis of the optical 

behaviour and solar cell performance when parabola-cone surface structure is applied 



123 

 

to solar cell surface, however, experimental data for solar cells under oblique 

incidence were rarely seen from existing literature. In this project, the oblique 

incidence for selected angle was achieved using a stand with rotating clamp system 

in the vertical plane to hold the solar cell sample. 

 

6.3 Further Work and Outlook 
 

Although the impact on optical properties of parabola-cone array film due to different 

geometric parameters was studied both theoretically and experimentally, there are still 

many related problems remain unsolved. Aspects of this project can be improved in the 

future, which may lead to a more precise and reliable outcome with the potential of 

putting forward as practical applications or an idea that can be commercialized. 

(1) In this project, the theoretical modelling was only focused on the optical aspects of 

parabola-cone array at the front surface of perovskite solar cell for chosen interlayer 

and electrode at rear surface. The enhancement effect that obtained from this project 

may vary when the parabola-cone array setups are apply to perovskite solar cell with 

different materials due to different refractive index profile of certain layers. It would 

be interesting to study different perovskite solar cell structures, which may provide a 

further practical insight.  

 

(2) Ideally, the charge solver in Lumerical DEVICE can model the J-V characteristics of 

a given solar cell utilize optical generation rate provided from Lumerical FDTD to 

measure the solar cell performance, which can be used to quantify the enhancement 

in solar cell efficiency. However, most perovskite solar cell use an organic-inorganic 

compound as photoactive material whereas the charge solver in DEIVICE is designed 

for crystalline semiconductors and uses a specific type of energy band profile (DOS) 

for modelling whereas organic material has different band profile. Thus, Lumerical 

FDTD and DEVICE do not support the modelling of perovskite and other type of 

organic solar cells’ performance. Based on the theoretical modelling from the optical 

perspective of parabola-cone surface structure, a complementary study through 

theoretical modelling focus on electrical aspects of perovskite solar cell with 

parabola-cone film applied to the front surface would give a much more accurate 
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measure and prediction of the transmission enhancement reflecting on the solar cell 

efficiency. 

(3) The degradation of a perovskite solar cell is much faster than other type of solar cells 

especially when expose in damp environment under non-laboratory environment. The 

relatively poor stability of perovskite solar cell is still the foremost factor that prevents 

it from being commercialised in the market. The structured surface technology would 

be more useful for practical application if the perovskite solar cell can maintain its 

high efficiency for significant amount of time outside laboratory environment. 

Therefore, research focusing on stability enhancement for perovskite solar cell would 

be useful and successful breakthroughs in improving its stability could be 

revolutionary and lead to commercialisation. 

 

(4) In this project, the fabrication techniques that were used to make the structured surface 

has several advantages over the conventional techniques using electron-beam 

lithography (EBL) or reactive ion etching (RIE) with its simpler process and less 

instrumental cost. However, parabola-cone structured surface may achieve smaller 

dimension and more precise geometrical profile according to designed model, which 

could lead to a better enhancement effect for optical absorption. Thus, the proposed 

fabrication techniques still have large room for improvement in terms of preciseness 

and possible operational handling. In addition, it is believed that the direct writing 

laser beam lithography is capable of fabricating structures with dimensions at 10 um 

level and greater according to its resolution. Research based on this recent arisen 

fabrication technique and its applications would be very practical as it could be used 

in many situations either as a part of big project in related field or a project focuses 

on its utilisation and development to upgrade this technique. 
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