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General Introduction 

General introduction 

Human evolution has always been closely linked to his ability to control and harness the 

energy sources that surround him. In the beginning, they could only rely on his own bodily 

energy to survive, to carry out daily tasks or to move around. Then, with the mastery of 

fire, new perspectives opened up to him. Very early on, man knew how to use wind energy 

to move around, aboard sailboats for example, or geothermal energy to have hot springs. 

Much later, with technological advancements and his growing understanding of the world 

around him, man has been able to convert solar energy into electrical energy through the 

conversation of the photovoltaic (PV) effect. In this context, PV technology is presented as 

a non-polluting solution to the problem of electric energy production [1]. Driven by a 

favorable economic and social context, research in the field of PV cells has intensified for 

more than two decades, with the common theme of the desire to create a mature and 

competitive technology.  

In this context, the optimization of the materials and technological processes used has long 

been in the foreground. With the development of thin film solar cells, an important step has 

been taken in reducing costs by reducing the thickness of the active layer [2].  

Actually, PV conversion contributes very little to global energy production because of the 

cost per kWh of around 10 to 20 times higher than that of fossil fuels. As well, 

photovoltaic technology is at the crossroads of profound changes. Most of its industry 

currently relies on so-called first generation cells, the base material of which is a silicon 

wafer, mono-crystalline or multicrystalline. This poses a double problem: the availability 

of the material and the preponderance of the cost of the latter in the price of the cells.  

The challenge is therefore to use second-generation cells which, in recent years, have been 

the subject of intensive research throughout the world: the technology of polycrystalline 

thin-film cells. The latter is called upon to play a considerable role in reducing the cost of 

manufacturing cells. 

However, the low absorption of light, especially for wavelengths located near the gap of 

the absorbent material, was quickly identified as the main limitation of these cells. 

Particular attention has therefore been paid to these optical losses, which are even more 

critical when considering ultrathin layers whose thicknesses are on the order of 

micrometers or even less. To deal with this problem, geometrical optic texturizations for 

cells based on silicon wafers have proved to be unsuitable because of dimensions much 

greater than the thickness of a thin film. The original idea developed by Yablonovitch [3], 

was to use the Photonic Band Gap (PBG), to inhibit spontaneous emission by annihilating 

the density of states of photons. The approach of designing them from organic compounds 

is promising, due to the advantages associated with this technology such as: ease of design, 

diversity of components, and lower cost compared to silicon-based devices. In order to 

improve the photovoltaic performance of solar cells, several works have been undertaken. 

Thus, a wide variety of organic materials (small molecules, conjugated polymers, dyes) or 

organic/inorganic mixtures promoting charge creation, transport and collection, have been 

tested as components of such cells. Further investigations have been made consisting of the 

development of new cell architectures [4].  
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Optimizing the performance of thin film silicon SCs linked to cost reduction remains a key 

issue for industrial production. In order to achieve high efficiencies, thin film silicon solar 

cells must exhibit strong light absorption. This results in an increase in the PV current. 

Finding new structures or optical devices to trap light in solar cells is a real challenge for 

researchers. The authors of [5] proposed to use metal nanoparticles to increase light 

absorption in solar cells to thin films of silicon.  

This last point constitutes the objective of light trapping methods which aim to extend this 

condition to the entire useful spectrum. The notion of "light trapping" appeared in the early 

1970s to improve light absorption and the performance of silicon photodetectors, 

particularly in the near infrared [6]. In order to address this problem, it has been proposed 

to completely etch this layer to form a photonic crystals and to optimize its parameters 

(period L and filling factor ff) in order to increase the local density of photonic states at 

long wavelengths [7]. In the case of [8], they sought to take advantage of the particular and 

adjustable optical properties of photonic crystals, which are structures characterized by a 

periodic index of refraction in one, two or three directions of space. More precisely, they 

proposed to etch the active layer to form a photonic crystals in order to control the 

residence time of photon beams, and thus to increase the absorption over a wide spectral 

range with a large angular acceptance. Because of this, more advanced photonic 

engineering concepts have been developed by introducing nanostructures to improve light 

collection, but also to ensure efficient trapping of photons beam in the active layer for 

wavelengths where the absorption is normally low.  

The objective of this work lies in the study of thin film SC based on silicon (Si), 

hydrogenated amorphous silicon (a-Si:H), hydrogenated amorphous silicon germanium (a-

SiGe:H) to study the geometrical effect to enhance the optical absorption, as well as the 

effect of the morphological structure to improve the optoelectronic properties of the 

absorbent layer SC with a thickness of up to 100nm. On the other hand, the optical 

absorption with the JV SC characteristics were studied by the parametric effect 

(heights/widths), where the ultra-precise values of a cell with a trapezoidal grating were 

mixed using gallium arsenide (GaAs) semiconductor materials. 

To achieve this goal, our thesis has been structured into four complementary chapters: 

 Chapter I: In this chapter, we will introduce the general operation of a thin film PV 

cell, the history of PV energy, the associated technological sectors and the operating 

principle of a SC. In addition, we will describe the conditions for depositing and 

preparing nanostructures. To mention the adequate trapping of light in thin film silicon 

SCs, we will also present a reminder of the structural, optical and electronic properties 

of amorphous silicon, and explain the operation of thin film silicon SCs. 

 Chapter II: We introduce the basic notions of photonic crystals and their different 

types, where we will expose the cases of one-dimensional photonic crystal, two-

dimensional photonic crystal and three-dimensional photonic crystal, which is a 

configuration appreciated by the scientific community because of the ease of its 

implementation: a better light confinement, precise calculation of the forbidden band, 

and ease of integration. Then, we present the geometrical and physical characteristics 

of photonic crystals, and more precisely on their guiding principle and the different 

types of cavities and photonic crystal guides. In the last section of the chapter, we will 
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present the state of the art on photonic crystals, in addition to the optical properties of 

different materials and photonic crystals fabrication technologies. 

 Chapter III: Given the innovative nature of the production of SC structures based on 

photonic crystals, their design requires a better understanding of modeling tools. We 

present the different numerical modeling methods used to determine the characteristic 

parameters of structures and to analyze the propagation of the electromagnetic field 

(calculation of optical absorption and electronic parameters). In this context, we 

present the method of Rigorous Coupled Wave Analysis (RCWA). Subsequently, we 

expose the RSoft software used in this work which is DiffractMOD. With these 

modeling tools, we can study the optical properties and calculate the electronic 

parameters of the different photonic crystals structures and represent the distributions 

of the appropriate electromagnetic field.  

 Chapter VI: This chapter is devoted to the methodology used to carry out the 

optoelectronic simulation which is in direct relation with the physical foundations of 

the materials mentioned above. We will simulate the absorption of the single absorbent 

layer of Silicon and a-Si:H, as a function of the physical and geometric parameters 

based on a one-dimensional photonic crystal. Additionally, to study the optical and J-V 

SC characteristics of different photonic crystals lattices (one-dimensional photonic 

crystal, half circle, triangle) under the morphological influence using a-Si:H and a-

SiGe:H. Moreover, study of the optoelectronic properties under the parametric effect of 

the SC in addition to the variation of the heights and widths of the gratings with an 

ultra-precise value, and the effect of mixing these values, using the GaAs 

semiconductor material properties. 

We end this thesis with a general conclusion which summarizes the context of our work as 

well as the perspectives of future research. 
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Chapter I: Concepts on photovoltaic 

I.1.  Introduction  

Although PV represent a very small share of global energy production, it has been 

increasing by more than 40% per year for the last ten years [1]. The main definition of the 

PV effect is the direct conversion of light into electricity. The term PV cell refers to a 

device that converts light energy into electrical energy. Nowadays, commercially available 

solar cells are produced using mono crystalline or poly crystalline silicon. These SCs can 

achieve PV efficiencies of around 24.7% with concentrated light. However, the major 

disadvantages are the high cost of the material and the high energy consumption during 

production.  

Silicon thin film SCs incorporating hydrogenated amorphous silicon (a-Si:H) or 

hydrogenated microcrystalline silicon (μc-Si:H) are attracting increasing interest from 

manufacturers [1]. The very thin films that make up the cells (~1μm thick silicon compared 

to hundreds of microns for SCs based on monocrystalline or polycrystalline silicon) allow 

low material consumption. Silicon thin film technology offers a lot of possibilities for 

production (modules of 1 m² or more). In addition, the moderate temperatures (150-300°C) 

required for the production of thin films of silicon induce low energy consumption during 

industrial processes and offer the possibility of using a wide variety of inexpensive 

substrates, such as glass, stainless steel or plastics. Since SCs are very thin, they can be 

deposited on flexible substrates, such as metal films or plastic sheets [1]. 

The fact that connections are an inherent part of the design of thin film solar modules, as 

opposed to external connections in the case of mono or poly-crystalline cells, greatly 

simplifies the industrial process. A disadvantage related to a-Si:H technology is the 

relatively low PV efficiency and the light-induced degradation phenomenon that leads to a 

decrease in the initial efficiency. Stabilized efficiencies of the order of 4-6% are generally 

obtained for modules with a single junction of a-Si:H [2]. The concept of multilayer cells 

(also called the concept of multi-junction cells) is an interesting concept that helps to 

enhance the stability of thin-film cells. It also improves PV efficiency. The multi-junction 

cells consist of several single cells deposited on each other elaborated on the basis of alloys 

of a-Si:H and/or μc-Si:H. The highest stabilized PV efficiency (12%) for tandem SCs was 

obtained for an a-Si:H/μc-Si:H configuration at the University of Neuchâtel [3]. Stabilized 

efficiencies of more than 13% were achieved by Yang et al [4], for triple stacks (a-Si:H/a-

Si:Ge:H/a-Si:Ge:H). However, the main aim of silicon thin film SC manufacturers is to 

obtain modules with stabilized efficiencies of more than 10%. The company Sharp already 

markets tandem modules (a-Si:H/μc-Si:H) with a stabilized efficiency of 8.5% [5]. 

I.2. Photovoltaic cells  

It is a device that converts solar energy directly into electrical energy, taking advantage of 

the PV effect, and consists of a layer of silicon that has some impurities to give it electrical 

properties, the upper layer corresponding to the photon beams is added to the element 

phosphorus, to give it the property of pumping female voters when light collides with it 

and this layer is called the N layer while the boron element is added to the lower layer and 
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gives it the property of absorbing electrons, this layer is called P. When the luminaries of 

the solar beam hit the top layer, the electrons give an energy that depends on the intensity 

of the solar radiation. When there is an electrical conductor between the two layers in the 

lower layer, this is how an electric current and voltage are formed: SCs are an important 

source to provide spacecraft and satellites with the electrical energy they need. Solar 

energy is transformed directly into electricity and is characterized by the production of 

electricity without causing environmental pollution. Its lifespan can be up to 30 years. The 

high cost of its production is the main obstacle to its use [6]. 

 

Figure. I.1: Represents the PV cell. 

Actually, silicon is the most used material for the manufacture of SCs, it represents 90% of 

the world's production. Despite the development of the thin film industry, using other 

materials (CdTe, CIGS...etc), silicon should remain the mainly used material for several 

more years [1]. The silicon sector benefits from a greater maturity than that of thin films. 

The price of manufacturing silicon plates, however, constitutes an important part of the 

costs of developing SCs. In order to reduce the consumption of silicon per cell and per 

watt, several ways exist: 

 Reduce the cost of the material, by developing new techniques for producing and     

forming silicon that are less expensive; 

 Increase the conversion efficiency of the SC; 

 Decrease the thickness of the cell. 

I.2.1. Energy and wavelength of photons  

Light waves that propagate in a vacuum at the speed of light can be represented either by 

an electromagnetic vibration (wave) or by a particle (photon). The energy E of a photon of 

wavelength  is given by the Planck relation (equation (I.1)). 

                                                             (I.1) 
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I.2.2. The conversion principle  

 

Figure. I.2: The principle of PV conversion [7]. 

The PV effect is specific to semiconductors and appears when light is absorbed by a 

semiconductor. When a photon falls on a PV device, there will be three phenomena. The 

photon can be absorbed by the material, reflected or transmitted into the device. In the first 

two cases, no current is generated, on the other hand in the case of photon absorption; it 

has a high chance of meeting an electron and passing it from the valence band to the 

conduction band thus creating an electron-hole pair (Figure I.3). Only photons whose 

energy are greater than or equal to the semiconductor gap are capable of creating such 

pairs. If the gap is too small, a large part of photons will be able to create electron-hole 

pairs giving rise to a large electric current but a small potential difference in the SC. On the 

other hand in the case where the gap is high, the current will be low but the potential 

difference will be important. 

 

 

 

Figure. I.3 absorption of a photon by a semiconductor; (a): before absorption, the electron is in the 

fundamental state in the valence band, (b): after absorption, the electron is transferred into the 

conduction band. 

The lifetime of the electron-hole pairs created is very short. The free electrons and holes 

recombine quickly to dissipate it over more energy in the form of photons or phonons. It is 

necessary to minimize the recombination as much as possible for the load carriers to 

participate in the creation of an electric current. This is done practically by creating a P-N 

junction. If we put in contact two doped semiconductors respectively p and n, under the 

effect of light, the carriers of charges created will diffuse on both sides until the 

establishment of the equilibrium creating an area called Space Charge Zone (SCZ). The 
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electric field induced in this area will separate the electrons from the holes, thus 

prohibiting recombination. In this way, an electrical force is created and can power an 

external circuit (Figure I.4). 

 

Figure. I.4: P-N junction, creation of a space load zone. 

I.2.3. Photovoltaic energy  

Among a lot of radiant energy that the sun continuously produces, our planet reaps a tiny 

part of it on its surface. This solar energy can be described by its spectrum and power. 

Each photon of solar radiation (Each quantum of electromagnetic energy), has an energy 

given by equation (I.1). 

 

Figure. I. 5: Spectral distribution of solar shining under AM1.5G conditions. 

Since the first silicon solar panel manufactured by Bell Labs in 1954, that achieved an 

efficiency of 5%, many advances have been made in the PV field. Silicon-based 

technologies have always been and remain the most important player in the PV industry.  
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In 2015, 93% of total PV production came from Si-wafer-based PV technology [8]. The 

record efficiency of c-Si SCs has not changed significantly since the 90s, but drastic cost 

reductions due to production technological improvements have led to a strong and cheap 

industry, and to an energy that is starting to be competitive with conventional energies. 

Nowadays, efforts are still being made to improve cell efficiency by minimizing shadow 

losses due to front contacts and reducing the area recombination losses, the technology has 

almost reached its maximum theoretical efficiency.  

The most recent record reported is 26.7% [9], under AM1.5G, approaching the theoretical 

maximum of 29% efficiency declared in 1961 by Shockley and Queisser [10]. AM1.5G is 

a reference used as an irradiating standard to compare terrestrial solar cells and modules. It 

corresponds to the irradiate of the terrestrial sun at an angle elevation of 48.2°, as shown in 

Figure I.6.a.The atmosphere at this altitude absorbs and disperses solar radiation and 

attenuates the solar spectrum to an irradiation of 1000W.m
-2

. The AM1.5G spectrum is 

designed for flat plates. The AM1.5D spectrum is defined for the work of the solar 

concentrator. It includes the direct beam of the sun and the circumpolar component in a 2,5 

degree disk around the sun. The AM1.5D spectrum has a built-in power density of 

900W.m
-2

. AM0 is the convention for space applications. The density of solar energy in 

space is about 1350W.m
-2

.  

 

Figure. I.6: (a) Incident spectral radiation from the sun for terrestrial applications (AM1.5G and 

AM1.5D) and space applications (AM0); (b) Schockley-Queisser limit: maximum theoretical 

efficiency of a SC according to its band gap, with the best experimental efficiencies. 

Indeed, we have been witnessing record efficiencies in all PV sectors. The traditional map 

published by NREL(National Renewable Energy Laboratory, USA) on the annual records, 

in the laboratory, of the yields of PV cells shows that PV will still keep a good growth 

trend over the coming years (Figure I.7). 
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Figure. I.7: NREL graphic with temporal evolution of the best conversion efficiency of research 

cells for different technologies [11]. 

 

Figure. I.8: World map representing Direct Normal Irradiation energy (IND) [12]. 

I.2.4. Absorption in the optical state  

The absorption of photons is the first step necessary for the PV conversion process. When 

a material is exposed to sunlight, the atoms exposed to the radiation are "bombarded" by 

the photons constituting the light, under the action of this bombardment, the electrons of 
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the upper electronic layers (called electrons of the valence layers) tend to be torn from their 

orbits. Returning to their initial states, their agitations result in heating of the material. The 

kinetic energy of photons is transformed into thermal energy.  

However, in PV cells, some of the electrons do not return to their initial states but create a 

low dc electrical voltage. Part of the kinetic energy of photons is thus directly transformed 

into electrical energy: this is the photovoltaic effect.  

On the other hand, and in order to understand the challenges of light management within 

SCs, let's take the example of an isolated absorbent layer of finite thickness. When a light 

beam is directed at such a layer, three mechanisms can intervene: the light can be reflected, 

transmitted or absorbed.  

For a given light source, the relative importance of these three phenomena depends on the 

optical properties of the absorbent layer, the position of the source, the polarization state of 

the incident light and the wavelength considered if the material is dispersive (Figure I.9). 

 

Figure. I.9: A monochromatic light passing through an absorbent solution of concentration C 

contained in a tank of thickness L. 

In all cases, the principle of energy conservation must be respected. Thus, absorption A (or 

the fraction of absorbed photons) is limited to 1 and its value depends on both optical 

losses by reflection and transmission: 

                                              (I.2) 

Where, R() et T()  represent the fraction of photons reflected and transmitted at 

wavelength . It is a monochromatic light passing through an absorbent solution of 

concentration C contained in a tank of thickness L. 

Some of this ray will be absorbed by the sample and some will be transmitted. Bouguer, 

Lambert and Beer studied the relationships between I0 (incident intensity) and I 

(transmitted intensity). The intensity of a monochromatic light passing through a medium 

where it is absorbed decreases exponentially, and this intensity has the form: 

                                                      (I.3) 

 I0: is the intensity of the incident light; 

 I: is the intensity after passing through the tank containing the solution (transmitted 

intensity); 
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 L: is the distance crossed by the light (thickness of the tank in cm); 

 C: is the concentration of absorbent species; 

 K: is a characteristic constant of the sample. 
 

By posing: I/I0 = T, the previous equation can be rewritten: 

                                       (I.4) 

  Log (I0/I): is called absorbance (A); 

 I/I0 = T: is the transmission; 

 T: is transmission; 

 ɛ: is the molar extinction coefficient (L.mol
-1

.cm
-1

). 
 

This is a characteristic of the substance being studied at a given wavelength. We then 

obtain the relation known as the Beer-Lambert law [13]. 

                                                    (I.5) 

I.3. The operation of a solar Cell  

The operation of a SC is based on the PV effect, i.e. the conversion of light energy into 

electrical energy. Light absorption allows the conversion of light into electrical charges, 

which are then collected by an external circuit. 

The collection of charges (electrons and holes) requires their separation. In the case of a 

solar cell based on semiconductors (more particularly silicon), the structure used is the P-N 

junction: the potential difference created at the junction of two semiconductors of type N 

and P allows the separation of the carriers. Once the carriers are dissociated, they diffuse 

towards the end of the cell, causing the appearance of a voltage at the terminals of the 

latter. For more information on the physics of semiconductors, and more particularly photo 

piles, a lot of materials exist [14, 15].  

The basic structure of a SC is shown in Figure I.10.a. It consists of a substrate of type P, 

base (whose majority charge carriers are the holes), an area in front face strongly doped 

N+, called (majority: electrons) [16].  

The junction of these two zones shown by the bar graph (Figure I.10.b). It is in this zone 

that the carriers are separated: the minority positive charges (holes) in the transmitter. The 

opposite phenomenon occurs for electrons, which are a minority in the base.The scales 

used in the figure are not respected, the thickness of the emitter is a few hundred 

nanometres while the substrate, in other words the base, measures from 50 to 300μm. The 

anti-reflective layer allows, as its name suggests, to avoid the reflection of photons on the 

surface, and gives the front side its typical color, usually blue.  

Then, are represented Figure I.10.a, in the form of a grid on the front side, and generally 

full plate on the back side, the metal contacts allowing the collection of loads to the 

external circuit. 
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I.3.1. Characteristic under illumination and parameters of the solar Cell             

 

a) Cell structure                                                              b) Energy band diagram 

Fig. I.10: Schematic diagrams of the operation of a SC with P-N junction. 

 

The ideal I(V) characteristic of the solar cell contains two components [17]. The first 

highlights the behaviour of the P-N junction under polarization. The cell being under 

illumination, the second term shifts the characteristic of IL, or the current resulting from the 

illumination: 

                                        (I.6) 

 I0: is the saturation current [A]; 

 q: the charge of the electron [C]; 

 k: the Boltzmann constant [eV.K
−1

]; 

 T: the temperature [K]; 

 IL: is the current resulting from the illumination [A]. 
 

This equation reflects a little better the actual characteristic I (V) of a SC, it is often called 

a two-diode model: 

                (I.7)                              

 

The first formula corresponds to the current produced by the quasi-neutral zones 

(transmitter and base) of the P-N diode, I01 is therefore the saturation current due to the 

diffusion of the carriers in these zones. n1 (without unit) is the ideal factor translating this 

diffusion, it is generally equal to 1. 

The second formula corresponds to the generation/recombination current taking place in 

the SCZ. I02 is the saturation current in the SCZ. IL is often called leakage current, since the 

current resulting from this diode is a tunnel current, or a recombination current via a defect 

in the SCZ. As for n2, it is the ideal factor translating generations/recombination, it is 

usually equal to 2.  



Chapter I:  Concepts on photovoltaic 

 

15 

Finally, as in equation (I.6), the third formula corresponds to the photo-generated current. 

Equation (I.7) is shown in Figure I.11. From this characteristic, the parameters specific to 

the PV cell (Vco, Pm, Icc, ff, η), extracted from the characteristic I(V), allow to compare 

different illuminated cells under identical conditions: 

 

Figure. I.11: I(V) characteristic of a PV cell. 

 The short-circuit current (Icc): This is the current obtained by short-circuiting the 

terminals of the cell (taking V=0 in the equivalent scheme. It grows linearly with the 

illumination intensity of the cell and depends on the illuminated surface, the 

wavelength of the illumination, the mobility of the carriers and the temperature. 
 

 Open circuit voltage (Vco): Open circuit voltage is obtained when the current flowing 

through the cell is zero. It depends on the energy barrier and shunt resistance. It 

decreases with temperature and varies little with light intensity. The voltage Vco is 

given by the relation: 

                                                       (I.8) 

According to this, let us note here that the Vco depends greatly on the current of 

saturation I0. 
 

 Maximum power (Pm): The operating point is imposed by the load resistance and not 

by the cell itself. A judicious choice of load resistance will therefore make it possible to 

obtain the maximum power, i.e.: 

                                                          (I.9) 

      Vm: the voltage corresponding to the maximum power supplied; 

      Im: the current corresponding to the maximum power supplied. 
 

 The filling factor (ff): The power supplied to the external circuit by a photovoltaic cell 

under illumination depends on the load resistance (external resistance placed at the 

terminals of the cell). This power is maximum for an operating point Pm (Im and Vm) 

of the current-voltage curve. It is defined by the following relation: 

                                                             (I.10) 

 

Im:t
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 Efficiency ( ): The efficiency η of PV cells refers to the efficiency of conversion into 

power. It is defined as the ratio between the maximum ratio delivered by the cell and 

the incident light power [18]. 

                                                     (I.11) 

This efficiency can be improved by increasing the form factor, short-circuit current and 

open circuit voltage. 

I.4.   History 

The PV effect achieves the direct transformation of electromagnetic energy (solar 

illumination) into directly usable continuous electrical energy. It was Antoine Becquerel 

who highlighted the appearance of a voltage at the terminals of two electrodes immersed in 

an electrolytic solution in 1839, when it was exposed to natural light [19]. Willoughby 

Smith discovered the photoconductivity of selenium in 1873. It was Werner Von Siemens 

who presented an article on the PV effect in semiconductors in 1875 at Berlin Academy of 

Sciences. In 1877 W. G. Adams and R. E. Day developed a solid junction based on 

selenium whose conversion efficiency was of the order of 1%. However, the first real 

vision of PV energy goes to Charles Fritts. In 1886, he wrote that PV cells use an energy 

source that is limitless, costless, and will continue to flood the earth after we finish 

consuming our fossil fuel reserves.  

The scientific and technical world of the time, not having the knowledge in physics to 

understand the PV effect, concluded that Fritts' work violated the principle of energy 

conservation and therefore considered it fraudulent. It was not until the explanation of the 

photoelectric effect by Einstein in 1904 and quantum mechanics that the PV effect became 

a phenomenon recognized by the scientific community. In 1958, a cell with an efficiency 

of 9% was developed and, subsequently, the first satellites powered by SCs were sent into 

space. The efficiency of monocrystalline silicon reached 10% at the end of the 60s, then 

14% in 1973. Since the 1990s, and for the reasons mentioned above, PV energy has 

aroused growing interest and many technological advances have been made so far through 

several technological sectors. PV electricity production has even increased exponentially 

since 2006 and projections are quite optimistic for the coming years (until 2030) as shown 

in Figure I.12. 

 

Figure. I.12: Cumulative overall PV capacity by 2030. 
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I.5. Generations of photovoltaic cells  

The objective for PV cells is to access grid parity, i.e. the point from which the electricity 

delivered by a PV module has a price per kWh comparable to that provided by the grid.  

This is a necessary condition so that their installation is no longer dependent on 

government subsidies and that they can impose themselves definitively on the energy 

market. If we consider here the PV module, two levers make it possible to lower the 

price/Watt-peak ratio and thus converge towards grid parity: on the one hand the decrease 

in the cost of manufacturing the cells and on the other hand the increase in their conversion 

efficiency. The figure. I.13 below presents the generations of the SC. 

 

Figure.1.13: The PV cell generation. 

I.5.1. First generation  

They are large-area, high-quality and made up of first-generation single-junction solar 

cells. The reduction in production costs of this technology is cancelled due to high labor 

costs, and material costs especially for silicon. This generation of cells is based on the use 

of wafers made of monocrystalline silicon or multicrystalline silicon [20], (in the form of 

plates). It is based on very pure silicon, that is, cells requiring a lot of energy and which are 

very expensive. Its thickness varies between 180 and 200μm [21]. The lifespan of this 

generation is 35 years and have only one P-N junction. They enjoy relatively high 

conversion efficiencies thanks to the almost total absorption of light entering the cell and 

the bette electronic quality of the active materials. The material cost is their main limitation 

because it accounts for about 30% of the final price of the PV module [22]. It is made by 

putting molten silicon in cubic crucibles. 

  Multi crystalline Monocrystalline 

Manufacture 

Cooling of molten silicon in flat-bottomed 

crucibles, i.e. irregularly oriented crystals are 

formed, which gives the characteristic bluish 

appearance with patterns due to crystals. 

Strict and progressive control of silicon 

cooling, requires strong monitoring, 

that is, obtaining very pure crystals. 

  

Efficiency 10 to 15% 12 to 19% 
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110 to 150 Wc/m²  120 to 190 Wc/m² 

Benefits Performance/price ratio. Very good efficiency. 

Disadvantages 

 High cost. 

 Lower efficiency under reduced illumination. 

 Charge-carrying electrons, generated by sunlight, are partially lost in the volume of 

silicon due to the presence of residual impurities. 

Table I.1: The difference between the two types of silicon in the first generation. 

I.5.2. Second generation  

We present the second generation to solve these issues of energy needs and the production 

costs of SCs. Thin film battery technology has been imminent. A significant reduction in 

material costs is possible in this technology. They also have the advantage of increasing 

the size of the unit. 

I.5.2.1. Thin film crystalline silicon  

The new PV cells that make up the second generation of cells are composed of very little 

or no silicon. This is explained by the increase in the price of this material, which is 

abundant on earth. In addition, these cells are famous because they have been significantly 

reduced in thickness, which explains the ease of manufacturers to create PV panels that are 

very flexible, lightweight and easy to install.  

This is why these cells are called thin film cells, because their absorbance zone is of the 

order of a few micrometers (0.2-0.35µm). Thus, second-generation cells are more 

practical, but they still work on the same principle as crystalline cells. We can therefore 

count several different materials in this new generation such as amorphous silicon (non-

crystallized mineral substance, that is to say not having an ordered atomic structure), 

copper, gallium, selenium, zinc etc. 

For example: CIGS (copper, indium, gallium and selenium), a cell devoid of 

environmental toxicity. A significant reduction in cell cost is allowed by reducing the 

amount of material required and depositing layers over larger areas [23] from low-cost 

glass, stainless steel or plastic substrates. Some materials can be deposited at low 

temperatures, which makes it possible to use flexible substrates. Depending on the 

electrical performance, thinning of the active layer leads to an increase in Vco by reducing 

the I0 saturation current of the diode that is the basis of the structure of the SCs and 

reducing the recombination of the charge carriers [21].  

Hydrogenated amorphous silicon, which has long been at the forefront due to its 

hypersensitivity, is CIGS (for Copper Indium Gallium Selenium), which has a record for 

the production of thin-film cells. With an efficiency of about 20.3% and finally CdTe 

(cadmium tellurium). It is possible that a thin layer dependent on CdTe (cadmium 

tellurium) absorbs all the light over its entire useful spectrum with a thickness of about 2 

μm [20]. This thickness will be greater than 10μm of a-Si:H due to the low absorption 

coefficient. 

If we limit the thickness of the ultra-thin films to a few hundred nanometres to improve the 

productivity of the resulting image-carrying group, the active materials can be almost 

transparent over a wide spectral area. 
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I.5.2.2. Amorphous silicon cells 

Amorphous silicon cells have a low efficiency but react very well even during low sunlight 

like the inside of a house. These cells appeared in 1976. They form the first cells of the 

second generation with a thickness of 0.1μm. 

Advantages 

 Thinner, between 200 nm and 350nm; 

 Less expensive than the first generation since they consume less semiconductor 

material; 

 Less polluting during manufacture; 

 Operate with low illumination; 

 Less sensitive to shading and temperature rises; 

 Possibility of creating flexible panels that are easier to install. 
 

The disadvantages 

 Growing decrease in cell performance; 

 Low efficiency due to the difficulty of moving energy due to the organization of atoms; 

 Silicon atoms do not always form covalent bonds, so this disturbs the electronic 

properties of the material; 

 The hydrogen atoms establish bonds with the electrons which have remained free, and 

thus reduce the number of dangling bonds. 

I.5.3. Third generation 

Research to improve the efficiency has led to the development of the third generation of 

solar cells [24]. The poor electrical performance of thin film technology by maintaining 

low production costs of this technology, non-semiconductor technologies (including 

polymer-based cells).  

The concepts involved include tandem cells or cells containing hot vectors [23]. Switching 

from the first generation to the second generation has made it possible to reduce the cost of 

the cell returned to its surface as mentioned previously [21]. However, thin film cells have 

limited conversion efficiencies, mainly due to their low absorption. This fully confirms 

current studies which aim to increase absorption in cells from SC layers by introducing 

concepts from nanoparticles [25]. The objective is to reduce the efficiency gap between the 

first and the second generation but also to develop strategies likely to improve the 

management of light in the third generation cells. 

I.5.3.1 Organic photovoltaic cells 

The semiconductor studied is a polymer such as, for example, poly acetylene. The first 

organic PV cell appeared in 1985 and had an efficiency percentage of around 1%. It 

characterized by their development constitutes an attempt to reduce the cost of PV 

electricity, thinner, flexible, easy and less expensive to produce, while being, resistant, 

efficiency approximately between 8% and 10%. And for the advantages, we have a strong 

optical absorption, various substrates, and fairly simple deposition techniques.  
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Figure. I.14: Organic PV cell of the 3
rd

 generation. 

I.5.3.2 Multi-junction photovoltaic cells 

Multi-junction cells are made up of a large number of semiconductors each with a limited 

spectrum. Choosing materials that have wavelengths very close to each other will allow 

cells to absorb a larger and fuller spectrum that can achieve efficiency of up to 50%. 

Multi-junction cells will make it possible to invent new techniques for producing electricity 

through solar panels. A semiconductor like silicon can only produce electricity from a 

certain wavelength of the sun's ray. Thanks to new scientific methods, it is anticipated that 

the solar rays can be exploited by nearly 80% thanks to these multi-junction cells. This 

would constitute a great improvement in the efficiency of PV panels today. 

 

Figure. I.15: Third generation multi-junction PV cell. 

Record efficiency: around 40% and maximum 50%. But also there are disadvantages 

which are: developed for space applications, this type of cell is not yet marketable, requires 

the use of rare metals, their manufacturing cost is high. 
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I.5.3.3. Concentrating photovoltaic cells 

 

Figure. I.16: Third generation concentration PV cell. 

Concentrated PV plants use optical lenses that focus light on small, high efficiency PV 

cells. To function, it is necessary to follow the sun throughout the day with a mechanical 

swivel system. Concentration is obtained by a system of parabolic mirrors or Fresnel 

lenses, as on automobile headlights.  

This technology was first reserved for satellites and space exploration. Then, it was tested 

in a few prototypes and pilot operations. The efficiency is approximately greater than 50%. 

This technology is only economically viable today in areas where the sun is very strong. 

The concentrated light must be well focused on the cell. They are more complex, more 

fragile, and more delicate to transport and to assemble; require the use of precious metals. 

I.5.3.4. Perovskite cells 

A perovskite PV cell is a type of PV cell that includes a chemical element with a 

perovskite structure, most often an organic-inorganic hybrid of lead or a tin halide, in its 

active layer [26]. Efficiency increased from 3.8% in 2009 [27], 24.2% in 2019 [28] and 

28% for the tandem of perovskite and Silicon [28]. Perovskite is one of the promising 

materials at the moment and could replace silicon in solar panels. Perovskite can be 

deposited in solution. This allows the realization of PV cells of large surfaces. The 

commercialization of perovskite cells is based on improving the cost of the installation 

compared to silicon and organic technologies.  

A perovskite SC consists of a glass/FTO substrate with fluorine-doped tin oxide FTO 

deposited on it, and titanium dioxide TiO2 on FTO. TiO2 is used to improve electron 

transport. The active layer is made of a perovskite material. To improve hole transport, a 

layer of Spiro-OMeTAD is deposited between the electrode and the active layer. 

 
Figure. I.17: Structure of PV or perovskite cell. 
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Figure. I.18: Different structures of a perovskites cell. 

I.5.3.5. Grätzel PV cells  

The Grätzel cell or dye-sensitized solar cell (DSSC), is named after its creator, the Swiss 

chemist Michael GRÄTZEL. They are not currently the most efficient on the market, but 

they can be produced with low-cost materials and could benefit from technical and design 

advances. They also have the advantage of being able to produce energy even without 

direct sunlight or even under low lighting [29]. Unlike conventional PV, light absorption 

and charge transport are two separate tasks in Grätzel cells, whose operation is inspired by 

photosynthesis. The light is absorbed by a photosensitive pigment, called dye, deposited on 

the surface of titanium oxide nanoparticles TiO2. 

 
Figure. I.19: The principle of operation of a Grätzel cell. 

The coloring dye, adsorbed to the surface of TiO2, absorbs energy photons that cause it to 

move from an electronic state to an excited state. Relaxation is done by transferring the 

excited electron to the conduction band of titanium dioxide. The electrons thus injected 

pass through the thin layer of TiO2 to an electrode, the anode, and circulate in an external 

electrical circuit.  

 
Figure. I. 20: Grätzel Cell. 

https://fr.wikipedia.org/wiki/Ensoleillement
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Highlights: 

 Low cost; 

 Energy-efficient manufacturing process (energy debt between two and four months); 

 Performance stability at high temperatures and over time (estimated service life of 20 

years); 

 Possible operation in diffuse light or with low illumination; 

 Flexible and lightweight; 

 Aesthetics: transparency and colors to choose from.  

Weaknesses: 

 Limited maximum efficiency (11% in the laboratory, compared to 25% for a 

conventional Monocrystalline silicon cell); 

 No feedback on an industrial scale. 
 

Type 
Cell efficiency  

(in the laboratory) 

Module  

(in the laboratory) 

Module 

(commercial) 

Level of 

development 

First generation 

Monocrystalline Silicon 24.70 % 22.70% 12-20% Industrial production 

Poly crystalline silicon 20.30% 16.20% %11-15 Industrial production 

Second generation 

Amorphous Silicon 13.40% 10.40% 5-9% Industrial production 

Thin-film crystalline 

silicon 
  9.40% 7% Industrial production 

CdTe 19.30% 13.50% 9-11% 
Ready for the 

production 

CIGS 16.70%   6-9% Industrial production 

Third  generation 

Organic Cell 5.70% 8-10%   Under research 

Pérovskite Cell 24.20% 14.24%   Under research 

 Grätzel cell 11% 8.40%   Under research 

Concentration cell 46% 43.6%   Under research 

Multi jonctions cells 39% 25-30%   Under research 

Table I. 2: Data of three generations of SCs [30]. 

I.6. Solar cell design and architecture  

There are several types of cells that differ in the materials used to build them. Apart from 

the price, the choice of a type of cell has few consequences for the user, the main 

difference will be the surface which, at equal power, can vary from single to double. 

I.6.1. Silicon solar cells 

Silicon is now the most widely used material in PV cells. It is obtained by reducing silica, 

which is the most abundant compound in the earth's crust, especially in sand or quartz. The 

first step is the production of what is called metallic silicon, which is only 98% pure, and is 

obtained from pieces of quartz from gravel or intravenous deposits. 
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I.6.1.1. Monocrystalline cells  

Monocrystalline silicon cells offer the best efficiency among commercially available solar 

panels: between 13 and 15%. It would therefore take fewer cells to achieve the required 

energy, but as monocrystalline silicon is also more expensive, its only advantage is that in 

the end we use a reduced surface area: it takes about 7 square meters to obtain 1 (kW) [31]. 

 

Figure. I.21: Monocrystalline PV cell. 

I.6.1.2. Polycrystalline cells 

Modules using polycrystalline silicon cells generally have an efficiency of between 12 and 

14%. About 8m² of cells are needed to obtain 1kWp. These cells are simpler to 

manufacture and less expensive than monocrystalline silicon cells [32]. Polycrystalline 

cells can be recognized by the irregular shapes of the crystals that are clearly visible. 

 

Figure. I.22: Poly-crystalline PV cell. 

I.6.1.3. Amorphous cells 

Amorphous silicon cells are thin film cells, that is they are made by depositing a thin layer 

of silicon on a substrate. The thickness of this type of silicon used is much smaller than for 

monocrystalline or polycrystalline cells which are made from silicon wafers. This type of 

cell is therefore cheaper and easier to manufacture. Their low thickness makes it possible, 

for example, to use them to create flexible solar panels. It has a limited efficiency (of the 

order of 5 to 7%, or about 15m² to obtain 1kWp) and is therefore reserved for applications 

requiring little power [33]. 
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Figure. I.23: Amorphous PV cell. 

I.6.2. Thin film solar cells 

I.6.2.1. Copper-indium-di-selenium (CIS) or copper-indium-gallium-selenium (CIGS) 

 

Figure. I.24: Simple structure of a CIGS-based cell. 

This type of PV cell uses a semiconductor material made of an alloy of copper, indium, 

selenium and gallium. This mixture is placed in a very thin layer on the support. It 

represents the new generation of PV cells. First, it offers a very attractive return, between 

10 and 20%. One of the main advantages is that it is made with materials other than silicon 

and is less toxic. In addition, the support used can be flexible, in order to capture as much 

sunlight as possible. However, to obtain a better efficiency, it is necessary to provide a 

larger surface area than other types of cells [33]. 

I.6.2.2. Cadmium-tellurium (CdTe) 

This model is characterized by PV cells having an efficiency of 10.5% (15.8% in vitro) as 

well as a high absorption. It uses advanced technology to develop the performance of solar 

panels. The stake is doubly interesting, because it also makes it possible to reduce costs. 

With a low thermal modulus, this type of cell is made up of toxic products, which is a 

major disadvantage [33]. 
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Figure. I.25: Structure of a CdTe PV cell, The P-doped absorbent layer lies under another N-doped 

semiconductor (CdS), the two layers form a heterojunction. 

I.6.2.3. Gallium Arsenic (GaAs) 

This type of PV cell uses a semiconductor material such as other efficiencies that it 

achieves in terms of conversion efficiency 28.8% in single junction GaAs (and now 31.6% 

in double junction GaAs), it is distinguished by its flexibility [34]. GaAs SCs display better 

temperature behaviour, these cells, which are very expensive and very popular in the 

aerospace industry. 

I.6.3. The classical substrate structure 

The structure of the classic SC is also called "the standard structure". As shown in the 

figure. I.26, the substrate structure is composed of: 

  A rear metal molybdenum electrode 0.2 to 1μm thick deposited on a glass substrate. 

  An absorbent layer whose thickness can vary from 1 to 3μm. 

 A buffer layer with a thickness of 0.01 to 0.1μm each, ensuring respectively the 

junction and the absence of short circuits. 

 An optical window with a thickness of 0.3 to 0.6μm that must combine two essential 

properties, namely electrical conductivity and optical transparency. 

 A front metal grid needed for current collection. 

 

Figure. I.26: Structure of the classical cell [34]. 

I.6.3.1. Optical window 

The optical window must be simultaneously transparent and conductive in the field of the 

solar spectrum, the transmission of the layers must be greater than 80% and the 

conductivity greater than 10
4
 (Ω.cm

-1
). In a thin layer, such properties are obtained by 
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using compounds belonging to the family of transparent conductive oxides (TOC), the 

most common of which are: SnO2, SnO2:F, In2O3:Sn (ITO) and ZnO:Al (ZAO). 

Their transparency is linked to the value of their forbidden band while their electrical 

properties depend on the composition of the layers and any doping. Generally, a first 

undoped layer of ZnO is deposited followed by a second layer of either ZnO or ITO 

(indium tin oxide). The ZnO (non-conductive) layer can be avoided by depositing a thicker 

buffer layer [34]. 

I.6.3.2. Buffer layer 

The buffer layer is located between the absorbent layer and the optical window. If an 

absorbent layer/optical window contact is made directly, a PV junction may exist. Its 

performance will be limited by the mismatch of the forbidden bands and the leakage 

currents due to the presence of disordered areas at the grain boundaries. Therefore, it is 

preferable to introduce a thin layer, called a buffer layer, between these two compounds in 

order to optimize the performance of the cell. This layer must have the following 

properties: 

 An intermediate band gap allowing a "flexible" transition between that of the absorber 

and the optical window, the value of which is between 2.4 and 3.2 eV. 

  N-type conductivity to form the junction with the absorbent layer. In addition, to avoid 

the effects of current leakage, its conductivity must be lower than that of the absorbent 

layer by around 10
-3

 (Ω.cm
-1

). 

 It must be morphologically very homogeneous and compact to avoid any short-

circuiting effect at the grain boundaries of the absorbent layer. 

I.6.3.3. Absorbent layer 

The P or N type of absorbent layer has a high absorption coefficient of around 10
-5

 cm
-1

 in 

the visible range. The band gap is therefore direct but with an optimal value of 1.5 eV. Its 

conductivity should be in the range of 1 to 10
-2

 (Ω.cm
-1

). 

I.6.3.4. Molybdenum 

Molybdenum (Mo) is a preferred back contact material for SCs because it does not react 

strongly, it forms an ohmic contact with low resistivity, and the conductivity of 

molybdenum does not degrade upon deposition at high temperature of the SC substrate 

[35]. 

I.6.4. Superstrate structure 

The term superstrate refers to a solar cell configuration where the glass substrate is not 

only used as a supporting structure but also as a window for lighting and as part of the 

encapsulation. During operation, the glass is on top of the actual SC.  

The first CIGS superstrate solar cells were grown by spray pyrolysis, the ITO buffer layer, 

CdS buffer bilayer and absorbent layer were all spray deposited. The absorbent layer was 

produced in a bilayer rich in Cu and poor in Cu, in order to create a homo-junction inside 

the absorbent layer. SCs have been prepared by applying back contact and have achieved 

efficiencies of up to 3% [36].  
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The insertion of a sprayed ZnO layer between ITO and CdS has been investigated and 

further improvements in deposition processes have resulted in yields of 5% [37]. It has also 

been attempted to replace ITO with a layer of ZnO:Al or In [38]. The so-called bilayer 

process should give a large particle size and low density of defects in the region near the 

interface. Superstrate SCs grown by vacuum evaporation directly on the front ZnO contact 

have achieved open circuit voltages of over 800mV and efficiencies of around 3% [39].  

The temperature of the substrate during the growth of the CIGS absorber has a great 

influence on the performance of the cells, a low density of carriers as well as a high 

concentration of deep defect states have been found by defect spectroscopy [40]. 

Superstrate cells with a transparent front contact window layer and CdS buffer layer 

showed yields of 6.7% for evaporated CdS and 8.1% with chemically deposited 8.1% CdS 

[41]. Electroplating has been used successfully for the fabrication of CIS superstrate SCs 

on ITO with In2Se3 buffer layers (also produced by electroplating), achieving efficiencies 

of up to 3.4% [42, 43]. 

 

Figure. I.27: Superstrate structure of the SC in Glass, ZnO: Al, i-ZnO, CIGS in thin layers [34]. 

I.6.5. Tandem cells 

 

Figure. I.28: Tandem cell based on CuInSe2 and CuGaSe2 [34]. 

The tandem PV cell is designed from two simple semiconductor layers. This can be a layer 

of amorphous Si and another of crystalline silicon (mono or poly) for example. It shows all 

its interest for industrial use [34]. The efficiency of this type of cell is interesting, but its 

complex manufacture makes it an expensive PV cell to produce. As with all other models, 
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the cleaning of the solar panel must be optimal in order to enjoy consistent performance 

and better longevity. 

I.6.6. Organic photovoltaic cells 

These photovoltaic cells are made of synthetic semiconductor materials. They are known 

as dye cells, polymer cells or perovskite cells. The performance of organic solar cells 

depends on many parameters, such as absorption, charge transport, exaction diffusion 

length, interface states, etc [44]. These PV cells are made from thin organic layers which 

are deposited in a liquid solution placed between two electrodes. The low cost of 

manufacture and the non-toxicity of the renewable materials used make it a very attractive 

solution for the future. A polymer-based solar cell consists of a glass substrate, an anode 

generally made of ITO (Indium-doped Tin Oxide), an active layer consisting of a 

conjugated polymer and a metal cathode [45]. 

The active layer can be made up of: 
 

 A single type of semiconductor (N or P type): the structure thus formed is said to be of 

the Schottky type. The dissociation of the photo-generated carriers occurs at the 

interface of the semiconductor with the metal electrode. The drawbacks of this type of 

structure are the small thicknesses of the photoactive region and the migration of 

charges in the same material, which implies significant recombination of charges [46]. 

 
  

Figure. I.29: Structure of a Schottky-type cell (right) and representation of ITO/organic material 

/Al energy levels (left). 

 Two semiconductors of different types: the structure thus formed is said to be of the 

heterojunction type. The dissociation of the photo-generated carriers then takes place at 

the interface of the two semiconductors. This same structure can be achieved by: 

A bilayer system (two superimposed layers) in which the donor material (or type P) is 

in contact with the ITO, and the acceptor material (type N) with the metal electrode 

(Al). The exaction dissociation zone is located at the interface between these two 

layers. 
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Figure. I.30: Structure of a heterojunction cell (right) and representation of the energy levels of an 

ITO / donor / acceptor / Al contact (left). 

Cells of this type have a larger D and A interface (Donor /Acceptor). Exactions also reach 

dissociation sites faster [47]. The disadvantage of this type of structure lies in the mastery 

of the morphology of the structure. 

 

Figure. I.31: Structure of an interpenetrating grating cell (a) and (b) load transfer mechanism [48]. 

I.6.7. Bifacial cells 

 

Figure. I.32: Schematic representation of the structure of a BSF bifacial SC [49]. 

I.6.8. Cell with CdTe band structure 

 

Figure. I.33: Typical structure of a SC based on CdTe active layer [50]. 
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The conversion efficiency is of the order of 16% in the laboratory. On the other hand 

industrial modules have efficiencies of the order of 10%. The junction is ensured by a layer 

of CdS. For environmental reasons, this process is always taken with great caution because 

the use of cadmium for the production of the SC is still the target of several criticisms. 

Indeed, Cd is an environmentally polluting material [50]. 

I.7. The art state  

Solar energy is an abundant form of potential energy sources, as the Earth collects all of 

the world's annual energy production, and for this reason PV technology aims to convert 

these latter abundant resources into electricity. However, recent and ongoing efforts by the 

PV community have spawned new solar cell concepts such as multiple connections and hot 

SCs. 

I.7.1. Material properties and silicon deposition 

I.7.1.1. Structural properties of a-Si:H 

Crystalline silicon has the same crystal lattice as diamond. Each tetrahedral silicon atom 

has four neighbours. This tetrahedral structure stretches a great distance, thus forming an 

ordered crystal lattice (crystal). It is created by the strict repetition of a periodic elementary 

cell. In a-Si, variations in the lengths and angles of the bonds have the effect of making the 

structure of the material random. The fact that the structure is not ordered over long 

distances implies that the periodicity criteria are no longer met. In a-Si, we observe 

dangling bonds, i.e. bonds of atoms not linked to their neighbouring atoms. These dangling 

bonds represent defects in the material, when they are not passivated by hydrogen atoms. 

Passivation of pendant bonds with hydrogen decreases the density of defects by orders of 

magnitude, from 1025-1026 to 1021-1022 m
-3

 [51]. SCs based on a-Si:H have a low level 

of defects (~1022 m
-3

). However, the presence of hydrogen is associated with degradation 

of the material by prolonged exposure to light.  

This effect is known as the Staebler-Wronski effect [52]. One of the main advantages of a-

Si:H over c-Si is the production technique. 

 

Figure. I.34: Schematic representation of the atomic structure of crystalline silicon (in the 

left) and amorphous silicon (in the right). 
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I.7.1.2. Structural properties of µc-Si:H 

Hydrogenated microcrystalline silicon (µc-Si:H) is a composite material consisting of 

crystalline regions, columnar grain boundaries, disordered regions (areas amorphous) and 

interstices [53, 54]. It must be differentiated from polycrystalline silicon which is 

composed only of grains of crystalline silicon. µc-Si:H is also known as nanocrystalline 

silicon (n-Si). A schematic representation of µc-Si:H is given in figure I.35. Under the 

conditions of high crystallinity, obtained with a low concentration of silane, columns made 

up of grains of homogeneous crystalline silicon are observed. Depending on the deposition 

conditions and the substrate, the columns are separated from each other by a-Si:H regions 

or interstices [55]. As the silane concentration increases, the crystal volume fraction 

decreases and smaller crystalline silicon grains are observed within an amorphous silicon 

matrix. For SCs based on µc-Si:H, the composition of the material chosen is that 

corresponding to the transition zone between the amorphous and crystalline phases [56]. 

The presence of grain boundaries, amorphous regions and interstices between the grains of 

crystalline silicon leads to lower mobility than in the case of poly-Si. 

 

Figure. I.35: Schematic diagram showing the particular microstructure of µc-Si:H, obtained at high 

frequency by PECVD. From left to right, the composition of the film varies from highly crystalline 

silicon with a largely amorphous phase [57]. 

I.7.1.3. Optical properties of c-Si 

c-Si has a gap of 1.12eV at ambient temperature and atmospheric pressure. It is an indirect 

gap semiconductor.  

The minimum energy of the conduction band is not at the same time k as the maximum of 

the valence band.  

For direct transitions of electrons from the valence band to the conduction band, the 

energies of the photons must be much greater than those of the band gap.  

Optical transitions can also occur at lower energies by a two-step process involving not 

only photons and electrons but also phonons. 

I.7.1.4. Optical properties of a-Si:H 

Since in a-Si:H the conservation of the momentum k is no longer conferred during 

electronic transitions [58], the material behaves like a quasi-direct semiconductor.  

It has a much higher probability of light absorption in the visible (photon energy greater 

than 1.8eV) than c-Si.  
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Thus, for a-Si:H films, thicknesses of around 500nm are sufficient to efficiently absorb 

light waves of wavelength λ≤600 nm.  

For energies below 1.8eV, absorption in a-Si:H is determined by the density of localized 

states (surface states) and dangling bonds (deep defects) of the material. 

I.7.1.5. Optical properties of µc-Si:H 

The optical absorption spectrum shown in Figure I.36 shows an absorption coefficient 

higher for µc-Si:H than for c-Si, in the visible range (i.e., for energies greater than 1.8eV). 

This effect can be explained by the light absorption of amorphous regions of the material 

and by the phenomenon of light scattering within the µc-Si:H [59, 60]. Between 1.1eV and 

1.6eV, µc-Si:H has an absorption coefficient close to that of c-Si. Thus, its absorption is 

greater in the red and infrared compared to the case of a-Si:H. In the band gap absorption 

zone (i.e., for energies less than 1.1eV), the absorption coefficient of µc-Si:H greatly 

exceeds that of c-Si and is slightly more higher than that of a-Si:H. This results from the 

presence of localized bands (at grain boundaries) and deep defects, similar to those found 

in a-Si:H [61]. 

 
 Figure. I.36: Absorption coefficient α of c-Si, a-Si:H and µc-Si:H, measured by photo thermal 

deviation spectroscopy (PDS). The data comes from the work carried out by [62]. 
 

I.7.2. Principle of operation of solar cells 

I.7.2.1. Crystalline Silicon 

Thin film SCs, i.e., a-Si:H or µc-Si:H, are here compared to conventional SCs based on 

crystalline silicon (c-Si). These cells are generally based on a P-N junction, obtained by 

varying the type of doping in the semiconductor.  

During light absorption, electrons are excited from the valence band to the conduction 

band, creating a hole in the valence band. The two types of carrier, electrons and holes, 

move through the crystal and participate in the photon. 
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Figure. I.37: (Left) Band diagram of a P-N junction representing the case of a SC based on c-Si, 

(Right) band diagram of a P-I-N diode corresponding to the case of SCs based on a-Si:H and µc-

Si:H. 

Electrons and holes resulting from light absorption in solid material can diffusing into the  

space charge zone and the tail contact, respectively. The difference in potentials between 

the p and n layers is at the origin of the formation of the space charge zone, exhibiting a 

high electrostatic field. This is associated with the P-N junction and depends on the doping 

level. It generally has a thickness of less than 1µm for a SCs based on c-Si.  

Due to the mode of movement of charge carriers (by diffusion), crystalline silicon SCs are 

still called ―diffusion PV cells‖. 

I.7.2.2. Thin films of Silicon 

Unlike the case of c-Si, a-Si:H is a material that shows high density defects and therefore 

short diffusion lengths. In addition, it exhibits a distribution of defects which depends on 

the position of the Fermi level.  

Therefore, a P-N type configuration is not possible for this material [63]. SCs based on a-

Si:H consist of a stack of P-I-N or N-I-P layers. An intrinsic (unintentionally doped) 

absorbent layer with low defect density is inserted between the P and N thin layers. For µc-

Si:H based PV cells, exhibiting longer scattering lengths than a-Si:H, a P-I-N or N-I-P 

configuration is also more suitable. 

I.7.3. Equivalent circuit for a P-I-N diode 

Figure I. 38, shows a simple equivalent circuit of a pin diode that can be used as a model 

for thin film silicon SCs. Under illumination, an additional photonic current and of 

opposite direction Iph is delivered by the cell. The losses in the diode can be represented by 

a resistor in parallel Rp and a resistor in series RS. The parallel resistance accounts for local 

short circuits (shunts) and depends on the light power. The capacitance Cp is associated 

with the geometric capacitance of the SC. It is related to the surface of the cell and the 

thickness of the intrinsic layer by equation I.14: 

                                                              (I.14) 
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Figure. I.38: Equivalent circuit for a P-I-N diode. 

I.7.4. SCs in P-I-N and N-I-P configuration 

In this work, thin-film silicon solar cells were engineered in two different configurations, 

namely a P-I-N configuration and a P-I-N configuration. N-I-P. Figure I.39 shows the basic 

schematic structure used for the cells of reference (i.e. no nanoparticles or no 

nanostructures) in both configurations. A detailed description of SCs is given in the text 

when their structure base is changed. The names P-I-N and N-I-P only refer to the order of 

deposition of the N-I-P layers. As a result, it is mainly the response in the blue that is 

altered [64].  

Since the mobility of the holes in the a-Si:H and µc-Si:H is smaller than that of the 

electrons, the holes must have the smallest possible distance to travel towards the P 

junction to achieve an optimal collection. However, there is no fundamental difference in 

the operation of the two configurations since the response in the red is practically 

independent of the side where the illumination is on. The differences found for the two 

configurations result from the difference in growth of the deposited layers.  

 
Figure. I.39: Schematic representation of SCs in P-I-N configuration (left) and N-I-P (right). The 

silver grid of the N-I-P cell, normally placed on the contact before TCO, is not shown. 
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I.7.5. Doping of silicon nanoparticles 

The doping of semiconductors is a key step in the manufacture of components. An 

important field of research is therefore opening up on the doping of nanostructures silicon 

for its fundamental and application interest [65, 66]. In fact, the doping of silicon 

nanoparticles is an essential parameter making it possible to govern their optical and 

transport properties. While in grains of a hundred nanometres in diameter, the impurities 

used for doping behave as in solid material, quantum and dielectric confinements have a 

strong influence on their electronic structure for dimensions of the order of ten nanometres 

or below [67, 68]. 

I.7.6. Fundamental and technological losses limiting performance 

Obviously, the performance of the SC is limited by various factors, which they be 

theoretical or technological. We will review them here. In each case, we will see which 

electrical parameters they influence. 

I.7.6.1. Fundamental losses 

First, there are fundamental losses that are inevitable. These losses limit the theoretical 

efficiency of the Silicon SCs at 29.8% [69, 70]. 

I.7.6.1.1. Incomplete absorption of photons 

Photons whose energy is lower than the energy of the band gap (i.e. 1.12 eV) do not 

cannot be absorbed by silicon. They do not then contribute to the creation of pairs electron-

hole. This results in a loss of about 27% in efficiency. 

I.7.6.1.2. Excess energy of photons 

This loss represents about 28% loss on performance under AM1.5. These first two 

limitations, influencing the short-circuit current Icc and the open circuit voltage Vco, 

reduce the theoretical efficiency to 45% [71]. 

I.7.6.1.3. Voltage factor 

The short circuit voltage Vco cannot exceed the energy of the gap, i.e.  Eg /q. Added to this 

is auger recombination, which limit the Vco to 0.65V for a thick solar cell, and 0.72 V for a 

20 µm thick cell [72]. 

I.7.6.1.4. Filling factor 

Ideally, the form factor would be 1, if the I(V) curve were square. However, the 

exponential form of the I(V) characteristic, due to the Boltzmann statistic, limits the form 

factor to 0.89. 

I.7.6.2. Technological losses 

The losses mentioned above cannot be avoided, even in the case of a SC ideal. Other 

phenomena further reduce efficiency. These limitations are mostly technological, which 

means that it is possible to work on improving them. They come in three forms: optical, by 

recombination and resistive. 

I.7.6.2.1. Optical losses 
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Optical losses are technological losses due to the non-absorption of a photon in the 

material: 

 The front face of the SC is covered by a metal grid (it covers approximately 10% of the 

front surface in the case of a standard industrial cell), which prevents photons from 

entering the material. 

 Silicon has a very high refractive index, which causes reflection in large area. This can 

be improved by the anti-reflective layer, whose reflectivity is about 10%. 

 If the cell is not thick enough, low energy (or long wavelength), photons may not be 

absorbed into the thickness of the material. 

I.7.6.2.2. Losses by recombination 

Once the electron-hole pair is created, the charges must diffuse to the contacts of the cell. 

However, if they recombine before reaching contacts, they will no longer participate to the 

generation of current. Different mechanisms exist leading to the recombination of the pair, 

by volume or by surface [73]. 

I.7.6.2.3. Resistive losses 

The efficiency of the cell is also affected by resistive losses. They are due to parallel 

resistors, such as leakage from the edges of the PV cell or when the metal on the front 

panel bypasses the emitter. The second type of loss is due to power losses due to the 

resistivity of the various elements of the SC: series resistors. 

                 (16) 

I.8. Conclusion 

In this chapter, we have recalled some notions on SCs, its energy power and the properties 

of its illumination (cell, efficiency, operation, characteristic, absorption, intensity of 

photons, type of SCs … etc.). The background of photovoltaic energy, the basic operating 

principle of a PV cell, the use of the current-voltage characteristic of the cell to calculate 

its various physical parameters as well as the various thin-film photovoltaic pathways. We 

have presented the different structures of a thin film SC. This theoretical study allowed us 

to specify the most promising semiconductor for the study of thin film and crystalline Si 

SCs. We thus present new structures based on one-dimensional PCs in order to improve 

the efficiency of PV cells. 
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Chapter II: Concepts and generalities on photonic crystals  

II.1. Introduction 

A crystal is formed by a periodic arrangement of atoms that consists of a repetition in 

space of an elementary pattern. In the context of the physics, it is formed by a periodic 

arrangement of atoms that consists of condensed matter. This creates a periodic potential 

profile for electrons that determines the bands of energies allowed in the material. In the 

case of semiconductors, this periodic potential induces a band gap between the conduction 

and the valence ones. In the context of research concerning the inhibition of spontaneous 

emission in semiconductors, E. Yablonovitch showed in the late 80s that it was possible to 

open a band gap for photons by performing a periodic alternation of different dielectric 

materials [1]. While S. John was interested in Anderson's localization [2], which led to the 

concept of PCs. First demonstrated in microwaves, the realization of two-dimensional 

photonic crystal (2DPC) in the near infrared in the mid-90s led to the emergence of a field 

of research. However, even if the principle of band gap was known at one dimension with 

Bragg mirrors, the realization of PCs in two dimensional and three dimensional led to the 

control of light to a more advanced degree, and the field of study of PCs extended 

ramifications beyond classical optics, as for instance in cavity quantum electrodynamics 

[3], or cavity opt mechanics [4]. 

II.2 Definition  

PCs or Photonic Band Gap materials (light in cage), are periodic structures of dielectric or 

metallo dielectric materials whose permittivity is periodically modulated in one or more 

dimensions of space [5]. In the same way that the periodicity of the potential in a 

semiconductor crystal affects the propagation of electrons by creating allowed or forbidden 

energy bands, PCs can prevent the propagation of light in certain directions and 

frequencies. This latter allowed to propagate in the PC are called modes, all modes form 

bands. They are separated by frequency ranges for which light cannot propagate, they are 

called band gaps. There are three categories of PCs according to the number of periodic 

directions, and are called one-dimensional, two-dimensional and three-dimensional. Figure 

II.1 illustrates the 3 cases. 

 
Figure. II.1: Schematic representations of PCs where the refractive index varies periodically 

according to one, two or three dimensions. 
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Figure. II.2: Shows scanning electron microscopy (SEM) images of different artificial PCs. 

Figure II.2 represent films of SEM of PCs:(a) 1D consisting of an assembly of layers of 

polyelectrolyte's (the dark parts contain silver nanoparticles and have a refractive index 

higher than the light parts, devoid of nanoparticles) [6]; (b) two dimensional consisting of 

an arrangement of InP cylinders [7], and (c) three dimensional consisting of an 

arrangement of inclined and nested polymer rods [8]. 

A PC is a dielectric material where the refractive index is periodically modulated [9]. It 

concerns a crystal because the material consists of a periodic arrangement of dielectric 

elementary bricks of refractive index N1 in a matrix of refractive index N2. The term 

photonics is added because, the periodicity of the wavelength of light, a PC makes it 

possible to modulate the propagation of photons. PCs also exist in their natural state inside 

mineral complexes such as opals and inside biological systems such as the eyes of some 

cephalopods in the form of periodic gratings of rods, peacock feathers made of keratin 

crystals or the wings of some butterflies.  

Research on PCs has mainly focused on near infrared (1.3μm -1.6μm) due to applications 

in the field of telecommunications [10]. Silicon is the essential material for industry and 

for energy production. PCs are transparent media in which the optical index varies 

periodically. It is transparent in the telecom window and has a very high refractive index 

(nSi=3.48) as well as a very good mechanical resistance. 

 

Figure. II.3: Scanning electron microscope (SEM) images of different types of photonic crystals: 

(a) Bragg‘s grating; (b) planar photonic crystal and (c) three dimensional photonic crystal [11]. 

The general principle of PCs had already been used for several decades for the realization 

of interferential mirrors [12] but it is to E. Yablonovitch and S. Johnson [13] that is due to 

the generalization to several dimensions in 1987. It is then seen as a way to inhibit 

spontaneous emission to overcome certain limitations of semiconductor lasers (noise 

reduction, threshold). However, there are a lot of difficulties. Several dimensions, this 

index modulation is usually achieved by digging holes in the dielectric material [14, 15], 
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by stacking balls [16, 17] or dielectric rods in a form called "pile of wood". In the field of 

optics, it is most often necessary to use semiconductor materials to have a sufficiently high 

dielectric constant and it was not until the progress of lithography and etching techniques 

that PCs with characteristic submicron lengths appeared in 1996 [15]. Moreover, from the 

theoretical point of view, calculations on two dimensional PC and three dimensional PC 

structures are particularly heavy. 

II.3. History 

Nowadays, they have attracted significant interest in the scientific community. This 

interest in these materials, in which the refractive index varies periodically, is due to the 

fact that they have specific optical properties. It was in 1987 that Eli Yablonovitch and 

Sajeev John, looking for to reduce the spontaneous emission of light in lasers and 

semiconductors, proposed a new way to build a Bragg mirror, proposed by W. L. Bragg 

since the late nineteenth century, in several dimensions. The point is to achieve a three-

dimensional periodic structure by a regular assembly of spheres, cylinders and/or beams 

[18].  

A first realization operating at centimetre wavelengths was presented by Yablonovitch in 

1991. The proposed structure, the Yablonovite. It is a block of plexiglass machined in three 

different directions separated from allowing to reproduce the crystalline structure of the 

diamond. In reality, the PBG material is a three dimensional extension to the microwave 

frequencies of Bragg mirrors. Being constructed from a periodic stack of dielectric layers 

of different refractive indices in a single direction of space, the latter allow light to be 

controlled only in that same direction. On the contrary, three dimensional PC can achieve a 

complete band gap in all directions of propagation and for all possible polarizations of the 

wave [19]. That‘s why Yablonovitch is considered the father of PCs [1]. 

II.4. Natural photonic crystals  

PCs also exist in their natural state inside mineral complexes such as opals, and inside 

biological systems such as the eyes of some cephalopods in the form of periodic lattices of 

rods, peacock feathers made of keratin crystals or the wings of some butterflies and insects. 

Indeed, nature presents self-organized periodic structures that do not possess a sufficient 

contrast of clues: this is the case of natural mineral opal. This latter is a rock made up of 

silica micro beads distributed according to a more or less regular arrangement. In fact, it is 

a natural PC, even if it does not have a complete band gap [20]. 
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Figure. II.4:Natural PCs: (a) peacock feather, the box on the right is a scanning electron microscope 

(SEM) image of the cut of a green barb, the two dimensional PC structure is composed of melanin 

pillars bound by keratin as well as air holes; (b) bracelet mounted with an almost periodic natural 

opal of silica (c) morphic butterfly [21]. 

II.5. Planar photonic crystals  

The ambition to achieve passive and active optoelectronic functions in integrated optics 

necessary for telecom applications, such as emission, amplification, modulation or 

tenability, requires confining light in two dimensions. This can be achieved by components 

or vertical confinement, of refractive origin, is ensured by a large contrast of indices and 

lateral confinement by a two dimensional PC. Planar PCs waveguide are artificial 

structures consisting of a dielectric guiding layer surrounded by two containment layers of 

refractive indices weaker than that of the core layer, all deposited on a substrate. The 

propagation is done in the plane where the photons are confined by the contrast of indices. 

In the same way, one can imagine a PC having a serious dimension in a waveguide. 

 

 

Figure. II.5: Schematic representation of an absorbent layer of a two dimensional PC in a dielectric 

plane guide. 

In addition, we use the following definitions to write the modes of a PCs [22]: 
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1) Illumining modes: These are the ones that propagate in the PCs as well as in the 

external environment. These delocalized modes are modes of the radiative continuum 

weakly disturbed by the presence of the membrane. 

2) Localized modes: We distinguish inside the membrane. 

3) Guide modes: They are located below the line of light, so they have an evanescent 

character outside the membrane and propagate there with a theoretically infinite 

lifespan. 

4) Resonant modes : Or quasi-guides: these are guide modes that appear above the line 

of light as a result of the folding of the bands inside the first Brillouin zone, and that 

constitute resonances in the continuum of illumining modes. The coupling of these 

modes with the continuum makes them acquire a non-zero radiative component 

responsible for the existence of losses in the direction perpendicular to the membrane. 

II.6. Geometric and physical characteristics of photonic crystals 

A PC is characterized by the different materials that compose it, the crystalline system 

according to which these materials are organized and the relative volumes they occupy in 

the elementary cell of the crystal [23]. The quantities of these different characteristics are: 

II.6.1. Index contrast (n)  

Ratio between the indices of the two materials, which can be compared to the height of the 

potential barrier of solid state physics [24]: 

                                                      (II.1) 

With: nh  is the refractive index of the high index material. 

n1 : The refractive index of the low index material. 

II.6.2.  Periods (a)  

These geometric parameters, chosen according to the frequency range studied, influence 

the characteristics of the photonic band gap. For example for a 1DPC, the period a = 

(a1+a2) with a1 the thickness of the permittivity layer ε1 and a2 the thickness of the 

permittivity layer ε2. 

 

Figure. II.6: The periods of a one-dimensional PC. 
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II.6.3 The filling factor (ff)  

It can be compared to the periodic potential drop. If it is taken for the high index material 

for example, it is defined as the ratio between the volume occupied by this material in the 

elementary cell of the crystal and the cell volume of the latter. The influence of these 

different parameters on the behaviour of a photonic structure can be understood by analogy 

with an induced periodic potential of the arrangement of atoms in a semiconductor [24]. 

II.7. Defects  

By analogy with semiconductor crystals, the functionalities of PCs can be exalted by 

voluntarily and in a controlled inserting defects within their structure. Defects in PCs can 

locate modes. In one dimensional PC, the light can be confined to a default plane. In two 

dimensional PC one can locate the light in a linear defect. Finally in three dimensional PC, 

we can confine the light to a localized defect, so at a point in the grating.  

The two easiest ways to disrupt the periodicity of the grating are: 

 Add additional dielectric material: a dielectric defect; 

 Remove dielectric material: an air defect. 

Creating a defect locates destroys discrete translation symmetry. So theoretically, we can 

no longer speak in terms of k-wave vectors. In addition, we will focus on the density of 

states. The defect causes the appearance of a peak of a new state allowed in the density 

curve at a frequency located in the prohibited band. The width of the peak will decrease if 

the size of the crystal tends to infinity. States in the band gap cannot extend into the crystal 

itself. As a result, the modes in the band gap decline exponentially from the defect. So the 

mode is enclosed around the defect.  

Another type of defects are linear defects that are extended in one direction. Linear defects 

can be considered as an alignment of localized defects. The states in this band are extended 

in the direction of the line and decline exponentially towards the crystal. If we choose the 

direction of the line parallel to one of the translation vectors of the crystal, the translation 

symmetry will be preserved in this direction. As with semiconductors, where energy levels 

appear in the gap when inserting impurities (atoms other than those of the crystal), 

extrinsic defects within PCs create permissible energy levels, called defect modes, for 

particular frequencies in the band gap [25]. 

In the event that a brick of a PC is replaced by a larger or higher index entity, the mode 

behaves like a donor mode in a semiconductor. When symmetry is broken by removing 

part of the material or replacing part of it with a material with a lower refractive index 

material, this is an acceptor mode. In other words, an extrinsic defect creates a micro cavity 

in the crystal structure that can trap the energy of an electromagnetic wave. 

II.7.1. Defect strategies in photonic crystals  

As with semiconductors, the existence of a defect in the periodicity of the crystal will lead 

to the appearance of permissible levels, called defect modes, in the band gap. The creation 

of a defect consists in locally breaking the periodicity of the grating by adding or locally 

removing a little dielectric material. In the case of a grating of holes, the defect consists in 
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the omission of one or more holes. Defects can also be created by modifying the radius of 

the holes. There are two types of defects: 

II.7.1.1. Spot defects  

There are multiple ways to create point defects in PCs. One or more patterns of the crystal 

may also be removed, added or modified (Figure II.7). 

 

Figure. II.7: (a) defect; (b) and (c) substitution defects [26]. 

 

Figure. II.8: Transmission spectrum of a hexagonal crystal of dielectric rods with or without defect 

[27]. 

II.7.1.2. Extended defects  

Extended defects, of size 1, 2 or 3, can only be obtained in crystals of at least equivalent 

size. Among these defects, the one dimensional defects (W1) (Figure II.9), are certainly 

those that have given rise to the greatest number of studies because they are intended to be 

used as light guides within a given crystal. We can also imagine two dimensional (W2) or 

three dimensional (W3) defects consisting of a series of W1 guides, put end to end and 

oriented in different directions, so as to convey light on all possible paths inside the crystal. 

One way to achieve such a guide is to place punctual defects, coupled and spaced, in a 

direction of the two dimensional PC. 

The coupling between an infinity of resonators leads to a permissible propagation band in 

the direction of alignment. This sort of coupled resonator guide was proposed in 1999 [28]. 
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Figure. II.9: Example of a W1 guide to hexagonal PC of air holes on a silicon substrate on insulator 

[29]. 

II.8. Properties of photonic crystals  

II.8.1. The "electron-photon" analogy  

The notions of "Photon Gap" or "Photonic Bands Gap" are derived from the analogy 

between electrons and photons or, more precisely, from that between electronic wave 

function and electromagnetic field. These modes of an optical structure are obtained by 

solving Maxwell's equations, fundamental relations of electrodynamics. Silicon being a 

linear dielectric medium (we place ourselves here in a linear regime), non magnetic, 

without charges or current, we can then write Maxwell's equations in the following form: 

                                                                                          (II.2) 

                                                           (II.3) 

                                                  (II.4) 

                                              (II.5) 

Where E(r, t) and H(r, t) are the electric and magnetic fields, ε(r) the dielectric constant, ε0 

the electrical permittivity and μ0 the magnetic permeability of the vacuum. If we are only 

interested in the harmonic solutions of Maxwell's equations, the fields can be written: 

                                                       (II.6) 

                                                       (II.7) 

Maxwell's equations relating E(r) and H(r) are then rewritten as: 

                                                     (II.8) 

                                              (II.9) 

By putting  and by combining (II.7) and (II.8), we obtain the propagation 

equation in H(r):                    

                                                                                   (II.10) 

If we introduce the operator  the equation (II.9) is in the form: 
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                                                  (II.11) 

We recognize the form of an equation with proper values to obtain the 

proper modes H(r) of the dielectric structure as well as the proper values. Proper modes 

E(r) are given by the relation: 

                                             (II.12) 

In the case of an isotropic homogeneous medium (ε(r)=ε), the propagation equation is 

simply solved by a monochromatic progressive plane wave: 

                                              (II.13) 

We deduce the dispersion relationship of the medium: 

                                                             (II.14) 

In the case of a periodic medium, the dielectric constant is written ε(r) = ε(r + R), where R 

is a vector of the real lattice. This allows us to apply Bloch's theorem, analogous to the 

case encountered in solid state physics: 

                                             (II.15) 

There is then no longer an analytical relationship between the pulsation ω and the wave 

vector k, with the exception of very special cases. A numerical resolution is then necessary 

in order to obtain the own modes (r) and proper values ω(k). One of the interesting 

properties for solving the equation to proper values (10) lies in the law of scale inherent in 

Maxwell's equations. Indeed, by posing r'= ra and , where a is the mesh parameter of 

the periodic lattice, we obtain: 

, where a is the mesh parameter of the periodic grating, we obtains: 

                                   (II.16) 

As ε(r‘/a)=ε(r), we find the first equation dividing by a2 and putting 

H‘(r‘)=H(r/a) and ω0=ω/a: 

                                     (II.17) 

This law of scale therefore allows us to normalize all the quantities of the PC by the 

grating parameter a: 

                                              (II.18) 

This simple law of scale is of great importance because it makes it possible to manufacture 

photonic crystals with similar properties but whose wavelength ranges vary only according 

to the crystal's mesh parameter. That is, with the same standardized parameters, it is 

possible to make PCs with the same proper modes operating in the visible, near infrared, 

microwave domain only by changing the mesh parameter of the crystal (assuming of 

course that the properties of the material are invariant in wavelength). 
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II.9. Types of photonic crystals  

II.9.1 One dimensional photonic crystal (Bragg mirror)  

These structures are commonly known as the Bragg lattice [30]. They are usually achieved 

by a stack of layers of different refractive index and optical thickness l/4. The being the 

guided wavelength around which the material must prohibit the propagation of 

electromagnetic waves under normal incidence. Bragg's gratings have proven their 

usefulness in many applications: old-fashioned converters for optical fibers, selective 

wavelength filters, multiplexers [31]. 

 

Figure. II.10: One dimensional PC structure [30]. 

II.9.1.1. Wave propagation on Bragg gratings  

Bragg's gratings are successions of different refractive index layers, stacked periodically. 

The behaviour of the Bragg reflector is explained from the process of multiple 

interferences.  

As shown in Figure II.11, a wave that propagates in the succession of layers, undergoes 

reflection at each interface. This reflection is accompanied by a change of phase Π if the 

wave goes from a medium of low index to a medium of high index.  

It is carried out without a change of phase otherwise, when the total optical thickness of the 

alternations is λ/2, the wave reflected by the interface (1) is in phase with those reflected 

by the interfaces (3), (5), (7). As a result of these constructive interferences, we end up 

with a total reflection, which means that the wave cannot propagate and that we are in the 

presence of a photonic band gap.  

 

 

Figure. II.11: Schematic representation of the interference of the waves reflected by each 

Dioptre [32]. 

Bragg's gratings have proven their usefulness in many applications: mode converters for 

optical fibers, selective wavelength filters, multiplexers, laser cavity mirrors. 
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II.9.1.2. The width and central frequency of the gap  

The width of the gap depends on the index contrast of the two media. When this contrast is 

low, the width of the gap is small (Figure II.12.a) and when it is high, it increases 

considerably (Figure II.12.b). 

 

Figure. II.12: Photonic band structures for Bragg gratings of step a with: (a) permittivity layers 

ε=13 and 12 and (b) permittivity ε=13 and 1 [31]. 

 

Figure. II.13: Schematic representation of the shift of the central frequency as a function of the 

location of the electric field in the grating; (a) the electric field at its maximum amplitude in areas of 

high permittivity; (b) the electric field has its maximum amplitude in areas of low permittivity [32]. 

II.9.1.3. One dimensional photonic crystals band gap  

In this section, we will present the origin of the band gap, a fundamental property of 

photonic crystals. For this, we will first look at the simple case of the one dimensional PC, 

or Bragg mirror. This structure is formed by a periodic stack of materials of different 

refractive indices. The layered structure of a Bragg mirror is shown in Figure II.14.When 

the spatial period is of the same order of magnitude as the wavelength, the light 

propagating at normal incidence in the medium is strongly disturbed. In particular, for the 

Bragg length λB, where λB=2(n1a1+n2a2), the waves reflected at each interface are in phase, 

and therefore constructively interfere [33]. A phase shift is therefore induced, and when 

k=π/a, the transmitted and reflected waves interfere to form a standing wave.  

For this wave vector, the associated wavelength is 2a, which is twice the mesh parameter. 

Only two node positions are allowed by the symmetry properties of the Bragg mirror: 

either in the centre of the layer of the low-index material, or in the centre of the layer of the 
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high-index material. The variation theorem requires low-frequency modes to be placed in 

the high-index material. By orthogonality of the modes, the higher order mode is then 

located in the low index material. As the low frequency modes are confined to the high 

index material, we will speak of dielectric band, while we will speak of air band for high 

frequency modes. Analogous to the delimitation of the band gap in semiconductors by 

placing electrons either in the valence band or in the conduction band, the photonic band 

gap is delimited by the location of the energy of the modes in one or the other of the layers. 

The width of the gap depends on the index contrast between the two layers of materials.  

 

Figure. II.14: (a) Dispersion relationship of a homogeneous medium, folding is due to artificial 

periodization, (b) opening of a band gap when ε1, ε2; (c) the band gap is all the wider the greater the 

index contrast [33]. 

II.9.2. Two dimensional photonic crystal  

Three dimensional PC still pose many manufacturing problems. For this reason, we were 

interested in two dimensional PC that can be manufactured easily. Two dimensional PC are 

composed of a periodic grating of dielectric pillars in the air (disconnected structure) or air 

holes drilled in a dielectric matrix (connected structure, Figure II.15) [31]. 

 

Figure. II.15: Two dimensional PC structures: (a) connected, (b) disconnected [21]. 
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II.9.2.1. Reciprocal grating  

In all crystal structures there are two gratings: the direct grating and the grating 

reciprocal. The direct grating is determined by the unit cell. The most unitary is called 

primitive. it is underpinned by the three fundamental vectors a1, a2, a3, so that 

each transition vector of the grating can be put in the form of a linear combination 

basic vectors [34]: 

                                             (II.19) 

With:  

In geometric crystallography, we introduce the notion of reciprocal lattice which turns out 

to be very practical for describing the properties of gratings. The reciprocal grating is a 

grating of Fourier space related to the crystal in which the vector G called the vector of the 

reciprocal grating, is a translation vector by which the whole of the reciprocal grating is 

constructed G and defined by [34]: 

                                         (II.20) 

With:  

                                                              (II.21)  

The definition of the latter relation implies that any vector ~  of the reciprocal grating 

is normal to the plane formed by the vectors and;  and  of the direct grating and 

that the product scalar=2π. We can therefore write, using the Kronecker delta [34]: 

                                                      (II.22) 

This relation is in the form of a scalar product, highlights the interest of using the 

reciprocal grating as the basis of wave vectors in the study of crystalline areas. 

II.9.2.2. Brillouin zone  

The most important statement of the diffraction condition for solid state physics 

was given by Brillouin. It is the only construction used in the theory of energy bands for 

the electrons of a crystal and in the expression of the elementary excitations of crystals. For 

reason of symmetry. The Brillouin zone and by definition the Wigner Seitz mesh of the 

reciprocal grating, we represent the vectors joining a site of the reciprocal grating to all 

neighbouring sites, then we draw the bisector planes perpendicular to these vectors. The 

smallest volume around the chosen site limited by its planes is called the Brillouin zone, 

irreducible which contains all the wave vectors of the photon that make it possible to 

describe the bar graph in a complete way. The upper Brillouin zones can be constructed in 

the same way that the I
eme

 Brillouin zone is the space limited on the one hand by the 

bisector planes perpendicular to the vectors joining the site originally to the neighbouring 
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sites and on the other hand the bisector plans of the lower Brillouin zones. Figure II.16 

shows the Brillouin zones of the reciprocal grating of a square structure. 

 

Figure. II.16: The Brillouin zones of the reciprocal grating of a square structure. 

II.9.2.3. Different kinds of two dimensional photonic crystal  

Depending on the symmetry (square, rectangular, oblique and hexagonal), there are four 

main types of two dimensional PC: 

1) The square lattice 

The nodes of the grating are located on a square of Figure II.17.a.This structure made from 

supposedly infinite air holes has four axes of symmetry that are deduced from each other 

by rotations of 45°, It has been shown that this type of grating is very sensitive to the angle 

of incidence and polarization of the electromagnetic wave [35]. It is thus difficult to form a 

complete band gap, i.e. a band gap that prohibits propagation in all directions and for all 

polarizations [36]. Its Brillouin area is a rectangular isosceles triangle ΓXM [32]. The 

square grating: the nodes of the grating are located on a square of Figure II.17.a. 

In the case of a disconnected structure the TM band gaps are significantly wider than the 

TE polarization band which has become very narrow and conversely just in the case of a 

connected structure. 

2) The triangular lattice  

Each node in the lattice is spaced from its close neighbour by the same distance (Figure 

II.17.b). This structure has six axes of symmetry that are deduced from each other by 

rotations of 30° [36], which makes it less sensitive to the angle of incidence, but the 

complete band gap remains difficult to obtain, on the other hand the "connected" structure 

of holes in the dielectric offers a better compromise when the diameter of the holes is close 

to the period of the lattice (high filling factor).  

In this case, the walls become so thin that the areas of high dielectric permittivity become 

disconnected [32]. In the case of the triangular grating, the vectors of the real grating are 

no longer collinear to those of the reciprocal grating. The first Brillouin zone is a hexagon 
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and its irreducible Brillouin zone is a triangle (ΓPQ) whose surface is 1/12 of that of the 

first Brillouin zone [24]. 

 

Figure. II.17: Representation of a 2D structure; (a) a square lattice; (b) a triangular lattice [32]. 

3) The hexagonal lattice 

In a hexagonal lattice, there are two structures, the graphite structure and the Boron nitride 

one.  

4) Graphite structure 

On a hexagonal lattice, if all the nodes are identical and spaced "a", then this structure is 

called "graphite" because it is similar to the crystal structure of graphite. Unlike the 

triangular lattice, it is a lattice with two "atoms" per mesh. The reciprocal one is also a 

hexagonal lattice and the irreducible Brillouin zone is the same as for the triangular lattice 

with the main directions denoted ΓK and ΓM. The possibility of a complete band gap had 

been predicted for the first time in the case of a lattice of cylindrical dielectric rods. 

 

Figure. II. 18: Graphite structure. 

5) Boron nitride structure 

If one node differs from its next by its nature or dimension, we thus obtain the crystal 

structure of Boron nitride (figure.II.19). These ones allow to get prohibited big bands. 

 

Figure. II.19: Boron nitride. 
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II.9.2.4. Two-dimensional photonic crystal band gap diagram  

Two dimensional PC are usually formed by a periodic grating of air holes in a dielectric 

medium of high index, or by a grating of micro pillars. The cylindrical shape is imposed by 

manufacturing constraints related to the size of the patterns (~100nm) [37]. 

 

Figure. II.20: Diagram band of a square mesh structure of cylindrical studs in the air. 

The triangular lattice is formed by two elementary vectors of the same norm and angular 

aperture of 60° in real space, or 120° in reciprocal space. The first Brillouin zone is defined 

according to a hexagon whose centre is the point Γ. Due to the high degree of symmetry of 

the first Brillouin zone; one can restrict oneself to an irreducible Brillouin zone, which 

consists of a region bounded by a triangle. 

 

Figure. II.21: Representation of the triangular grating in real space, in reciprocal space, and 

representation of the first Brillouin zone with the irreducible Brillouin zone formed by the triangle 

ΓMK. 

 
Figure. II.22: (a) Two dimensional bar graph of the triangular grating for a fill factor of 0.3; (b): 

map of prohibited bands according to the standard radius r/a. 
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The whole Brillouin zone can be reconstructed by symmetry of rotation. The calculation of 

the two dimensional bar graph for TE and TM modes for a fill factor of 0.3 shows the 

existence of a band gap for TE polarization only (Figure II.21). 

The no-band map shows that the triangular grating has a band gap for TE polarization as 

soon as the fill factor is greater than 0.15. The band gap results experimentally in a very 

strong reflection at the interface between the PC and the refractive access guide. 

II.9.3. Three dimensional photonic crystal  

Three dimensional PC have attracted and still attract many research efforts. They are the 

only structure that makes it possible to obtain a band of gap energy in all the directions of 

space. We have seen that three dimensional photonic crystals have existed in nature for a 

very long time, but the first three dimensional PC was made in 1990 by K.M Ho et al. [38]. 

It was formed of silicon spheres arranged according to a diamond structure. But history 

generally retains the famous Yablonovite, a three dimensional structure for microwaves 

manufactured in 1993 by E. Yablonovitch [39], by drilling holes in Plexiglas at three 

azimuth angles separated by ~120°. Many methods of manufacturing three dimensional 

structures have been proposed. 

 

Figure. II.23: 2 types of 3DPC: (a) with spheres; (b) with stems. 

The following two have attracted the most research effort: 

II.9.3.1 Structures '' Wood piles ''  

These three dimensional structures such as that shown in Figure II.24 are obtained by 

depositing in successive layers of polycrystalline silicon ribbons in silica trenches.  

After having built the structure, the silica is removed to obtain a three dimensional Si/air 

PC whose index contrast is sufficient to open an unidirectional band of forbidden energies 

(Figure II.24.a) [40]. Similar PCs were made on GaAs by Noda et al. [41], by a fusion 

process of substrate removal. This technique uses standard semiconductor micro 

fabrication technologies and allows the deterministic introduction of defects into 

manufactured crystals. 

II.9.3.2 Diamond Structures (opal)  

The materials of such structures are agencies according to the crystalline system of the 

diamond for obtaining a complete band gap. Two main technological solutions are 

noteworthy. One is to build the structure layer by layer by successive stages of deposition 

and engraving of the two materials that make up the crystal. A lattice of holes is then 

drilled into the stack to define a third direction of periodicity (Figure II.24.b) [42]. The 
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second consists in alternately depositing two materials on a substrate having previously a 

grating of lines on the surface. The modulation of the substrate is preserved during the 

deposition of materials. These are in fact successive stages of deposit and attack carried out 

in the same building. A lattice of holes is then engraved in the stack in order to define a 

third direction of periodicity and reproduce the diamond structure [43, 44]. 

 
Figure. II.24: Examples of Three dimensional PC; (a) MEB image of a wood pile structure made by 

UV lithography in silicon; (b) three dimensional diamond periodic structure made of PMMA by X-

lithography at the IEF [45]. 

III.9.3.3 Band gap of three dimensional photonic crystal 

One dimensional PC make it possible to reflect photons with energy in a photonic gap and 

propagating in a direction close to normal at stacking. This accepting cone around normal 

is all the greater the higher the index difference between materials [12]. 

In order to master photons in a larger solid angle, it is possible to generalize the concept 

seen in the previous paragraph to several dimensions. For this, a periodic material with two 

or three dimensions is made. A band gap is then obtained by covering the one-dimensional 

band gaps of all directions of the plane or space. It is then easily understandable that the 

opening of a band gap of reasonable width with two or three dimensions is conditioned by 

the periodic grating, the pattern and by the index modulation.  

The crystal must be relatively isotropic (i.e. the first Brillouin zone as circular or spherical 

as possible so that the different one-dimensional bands gap are not too shifted in energy) 

and the index modulation must be sufficient (so that the accepting cones of the one-

dimensional gaps are wide enough and overlap), unlike the one dimensional case where the 

gap in the normal direction exists regardless of these characteristics.   

In reality, it is not necessary to perform the calculation in all directions of the plane or 

space because the extremism of the bands are located along the directions of symmetry of 

the first Brillouin zone. When the band gap is extended to all directions considered and for 

both polarizations, it will be called a ―full‖ band gap. The search for the structure (latish 

and pattern) that maximizes the opening of a photonic gap is very complex because of the 

large number of variables and because of the vectorial character of light (in practice, it is 

necessary to distinguish the two polarizations in two dimensional PC and three 

dimensional PC), but it is possible for a given structure [46]. It has been shown that not all 

crystal lattices can give a complete band: it is impossible for example with a CFC (Cubic 

Face Cantered) lattice [47], but possible with a diamond type lattice [38]. The first 
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experimental three dimensional PC with a complete gap was made by Yablonovitch, 

(Figure II.25) in the microwave field in 1991 [48].  

This structure is made by drilling three families of holes along three axes of the diamond-

type grating. 

 

Figure. II.25: Example of three dimensional PC [49]. 

Many attempts were first made from cubic lattices (simple cubic, cantered and cubic with 

cantered faces), most of them getting up unsuccessful [50]. These structures most often 

behave like semi metals if recent results that a narrow omnidirectional band is possible for 

particular values of the design parameters [51], it is only with CFC gratings with two 

atoms per mesh, similar to those of diamond and the most common semiconductors 

(silicon, germanium, gallium arsenide) that large-width omnidirectional band gap bands 

have been obtained [52, 53].  

II.10. Photonic crystals cavity  

The first cavities with two dimensional PC were made in 1996. These cavities were 

developed by including mono defects on the PC lattice. 

It is shown that these devices have a high quality factor for resonant modes thanks to the 

excellent reflection property of the crystal, all this on large cavities with several modes. 

The photonic band gap can be used to confine light to a reduced volume. If we include a 

defect in a PC, by removing a few holes in the lattice for example, and if this defect is of 

the appropriate size to support a mode in the photonic gap, then the light is trapped in this 

defect. Therefore, an optical cavity is obtained. These cavities can have very small 

volumes and large quality factors (Q), where Q represents the lifetime of the photon in the 

cavity. This factor is given by: 

                                                         (II.23) 

With: 

   the lifetime of the photon in the cavity,  

   the resonance frequency of the cavity and  the width at mid-height of the 

resonance.  

PC nano cavities can be formed by removing and/or modifying one or more holes (more 

precisely by changing the size or position of the holes) in the perfectly periodic structure. 



Chapter II:  Concepts and generalities ‎on photonic crystals 

62 

Such a break in the periodicity of the lattice introduces new energy levels within the 

photonic band gap.  

In two dimensional PC, point defects are usually called "Hi cavities". H for hexagon and i 

for the width expressed as the number of missing rows on one side of the hexagon of holes.  

The following figure shows some examples of Hi cavities on two dimensional PC. 

However, it should be noted that other types of cavities than hexagonal ones exist. We can 

also mention among others the cavities types Li, with L for line, case in which i holes are 

omitted on the same row [54]. 

 

Figure. II.26: Different types of PC cavities [54]. 

II.10.1. Hexagonal cavity  

In a triangular crystal, the hexagonal cavities, the sides of which are the dense rows, 

constitute a series of canonical cavities. It is convenient to name them by the number of 

periods along each side. Thus, a single missing hole will correspond to H1,seven missing 

holes to H2, etc. (Figure II.27). 

Cavities of type Hn, hexagonal shape, n being the number of missing rows per side of the 

hexagon are the most studied [55]. 

 
Figure. II.27: Spectral signatures of hexagonal cavities obtained by photoluminescence [56]. 

II.10.2. Square cavity  

In a square two-dimensional lattice, the cavities are of type Sn, of square shape, being the 

number of missing lines and rows of the square. For example, the cavity S1 is formed by 

omitting a line and a row. 
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Figure. II.28: Example of a square cavity in a square PC with a mesh parameter 600mm [57]. 

II.10.3. Triangular cavity  

Figure II.29 represents the triangular cavity, which is obtained by omitting several holes in 

a triangular lattice of air holes of circular section (r=200nm). 

 

Figure. II.29: Example of a triangular cavity in a triangular PC with lattice parameters 600nm [58]. 

II.10.4. Rectangular cavity 

The triangular two dimensional PC lattice is defined by the following parameters: mesh 

parameter a=560nm, figure II. 30: represents a rectangular cavity corresponding to the 

omission of 3 finished rows of holes in the PCs. 

 

Figure II.30: Example of a rectangular cavity in a triangular PC with a 560nm mesh parameter [59]. 

II.11. The art state  

The accelerated development of means of numerical simulation and nanostructure 

fabrication has been a favourable melting pot for such studies, resulting in prolific 
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literature [60]. As a result, it is not possible to describe all of these studies exhaustively. 

Anti-reflective effects are not involved in light trapping but may be a consequence of nano-

structuring [61]. A more recent approach to light manipulation is based on the spatial 

dispersion of PCs. Here, the dispersion curves of an extended PC, i.e. flawless, are used to 

control the direction of light propagation.  

The extremely strong anisotropy of the bands can provide a multitude of very exotic 

effects, such as super collimation [64], ultra refraction [65], or negative refraction [66], and 

thus, bring new functionalities to PCs. These effects have been extensively studied in 

recent years and are now well understood. 

II.11.1. Beam propagation in graduated photonic crystals  

Extended PCs exhibit spatially homogeneous optical properties. Changing the direction of 

light propagation therefore requires inserting defects into the structure. There is, however, 

an alternative to such an approach. In continuous media, light rays passing between two 

points in space follow the well-known principle of closing the least time, which states that 

light takes the path that requires the shortest time to get from one point to another. The 

length of the optical path, defined in terms of the average refractive index, is minimized, or 

assuming that the refractive index of the medium varies in space implies that the shortest 

optical path is curved.  

This fact is well illustrated by some natural phenomena, such as atmospheric mirages and 

ionospheric refraction, where the refractive index gradient results from temperature and 

electron density gradients with height, respectively [67]. In homogeneity can provide an 

additional handle for manipulating light, allowing the path of light to be begged, and 

possibly combining different abnormal refractive effects. 

II.11.2 Random texturing substrates  

As we have seen previously, random texturing on the surface of an absorbent layer 

increases its absorption by decreasing the reflection and multiplying the number of 

propagation angles within it, which increases the average optical path of light.  

A way to introduce these surfaces is to deposit the different layers of the cell almost in a 

quasi-compliant way on a randomly textured substrate, which generates the structuring of 

the front face (Figure II.31). 

 
Figure. II.31: Representative diagram of the phenomenon of light scattering by microstructures in 

front of a solar cell. A total internal reflection is carried out for θ >θc [62]. 
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Thus, the commercial version of these randomly textured substrates is regularly used as a 

reference to experimentally evaluate the effectiveness of light trapping methods. By 

depositing the different layers on glass substrates, it is then possible to obtain a significant 

optical gain without changing the electrical properties of the cell too much [62]. The use of 

this kind of substrates results in the scattering of light that leads to an increase in 

absorption in the active layer of the cell, this results in an increase in PV current [63], and 

it has been established that the increase in absorption for such structures can be described 

taking into account the fraction of light. 

II.11.3 Diffraction lattices  

Many authors have also studied the influence of grating profiles. For instance, Naqavi et 

al. simulated three types of one-dimensional lattice on the back side. In the following, we 

will consider only configurations that specifically exploit diffraction lattices. 

 

Figure. II.32: Design of one dimensional PC with different profile: (a) rectangular; (b) triangular; 

and (c) circular [63]. 

This theme took on increased importance with the decrease in the thicknesses of the active 

layers and became generalized to different materials and configurations (single lattices on 

the front or back of the cell, compliant deposition of the cell layers on a structured 

substrate, double lattice, etc.). Thus, it can consist of diffracting the light with the largest 

possible propagation angle so that the optical path is maximized (in particular via a total 

internal reflection on the front side), or coupling the incident light with the guided modes 

propagating in the absorbent layer. At low wavelengths, diffraction lattices can also 

contribute to increased absorption by decreasing front-facing reflection losses, as 

mentioned above [62]. However, a lot of factors can limit the efficiency of diffraction 

gratings. This is for example the significant parasitic absorption that takes place in the 

metal when a lattice is formed directly in the reflector on the back side of the cell.  

This effect can be mitigated by depositing an oxide layer between the active layer and the 

metal lattice. Thus, the optimization of diffraction lattices (strictly periodic) must be 

carried out by reasoning over the entire spectrum to establish valid conclusions.  

Unlike randomly textured substrates, these structures allow precise control of the optical 

properties of the cell through the adjustment of their geometric parameters (period, 

engraving depth, filling factor, etc). As a result, it is possible to design an optimized 

diffraction array around a given wavelength in such a way as to improve the integrated 

absorption of the cell or directly its efficiency. This last point summarizes the challenge of 

many studies that have set out to define the ideal geometry for these lattices by taking into 

account three main effects: anti-reflective effects, diffraction efficiency and parasitic 

absorption at the reflector [62]. 
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II.11.4. Waveguide improvement based on dispersion in photonic crystals  

Generally, PCs owe their original optical properties to their high dispersion, leading to a 

local change in the group speed of light or even to the prohibition of its propagation. In the 

early years of PCs, researchers mainly focused on the photonic band gap (BIP) properties 

of PCs and, therefore, their ability to confine light to structural defects such as waveguides 

and cavities. A more recent approach to light manipulation is based on the spatial 

dispersion of PCs. Here, the dispersion curves of an extended PC, i.e. flawless, are used to 

control the direction of light propagation. The extremely strong anisotropy of the bands can 

provide a multitude of very exotic effects, such as super collimation [62], ultra refraction 

[65], or negative refraction [66], and thus, bring new functionalities to PCs. These effects 

have been extensively studied in recent years and are now well understood. 

II.11.5. Coupling light to super-collimating photonic crystals 

Super collimation gives the ability to propagate light in straight lines over large distances 

without using structural waveguides [67]. Recent studies report the possibility of making 

devices such as optical routers, multiplexers or polarization separators, by incorporating 

linear defects into periodic structures [68]. 

Super-collimating PCs appear in themselves as a possible building block for many 

interesting applications and it seems very likely that they will play a key role in photonics 

in the coming years [69, 70].  

The integration of PCs implies that they must be effectively coupled to integrated single-

mode waveguides. The integrated appearance of the external waveguides is important if all 

photonic components are to be manufactured on a single chip, while the single-mode 

condition is required to ensure proper transmission of the light signal between each 

component. However, the coupling of light to super-collimating photonic crystals remains 

a real technological challenge. As we will see below, the incident beam must excite very 

specific Bloch modes in the PCs [71, 72] imposing certain requirements on the design of 

the excitation waveguide, while the impedance mismatch that occurs at the interfaces 

between the different components is responsible for the return. In this sense, the different 

structures and their interfaces must be appropriately designed to overcome the mismatch of 

mode profile and the impedance mismatch between mode propagation.  

The coupling techniques [73, 74] that have been used so far do not meet all the conditions 

(single-mode propagation, efficient coupling and practical feasibility) simultaneously. 

More generally, we are not aware of extensive work on the coupling of light from 

waveguides embedded in super-collimator PCs, and although it has been shown that the 

limits of PCs are of crucial importance in improving the coupling of light to extended PCs 

[75, 76] such an approach has not been applied to the super collimation of PCs in 

particular. 

II.11.6. Absorbent photonic crystals 

We have seen previously that PCs can be used to assist absorption as an external element 

to the active layer. This includes, for example, PCs on the back side of cells (coupled or 

not to diffraction gratings) for the elongation of the optical path or the exploitation of their 

adjustable optical properties for the creation of intermediate reflectors within tandem cells 
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[77]. Another configuration is to directly structure the absorbent layer into a PC in order to 

strengthen the light-matter interaction. In fact, it is necessary to distinguish between 

superficial corrugation of the active layer and the creation of an absorbent membrane PC.  

This can be done in a precise spectral range through the control of PC parameters, which 

differs from other approaches such as those using randomly textured substrates. In 

addition, this structuring is particularly effective for the collection of light as mentioned 

above for biomimetic structures.  These effects were first used by Seassal et al. to increase 

absorption by 58% real in a 100 nm thick a-Si:H layer through one dimensional structuring 

and this, with a view to its integration into a complete SC [78]. In parallel, other research 

groups have extended this concept for different configurations and materials. Thus, 

Chutinan et al. Have shown by simulation that structuring an active layer of crystalline 

silicon (c-Si) 2μm thick into an optimized two dimensional PC increases the efficiency of 

the cell by 11% [79]. Although these results are theoretically instructive, the structure 

proposed in this study is nevertheless impracticable. It is interesting to note that in this 

structure, the modes are distributed in "saw teeth" which participates in the elongation of 

the optical path of light. The effect of the engraving depth was also put forward by Zanotto 

et al. for 1DPC formed in a cell based on a-Si:H (thickness=100nm or 300nm) or c-Si 

(thickness=500nm or 1000nm) [80].  

For a total engraving, the gains can then be up to 12.4% for a-Si:H and 36.5% for c-Si. 

However, it appears that a partial etching of the active layer is preferable, since it allows a 

significant gain of the short-circuit current while facilitating the realization of the cells thus 

designed. In this case, the increase in absorption is explained, among other things, by the 

coupling of the incident light with the quasi-guided modes of the structure.  

The presence of an unstructured layer under the corrugation breaks the symmetry of the 

system and increases the number of modes accessible for coupling with incident waves 

[81]. More recently, this study has been generalized by also considering two dimensional 

gratings (square and triangular) and different thicknesses of the active layer [82]. 

Optical simulations show that optimized triangular two dimensional gratings can lead to 

the same absorptions as for square two dimensional gratings, although their Jsc is slightly 

lower. In addition, the authors sought to compare the Jsc values obtained for the optimized 

configurations with those calculated within the framework of the Yablonovitch limit. It 

appears that these values remain below the theoretical limit (Yablonovitch) when 

considering the entire useful spectrum, but that the introduction of a "controlled disorder" 

into the structure makes it possible to increase its absorption a little more. This approach, 

based on Anderson's localization, contributes to increasing the lifetime of photons in the 

absorbing layer and therefore their probability of absorption [83].  

Another research group [81] also studied the partial etching of the active layer ('hybrid 

system'' formed from a membrane PC on a thin unstructured layer) for these same 

materials (c-Si, a-Si:H) but also for III-V semiconductors (InP and GaAs). The structures 

analyzed, one dimensional PC and square two dimensional grating of nano-holes or nano-

pillars engraved on half of the active layer, have a period and a fixed filling factor and only 

the influence of the thicknesses of the layers is studied.  
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For a total thickness of 300nm, the different "hybrid" configurations have an optical gain 

compared to an unstructured reference and with an optimized anti-reflective layer. In this 

study, it appears that the absorption in the configuration using nano-pillars is greater than 

that using nano-holes for direct gap materials. For a-Si:H and c-Si, the gains obtained in 

these two configurations are almost equivalent.  

By increasing the total thickness up to 100nm for the different materials except amorphous 

silicon (limitation on the diffusion length of the charge carriers), two trends appear 

according to the nature of the gap. For direct gap materials, the partial nano-structuring of 

the layer does not increase absorption compared to a flat layer with an optimized AR layer 

(observed from 600nm in thickness). This is not the case for c-Si (indirect gap), as 

highlighted in [84].  

The transition from these theoretical studies to the manufacture of absorbent PCs took 

place in several stages. Initially, the concept was validated on the basis of optical 

demonstrators consisting of a simple ultrathin layer of a-Si:H deposited on a glass substrate 

and engraved in 1DPC via holographic lithography and plasma engraving [84]. Optical 

measurements showed an increase in absorption of about 50% over the entire spectrum 

compared to a flat layer, according to the simulation results.  

In a second step, a square grating of holes was transferred into a complete stack comprising 

transparent conductive layers (TCO), the active layer of a-Si:H and a silver reflector on the 

back side [85]. The absorption spectra measured by integral sphere showed an increase in 

absorption over the entire spectrum with, in particular, for long wavelengths (>550nm), the 

presence of several peaks corresponding to quasi-guided modes.   

The technological pathway leading to "photonized" cells was finally presented and the 

samples obtained were characterized by micro-reflectivity measurements in order to 

emphasize the homogeneity of the parameters of the PC on the surface of the samples [81]. 

At the same time, Mallick et al. Demonstrated an increase in external quantum efficiency 

(EQE) in the near infrared thanks to the structuring in two dimensional PC of an ultrathin 

layer (335nm) of c-Si [86]. It should nevertheless be noted that this last experimental 

demonstration was carried out on a lateral junction in the absence of a reflector and 

therefore it provides more of a proof of concept than an operational cell for PV. A problem 

specific to the manufacture of these cells, namely the effect of surface recombination on 

the flanks of the PC structured by plasma figure [87] before being studied more 

specifically by optoelectronic simulations in [88]. 

II.12. Conclusion  

PCs are periodic structures of dielectric materials with a periodic variation in optical index. 

This latter variation behaves like a periodic potential barrier for photons. Thus, as in the 

case of an electron moving in the periodic potential created by atoms, a band structure 

appears, with spectral bands where propagation is allowed and others where it is 

prohibited. This chapter was devoted entirely to the study of the notion of PCs.  

In this chapter, we have given the basic definitions relating to PC structures, such as: the 

periodicity of the change of their dialectical constants, the shape of the grating and the 

elements constituting it (form of holes for connected gratings and rods for disconnected 
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ones). Then, we gave a very important characteristic of PC structures which is their ability 

to provide a photonic band gap that excludes the propagation of light in wavelengths which 

are located between its limits.  

To be able to benefit from their advantages (i.e. their photonic gap), these structures must 

contain defects introduced by breaking the periodicity of their original gratings (creation of 

cavities of different shapes, waveguides, etc.), this was also discussed in this chapter. At 

the end, we have given different forms of cavities and waveguides that can be made on 

PCs and that can be subsequently exploited for the realization of different applications as 

we will see in the chapters that follow. 
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Chapter III: Simulation tools and ‎numerical modelling 

III.1. Introduction 

Actually, knowing the propagation of electromagnetic waves well is considered a main 

point in the prediction of the efficiency of electromagnetic systems, where it is necessary 

to improve their design, but also to help decision-making in an operational context. A 

better modeling of the propagation of waves is required because a lot of systems depend on 

it [1].  

A large number of tools for modeling the propagation and diffraction of electromagnetic 

waves have been developed since the end of the 1960s thanks to the increasing efficiency 

of computing means. The different methods used to describe the propagation of 

electromagnetic waves in PCs derive from standard ones commonly used in 

electromagnetism or in the physics of materials. 

This chapter deals with applying of a powerful mathematical tool capable of predicting and 

analyzing the behaviour of resonant structures which are under study, in this chapter. A lot 

of researchers have worked to implement this numerical resolution of Maxwell's equations 

so as to account for the behaviour of various kinds of diffraction lattices. 

The objective of this paper is to present the various numerical calculation tools that will be 

used for the study of the coupling of light with the absorbent layer of a SC. In this regard, 

we focus on the most commonly used methods: the Rigorous Coupled Wave Analysis 

Method (RCWA). The results of the simulations which are presented in this manual are 

operated thanks to «DiffractMod» of RSoft applied by RCWA methods. The different 

methods presented are complementary and allow a good description of the trapping of light 

by PCs. 

III.2. Modelling of the propagation of light in periodic areas 

Theoretical analysis of diffraction gratings is classically derived in textbooks from the 

theory of scalar optics, where is composed of a series of parallel and periodic slits milled in 

an opaque material. The diffracted orders are analyzed by Kirchhoff's diffraction theory by 

considering each slit as a secondary source of radiation.  

By applying the Fraunhofer approximation, the discrete diffractive orders are given by the 

position of constructive interference between the waves emitted by each source [1]. 

However, this scalar theory failed to explain the famous spectral anomalies of light 

diffracted by a reflective metallic lattice which were first reported by Robert W. Wood in 

1902 [2]. 

Interesting is the development of the differential method because it encountered a lot of 

issues which were not solved until the end of the 20th century. This method is based on the 

development of pseudo periodic electromagnetic fields in Fourier series, because 

Maxwell's linear equations contain partial temporal and spatial derivatives [3]. In the case 

of a one-dimensional lattice, the temporal harmonic Maxwell equations can be separated 

into two different sets of equations associated with one of the two fundamental 

polarizations transverse electric (TE) and transverse magnetic (TM). The spatial derivative 
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with respect to the coordinate axis along which the midpoint is periodic is calculated by 

extending the pseudo periodic fields in series by Fourier.  

Convergence is generally faster for dielectric gratings because the dielectric permittivity 

contrast is lower in this case. In addition to this, the problems related to the poor 

convergence of the method in TM polarization were particularly difficult to identify. In 

fact, two different problems caused the poor convergence; the first when increasing the 

number of Fourier components with metallic lattices in TM polarization, and the second 

problem arises due to the digital instabilities related to the integration process. Therefore, 

the two problems are distinct, but the second becomes more important when the 

convergence of the method with respect to the truncation order is weak. This difficulty has 

given rise to alternative methods of integration. In particular, a method called Rigorous 

Coupled Wave Analysis (RCWA) dedicated to the integration of rectangular grooves was 

proposed in the 1980s [4]. 

III.3. The most used simulation methods and means 

Experiments have often been supported by theoretical analyzes, whether to predict or 

confirm the obtained results. The complexity of the problem does not often result in closed 

form solutions, and in this case it requires the help of modeling techniques. Maxwell's 

macroscopic equations describe exactly the behaviour of electromagnetic fields in 

continuous media. Moreover, assuming that the structure and the materials involved are 

correctly defined, the issue can be solved quantitatively.  

Among the theoretical models dealing with PCs, we must first distinguish two categories 

that depend on the finite or infinite size of structures and then on their dimensionality (1D, 

2D or 3D). In the first of them dealing with crystals of finite thickness, the methods based 

on transfer matrices [5], and diffraction theories (RCWA) [6] are most often used. They 

allow calculating the properties reflection and transmission of diffraction by the PC grating 

[7]. The main techniques used in the second category dealing with crystals of infinite size 

are based on plane wave decomposition [8, 9]. 

III.3.1. The plane wave expansion method (PWE) 

The Plane Wave Expansion (PWE) method [10] consists of solving the linear wave 

equation in frequency space by expanding the electromagnetic field on a plane wave basis. 

The plane wave decomposition method is very efficient in calculating perfectly periodic 

PC band diagrams. It allows determining the frequency, polarization, symmetry and 

fielding distribution for the modes of a photonic structure [11].  

It can be adapted to study certain non-periodic structures such as waveguides or cavities 

thanks to the super cell technique [12], but to ensure convergence of calculations. This 

method requires a large number of plane waves, which induce a high computation time and 

limit it.  

III.3.2. The finite difference time domain method (FDTD) 

The Finite Difference Time Domain (FDTD) time domain method is a general method that 

allows most systems to be simulated [13]. It was first proposed by K. S. Yee [14]. This 

technique, widely used in electromagnetism, consists in discretizing Maxwell's equations 
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in space and in the time domain and not in the frequency domain, which leads to the 

resolution of a finite difference equation by Fourier transform in time [15].  

This method allows not only to calculate the band diagrams but also to simulate the 

temporal evolution of the electromagnetic field propagating in photonic crystal structures, 

which allows having information on many other quantities. On the other hand, it requires 

excellent resolution which requires significant computing resources and computer 

memories, the efficiency of diffraction gratings, it consists in determining the shape of the 

states in each of the media constituting the multilayer structure. In each of these media, we 

solve Maxwell's equations [16].  

III.3.3. The Rigorous Coupled Wave Analysis method (RCWA) 

Fourier methods are considered among the methods currently used for rigorous diffraction 

calculations of periodic and periodized refractive index distributions [17, 18].  

One of the reasons for this is their applicability to a lot of types of periodic or periodized 

structures in particular dielectric gratings [17].  

Their simplicity is another reason, they reduce the system of partial differential equations 

to a system of ordinary differential equations by projection on a Fourier basis. This 

simplifies their implementation compared to many other methods such as for instance the 

integral or finite element method [18].  

Among the rigorous Fourier methods, there are different procedures regarding the direction 

of integration, in which the light propagates between the substrate and the cladding.  

The most popular Fourier method is the Rigorous Coupled Waves Analysis (RCWA), 

moreover known as the Fourier modal method and it is based on the solution of an issue of 

given values at each sampling integration point.  

This is particularly effective in the case of binary and stair profiles. It is also a useful 

alternative, in the case of arbitrarily inclined and curved profiles, the differential method, 

which integrates numerically and avoids solving a problem of given values at each 

integration sampling point [17, 19].  

RCWA is a semi-analytical Fourier space method that can be used to find exact solutions 

for electromagnetic waves that diffract through complex lattice structures [6], and it is 

based on the decomposition of the electromagnetic field and the dielectric permittivity in 

Fourier series [20, 21] (This method will be detailed in this chapter).  

III.3.3.1. Discovery and fabrication of diffraction lattices 

The first observation of the unusual propagation of light through a periodic medium was 

made by F. Hopkinson in 1786 when he observed a lamppost through a silk handkerchief 

held out between his hands on a summer evening. He was surprised to find that "the silk 

threads grew to the size of very coarse threads"; but was very surprised to find that 

"although I moved the handkerchief to the right and left in front of my eyes, the dark bars 

did not seem to move at all, but remained permanent in front of me" [22].  

The latter, a famous astronomer, quickly understood that this observation came from an 

interesting phenomenon in optics and opens his letter with this comment: ''The experiment 
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with a silk handkerchief and the distant flame of a lamp, is much more curious than one 

might imagine at first glance''.  

D. Rittenhouse realized that the phenomenon was due to a diffraction effect and he decided 

to reproduce the experiment by making what could be considered the first human-made 

diffraction grating.  

To do this, he placed about 55 parallel hairs of about 1/2 inch each on the threads of a pair 

of fine pitch screws. Then, he observed the sky through a slit. With parallel hairs to the slit, 

he observed parallel lines. Amazingly, he noticed that ''the red rays are more curved out of 

their first direction, and the blue rays less''; unlike what happens by refraction‖ [22]. 

Fraunhofer's interest in the fabrication and optical characterization of diffraction lattices 

led to a major breakthrough [23]. Independently of the previous observations of F. Bloch 

[24], he noticed the cosine dependence of the diffracted rays.  

This very dynamic field of research aims to structure matter to adapt electromagnetic 

waves to a sub-wavelength scale. The development of diffraction gratings has been closely 

linked to the development of micro and nanotechnologies. The first fabricated gratings 

were mechanically tuned [25, 26] and most gratings used for spectroscopic applications 

were tuned gratings.  

Cotton's first experiments [27] in 1901 which produced a lattice by recording an 

interference pattern on a photographic plate followed by the advent of lasers in the 1960s 

paved the way for the fabrication of holographic lattices. This technique is to cover a 

photosensitive layer on a substrate (quartz or glass in general) and to create an interference 

pattern by superimposing two coherent beams. The period of the grating is defined by the 

angle of incidence of the laser beams θ and their wavelength λ according to the classical 

interference formula d=λ/2sinθ. This manufacturing step requires collimated beams 

because slight curvatures of the wave front result in non periodic curved grooves (see 

Figure III.1, showing an example of holographic placement). 

 

Figure III.1: Schematic presentation of a holographic installation. 
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III.3.3.2. The starting point: Maxwell's equations  

The power counting of super calculators and even PCs is now sufficient to model PCs 

(Figure III.2).  

There is not only one method for modeling PCs, each method has its advantages and 

disadvantages and is suitable for certain PCs [28]. 

 

Figure.III.2: Resolution of Maxwell's equations [28]. 

The non-dispersive, non-conductive, non-magnetic materials and homogeneous Maxwell's 

equations projected onto a Cartesian coordinate system are written [29]:  
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                                                 (III.7) 

In case where the photonic crystals are periodic in two directions (x and y for instance) and 

infinite in the third direction (z), the previous system of equations is simplified according 

to the kind of propagation. Here, the propagation takes place in the plane and the variation 

of the fields is cancelled out in the third direction.  

The system of equations (III.7) is simplified and subdivided into two subsystems giving 

rise to the two transverse electric polarizations TE and transverse magnetic TM. To 

illustrate that, let us suppose that the crystal is periodic along the x and y directions and is 

infinite along z. The derivatives with respect to z cancel each other out:  

                                            (III.8) 

We notice that the evolution of Hx, Hy, and Ez is independent of that of Ex, Ey, and Hz. 

As a result, two independent systems of equations result, one describing the TE 

polarization and the other the TM polarization. The propagation of the electromagnetic 

field can therefore be treated independently for the two polarizations.  

III.3.3.3 TE Polarization  

TE polarization (Transverse Electric): is the polarization where the electric field is 

perpendicular to the ( ) direction [30]. It is defined by the following system:  

                                             (III.9) 

For the grating which has just been described, we first consider the transverse electrical 

polarization (TE). Here, the incident electric field is normal to the plane of incidence which 

is the (x, z) plane, and is polarized along the y direction.  
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III.3.3.4 TM Polarization   

TM (Transverse Magnetic) polarization: is the polarization where the magnetic field is 

perpendicular to the ( ) direction [31]. It is defined by the following system:  

                                        (III.10) 

This method is based on the principle of centred finite differences. It was found that when 

the approach we have described for TE polarized light is repeated for magnetic transverse 

polarized (TM) light, the convergence obtained by increasing the number of harmonics is 

slow. Therefore, corrections were introduced in the algorithm [32, 33]. Before proceeding 

with the corrections, let's follow the same procedure as before for the polarized incidence 

TM and explain why these corrections appear. 

III.4. The art state 

There are two main types of methods for solving Maxwell's equations to model the 

propagation of an electromagnetic wave: rigorous methods and asymptotic methods. The 

rigorous methods are numerical methods which make it possible to model the 

electromagnetic problem without approximation. We can list the method of moments [34], 

or the finite element method [35]. However, due to prohibitive memory size and 

computation time, these are limited to obstacles with dimensions of the order of a few 

wavelengths. Our objective being to model the propagation over large distances with 

respect to the wavelength, these methods are not considered during our study. The 

alternative to using rigorous methods lies in asymptotic methods.  

These are based on approximate formulations and tend towards the exact solution when a 

parameter (the size of the target, the distance, etc.) becomes large in relation to the 

wavelength. They are therefore particularly suited to our problem of modeling propagation 

over large distances. Classically, it is the concept of radius that is used within the 

framework of geometrical optics [36], or of the uniform theory of diffraction [37].  

The wave propagation is modelled in these methods by rays according to Fermat's 

principle: they are referred to as asymptotic ray methods. However, these methods are 

rarely developed in three dimensions. Indeed, above large three dimensional scenes, the 

number of interactions between the wave and the relief can be very important. So when the 

scene becomes more complex, the number of rays required ―explodes‖ which significantly 

increases the necessary computation time.  

Asymptotic current methods are based on the asymptotic expression of surface currents 

distributed over the obstacles treated. The field radiated by the obstacle is calculated as the 

radiation of these asymptotic surface currents. These methods are physical optics [38], and 

the physical theory of diffraction [39]. However, the surface currents are only calculated 

on condition of knowing the incident field at the considered surface. This last field is not in 

our context of three-dimensional scenes not only due to the direct field of the antenna but 

is sensitive to reflections and diffractions that can be introduced by the relief. To calculate 
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the field resulting from these interactions, one cannot do otherwise than to appeal to the 

rigorous methods or to the asymptotic ray methods.  

III.5. Simulation software  

III.5.1. Foreword of RSoft CAD  

RSoft CAD is the main program of RSoft Component Design Suite and acts as a control 

program for the passive device simulation modules of RSoft BeamPROP, FullWAVE, 

BandSOLVE, GratingMOD, DiffractMOD, FemSIM and ModePROP. It allows defining 

the most important input required by these simulation modules: the material properties and 

the structural geometry of a photonic device. A user first designs a structure in the CAO 

interface and then uses one or more simulation engines to model various aspects of the 

device.  

This modular approach to designing and simulating photonic devices is one of the greatest 

strengths of RSoft's component design suite. Each program in the suite is designed to ―play 

well‖ with the other programs, creating an area in which data can be shared between 

modules. Virtually all input and output files are in a simple ASCII text format, which 

allows the user even greater control over the operation of the program as well as the third-

party programs to be integrated into the suite. While RSoft Component Design Suite is 

designed to be used through the Graphical User Interface (GUI), command line operation 

is also possible. This, along with the modularity of the suite, allows for complex scripting 

capability.  

III.5.1.1 Numerical simulation steps with RSoft  

 Opening of the window RSoft CAD   

The RSoft CAD program appears as in figure III. 3. There is a menu bar at the top of the 

window, two toolbars with icons just below, another toolbar along the left edge of the 

window, and a status line at the bottom of the window. 

 
Figure III. 3: The RSoft CAD window, showing the menu bar at the top, the toolbars at the top left, 

and the status line at the bottom. 
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 Creation of a new design file 

RSoft CAD provides the key entry for each of the RSoft simulation engines: the 

distribution of the refractive index of the problem to be modelled. This is determined by 

the geometry, arrangement and optical properties of the components the user has placed. 

RSoft CAD allows users to specify this information in a simple and user-friendly way. To 

create a new design file, click the New Circuit icon (the leftmost icon on the top toolbar) or 

choose File/New from the menu. The start-up dialog box will appear as shown in Figure 

III. 4 where basic information about the structure and the simulation tool to use. 

 
Figure III. 4: Start-up window. 

The view shown in figure III.5 shows the XZ: X plane represents the horizontal direction; 

Z represents the vertical direction. The axes are indicated by light gray lines. If it was a 

two dimensional structure, there would be no Y axis and this would be the only view 

possible.  

Since this is three dimensional design, the Y axis is outside the window and it is also 

possible to display the YZ and XY planes: click on the X, Y and Z buttons in the toolbar 

display tools (the second toolbar above) to shift between views.  
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Figure III. 5: Illustration of a layout window where components are added to the circuit. The 

simulation domain and launch field are also displayed. 

The mouse appears as a cross-reference and the display of coordinates in the status line 

indicates the position of the mouse in real coordinates [μm]. 

 Definition of variables 

It is generally advantageous to create variables that will represent various aspects of the 

structure. As an example, we will create a variable to represent the length of a component. 

Click the Edit Symbols icon on the left toolbar to open the Symbol Table Editor as shown 

in Figure III. 6. 

 

Figure III. 6: Table of symbols Editor 

 Drawing a component 

RSoft CAD components (usually referred to simply as "components") are the basic 

elements from which a design is created. A wide variety of components can be used, 

including segments (rectangular, cylindrical, multilayer, diffuse, etc.), conical objects, 
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lenses, user-defined polygons, spheres, cylinders, and fully user-defined objects. Any 

number and combination of these components, which have their own local, geometric and 

material parameters, can be incorporated into a base material of a specific index to create 

the distribution of the refractive index of the entire structure. 

 

 
 

Figure III. 7: a) A fiber component as it appears in the XZ plane after drawing, and b) Multi-pane 

view clearly showing the fiber component. The multi-pane view is not available for 2D structures. 

 The Component Properties 

To set exactly the properties of the component in order to have precise control over the 

properties of the component such as refractive index, position and size. This is done 

through the Component Properties dialog box shown in Figure III. 8. 

 

Figure III. 8: The component Properties dialog box for the fiber component. 
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 Checking the layout of the structure 

 

Figure III. 9: The calculate Index Profile dialog box. 

III.5.3. Associated simulation modules  

RSoft CAD is the main control program for a series of simulation modules licensed 

separately from RSoft. Among these simulation modules, we mentioned some typical 

applications: 

III.5.3.1. FullWAVE 

FullWAVE is ideal for designing complex photonic cameras. The software uses the Finite 

Difference Time Domain Simulation (FDTD) method, which enables the analysis of 

devices, such as photonic bandgaps and ring resonators, that cannot be modelled with 

techniques such as the Effective Beam Propagation (BPM) method. 

III.5.3.2. BandSOLVE 

BandSOLVE is a simulation module for generating and analyzing photonic band 

structures. This simulation module is based on an advanced optimized implementation of 

the plane wave expansion technique for periodic structures. It is ideal for the production of 

band structures for conventional photonic band gap structures such as 2D and 3D photonic 

crystal waveguides and fault sites. 

III.5.3.3. GratingMOD 

This software tool allows you to model and analyze many devices that integrate gratings 

and various types of filters, and easily integrates with RSoft's award-winning simulation 

tools. It provides both front and back analysis, enabling the calculation of grating spectra 

from known geometries and the synthesis of grating structures from grating spectra. 

III.5.3.4. DiffractMOD 

DiffractMOD is a general design tool for diffractive optical structures such as diffractive 

optical elements, periodic subwavelength structures, and photonic band gap crystals [40]. It 
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is based on the Rigorous Coupled Wave Analysis (RCWA) technique and can simulate 2D 

and 3D structures with arbitrary lattice structure and unit cell index profile [41]. In addition 

to dielectric materials, dispersive and lossy material structures such as metallic systems can 

also be used [42]. Typical applications include diffractive optical elements (DOD), 

photonic band gap structures, wavelength filters, optical metrology, nano-lithography, 

polarization sensitive devices, artificial dielectric coatings, systems photovoltaics, 3D 

displays, optical interconnects, optical data storage, spectroscopy, microlens arrays, and 

beam splitting, combining and shaping [43]. 

1) Operation of the graphical user interface 

Operating the DiffractMOD GUI is a very simple process and can be broken down into 

basic steps:  

 Establishment of the structure  

We consider that an RSoft CAD window has been launched, and that a layout window has 

been opened which contains the circuit to be simulated; it can be a newly created circuit or 

a previously saved circuit loaded via the File/Open menu item. The general operation of 

the RSoft CAD program is described in the RSoft CAD manual. 

 Choosing the DiffractMOD simulation engine 

The first step in launching a DiffractMOD simulation is to verify that the simulation tool 

has been set to DiffractMOD in the Global Settings dialog box. 

 

 

Figure III. 10: The Simulation tool option as indicated in the global Parameters dialog box. 

 Configuration of simulation parameters 

In the simulation settings dialog box shown in Figure III.11 by clicking the perform 

simulation icon (green light), in the RSoft CAD toolbar on the left. This dialog box allows 

you to enter the required parameters for a digital simulation and also controls other 

important aspects of the simulation. 
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Figure III.11: The diffractMOD simulation parameters window where basic digital simulation 

parameters are entered. 

2) The main direction  

DiffractMOD requires a structure to be periodic in one (for a 2D simulation) or two (for a 

3D simulation) dimensions [44]. In both cases, the normal coordinate at this periodicity is 

called the main direction and can be considered the main axis along which the field moves. 

The main direction can be set to +Z, -Z, +X, -X, +Y, and -Y. The sign indicates in which 

direction the launch field moves primarily along the main axis. For instance, if the grating 

is periodic in the X and Y directions, then the main direction should be set to +Z or -Z 

depending on the direction from which the initial field is incident. 

 

Figure III. 12: The section of the DiffractMOD Simulation Settings dialog box where the main 

direction is chosen. 

 

 
Figure III. 13: The main direction is defined as being transverse to the periodicity and the main 

direction in which the incident light moves. 

 The launch pad (Launch field) 
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A key element of a DiffractMOD simulation is the launch field used to excite the structure: 

a plane wave with an arbitrary wavelength and an incident angle (defined by k) and a 

polarization (defined by E). 
 

Launch properties are set in the Plane Wave Launch Options dialog box, which can be 

opened by clicking the Edit Launch Field button on the left RSoft CAD toolbar or by 

clicking the Launch button in the DiffractMOD Simulation Settings dialog box. This 

dialog box has separate commands for the K-vector and the-E-vector that are discussed in 

the following sections. 

 The vector-k (wavelength and direction) 

The wave vector k defines the wavelength and direction of the launch field. 

Wave Length 

The wavelength of the incident light is set using the Free Space Wavelength [μm] option in 

the Global Settings dialog box. 

When a simple scan of parameters on the wavelength is performed, the wavelength is 

defined by the scan values entered in the Output Options dialog box. 

Launch direction 

The direction of the wave vector k is defined by one (in 2D) or two (in 3D) angles. These 

angles are defined at the top of the Plane Wave Launch Options dialog box. 

 

Figure III. 14: The part of the Plane Wave Launch Options dialog box where the k-Vector (input 

angle) options are set. 

DiffractMOD supports two angle conventions: the RSoft relative angle convention (a) and 

the standard spherical angle convention (b). Depending on the convention chosen in the 

Plane Wave Launch Options dialog box, the text labels shown in Figure III. 15. 

 
Figure III. 15: The two angle conventions supported by DiffractMOD: a) The RSoft relative angle 

convention and b) the standard spherical angle convention. 
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 Vector E (polarization) 

The polarization of the DiffractMOD launch field is defined by the direction of the vector-

E. Polarization options are set at the bottom of the Plane Wave Launch Options dialog box. 

Separate commands are given for 2D and 3D. 

 

Figure III. 16: The part of the Plane Wave Launch Options dialog box where the vector-E 

(polarization) options are set. 

Polarization in 2D 

In 2D, the polarization can be TE (out of plane, Ey) or TM (in the plane, Ex). 

Polarization in 3D 

 
Figure III. 17: The plane wave polarization plane for DiffractMOD 3D simulations: a) the 

polarization plane (P-S) is normal to the wave vector k, and b) the polarization plane with 

the s and p components of the E field represented. 

In three dimensional, the polarization of vector E is defined as being in a plane of 

polarization (P-S) normal to the direction defined by the wave vector k. In this plane, one 

angle defines the P and S components of E and another defines the phase difference 

between the p and s components. The options that control 3D polarization are: 

 Angle of polarization 

It sets the orientation of the vector E in the polarization plane. This angle is called the 

angle β in Figure III. 17. That angle is defined in such a way that a value of 0, which is the 

default value, corresponds to the polarisation ''P'', and a value of 90 corresponds to the 

polarization ''S''. The polarization "P" is defined in such a way that it is in the plane created 

by the primary direction and the wave vector k, and that it is oriented away from the 

primary direction. For the singular case where k is oriented along the primary direction, a 

polarization "p" is oriented along the X axis (when the primary direction is along Z). The 

direction of polarizations is defined as being within the plane of polarisation so that the 

cross product of 'P' and 'S' is along k. 
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 Phase Difference  

This angle defines the phase difference between the components "s" and "p" of the vector 

E shown in Figure III. 17.b. A value of 0, which is the default value, corresponds to the 

linear polarization.  

3) Drawing Basic Shapes in RSoft CAD  

 Rectangles, squares, cubes, boxes, etc. 

Rectangles, squares, cubes, boxes, and other "square" objects can be drawn using the 

segment component type with a channel structure type (required in 3D only). The segment 

component type has a start and an end vertex. The width (along X) and, in 3D, the height 

(along Y) can be adjusted. The length of the segment (distance between vertices) is usually 

defined along the Z axis even if it can be rotated as needed. The easiest way to set the 

length is to set the Z coordinate of the end vertex to be offset by the desired length from 

the starting vertex. 

 Circules, cylindres, etc. 

Circles, cylinders and other objects of circular cross-section can be created in two ways: 

• Via a segment component type with a channel structure type 

This type of segment is similar to the channel segment described in the previous section 

but has a circular/elliptical cross-section in the XY plane (not turned). The width and 

height parameters control the diameters along X and Y respectively of the circle/ellipse. 

This is the most convenient way to create circles or cylinders in the XY plane. 

• Via a lens or a circle-like component  

These types of components can be used to easily create circles or cylinders in the XZ 

plane. 

 Pyramids, triangles, cones, etc. 

Pyramids, triangles, cones and other shapes that have a square or circular base and arrive at 

a point (or a smaller version of the base such as a truncated pyramid) can easily be created 

using the segment component type and a width and/or cone of height. A conicity modifies 

a structural property along the Z axis of the segment.  

Thus, for example, the use of a fiber segment and the definition of the width and end 

height on 0 and a linear conicity give a cone shape. The position of a segment can also be 

tapered, allowing for flexible designs. 

 Trapezoidal shapes 

Trapezoidal shapes can be obtained with cones in the XZ plane or by using the side wall 

angle function in the XY plane. 

 Substrates 

A lot of grating models contain a substrate. In most cases, this substrate can be created 

using a large rectangular segment larger than the simulation domain along the periodic 

coordinates. 

4) The SC utility  
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Solar cells are by nature optical and electronic devices. To model these types of devices 

with precision, the SC utility uses one of the optical models listed below to calculate either 

an absorption spectrum of the device or the total energy density within the structure. 

This optical information is then transmitted to one of the electrical models. 

5) The Use of the SC utility  

The SC utility can be opened via the Utility menu item in the RSoft CAD window. It is 

divided into two main sections, one for optical calculation and the other for electrical 

calculation and it is illustrated in Figure III. 18. 

 

Figure III. 18: The SC Utility dialog box.  

Once the calculation is started, the simulation window of the solar cell utility will create 

the requested simulation engine windows. When an absorption spectrum needs to be 

generated through simulation, a pause or interrupt in the Utility window will not stop the 

current simulation point, but will prevent the next one from starting. Once the simulation is 

complete, the status and results will be reported as shown in Figure III. 19. 
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Figure III. 19: The simulation window of the SC utility with the default J-V output.  

The shaded rectangle represents the fill factor, the point on the curve where V=0 is the 

short circuit current Jsc, the point on the curve with a current of 0 is the open circuit 

voltage Voc and the point on the curve that defines the shaded rectangle is the optimal bias 

point. 

By default, the J-V curve will be displayed in the simulation window. Quantum 

efficiencies and various spectra (incident, sampled and total absorption) can also be 

displayed. The sampled spectrum represents the interpolated incident spectrum and can be 

useful in determining whether the sampling frequency is high enough to obtain accurate 

results. 
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Figure III. 20: The utility simulation window showing a) quantum efficiency results, and b) spectral 

results showing incident spectra, sampled and absorbed. 

When multiple absorption monitors are used, the external quantum efficiency of each 

monitor as well as the total will be displayed together. 

III.6.  Conclusion  

Periodic structures play an important role in nanotechnology. Using the most important 

attribute of this type of structure, namely periodicity, manufacturing and simulation 

methods have been presented in this chapter. An electromagnetic simulation method called 

Rigorous Coupled Wave Analysis (RCWA) has been developed, integrated into 

DiffractMOD in the RSoft CAD numerical simulation software. We have shown the 

accuracy and effectiveness of this tailor-made method for calculating the optical response 

of periodic structures and electrical properties. In addition, a new algorithm to optimize 

and comprehensively interpret multi-periodic structures for photon control has been 

proposed. As an example, we combined this algorithm with the RCWA method to study 

light trapping in a low-absorption material. In addition, given the efficiency and simplicity 

of the "unique" model design principle, this method inspires the design and optimization of 

periodic models in different disciplines. 
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Chapter VI:  Results and discussions 

VI.1. Introduction 

In order to meet the needs of engineers to design optical devices of very small sizes, it is 

necessary to be able to cope with the design and optimization of these devices in an 

efficient manner. A priori, the design and optimization of these devices prove to be very 

difficult because analytical solutions cannot be obtained given the complexity of certain 

geometries. It seems risky for engineers to build complex devices without having to In 

advance, a very good approximation of the expected performance, given the complexity 

and difficulty of their manufacture [1].  

Hence the need to efficiently and digitally design and optimize these devices before their 

realization. For this, it is necessary to appeal to numerical analysis.  

Micro and nanophotonics modeling, necessary for the fine optimization of advanced 

optical devices, involves numerically solving Maxwell's Partial Differential Equations 

(PDEs) in three-dimensional space accurately and quickly [2].  

The modeling is very interdisciplinary in particular electromagnetic modeling, involving 

both physics, applied mathematics and computer science.  

Understanding the physics of the nanophotonics problem is essential for the choice of 

modeling hypotheses, the choice of an efficient method and the definition of an optimized 

algorithm [3]. It is an important part, if not the most important, in the process of 

developing an effective digital method.  Numerical analysis is necessary for the analysis 

and control of errors in an algorithm. It is also necessary in the study of convergence and 

conditioning of iterative solvers in solving the system of linear equations obtained after 

transformation of Maxwell's equations. We can say, in general, that numerical analysis 

allows here to verify the efficiency of the choice of the numerical model used to solve 

Maxwell's equations applied to nanophotonics problems.  Finally, the development of an 

optimal numerical calculation algorithm relies on a good knowledge of programming 

(coding, debugging).  

VI.2. Adopted strategy for the nanophotonic structures development  

The various ways of improving absorption in a thin film absorbent system depend 

essentially on the geometric parameters and optical properties of the photoactive material 

(n and k indices, thickness of the layer) as well as on the optical indices of the materials 

which contain it [4]. 

We regularly took the example of a thin film amorphous silicon SC to review the state of 

the art of these optical trapping methods. Thus, since these relate to the semiconductor 

compound and its environment, we can simplify the study of optical trapping to a simple 

photoactive model limited to a thin layer of amorphous silicon deposited on glass.  Optical 

trapping structures can be easily adapted when moving from a simple system to a complete 

solar cell by considering the indices of the added layers [5].  
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VI.3. Process for manufacturing ultra-fine nanostructured silicon solar 

cells  

we wanted to provide technological solutions for the problem of manufacturing ultra-fine 

nanostructured silicon SCs. We have made a particular effort to thin and polish the silicon 

layers as much as possible to test the structures simulated. However, the most significant 

result is the development of a nanostructuring process for rough, non-planar and flawed 

silicon layers [6]. This last innovative process makes it possible to simply integrate a nano-

structuring improving the trapping of light on different ways.  

This geometry has the potential to reduce the rear contact area, as well as the dark 

saturation current, thereby improving the open circuit voltage of the cell [7].  

The samples produced with this process are the subject of extensive characterizations and 

present promising first optical and electronic results which remain to be reinforced. 
VI.4. Increase absorption in absorbing layers 

We saw in the strategy adopted for the thesis project that the absorption of a thin film of 

amorphous silicon can be increased in part through the integration of a PC [8]. 

In this part, special attention is given to understanding the optical properties of this type of 

system. This theoretical study (carried out according to the RCWA method) makes it 

possible to identify the characteristics of the optimal PC.  

The development of the stack is developed in a second step and then the absorption 

properties are characterized and compared to the simulation. 

VI.5. Association of an optimal photonic crystal in a photovoltaic system 

The increase in absorption of a given system depends on the optical properties of the 

optical trapping structures employed, in other words on their geometric parameters. 

Numerical simulation optimization makes it possible to determine these optimal 

parameters, thus limiting the quantity of experiments to be carried out [9].  

The first step in optimization involves identifying the parameters that have the greatest 

influence on the optical properties of the system, as well as setting the constraints and the 

optimization method. In this chapter, we define these optimization criteria before 

presenting the optimal results.  

Then, by relying on a geometric and adulatory optical approach, we will study the 

propagation of light in the optimal photoactive system with the aim of understand why it 

absorbs better than with other parameters or structures.  

VI.6. Optoelectronic properties and design of an absorbing photonic 

crystal 

VI.6.1. Optoelectronic properties 

In this chapter, we will attempt to present in more detail our approach which will be 

illustrated with an absorbing membrane PC. Firstly, we will describe the methodology used 

to calculate the optoelectronic properties of the different structures studied. 
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Where, we propose an analysis of the coupling properties of the modes exploited for the 

trapping of the light from the theory of the coupled modes [10]. 

We will come back to the optical properties of the absorbent membrane based on the PCs 

at one dimension to study the geometric properties by changing the period values for each 

of the unpatterned SC and the one dimensional PC in a-Si:H in order to identify the 

mechanisms responsible for the shape of their absorption spectra. 

Then, the different morphological properties of unpatterned materials were studied as well 

as the properties of one dimensional PC, half circle, and triangular lattice structures for two 

types of materials namely; a-Si:H and a-SiGe:H, where the study showed that the latter is 

more efficient. The incidence angle effect on both materials, where the results showed that 

the significant improvement in optical and electrical characteristics occurs for the 

triangular grating especially in the a-SiGe:H case, this latter is found to be more efficient in 

terms of the optical and electrical properties for PV applications. Finally, we proposed and 

analyzed the optoelectronic properties of absorbent thin layer of SCs made by various 

grating structures with GaAs semiconductor material, where an examined based on 

precision parametric effect of heights and widths variation as well as the J-V SC 

characteristics was made. On other hand, the execution delivered by the cells depends on 

the simplicity of both the design and the type of material of the absorbent thin film, to 

involve the quality of absorption in thin film cells. However, as stated previously, all of 

these shapes have structured nano, ultrafine gratings that are made depending on efficient 

semiconductor materials in the PV field. The aim is to provide the elements which make it 

possible to understand why the introduction of a nanostructuring of the PC type in an 

ultrathin layer leads to an increase in its absorption over the entire spectrum considered 

[11].   

All results are obtained mainly through simulations based on the rigorous coupled wave 

analysis method (RCWA). Indeed, this modal Fourier method is particularly well suited to 

treating the propagation of an electromagnetic wave arriving on a periodic medium such as 

a PC. 

VI.6.2. Integration and conception of a photonic crystal in an absorbent 

thin film photovoltaic system 

The PCs that we have prepared theoretically increase the absorption of light in a thin layer 

of a-Si.  However, an increase in light trapping is not sufficient for applications such as PV 

[12]. Due to the losses by recombination, all the absorbed photons do not systematically 

contribute to producing efficient charge transfers [13]. 

In this part, the impact of an integrated absorbent layer on a one dimensional PC, on the 

efficiency of a solar cell when it is integrated at the back, i.e. between the substrate and the 

conductive layer. The aim is to show that the optical trapping allowed by the one 

dimensional PC is sufficient to increase the generation and collection of electrons. The 

basic structure for this discussion is an absorbent layer.  The latter having a fixed thickness 

of 100 nm.  

This layer will then be introduced into a complete cell and will play the role of a layer 

active.  The singularity of the approach developed in this thesis consists in structuring this 
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absorbent layer into a PC membrane and numerically optimizing its absorption over the 

entire useful spectrum. We will consider both unpatterned structures, 1DPC, based on the 

membrane geometric, morphological and parametric effect exhibiting a period, a height 

and a width of gratings, respectively.  These configurations are illustrated in figure VI.1.a 

and VI.1.b. 

Figure VI.1: (a) Unpatterned layer SC structure on a glass substrate, (b) 1DPC. 
Design and simulation become very important before the manufacturing process. The 

period is the same in both directions of space, which allows independence of the 

topography of the structure in the two plane directions of space. The incident light can then 

be trapped in resonances which correspond to a wavelength associated with the physical 

and geometric parameters of the two structures [14].  

The numerical tools used for the simulations are based on the method of rigorous coupled 

waves analysis (RCWA), it was used to study the influence of the geometrical parameters 

of the structure on the absorption in the range of the spectrum lengths wave.  

VI.6.3. Results and discussions 

In this chapter, we study the impact of the geometric parameters of the PC on absorption 

properties. The systems consist of an absorbent layer, a PC with variable geometric 

parameters and an amorphous silicon layer. First, the study takes in consideration the 

influence of the parameters of one dimensional PC on a constant silicon thickness. Second, 

we analyze the effect of increasing silicon thickness on light trapping properties, 

depending on the geometric parameters. This study makes it possible to evaluate the work 

of numerical and experimental optimization. The absorption of PCs is optimized by 

varying the period and fill factor under normal incidence of light and for a fixed thickness 

of the one dimensional PC layer. 
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VI.6.4. The importance of optimizing geometric parameters for optical 

trapping 

In this section, we will take into account both unpatterned structures, PCs, with a 

membrane dimension having a period, and a hole width denoted L and D. These 

configurations are illustrated in figures VI.2.a and VI.2.b. 

 
Figure VI.2: (a) Thin film SC structure made by unpatterned layer on a glass substrate, and (b) 

The patterned layer with one dimensional PC. 

For comparison, the first layer consists of an unpatterned absorbent thin layer on a 

substrate of glass, while the second absorbent layer consists of a patterned absorbent thin 

layer on the one dimensional PC. The incident light can then be trapped in resonances 

which correspond to a wavelength associated with the physical and geometric parameters 

of the three structures. The period is the same in both directions of space, which allows 

independence of the topography of the structure in the two plane directions of space.  

The main parameters of the PC are the lattice cte L and the filling factor ff. The structure 

serving as the basis for this discussion is an absorbent layer of silicon and a-Si:H, where 

the latter having a fixed thickness of 100nm, then it will be introduced into a complete cell 

and will play the role of active layer, when light emitted at this resonance can then be 

locked at the wavelength, associated with the parameters of the two structures [15]. This 

study aims to demonstrate the concept of this interest in the special case of solar cells, 

based on the a-Si:H and silicon layers with a thickness of up to 100nm. It is not only for 

economic reasons that the thickness of the absorption thin layer is limited, but also because 

of the low propagation length of the PV contained in this material [16].  

Our study focuses on the use of silicon because it is cheaper in the market and most 

industries are based on it, because of its technological importance in the manufacture of 

solar chips and photovoltaic production [17]. We have also used a-Si:H because it is more 

sensitive than silicon [18], which is a hydrogen atom, and it is not present in the chemical 

bond gave, which makes it more sensitive and more reactive to the sunlight compared with 

silicon [19]. Table VI.1 presents the most important physical parameters of silicon and a-

Si:H. 
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Parameters Silicon a-Si:H 

Band gab [eV] 1.1 1.7-1.8 

Photo-conductivity [s/cm] 10
-2

 – 10
-4

 10
-4 

– 10
-5

 

Boiling point [°C] 3265 2900 

Density [g/cm
3
] 2.33 2.285 

Table VI.1. Physical properties of the silicon and a-Si:H. 

VI.6.5. Analysis of the results 

The absorption of the PCs is optimized by varying the period and the filling factor under a 

normal incidence of the light and for a fixed thickness of the 1DPC layer. For a thickness 

equal to 100nm of the a-Si:H absorbent layer. 

VI.6.5.1. The absorption with the patterned and the unpatterned thin layers  

Spectral properties of a new set of parameters used are shown in figure VI.3. 
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Figure VI.3: The variation of the absorption power of a:Si-H and Si, on (a) Thin layer patterned 

Spectral structure of the 1DPC, (b) thin layer unpatterned spectral structure. 
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We have used the RSoft simulation software to simulate the two patterned and unpatterned 

thin layer structures. The absorption was monitored as the wavelength varies. All of our 

studies are in the visible spectrum, that‘s in between (350nm-750nm) [20]. With the help 

of RSoft CAD software, we put the lattice on L=500nm for 1DPC to calculate the ideal 

parameters.  

 

The structure of the integrated absorption of one dimensional PC thin layer is first 

optimized by varying the L for the thickness of 100nm. After that, the absorption is 

compared with the unpatterned thin layer. We have noticed that the spectra corresponding 

to the layer of one dimensional PC differ from the spectrum of the unpatterned thin layer. 

For the one dimensional PC layer in a-Si:H, the highest absorption ratio of 62% reaches 

between (350nm-500nm), and the absorption up to (500nm-600nm) begins to decrease 

due to the extinction coefficient (k) [21], until the ratio reaches 32% between the ends of 

the wave of 610 nm and 750 nm. 

This concerns a-Si:H, but for silicon, the amount of absorption up to 52% between the ends 

of the wave 350nm and 450nm, which is less knowledgeable than a-Si:H. They also begin 

decreasing between (450nm-610nm) until they reach 20% (610nm-750nm). 

In the second curve, an unpatterned thin film SC, we can observe; as for a-Si:H, the 

absorption ratio reaches 54% (350 nm-520 nm) and is also declining due to the effect of 

extinction coefficient and the efficiency of the SC until it reaches 20% (620 nm-750 nm). 

As for the Si, up to about 41% (350nm- 520nm) and then decreasing to reach the ratio of 

15% 630nm-750nm). 

For the first result, the absorption in the SCs and the increase in the efficiency ratio is 

better by using PCs that have the ability to do so [22], and the quantity of the Si absorption 

is little compared with a-Si:H) [23]. 

VI.6.5. 2. The lattices parameters variation 

The dimension was chosen in order to maintain as much of the optical band gap as possible 

[24]. The simulation of certain values of parameter L (lattice parameter) was repeated. 

Thus, for the used process, we determined the absorption of different values for the lattice 

parameter L=400nm, L=500nm and L=600nm respectively. In addition, we calculated the 

absorption in the two structures with the same thickness =100nm. 
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Figure VI.4: Variation of lattice parameter (L=400 nm, L=500 nm and L=600nm) on the absorption 

power of a:Si-H (a) and Si (b) with a thickness of layer 100nm. 

The two curves cross the one dimensional PC patterned layer for the purpose of studying 

the role change in a-Si-H and silicon in the absorbent layer of the SC. In a-Si:H patterned 

layer one dimensional PC, the absorption ratio up to 70% at L=600nm, and reaches the 

lowest drop between 580nm and 750nm. With the lattices varying, in L=400nm, we 

noticed that the absorption ratio reached about 55%, which is lower compared to 

L=600nm. 

On the other hand, with the Silicon absorbent layer one dimensional PC, we can observe 

that the absorption rate in thin layer SC, reached 52% at L=500nm and L=600nm, but 

starting from 400 nm, increases the ratio of L=600nm to 55% to begin decreasing 550 

nm-750 nm). As for L=400 nm, it is less than 48% until it reaches 32% between 600nm 

and 750nm. 
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When we conducted a study of the variation of lattice parameter constant (L), we have 

found that the better one is L=600nm in both curves. The thing that can be deduced here, is 

when the (L) is larger, the absorption rate increased especially between 350nm and 500nm. 

That is to say, the (L) is a powerful factor for increasing efficiency in thin film SCs and in 

nanotechnology for nanoparticles and patterning [25]. 

In fact, the absorption is usually higher regardless of the used wavelength. For instance, the 

absorption between 350nm and 500nm for a-Si:H patterned thin layer, approximately two 

times greater than the silicon patterned thin layer. 

The absorption can be improved globally by a combination of the effect of slow lighting 

patterns and the thorough regression of reflection [26], probably because of high average 

index in the case of one dimensional PC. The absorption of the patterned structure 

becomes two times greater in the wavelength range between 350nm and 500nm in a-Si:H 

patterned thin layer. 

Furthermore, the slow light pattern is affected by a relatively low refractive index. 

Therefore, the spatial spacing between places of diffusion of light is limited [27], and the 

incidence angle is increasing. The manufacture of these PV cells requires the need to verify 

the uniformity of absorption with respect to the change of topographic parameters [28].  

After that, we need to know the processing techniques that are usually used, to develop 

new patterns of Sub-Wavelength (SbW) on a planar surface [29]. 

After the comparative study of SCs influencing the optical properties, we have found that 

the improvement in light absorption was between (350 nm-580 nm), which means an 

increase in efficiency. This means that there is a qualitative improvement through the 

choice of material quality is a:Si-H compared with silicon [30].  

We have explained chemically that the loss of hydrogen (H2) in a-Si:H compared with Si 

has caused a high agitation and a high sensitivity to this substance, which in turn causes 

more agitation of the sun to the lattice parameter in the absorbent layer of the SC [31], 

which in turn contributes to a high efficiency. 

In our study, we tried to develop the idea by studying the vertical position of the incidence 

angle in the solar cell, which in turn contributed to the enhancement of the absorption of 

light in the solar cell using PCs. We conclude the difference between silicon and a-Si:H in 

terms of cost and ease of fabrication is probably that the silicon was condition to rapidly 

cooled in a vacuum environment [32], and a-Si:H was rapidly cooled in an aerated (in the 

present of H2) environment [32]. The coupling of emitted light greatly increases the 

absorption of the a-Si:H layer, using a simple one dimensional PC layer, which makes it 

possible to find out how to enhance the absorption of light in absorbent thin layer of the 

SC.  

VI.7. Morphological effect of the PCs structures 

Our contribution consists of enhancing the absorption ratio of the photon beams by the 

active thin film of the SCs and by employing the PCs technology.  

Therefore, we investigated the ability of absorbing photon beams in the visible light 

spectrum by active PV thin film of 100nm thickness, based on the morphological effect of 
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different structures for one dimensional PC. In this part, we have studied the optical and 

the electrical properties of two types of semiconductor materials (a-Si:H and a-SiGe:H). a-

Si:H is more sensitive and responsive to solar radiation due to the presence of hydrogen 

atom H2 [18]. On the other hand, the presence of germanium in a-SiGe:H enhances the 

light absorption by reducing the band gap energy [33]. 

Most of the SCs are made of silicon because it is both available and cheap. The major 

drawback of using germanium is the effect of the temperature which affects stability.  

a-Si:H is characterized by the presence of a hydrogen atom (H2) which allows the SC to be 

more sensitive to photon beams to enable it to have higher absorption [18]. Amorphous 

films characteristics should be improved to attain the prime performance of a-Si:H thin 

film which requires sophisticated devices and materials. 

 a-SiGe:H thin film is famed to be one of the favorable PV devices and it is prepared from 

a blend gas of GeH4, H2 and SiH4, which is fabricated with several deposition techniques, 

usually, with Plasma Enhanced Chemical Vapor Deposition (PECVD) or Hotwire 

Chemical Vapor Deposition (HWCVD) [34].  Table VI. 2. shows the physical parameters 

of a-SiGe:H and a-Si:H, in which the thin film of the SC was made. 

 

The physical parameters a-Si:H a-SiGe:H 

Band gab  [eV] 1.7 -1.8 1.0 -1.7 

DC dielectric [F.m
-1

] 3.9 3.75 

Permittivity [F.m
-1

] 20.1306 24.6613 

Electron affinity [eV] 1.75 1.39 

Photo-conductivity [s/cm] 

Urbach energy [meV] 

10
-4

-10
-5 

42-50 

10
-5

-10
-7 

>45 

Thermal-conductivity [W.m
-1

.K
-1

] 1.38 1.36 

Light-induced decomposition after 1000 hours [%] 15-30 10-20 

Table VI. 2: The physical parameters of a-Si:H and a-SiGe:H thin films [35]. 

VI.7.1 Analysis of the results 

A numerical simulation has been placed to enhance the dimensions of the diverse types of 

PCs. Table VI. 3.  shows the values of the optical properties calculated, which we were 

able to model an integrated SC thin film with unpatterned and 1DPC by using the two 

semiconductor materials a-Si:H and a-SiGe:H in the linear regime. 

Parameters The value 

Free space wavelength [µm] 0.63 

Lattice cte (period) [µm] 0.5 

k0 [m
-1

/s
-1

] (2. π)/free space wavelength 

Wavelength corresponding to the band gap (λg) [µm] 1.107 

Frequency [HZ] 1/free space wavelength 

Substrate of glass (refractive index) 1.5 

Total hydrogen concentration [cm
-3

] 5.0 ×10
21

 

Total electron concentration [cm
-3

] 2.0 ×10
23

 

Defect state density freeze in temperature [K] 500 
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Table VI.3. The used parameters of a-Si:H as well as a-SiGe:H for thin film PV cells with PhCs 

used ‎in the linear regime.‎ 

VI.7.1.1. Optical Properties 

The subsequent step in the manufacturing process depends on the immediate conveyance 

of PCs from the unpatterned absorbent layer to the patterned layer. Figure VI.5.a and 

figure VI.5.b below present the active layer infrastructure in linear regime.  

Figure VI.5.a shows an unpatterned absorbent thin film on a substrate of glass, whereas, 

the second consists of a one dimensional PC absorbent thin film on a glass substrate. Two 

types of grating structures are made by a-Si:H and a-SiGe:H semiconductor materials. 

 

 

Figure VI.5: (a) Unpatterned and (b) one dimensional PC lattice structures, made by a-Si:H and a-

SiGe:H respectively. 

The emitted light resonance depends on the associated wavelength with the same 

parameters of two grating structures. In both unpatterned and one dimensional PC, the 

specific parameters are wavelength (λ), the lattice parameter constant (L=500nm), the 

layer‘s width (D) likewise equal to 500nm. The thicknesses of two arrangement grating 

structures are considered the same, they are equal to 100nm. 
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(a) 

 
(b) 

Figure VI.6: Optical absorption of (a) a-Si:H thin film made by unpatterned and one dimensional 

PC, (b) a-SiGe:H thin film made by unpatterned and one dimensional PC lattice structures. 

 

In figure VI.6.a and figure VI.6.b we got the absorption energy of the a-Si:H and a-SiGe:H. 

For a-Si:H semiconductor material, the one dimensional PC is more adequate than 

unpatterned lattice structure; where the highest absorption ratio is 63.37% when the lattice 

constant was between (462nm to 546nm) and  reached to 58% in unpatterned one. Then, it 

began to decrease due to the extinction coefficient (k) in both structures until the ratio 

reaches 25.99% at lattice constant of 800nm. The absorption ration was up to 62.9% for 

unpatterned and reaches to 68.7% once the pattern period was between 398nm and 455nm 

with a-SiGe:H semiconductor material in one dimensional PC. This absorption ration was 

greater than of a-Si:H.  Furthermore, the absorption ratio was decreasing to reach 35.5% in 

1DPC at grating  period of 800nm and up to about 30.4% in the unpatterned lattice.  
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Correspondingly, the enhancement of the absorption ratio in the lattice constant between 

300nm and 500nm in one dimensional PC of two types of materials is around 5.8%. In 

addition, the absorption in the SCs is affected by the presence of proportion germanium in 

a-SiGe:H compared to a-Si:H used in the manufacture of the thin film solar cell, as well as 

PCs which can increase the absorption rate. 

Ouanoughi, A et al. [33],  conducted a numerical simulation to design the geometry of a 

solar cell made by one dimensional PC in order to improve its absorption.  

Their results show an enhanced absorption in one dimensional PC grating structure that is 

apparent compared to the unpatterned one, which proves the ability of the structure to 

produce PCs solar cells. In addition, for wavelengths range of lattice constant of 0.38µm 

and 0.5µm, we found an enhancement in the absorption ratio with 24% in unpatterned and 

3.37% in 1DPC grating with a-Si:H thin film, whereas in the case of the a-SiGe:H thin 

film, the enhancement in the absorption ratio was 28% which higher than in a-Si:H with 

unpatterned and 8.7% with one dimensional PC lattice. This enhancement due to 

employing grating period pattern is due to the light trapping effect which is mainly 

attributed to Fabry–Pérot resonance modes due to the large index contrast between air and 

semiconductor layer, which is ubiquitous in the thin film layer, which can trap light 

effectively [36]. 

VI.7.1.2. Optimal morphological design 

In this part, we exploit the effect of the morphology of the structure of the absorbing layers 

on the absorption rate. For this reason, we studied various grating structures (half circle 

and triangle) based on previous studies [37]. 

 

Figure VI.7: Geometrical lattice of (a) half circle, (b) triangle lattices made by a-Si:H and a-

SiGe:H. 

Figure VI.7 (a and b) represents the studied lattice structures of the half circle and the 

triangle, based on both a-Si:H and a-SiGe:H semiconductor materials with the same lattice 

constant (500nm), the same thickness (100nm) and the same visible light in the optical 

wavelength for TE-polarized of the light deposited on a glass substrate. For the proposed 

a 

b 
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two structures, a half circle that can be used to construct arithmetic and geometric means of 

lengths, we have used a radius of 250nm.  

On the other hand, we use the isometric triangle where all the three sides are of the same 

length, all the three angles are equal to 60°, with a height and width equal to 500nm. 

Figure VI.8  shows the geometrical dimensions of both shapes.  

 

Figure VI.8: Dimensions of the simple proposed gratings of (a) half circle and (b) isometric 

triangle. 

Figure VI.9 represents the simulation results of the absorption energy of both a-Si:H and a-

SiGe:H semiconductor material with half circle and triangular gratings. 

 

(a) 
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(b) 

Figure VI.9: Optical absorption of the half circle and triangle gratings made by (a) a-Si:H and (b) a-

SiGe:H. 

In Figure VI.9.a, the absorption in triangle grating reaches 69.7%, however it is equal to 

65.6% in half circle grating during (~300nm-500nm). After that, the absorption ratio was 

decreasing under the influence of extinction coefficient (k) until lattice parameter is equal 

to 800nm, which achieves 26% for triangle and 24.7% in half circle gratings. In Figure 

VI.9.b in comparison with a-Si:H, a noticeable improvement of peak absorption energy 

with a-SiGe:H which is estimated at 16% an enhancement of the absorption in the 

triangular structure which is 5.4% in the half circle grating in the range from 300nm and 

500nm (the best visual field absorption). PCs dimensions have been improved by 

integrated design of numerical simulation and experiment techniques. While we use 

different grating structures for one dimensional PC based on a-Si:H and a-SiGe:H, we 

found that the absorption ratio in triangular grating is better compared to the half-circle 

grating. The obtained results were positive with those previously reported by Dominguez, 

S et al. [38] and Heidarzadeh, H with Tavousi, A [39], who showed that the triangular 

structure is better grating for the optical absorption enhancement, which allowed more 

photon beams to come into thin film of PV cell to enhance the absorption efficiency by 

using the dispersion influence. The geometrical parameters have an important effect on the 

distribution spectral of the absorbent PCs, which can be done in the full distance of 

wavelength if the PCs dimensions are adequately altered.  However, the obstacles and 

reasons that are still being studied currently about the efficiency and absorption capacity of 

SCs silicon PV is still very expensive. While for the triangle lattice, the waveguide mode 

resonance or leaky mode resonance effects lead to light trapping and increase the 

absorption in the active layer.  In addition, the morphological effect on PCs with different 

dimensions can excite micro cavity resonance effects, which can trap light effectively [40]. 

Both the excellent geometrical properties and micro cavity effect make the triangle grating 

outperform the 1DPC and half circle grating structures. 

VI.7.1.3. Electronic properties 

The SC is distinguished under the AM1.5G insulation using current density versus voltage 

J-V with the characteristic device parameters (Voc, Jsc, ff, η) and external quantum 

efficiency properties (EQE).  In this section, the electrical properties of each grating used 
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with two types of semiconductor materials (a-Si:H and a-SiGe:H) are investigated based on 

several electrical output parameters; Voc [V] is the open circuit voltage where there is no 

current flows through the external circuit [41].  

                                                 (VI.1) 

Where: k [J.K
−1

] is Boltzmann‘s constant; T[K] the absolute temperature; q[eV] the 

electron energy; Jso[mA/cm
2
] the reverse bias saturation current; Jsc[A/cm

2
] the short 

circuit current density [42]. Where η[%] is the ratio of energy output from the SC to the 

input energy from the sun, given by: 

                                      (VI.2) 

With: Pmax[W] is the total maximum power; Pin[W/m
2
] is the total incident power; ff is the 

filling factor; it can be defined as the ratio of the actual maximum obtainable power to the 

product of the open circuit voltage and short circuit current, we obtained it from the device 

J-V curve or using the following equation [43]: 

                                                              (VI.3) 

Where: Jm[A/cm
2
] is the maximum current density; Vm[V] is the maximum voltage. In this 

section, we studied different shapes of one dimensional PC with a-Si:H as absorber thin 

film.  Figure VI.10 shows the simulation results of a thin film PV cell made by a-Si:H, 

depending on lattice morphology of structures. 

 

 
(a)                                                                                    (b) 
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(c) 

Figure VI.10: (a) the EQE graphs, (b) the J-V curves and (c) smooth spectral distribution of the 

studied AM1.5 solar spectrum with different lattice structures studied made by a-Si:H of thin film 

SCs. 

Figure VI.10.a shows the EQE curves of a-Si:H thin film SCs with varying PCs shapes 

using improved geometrical parameters.  Figure VI.10.b shows J-V curves of a a-Si:H thin 

film SC leading to outstanding values of Voc and Jsc and Figure VI.10.c shows the 

computed spectral distribution graph for the proposed simple gratings for the studied solar 

spectrum AM1.5.  The net current is always flowing from one contact towards the other, 

where it is always positive relative to one contact and negative relative to the other. Thus, 

the direction of the current measured depends only on which electrode you reference to 

ground and the measured current sign does not depend or affect the physical charge within 

the device [44]. We can summarize the results in the following table: 

 Unpatterned 1DPC Half-circle Triangular 

Pmax[W] 68.4 84.57 102.59 117.20 

ff [%] 84.75 85.92 86.9 87.94 

Voc[V] 0.71 0.79 0.87 0.97 

Jsc[A/cm
2
] 113.8 124.6 135.7 137.4 

Jso[A/cm
2
] 109.3 120.2 131.3 133.4 

η[%] 7.61 9.4 11.4 13.01 

Table VI.4. The simulation results of a-Si:H thin film SC energy conversion efficiency. 

The better result in the a-Si:H case, was the triangle grating with the highest values of all 

electrical parameters of efficiency. This efficiency reached 13.01%, and the total 

improvement efficiency among the unpatterned and triangle models was 5.4%. However, 

the maximum power noticed in the triangle model is 117.20W, which makes a difference 

of 48.8W over the unpatterned grating structure. The results showed that the cell efficiency 

with a-Si:H presents useful numerical simulation ones. This makes the doping 

semiconductor materials suitable in terms of absorption efficiency, as well as being more 

sensitive to the sunlight.  As clearly shown in figure.VI.10 and table.VI.4, we can explain 

the reason for the increase in the J-V characteristics devices parameters, where Voc,  ff and 

the efficiency of different grating structures is progressively higher to reduce the 

recombination loss affecting Voc, the parasitic resistance losses which primarily limit the ff 

as well as Voc and Jsc, and eventually optical losses which have a large effect on photo-
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generated carriers and Jsc. The EQE values shown in figure VI.10.a, where the highest 

value was at triangle case in the point 300nm of the wavelength, where it makes a 

difference of 0.41V than unpatterned one. In addition, figure VI.11 presents the numerical 

simulation of the a-SiGe:H thin film PV cell lattices on linear regime with the same 

parameters as above. 

 
(a)                                                                               (b) 

 

(c) 

Figure VI.11: (a) The EQE graphs, (b) the J-V curves and (c) the smoothened spectral distribution, 

studied by different grating structures studied, made by a-SiGe:H thin film. 

Figure VI.11.a shows the EQE graphs of a-SiGe:H thin film with diverse models of 

PCs.Figure VI.11.b shows J-V curves of a-SiGe:H thin film SC with different Voc and Jsc 

results values and figure VI.11.c shows the computed spectral distribution graph for the 

proposed simple gratings for the studied solar spectrum AM1.5. The a-SiGe:H thin film SC 

electrical output results are concise in table VI.5. 

 Unpatterned 1DPC Half-circle Triangular 

Pmax[W] 79.79 96.38 121.52 149.47 

ff [%] 85.06 86.3 87.65 89.05 

Voc[V] 0.73 0.82 0.94 1.1 

Jsc[A/cm
2
] 128.5 136.2 147.5 152.6 

Jso[A/cm
2
] 123.6 131.6 143.1 148.7 

η[%] 8.86 10.71 13.50 16.6 
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Table VI.5.The energy conversion efficiency simulation results of a-SiGe:H thin film SC. 

The a-SiGe:H thin film SC shows higher Jsc with a hydrogenated PV cell; and reducing the 

band gap of the absorbent layer through the growth of Germanium content within the layer 

is probably accompanied by Voc and ff losses. Better results in the a-SiGe:H semiconductor 

material case was that of triangular grating. The numerical simulation results showed that 

the efficiency was adequate by using a-SiGe:H with the balance of a-Si:H, owing to the 

presence of germanium concentration which in turn affects the use of a smaller energy 

band gap. The efficiency was found to reach 16.6% in the case of triangle which allows an 

improvement efficiency of 7.74% compared to unpatterned grating.  Moreover, the triangle 

maximum power observed is 14.95W which makes a difference of 7.15W in comparison 

with the unpatterned model.  Jsc gradually increasing as the Voc and ff values, as Voc and ff 

remained less in the unpatterned grating thin layer than in the other grating structures 

especially in triangular one, which can be condoled to the loss of the improved 

recombination of electron hole dual in an unpatterned grating [45]. 

The smoothened spectral distribution variation for different forgoing grating structures are 

shown in figure VI.11.c. Furthermore, this figure shows the performance improvement for 

the triangular structure as compared to the other shape values, as shown in the previous 

results.  In view of decrease carrier lifetime in a-Si materials, the enough carrier collection 

foremost rely on the inner electronic domain which play an essential function in 

representing and detaching the carriers to set the electrodes, where the redistribution of 

Germanium atoms in absorber layer can raise Voc and ff while this is somewhat detrimental 

for Jsc [46].  

As clearly shown in figure VI.10.a and figure VI.11.a, the EQE of different structures of 

solar cells was decreasing gradually according to the morphological design of the studied 

gratings. The improvement in EQE occurs because photon beams are absorbed and then 

reemitted at longer emission wavelengths, where the highest value was at the beginning 

point of studies wavelength (300-400nm), where in triangle case reached by 0.9V; 0.72V 

in half circle, 0.69V in 1DPC and 0.59V was unpatterned. A slighter dropping in the EQE 

is obvious for the bias during 0.59V and 0.9V while a comparatively considerable fall is 

clear for a bias over 0.9V. In triangle case, the 0.9V bias shows a very large reduction in 

the EQE. In this condition, the carrier collection probably suffers from the high density of 

defects or traps which hinders their movement for the collection, can be used to distinguish 

the recombination losses in the forgoing thin absorber layers. Depending on the results 

obtained by Yousif, B et al. [47], a remarkable improvement especially in a-SiGe:H 

semiconductor material in the triangle grating was noticed, as well as an enhancement in 

solar cell efficiency of 4.36%. On the other hand, in the case of a-Si:H, a noticeable 

improvement of SC efficiency was estimated 0.77%. 

The electrical properties of amorphous thin film are sensitively dependent on the density of 

energy and the distribution of local gap states, where the main advantage of a-SiGe:H is 

the capacity of the unstable optical band gap to lower energies by increasing the 

germanium concentration in the layer [48]. 
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VI.7.1.4. The incidence angle (θi) effect 

In this section, the incidence angle influence of photon beams on the absorbent layer is 

investigated. We estimated the extent of the photon beams distribution by variation of the 

incidence angle from 0° to 90° in the case of a-Si:H and a-SiGe:H. The incidence angle 

(θi) is in between a ray incident made by photon beams and the perpendicular line to the 

absorbent layer at the point of incidence according to Snell‘s law [49]: 

                                                     (VI.4) 

And: 

                                        (VI.5) 

Where: θr angle of reflection; n1 incidence medium refractive index; n2 transmitted 

medium refractive index. Figure VI.12 presents the changes of light absorption in 

absorbent layer using unpatterned, 1DPC, half circle and triangular gratings, depending on 

the variation of the incidence angle from 0° to  90° with an increment of 5° in the case of 

both a-Si:H and a-SiGe:H. 

 
(a) 

 
 (b) 
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FigureVI.12: Incidence angle effect on absorbent layer of different gratings made by (a) a-Si:H and 

(b) a-SiGe:H. 

The absorption ratio was increasing with the increase the incidence angle until it reaches 

the highest absorption ratio at 50°-70°, and then it begins to decrease until it is completely 

absent at the horizontal position at 90°.  At incident angles (50°-70°), the absorption ratio 

using the triangle grating improved by 14.41% compared to the unpatterned grating (figure 

VI.12.a and figure VI.12.b). The peak of absorption ratio is 94% in the triangle shape, 92% 

in the half circle, 90% in 1DPC and it reached 79% approximately with unpatterned 

grating.  On the other hand, in Figure VI.12.b we noted the absorption ratio in a-SiGe:H is 

better compared with a-Si:H, while we find an enhancement in the peak (appeared in the 

incident angles at 50°-70°) of 5% in triangular, 4% in half-circle, 2% in 1DPC and 2% in 

unpatterned lattices.  

Thereafter, all absorption ratios with a-Si:H and a-SiGe:H begin to decrease until they are 

completely absent at 90°, i.e., there is no absorption (the horizontal condition: incident 

angle is 90°). When comparing with Mudachathi, R and Tanaka, T results [50], we found 

an enhancement in the absorption  ratio, where it begins to expanded above an incident 

angle between 0° to 70° (maximum in the range 50° to 70°) in both a-Si:H and a-SiGe:H 

thin films, several studies have shown that the most appropriate angular range in which the 

absorption is more available is between 50° to 70°, moreover, the material quality and 

morphology used in addition to the climate condition with the temperature variations 

should be considered [51]. In addition, owing to the limited thickness of the absorbent thin 

film, not all photon beams are absorbed into the absorbent layer. Therefore, the absorbent 

layer must be thick to absorb as much light as conceivable and the thickness must not 

exceed the length of the carrier spread [51]. 

VI.8. Effects of the mixture ultra-precision lattices in photonic crystals 

In this part, we analyzed the thin film SC with the suggested nano lattice photonic 

structure‘s efficiency for purposes of comparison on the bases of the simulated results. We 

studied the structural effect that depends on the parametric effects of the active layer. For 

this reason, we investigated and optimized the ability of absorption of photon beams in the 

visual spectrum of the light wavelength in the linear system, on absorbent thin film [52]. 

Thus, we have proposed an attractive and highly absorption design SC to studied the 

optoelectronic properties of GaAs semiconductor material in a simple trapezoidal lattice of 

PCs by studying the effect of the parametric side of mixed ultra-precision lattice structure 

to obtain the maximum absorption and path length improvement. The device performance 

is revealed due to the modification in the structure design because of improved light-matter 

interaction and we provided theoretical predictions for certain geometries which lead to 

better performance of SC. This latter within which the optical mean path length of the 

incident photon beams in the active layer virtually becomes more than the absorption depth 

required to absorb those photons and so consequently they could be absorbed without 

practically any noticeable increase in the thickness of the SCs. 

Design and simulation become very important before fabrication, due to its low cost, quick 

analysis, low risk and meaningful insight that it may provide [53].  
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The semiconductor material plays an essential role in the manufacture of the SC. We have 

studied Gallium Arsenide (GaAs), because it has several electrical, optical, thermal and 

physical properties better than those of silicon. Table VI.6 shows the most important 

physical and optical parameters of GaAs, in which the thin film of the SC was made. 

Parameters The value 

Energy band gap [eV] 1.424 

Intrinsic carrier concentration [cm
-3

] 1.79.10
6
 

Electron mobility [cm
2
.V

-1
.s

-1
] ≤ 8500 

Hole mobility [cm
2
.V

-1
.s

-1
] ≤ 400 

Electron diffusion coefficient [cm
2
.s

-1
] ≤ 200 

Hole diffusion coefficient [cm
2
 s

-1
] ≤ 10 

Melting point [°C] 1238 

Density [g.cm
-3

] 5.3176 

Thermal conductivity [W.cm
-1

.°C
-1

] 0.55 

Thermal diffusivity [ cm
2
.s

-1
] 0.31 

Expansion coefficient [°C
-1

] 5.73.10
-6

 

Radiative recombination coefficient [ cm
3
.s

-1
] 7.10

-10
 

Molecular weight [kg.mol
−1

] 144.645 

Table VI.6: The most physical parameters of GaAs [54,55]. 

Our research focuses on numerical simulations, which in turn are closely related to purely 

evidence based on solving equations, whereas the energy carried by one photon at a 

wavelength λ is: 

 [eV]                                             (VI.6) 

Where, h= 4.1357e
-15

 [eV/s] is the Planck constant, c= 2.99.10
8
 [m/s] is the speed of light 

in vacuum, and (λ) is the wavelength. By using conservation of energy [56], the absorption 

of the solar cells can be expressed as: 

                                         (VI.7) 

Where, A(λ) is the calculated optical absorption spectrum; Ri and Ti are the reflected and 

transmitted efficiencies. The single-pass absorption is assuming perfect antireflection but 

no light trapping [57]. That is, the normal incident light passes through the semiconductor 

material only once. The absorption of single-pass can be expressed as:  

                                                  (VI.8) 

Where,  is the absorption coefficient,  is the thin film thickness.  

Given a specific incident spectrum S(λ) [W/m
2
.nm] the total number of photons incident at 

a wavelength (λ) is therefore [58]: 

                                          (VI.9) 

The total absorption spectrum of the entire device is the sum of the absorption spectra 

within each layer Ai (λ) as [58]: 

                                                   (VI.10) 
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Given these spectra, the number of absorbed photons at a wavelength  within each layer is 

therefore [58]: 

                                    (VI.11) 

Where, S(λ) is a spectrum specific incident [59], and E(λ) is the energy of the incident 

photon, equivalent to hc/λ, where h is Planck‘s constant and c is the velocity of light in free 

space. Given the parameters defined above, several electrical outputs can be computed 

[60]: 

The External Quantum Efficiency (EQE) is defined as: 

                                   (VI.12) 

The Internal Quantum Efficiency (IQE) is defined as: 

                                  (VI.13) 

In order to quantitatively illustrate the absorption performance of PV cells, the power 

conversion efficiency of PV cells is calculated and compared by the following expression: 

                                        (VI.14) 

Where, Pmax [mW] is the total maximum power; Pin [W/m
2
] is the incident solar power, 

given by: 

 [W/m
2
]                                      (VI.15) 

Jsc [mA/cm
2
] is the short-circuit current density, that relates to the photon absorption, can 

be calculated by: 

VI.8.1. Analysis of the results 

A numerical simulation has been placed to enhance the optoelectronic properties of the 

diverse simple grating types based on PCs. Table VI.7 shows the values of the optical 

properties given, which we could model an integrated thin film PV cell by using GaAs in 

the linear regime. 

Parameters The values 

Background material (substrate) SiO2 

Duty [µm] 0.5 

Free space wavelength [µm] 0.63 

Freq [HZ] 1/Free space wavelength 

Height [µm] 0.5 

k0 [m
-1

/s
-1

] (2.π)/Free space wavelength 

Lambda-g [µm] 1.105 

Nar [µm] 1.9859 

Nperiod [µm] 0.5466 

Ntar [µm] 0.1229 

Ntg [µm] 0.382 

Period [µm] 0.5 

Polarization [µm] 0 
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RCWA material dispersion [µm] 1 

RCWA output absorption [µm] 1 

Table VI.7. The used parameters of GaAs thin film PV cell with PCs used in the linear regime. 

VI.8.1.2. Optical properties 

Figures VI.13.a, b and c below present the active layer infrastructure in linear regime. The 

figure VI.13.a shows a planar absorbent thin film on, whereas, the second consists of a 

1DPC absorbent thin film, and the third presents the trapezoidal absorbent thin film, made 

by GaAs semiconductor materials. According to the results of Tilli M et al. [61], the three 

types of this grating structure are based on a substrate of SiO2. 

 
(a) 

           
(b)                                                                               (c) 

Figure VI.13:  (a) planar, (b) 1DPC and (c) trapezoidal grating structures made by GaAs, 

respectively. 

The specific parameters of the foregoing gratings are wavelength (λ), the frequency, the 

lattice parameter constant (L=500nm), the layer‘s height (H) and width (D) equal to 

500nm. The thicknesses of this arrangement grating structures are considered the same; 

they are equal to 100nm. Figure VI.14.a, VI.14.b and VI.14.c shows the contour maps of 

the spectral absorption properties as a function of the wavelength for the forgoing simple 

grating structures. 
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 (a)                                  

 
 (b)                                                                                         (c)  

Figure VI.14: Represent the contour map of (a) planar, (b) 1DPC and (c) trapezoidal grating 

structures made by GaAs. 

A large optical absorption often occurs in the visible wavelength range, from 380 to 

750nm. In figure VI.14.a and figure VI.14.b, we see that the optical absorption using 

planar and one dimensional PC gratings gradually decreases beginning from the short 

visible light spectrum on the wavelength region, demonstrating that a smaller wavelength 

can prevent reflection in the short wavelength region.  

With increasing wavelength, higher absorption can shift into a long wavelength range due 

to excitation of resonant effects. It is known that the simple trapezoidal lattice structure can 

excite the waveguide mode resonance, resulting in light trapping and increased absorption 

in the active layer as shown in figure VI.14.c. These resonance behaviours are highly 

dependent on the geometric parameters [62]. 
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VI.8.2.2. Optical absorption in simple lattices 

The subsequent step in the manufacturing process depends on the immediate conveyance 

of PCs from the planar absorbent layer to the simple trapezoidal grating layer. The emitted 

light resonance depends on the associated wavelength with the same parameters of three 

grating structures. 

 
Figure VI.15: Absorption energy of GaAs thin film made by planar, one dimensional PC and 

trapezoidal grating structures. 

In figure VI.15, we gave the absorption energy of the GaAs on different simple grating 

structures (planar, one dimensional PC and trapezoidal). Absorption control was at 

different wavelength points of the visible light spectrum. We notice that the spectra 

corresponding to the layers of simple trapezoids are different from the spectrum of the 

planar and one dimensional PC thin layers as below. For the simple trapezoidal grating, the 

absorption is more adequate than planar grating structure; where the ratio of absorption 

between 300 nm and 480 nm up to about 54.2% in the planar, 67.8% in one dimensional 

PC and reaches to 79.6% in the simple trapezoidal shape which is greater absorption rate. 

Eldaif O et al. [63] have done simulation work to design the geometry of a solar cell made 

by 1DPC in order to improve its absorption. Their results show an enhanced absorption in 

the trapezoidal grating using the GaAs semiconductor material that is apparent compared 

to the planar one, which proves the ability of the structure to produce PCs SCs. 

In addition, for wavelengths range of 380nm and 750nm, and compared with the results 

obtained, we found enhancement ratio absorption of 29% in a simple trapezoidal grating, 

20% with 1DPC and 4% in a planar lattice. 

Through the peak absorption of the photon beams in solar spectrum in the visible region, 

semiconductor materials absorb at these points, where the band gap has a relation. It 

absorbs at the peaks at about 650nm and 750nm as noted, that is, at the end of the visible 

region as we want to consider all the points in this area because of its importance for the 

light beam of the solar spectrum. Then, it begins decreasing gradually during the visible 

wavelength points, due to the incident waves of  short  wavelengths  are  difficult  to  

couple  with  the  fundamental  waveguide  mode  in  the trapezoidal  and  thus  are  

reflected  due  to  poor  impedance  matching [64]. 
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VI.8.3.3. Parametric effect 

In order to enhance the absorption into thin PV layers, firstly, we studied the enhancement 

of optical absorption used GaAs. In this part, we tried to exploit the effect of the parametric 

side of the absorbing layer with change the heights and widths with a precision grating 

structure variations. For this reason, we studied simple trapezoidal grating based on one 

dimensional PC. We have chosen the changing of the heights and widths variations on 

ultra-accurate values of 70nm, 140nm, 210nm in addition to the mixture heights and 

widths between the previous values. 

 

(a) 

 

(b) 

Figure VI.16: Trapezoidal parametric effect of (a) heights and (b) widths variations made by 

GaAs. 

Figure VI.16, represents the studied mixed trapezoidal grating structure, by changing the 

effect of (a) the heights, and (b) widths with an ultra-precision values, based on GaAs with 

the same lattice constant, the same thickness. Moreover, the study was done on the same 

visible light in the optical wavelength deposited on a SiO2 substrate. Figure VI.17.a  and 

VI.17.b represent the simulation results of the absorption energy of both height and width 

with a mixed variation, based on GaAs semiconductor material. 

 
(a)                                                               
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     (b) 

Figure VI.17: Optical absorption of trapezoidal grating with different and mixed (a) heights and 

(b) widths, made by GaAs. 

The absorption is somewhat better with width than height variation and this is what we 

noticed from our results, where it increases as the parametric effect is grow, until we notice 

an enhancement when mixing the ultra-precision values of heights and widths between 

them. Whereas by using 70nm value the absorption reaches to 72.5% in height and 73% in 

width, 74.1% in height and 75% in width by using 140nm, 77.5% in height and 78.6% in 

width by using 210nm, however it is equal to 86.6% in height and 89.9% in width by using 

the mixed lattices, all this results during (~300-500nm). After that, the absorption ratio 

begins to decrease under the influence of extinction coefficient (k) until the 800nm wave. 

PCs dimensions have been improved by integrated design of numerical simulation and 

experiment techniques. While we have used different parametric effect of the height and 

width precision lattices values for a simple trapezoidal based on GaAs, we have found that 

the absorption ratio in width lattice is better compared to the height lattice, in addition the 

best absorption is in the combination of the heights and the widths of the lattice. This is 

confirmed by Fang J et al. [65], who showed that the mixing between the ultra-fine values 

under the lattice is better than the simple lattice for the absorption enhancement, which 

allowed more light to come into thin film of SC to enhance the absorption efficiency by 

using the dispersion influence. Whereas the geometrical parameters have an important 

effect on the distribution spectral of the absorbent PCs, which can be done in the full 

distance of wavelength if the PCs dimensions are adequately changed. The light trapping 

effect is mainly attributed to Fabry–Pérot resonance modes due to the large index contrast 

between air and GaAs layer, which is ubiquitous in the thin film layer [66]. While for 

simple trapezoidal lattice, the waveguide mode resonance or leaky-mode resonance effects 

lead to light trapping and increase the absorption in the active layer [66]. In addition, the 

mixed trapezoidal grating with different dimensions can excite micro cavity resonance 

effects, which can trap light effectively. Both the excellent geometrical properties and 

micro cavity effect make the mixed lattice outperform the simple trapezoidal lattice [66]. 
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VI.8.3.4. Solar cell J-V characteristics 

The PV cell is distinguished by its means of efficiency conversion measured as incident 

power percentage and translated to a power. The current density versus voltage J-V, 

external quantum efficiency (EQE) properties, and the incident light are the most important 

characteristics.  In this section, we will compute the electrical properties of each simple 

grating used with GaAs semiconductor material; where we studied simple shapes of planar, 

1DPC and trapezoidal with GaAs as absorber thin films. Figure VI.18 shows the 

simulation results of thin GaAs PV cells where, (a) the J-V characteristics, (b) the external 

quantum efficiency variation and (c) the computed spectral distribution graph for the 

proposed simple gratings for the studied solar spectrum AM1.5. 

 

 (a)                                                                         

 

   (b)                                                              (c) 

Figure VI.18: (a) the J-V SC characteristics, (b) the external quantum efficiency and (c) 

smooth spectral distribution of the studied AM1.5 solar spectrum, with simple grating of planar, 

1DPC and trapezoidal structures studied, made by GaAs of thin absorber layer of a SC. 

The better result was the simple trapezoidal grating case with a valuable enhancement 

among the planar and the 1DPC structure, where the thin film SC efficiency presents 

useful numerical simulation results. This makes the grating structure suitable in terms of 

absorption efficiency by relying on resonance effects integrated in the leakage pattern to 
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light trapping and increasing absorption in the thin absorbent film of PV cells, in addition 

to being more sensitive to sunlight [67]. Figure VI.19 shows the numerical results of thin 

GaAs SCs studied by mixture and simple heights parametric effect of trapezoidal lattice 

structure. 

 

(a) 

 

          (b)                                                               (c)  

Figure VI.19: (a) the J-V SC characteristics, (b) the external quantum efficiency and (c) the 

smoothened spectral distribution for the considered AM1.5 solar spectrum, studied by 

parametric effect of mixed and simple precision heights of trapezoidal grating structure made by 

GaAs of thin film SCs. 

In this section, we have used the geometrical effects to study the optoelectronic properties 

of the absorbent layer of a SC through the contrast of the ultra-fine grating heights of a 

trapezoidal shape. We varied the grating by the same ultra-precision values of 70nm, 

140nm and 210nm and we came to mixing these values in one-mixing gratings. We found 

an enhancement by increasing the values of the grating heights, whereas when we combine 

the heights values into one mixture of thin film SCs, the results are more improved and 

more efficient. The better result was in the case of mixture accurate grating values; 

whereas the results show that it exhibits excellent unidirectional properties. Therefore, 

such broadband and unidirectional properties of the proposed precision grating structure 

can be widely used in a thin film PV field [68]. For improvement, a numerical simulation 
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results of thin GaAs SC are studied by simple and mixed widths of trapezoidal grating 

structure, and it is shown in figure VI.20, where (a) the J-V solar characteristics, (b) the 

external quantum efficiency variation and (c) the spectral distribution graph for the 

considered AM1.5 solar spectrum. 

 

(a) 

  

      (b)                                                                                               (c) 

Figure VI.20:(a) the J-V SC characteristics, (b) the external quantum efficiency and (c) the 

smoothened spectral distribution, studied by parametric effect of mixed and simple precision 

widths of trapezoidal grating structure made by GaAs of thin film SCs. 

As shown in the results, the figure VI.20 also shows the performance enhancement for the 

width variation with more effect than the height one, where we can observe that the 

enhancement in the absorption is achieved for almost the entire incident wavelength range 

as a simple trapezoidal in our design and functions, not only to trap the high wavelength 

photons but also to maximize the coupling of the incident light by reducing reflections 

from the top. In order to quantitatively compare the optical absorption performance with 

different lattice structures, Table VI.8  shows the calculated simulation results of the power 

conversion efficiency with different lattices. 

\ 
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Table VI.8. The energy conversion efficiency of GaAs thin film PV cells with different 

structures. 

 ff[%] Voc[V] Jsc[mA/m
2
] Vob[V] Jso[mA/m

2
] Pmax[mW] η[%] 

Planar lattice 84.839 0.716 9.651 0.632 9.271 5.859 6.5092 

1DPC lattice 85.065 0.731 14.497 0.646 13.939 9.007 10.006 

Simple Trapezoidal 

lattice 
85.391 0.752 19.641 0.667 18.906 12.619 14.018 

H1=H2=H3=70nm 85.617 0.768 16.797 0.683 16.185 11.049 12.275 

H1=H2=H3=140nm 85.672 0.772 17.766 0.686 17.121 11.753 13.057 

H1=H2=H3=210nm 85.76 0.779 18.458 0.693 17.794 12.323 13.691 

Height's mixture 85.794 0.781 21.618 0.695 20.843 14.487 16.094 

W1=W2=W3=70nm 85.572 0.765 17.144 0.680 16.516 11.224 12.469 

W1=W2=W3=140nm 85.699 0.774 18.083 0.688 17.429 11.998 13.328 

W1=W2=W3=210nm 85.769 0.779 18.551 0.693 17.883 12.399 13.774 

Width's mixture 85.791 0.781 21.961 0.694 21.172 14.709 16.341 

The efficiency of the simple trapezoidal lattice with different heights and widths is 

calculated respectively for comparison. We noticed that the effect of the nano-photonic is 

much higher than the planar lattice. As shown in table VI.8, it is clear that the mixture 

ultra-precision grating structure holds the highest short-circuit current density and the total 

maximum power compared to other structures. In addition, the effect of the width of the 

grating is more effective than its height, in accordance with the spectral visible absorption.  

The efficiency value reached 14.018% in the simple trapezoidal shaper, 10.006% with 

1DPC, and up to 16.094% when we mixed the ultra-precision values of heights and amount 

to about 16.341% in the case of mixture accurate values of width.  

Additionally, we have noticed a lesser efficiency when we refer to the ultra-fine values 

compared to the simple trapezoidal lattice structure. Improved mixture grating structure 

shows higher efficiency than the simple trapezoidal grating structure, where it is 14.81% in 

height and 16.57% in width. The efficiency of the different precision values of 70nm, 

140nm and 210nm with the same geometrical parameters is lower than the simple 

trapezoidal lattice structure, which means that the optical absorption of the simple lattice 

outperforms the simple grating of accurate values.  

The numerical simulation results of the absorbent thin GaAs SC and compared to the 

planar grating shape showed that the 1DPC case indicate an improvement of 53.72%, on 

the other hand the enhancement rate for the simple trapezoidal lattice reached 115.36%. In 

addition to this, the mixed lattice showed an improvement of 147.25% in height case and 

151.04% in width case. Depending on our results [66], we have noticed a remarkable 

improvement, as we found an efficiency improvement of the GaAs thin film PV cells with 

respect to more accurate lattice height variations. We have found 19% in the simple 

trapezoidal lattice, and 12.41% in the mixture lattices with more accurate values. The aim 

is to expand with respect to the parametric side by studying the case of width effect, where 

we have found an improvement of 58.22% compared with the heights one. Our results 

show that the structured surface microstructures can strongly affect the optoelectronic 

properties due to multiple reflections and diffractions compared with the planar surfaces. A 

parametric study has been carried out by investigating the effects of filling ratio, and 
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mixtures of heights and widths with ultra-precision values on the spectral absorption of a 

GaAs lattice. We have found that the magnitude and wavelength of the peaks, due to micro 

cavity resonance, strongly depend on the dimensions of grating, where the significant 

improvement in optical and electrical characteristics occurs for the ultra-fine parametric 

effect, where the height‘s variation of the mixed precision lattices shows an enhancement 

of 147.25% and 151.04% in the case of the width‘s variation of the mixed precision 

gratings. The geometrical effect in thin film shows the effectiveness of the design aspect in 

producing high efficiency SCs, whereas the mixed widths ultra-precision values of the 

grating shows an enhancement of 58.22% compared to the mixed accurate heights lattices 

[66]. 

VI.9. Conclusion 

Our study aims at enhancing the absorption of SCs based on PCs. Thin film absorbers were 

investigated based on the optical and the J-V characteristics, where the method used was 

RCWA. To summarize, we have shown some properties related to both the absorption of 

photons lifetime in PV cells using 1DPC and the absorption of light in the hard cells to 

enhance the performance of the efficiency. We consider that the proposed design is tolerant 

in terms of malfunctions during the manufacturing process, which makes it possible to 

fabricate with low cost for nanotechnology such as the three-dimensional lithography or a 

nano-particle. The performances delivered by the cells depend critically on the morphology 

and the material type of the absorbent thin film, in particular, to involve the quality of 

absorption in thin film cells. 

On one hand, the different properties of unpatterned materials were studied as well as the 

properties of one dimensional PC, half circle, and triangular lattice structures for two types 

of materials namely; a-Si:H and a-SiGe:H. The study showed that the latter is more 

efficient, and the incidence angle effect on both materials was also studied. The a-SiGe:H 

is found to be more efficient in terms of the optical and electrical properties for PV 

applications. 

Furthermore, we proposed and analyzed the optoelectronic properties of SCs made by 

various grating structures.  The geometrical effect in thin film shows the effectiveness of 

the design aspect in producing high efficiency SCs, whereas the mixed widths ultra-

precision values of the lattice shows an enhancement compared to the mixed accurate 

heights lattices. The execution delivered by the cells depends on the simplicity of both the 

design and the type of material of the absorbent thin film, to involve the quality of 

absorption in thin film cells. The significant improvement in optical and electrical 

characteristics occurs for the ultra-fine parametric effect, where the height‘s and width‘s 

variation shows an enhancement of the mixed precision lattices. 
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General conclusion 

In order to converge on enhancing the absorption of SCs based on PCs, thin film absorbers 

have been developed in our thesis. The studies undertaken throughout this thesis focused 

on thin film SCs, giving rise to so called 2
nd

 generation cells.  

Actually, the performance delivered by cells is critically dependent on the morphology of 

the absorbent thin film, in particular to affect the quality of absorption in thin film cells, as 

well as the electronic properties. This issue is at the heart of the study presented in this 

thesis. Our approach consists of studying solar cells made from efficient types of 

semiconductor materials (Si, a-Si:H, a-SiGe:H and GaAs) and to propose different 

geometric configurations; in order to find the best combination resulting in a better 

absorption. To optimize the 1DPC based on SCs, we simulated the latter using the rigorous 

coupled waves analysis method (RCWA). 

The geometric parameters of the structures studied were varied, in order to obtain better 

absorption efficiency, this simulation is carried out using RSoft software which provides a 

theoretical prediction of the absorption as a function of the geometric parameters.  

For the one dimensional structure it has been shown that the absorption spectra increase 

with increasing lattice and thickness. Furthermore, it is noted that 1DPC structures absorb 

incident light better than the unpatterned layer. Another design of a PC SC was proposed 

(unpatterned, 1DPC, half circle and triangular) by the morphological effect, based on a-

Si:H and a-SiGe:H. The absorption spectra and the electronic proprties of these structures 

are studied as a function of the morphological design and physical (a-Si:H and a-SiGe:H) 

parameters. Then, we have studied the optical properties and the J-V characteristics of the 

absorber layer solar cell integrated with the trapezoidal grating structure by studying the 

parametric effect (heights and widths) and giving an ultra-precision values then mixing 

them in one cell. In context, we have studied the absorption of thin films as a function of 

wavelength for application in SCs. Thus, we have tried to achieve high photon density of 

the states in the 1DPC layer, by positioning the photonic band gap in the non-absorbing 

region of the photovoltaic material and the edge of the PBG in the weakly absorbing 

region. We have studied the performance of the considered structure and determined the 

geometric parameters which allow better absorption, in addition to improving the 

electronic characteristics, allowing the high efficiency. In summary, the results obtained 

show that; The results obtained show that the absorption of the one dimensional patterned 

structure is considerably improved compared to the unpatterned layer.  Then in the 2nd 

case, we obtain an idol triangular efficiency than the unpatterned, 1DPhC and half circle. 

We observed that the best incidence angle is between 60° and 70°. Moreover, when we 

mixing the ultra precision values in one thin film solar cell using GaAs, we obtain a better 

optoelectronic properties (optical absorption, Voc, Jsc, ff, n and Pmax). The simulation 

results also showed that the absorption efficiency of sunlight as a function of the 

parametric effect over a visible spectrum  of a trapezoidal structure is better compared to a 

layer 1DPC. 

As perspectives, we propose the study and development of absorbent thin film SCs based 

on other types of materials compatible with integrated optics 3DPC. 
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Abstract 

Photovoltaic generations has intensified over the last decade, moving from the most basic 

applications based on elementary devices to one of the most important applications of energy 

especially after the exploitation of semiconductor materials which play a central role in 

photovoltaic systems. Research on the optimal array structure has generated much interest due to 

its potential application in light trapping in thin film photovoltaic cells. Photonic crystals with their 

nanoengineering function have made it possible to obtain high efficiency solar cells. 

Our thesis work aims to study and design new structures of thin-film solar cells based on photonic 

crystals in order to improve its optoelectronic properties, especially the absorption of light in solar 

cells by adjusting the parameters, geometric and morphological. The proposed structures are 

designed with ultra-precision on a substrate with a thickness of up to 100nm. The first part of the 

results obtained is based on the study of the absorption of light by influencing the optical properties 

of thin film solar cells. The second part is devoted to the study of the morphological effect of a one-

dimensional photonic structure on the one hand and the study of the effect of the angle of incidence 

on the other hand. The simulations are performed using the DiffractMod simulation software 

developed by RSoft, using the Rigorous Coupled Wave Analysis (RCWA) method. The results 

obtained allow us to conclude that the use of the properties of photonic crystals improves the 

absorption rate of light in solar cells.  

Keywords: Photovoltaic, Photonic crystals, Optoelectronic, Absorption, Simulation.‎ 

 

Résumé 

La génération du photovoltaïque s'est intensifiée au cours de la dernière décennie, passant des 

applications les plus basiques basées sur des dispositifs élémentaires à l'une des applications les 

plus importantes de l'énergie surtout après l‘exploitation des matériaux semi-conducteurs qui jouent 

un rôle central dans les systèmes photovoltaïques. La recherche sur la structure de réseau optimale 

a suscité beaucoup d'intérêt en raison de son application potentielle dans le piégeage de la lumière 

dans les cellules photovoltaïques à couches minces. Les cristaux photoniques avec leur fonction 

nano-ingénierie ont permis d'obtenir des cellules solaires à haut rendement.  

Notre travail de thèse a pour but l'étude et la conception de nouvelles structures de cellules solaires 

en couches minces à base des cristaux photoniques afin d‘améliorer ses propriétés 

optoélectroniques surtout l‘absorption de la lumière dans les cellules solaires on jouant sur les 

paramètres, géométrique et morphologique. Les structures proposées sont conçues de manière 

ultra-précise sur un substrat d'une épaisseur allant jusqu'à 100nm. La première partie des résultats 

obtenus est basée sur l'étude de l'absorption de la lumière en influençant les propriétés optiques des 

cellules solaires en couches minces. Quant à la deuxième partie, elle est consacrée à l'étude de 

l'effet morphologique d‘une structure photonique unidimensionnelle d‘une part et l‘étude de l'effet 

de l'angle d'incidence d‘autre part. Les simulations sont réalisées à l'aide du logiciel de simulation 

DiffractMod développé par RSoft, En utilisant la méthode d'analyse rigoureuse des ondes couplées 

(RCWA). Les résultats obtenue nous a permet de conclure que l‘utilisation des propriétés des 

cristaux photonique améliorent le taux d‘absorption de la lumière dans les cellules photovoltaïques. 

Mots clés : Photovoltaïque, Cristaux photoniques, Optoélectroniques, Absorption.  Simulation. 
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 الملخص

 إنٗ ساسٛت انكٓشٔضٕئٛت خلال انعقذ انًاضٙ، حٛث اَخقم يٍ انخطبٛقاث الأساسٛت انقائًت عهٗ الأجٓضة الأصاٚذ الاْخًاو بًجالث

 فٙ الأَظًت ا يشكض٘ا دٔسنٓا انخٙ كاٌ يٕاد أشباِ انًٕطلاثٔخاطت عُذ اسخعًال  فٙ يجال انطاقتحطبٛقاث الأحذ أْى 

 انضٕء فٙ انخلاٚا حشكٛضنقذ ٔنذّ انبحث عٍ انٓٛكم انشبكٙ الأيثم اْخًايًا كبٛشًا َظشًا نخطبٛقّ انًحخًم فٙ  .انكٓشٔضٕئٛت

 راث انُٓذست انُإَٚت يكُخٓا يٍ انحظٕل عهٗ خلاٚا شًسٛت خظائظٓا انبهٕساث انضٕئٛت ب.انكٓشٔضٕئٛت راث الأغشٛت انشقٛقت

 .عانٛت انكفاءة

نخحسٍٛ  بهٕساث ضٕئٛت يخكَٕت يٍدساست ٔحظًٛى ْٛاكم جذٚذة نهخلاٚا انشًسٛت راث الأغشٛت انشقٛقت  ْٕ ْزِ انشسانتْذفُا يٍ 

انٓٛاكم انًقخشحت . نهخلاٚا انعٕايم انُٓذسٛت ٔانشكهٛتحأثٛش عًهٛت ايخظاص انكٓشباء داخم انخلاٚا انكٓشٔضٕئٛت يٍ خلال دساست 

 عهٗ دساست انًحظم عهٛٓا ٚشحكضانجضء الأٔل يٍ انُخائج . س َإَيج100 بسًك ٚظم إنٗ قاعذة بذقت فائقت عهٗ ْاحى حظًٛى

أيا انجضء انثاَٙ   . نهخلاٚا انشًسٛت راث الأغشٛت انشقٛقتضٕئٛتحأثٛش عهٗ انخظائض الدساست ال يٍ خلال ضٕءايخظاص ال

إجشاء حى  . الاَعكاطدساست حأثٛش صأٚتيٍ جٓت ٔيٍ جٓت أخشٖ  انبعذ ة أحاد٘انشكهٙ نهٓٛاكم انضٕئٛتفٛعخًذ عهٗ دساست انخأثٛش 

باسخخذاو طشٚقت ححهٛم انًٕجت انًضدٔجت  RSoftِ ششكت انز٘ طٕسث DiffractMod عًهٛاث انًحاكاة باسخخذاو بشَايج يحاكاة

 فٙ ححسٍٛ عًهٛت ايخظاص انضٕء داخم انبهٕساث انضٕئٛتانُخائج انًحظم عهٛٓا حثبج نُا فعانٛت اسخخذاو .  (RCWA)انظاسيت

 .انخلاٚا انشًسٛت

 . المحاكاة. انخلاٚا انكٓشٔضٕئٛت، انبهٕساث انضٕئٛت، انكٓشٔضٕئٛت، الايخظاص:الكلمات المفتاحية


