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 ABSTRACT  

 
OPTIMIZATION OF TOP CONTACT FOR Cu(In,Ga)Se2 SOLAR CELLS 

 
Grace Cherukara Rajan 

Old Dominion University, 2018 
Director: Dr. Sylvain Marsillac 

 
 

As world energy demands continue to increase, the need to generate electricity from 

a broader variety of sources, including renewables, is more critical than ever.  With costs 

still 30% higher than those of natural gas, solar energy is a viable contender, but more 

progress is needed to level the playing field with other forms of energy generation. The 

overall energy security can be enhanced by diversifying the energy supply. Among them, 

Cu(In,Ga)Se2 (CIGS) has gained significant momentum as a possible high efficiency and 

low cost thin film solar cell material. The capacity to scale up any photovoltaic technology 

is one of the criteria that will determine its long term viability. In the case of CIGS, many 

manufacturers are showing the way for GW-scale production capacity. However, as CIGS 

technology continues to increase its share of the market, the scarcity and high price of 

indium will potentially affect its ability to compete with other technologies. One way to 

avoid this bottleneck is to reduce the importance of indium in the fabrication of the cell 

simply by reducing its thickness without significant efficiency loss. Reducing the thickness 

of CIGS thin film will not only save the material but will also lower the production time 

and the power needed to produce the cell. As the properties of the absorber and buffer 

layers are modified with each enhancement, it is also important to continue developing a 

better and effective light trapping mechanism. The overall reflection losses can be 

minimized to a great extent by applying an efficient anti-reflective (AR) coating, thus 
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increasing the power conversion efficiency of the device. We describe a method using in-

situ real time spectroscopic ellipsometry and optical modeling allowing for the 

optimization of the thickness of the anti-reflective (AR) coating for Cu(In1-xGax)Se2 

(CIGS) solar cells. The model is based on a transfer matrix theory as well as accurate 

measurement of the dielectric function and thickness of each layer in the stack by 

spectroscopic ellipsometry. The AR coating thickness is then optimized in real time to 

optically enhance the performance of the device for various device configurations by 

varying the thickness and properties of different layers.  

In ultra-thin CIGS solar cells, multi-layered anti-reflective coatings are essential since 

a single layer AR coating is not capable of suppressing the reflectance as it increases. Thus 

it is very important to obtain an enhanced light trap in the red and near infra-red region. 

Multi-layer AR coatings are used to obtain at least five passes in the internal reflection 

from the bottom surface of the cell.  
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CHAPTER 1  

INTRODUCTION 

1.1. Motivation and Background 

The global energy demand is anticipated to increase exponentially every year due 

to the growth in world population and economic and technological advancement. The 

majority of the world’s current energy sources account to non-renewable fossil fuels such 

as coal, oil, and natural gas. According to recent publications of World Energy Assessment 

[1],[2], the power demand is expected to increase to around 30 TW, by the year 2050. The 

existing fossil fuel reserves are very well sufficient to meet this energy requirement, 

however the excessive usage of fossil fuels leads to the emission of greenhouse gases and 

contributes to severe climatic changes. The annual global CO2 emission from fuel 

combustion have dramatically increased from near zero to over 32 GtCO2 in 2014 since the 

industrial revolution [3]. By 2050, these rocketing values of CO2 emissions will make the 

earth a less habitable place to live on. Strategies must be developed to reduce the CO2 

emissions to slow down and eventually reverse global warming. A feasible approach to 

this problem is to switch the heavy dependence on fossil fuels towards renewable, emission 

free sources of energy such as nuclear fission, hydropower, biomass, wind, geothermal, 

and solar energy. It took the oil crisis in the 1970’s to gain the world’s attention to the 

importance of using alternate energy sources [4]. Photovoltaics (PV) is the direct 

conversion of sunlight into electricity and it is one of the most promising and cleanest 

energy source having the potential to meet the global energy demand. 173,000 TW of solar 

energy strikes the earth continuously which is 10,000 times the annual energy demand, 

making it the most abundant energy resource on the earth [5].  
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1.2. Solar Cell Technologies 

The solar cell technologies have been categorized into different generations based on 

their history of development. Bulk crystalline or multi-crystalline silicon has the longest 

history and they are referred to as the first generation PV technology. This generation 

occupies almost about 90% of the solar module market share and exhibits about 26.7% of 

the submodule efficiency and 24.4% module efficiency[6]. However, the production of 

monocrystalline solar cells is expensive due to the cost of solar grade silicon feedstock. It 

is challenging to economically fabricate crystalline silicon cells without the aid of 

government subsidies to match up with the prices offered by the conventional sources of 

energy. The second generation PV technology was developed in an attempt to reduce the 

module cost. This generation focused on fabricating thin film modules by significantly 

reducing the amount of active material and involved the usage of cheaper substrates and 

fabrication methods. The major cells developed during this generation are hydrogenated 

amorphous silicon (a-Si:H), hydrogenated nanocrystalline silicon (nc-Si:H), cadmium 

telluride (CdTe), and copper indium-gallium diselenide (CIGS). The majority of these PV 

materials have direct band gaps or indirect band gap behavior suppressed by amorphous or 

nanocrystalline structures and exhibit high absorption coefficients. Thus it was made 

possible to achieve optimized efficiencies at lower thicknesses. However, the second 

generation PV technology suffers from many drawbacks such as long term instabilities, 

toxicity, and limited availability of the materials. The third generation PV technology was 

developed to further reduce the cost of fabrication of solar cells.  New devices were 

developed such as multi-junction/tandem cells, quantum dot cells, intermediate band cells, 

hot carrier cells, organic cells, polymer solar cells, and dye-sensitized solar cells. Hybrid 
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active materials were developed as a combination of low-cost and conducting organic 

polymer films.  

1.3. Cu(In,Ga)Se2 Solar Cells 

This dissertation will be primarily focused on one of the most promising thin film solar 

cell technologies, employing copper indium-gallium di-selenide (CIGS) as the absorber 

material.  CIGS is an I-III-VI2 semiconductor compound that crystallizes in a tetragonal 

chalcopyrite structure. In spite of the polycrystalline nature, various research groups have 

attained high conversion efficiencies above 22% in the recent years [7]. The standard CIGS 

solar cells is deposited on soda-lime glass (SLG) and consists of a Mo back contact, p-type 

CIGS absorber layer, n-type CdS buffer layer, and a transparent conductive oxide window 

layer. A typical device structure is shown in Figure 1.1. The Mo back contact is usually 

deposited by DC sputtering and this layer forms a non-blocking contact with CIGS layer.  

The CIGS absorber layer is deposited by co-evaporation process, in which all the elements 

are simultaneously deposited on a heated substrate. CdS buffer layer and window layers 

are deposited on the CIGS absorber layer by chemical bath deposition process and RF 

sputtering respectively. The window layer consists of a bi-layer configuration – a high 

resistance intrinsic ZnO layer of 80 nm thickness and a conductive layer of Al- doped ZnO 

layer of 200 nm thickness.  
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Figure 1.1: Illustration of the CIGS device structure 

 

1.4. Fundamental of Solar Cells 

A solar cell is a semiconductor device, which converts sunlight into electric power 

by generating current and voltage. Semiconductors are materials with a smaller energy gap 

in the distribution of allowed energy states. At a temperature of absolute zero, the electrons 

occupy the lowest energy states, such that all the states in the valence band will be occupied 

and the all the states in the conduction band are unoccupied. A pn junction or a diode is 

formed when a p-type and n-type semiconductor are electrically connected. The fermi level 

EF of the semiconductors are at a different position with respect to the band edges and the 

valence band EV and conduction band EC bend around the interface to reach electrostatic 

equilibrium. The bending of the energy bands creates a large carrier concentration gradient 

leading to carrier diffusion. The majority carriers from the n-type semiconductors 

(electrons) diffuse to the p-side, leaving some of the positive donor ions (ND
+) near the 
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junction uncompensated. Similarly, the majority carriers (holes) from the p-type 

semiconductor diffuse to the n-side leaving negative acceptor ions (NA
-) uncompensated. 

Consequently, a negative space charge forms near the p-side region and a positive space 

charge forms near the n-side. The movement of the carriers gives rise to a diffusion current. 

This separation of the charge carriers creates an electric field directed from the positive 

charge to the negative charge, creating a drift current which opposes the diffusion current. 

In the absence of an external bias voltage, the drift current and diffusion current balances 

each other.  

The ideal Shockley diode equation derived on the behavior of an ideal diode under applied 

voltage. The total current is the sum of the hole and electron currents at the boundaries. 

The current density J is defined as the current flowing per unit area,  

                               𝐽𝐽 =  𝐽𝐽0. �𝑒𝑒𝑒𝑒𝑒𝑒 � 𝑞𝑞𝑞𝑞
𝑘𝑘𝐵𝐵𝑇𝑇

� − 1�                                                (1.1) 

where J0 is the saturation current density, q the elementary charge, kB the Boltzmann 

constant and T the temperature of the device. The saturation current density is the 

superposition of a generation current from the n-type and p-type semiconductor and is 

given by  

                𝐽𝐽0 =  −�𝐽𝐽𝑔𝑔𝑔𝑔𝑔𝑔𝑛𝑛 + 𝐽𝐽𝑔𝑔𝑔𝑔𝑔𝑔
𝑝𝑝 � = 𝑞𝑞 �𝐷𝐷𝑛𝑛𝑛𝑛𝑖𝑖

2

𝐿𝐿𝑛𝑛𝑁𝑁𝐴𝐴
+ 𝐷𝐷𝑝𝑝𝑛𝑛𝑖𝑖

2

𝐿𝐿𝑝𝑝𝑁𝑁𝐷𝐷
�                                 (1.2) 

where ni is the intrinsic carrier density, Dn,p are the diffusion coefficients, and Ln,p 

are the diffusion lengths of electrons and holes.  
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 Figure1.2: Schematic of a p-n junction illustrating the space charge distribution, 
electric field distribution and energy band diagram  [8] 

 

Under illumination, the charge carriers are excited by the photons and the resulting electric 

field drives the minority carriers across the junction. The direction of photocurrent density 

Jph is opposite to the diode current density and the modified current density is [8] 

                 𝐽𝐽 = 𝐽𝐽 − 𝐽𝐽𝑝𝑝ℎ =  𝐽𝐽0. �𝑒𝑒𝑒𝑒𝑒𝑒 � 𝑞𝑞𝑞𝑞
𝑘𝑘𝐵𝐵𝑇𝑇

� − 1� − 𝐽𝐽𝑝𝑝ℎ                               (1.3) 

The photocurrent density is voltage dependent because of finite lifetime of photo- 

generated charge carriers leading to incomplete collection of the carriers outside the SCR. 



7 
 

  

Thus the basic operation of a solar cell can be summarized as follows:  

a) generation of electron-hole pairs (e-h) in semiconductor materials by absorbing 

the incident photon with energy (Eph) greater than or equal to the band gap (Eg) of the 

absorbing materials,  

(b) Separation of these light generated e-h pairs  

(c) Collection of these carriers by appropriate electrodes. 

 

The Single Diode Model 

 

Figure 1.3: Single diode model 

 

The current-voltage characteristics of solar cells is described using the single diode 

model. Figure 1.3 illustrates a single diode model, which is a good approximation to real 

solar cells. The series resistance Rs accounts for limitation in the current conduction due to 

contact resistances whereas the shunt resistance Rsh accounts for the leakage current 

through defects. The single diode model can be mathematically represented as [8] 
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          𝐽𝐽 = 𝐽𝐽0 �𝑒𝑒𝑒𝑒𝑒𝑒 �
𝑞𝑞(𝑉𝑉−𝐽𝐽𝑅𝑅𝑆𝑆)
𝐴𝐴𝑘𝑘𝐵𝐵𝑇𝑇

� − 1� + 𝑉𝑉−𝐽𝐽𝑅𝑅𝑆𝑆
𝑅𝑅𝑠𝑠ℎ

− 𝐽𝐽𝑝𝑝ℎ                                                (1.4) 

where A corresponds to the diode quality factor. 

 

Current-Voltage Characteristics 

The electron transport in a solar cell can be characterized by the current density- 

voltage (J-V) measurements. Under standard test conditions, the illumination source has a 

AM1.5G solar spectrum with an intensity of 1000 W/m2.  The J-V characteristics of the 

solar cells measured in dark condition resemble the exponential response of a diode with 

higher current in the forward bias and small current in reverse bias. Under illumination, 

there is also a photocurrent in the cell which is in the opposite direction of the dark current 

and the J-V characteristics are ideally the superposition of the dark characteristics and the 

photocurrent. Figure 2.3 shows the J-V characteristics of solar cells under illumination and 

the three characteristic points obtained from the curve are open circuit voltage (Voc), the 

short circuit current density (Jsc) and the maximum power point with voltage and current 

density of VMP and JMP respectively. The equations relating the above parameters to power 

conversion efficiency (PCE) are also given.  

The short-circuit current density, JSC is the current through the solar cells when V 

= 0, which is the similar condition as the two electrodes of the cell being short-circuited 

together. Because V= 0, power is the product of current and voltage, no power is generated 

at this point but Jsc marks the onset of power generation. Jsc of a solar cell depends on the 

intensity of the incident light and thus a standardized solar spectrum such as AM1.5 is used 

for the light measurements. The optical structure of the solar cell along with the optical 

properties of each layer of the structure directly influences the Jsc value. The value also 
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gives an indication of the collection probability of the photogenerated charge carriers as a 

function of the location of its creation. 

 

 

 

 Figure 1. 4: J-V characteristics of solar cells under illumination showing the open circuit 

(Voc), the short circuit current density (Jsc) and the maximum power point with voltage 

and current density of VMP and JMP respectively [4] 

 

The open-circuit voltage, VOC, is the voltage at which no current flows across the solar 

cell, which is the same as the device being open-circuited. This value represents the optimum 

voltage that a cell can deliver. Since J= 0 there is no power produced at this point but it marks 

the boundary for voltages at which power can be produced. The Voc corresponds to the amount 

of forward bias voltage at which the dark current compensates the photo-current in the solar 
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cell. The VOC can be calculated from an equation given below by assuming that the net current 

is zero. 

                   𝑉𝑉𝑂𝑂𝑂𝑂 = 𝐴𝐴𝐴𝐴𝐴𝐴
𝑞𝑞
𝑙𝑙𝑙𝑙 �𝐽𝐽𝑝𝑝ℎ

𝐽𝐽𝑜𝑜
+ 1�                                                           (1.5) 

 
Where kT/q is the thermal voltage, Jph is the photocurrent density and Jo is the dark 

saturation current. The above equation shows that VOC depends on the saturation current 

and light generated current in the solar cell. Since Jph has a small variation, the key effect 

on Voc is the saturation current, which may vary by orders of magnitude. The saturation 

current density, Jo, depends on the recombination in the solar cell so Voc is a measure of 

the amount of recombination in the cell.  

The fill factor is defined as the ratio of the maximum power (Pmax = Jmp x Vmp) 

generated by a solar cell to the product of VOC and JSC. 

                           𝐹𝐹𝐹𝐹 =  𝐽𝐽𝑚𝑚𝑚𝑚𝑉𝑉𝑚𝑚𝑚𝑚

𝐽𝐽𝑆𝑆𝑆𝑆𝑉𝑉𝑂𝑂𝑂𝑂
                                                                    (1.6)  

FF determines the squareness of J-V curve and a higher value is desired as it indicates a higher 

maximum power. 

The power conversion efficiency is defined as the ratio of energy output from the 

solar cells to input energy from the sun. The efficiency of a solar cell is determined in terms 

of the four different photovoltaic parameters: 

             𝜂𝜂 =  𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚
𝑃𝑃 𝑖𝑖𝑖𝑖

=  𝐽𝐽𝑚𝑚𝑚𝑚𝑉𝑉𝑚𝑚𝑚𝑚

𝑃𝑃𝑖𝑖𝑖𝑖
=  𝑉𝑉𝑂𝑂𝑂𝑂𝐽𝐽𝑆𝑆𝑆𝑆 𝐹𝐹𝐹𝐹

𝑃𝑃𝑖𝑖𝑖𝑖
                                                      (1.7) 

 
The equation compares the impact of Jsc, Voc, and FF on the device efficiency. Since the 

area used to calculate J will affect the efficiency of the cell, the inactive areas such as grids, 
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and interconnects should be included while calculating the efficiency for large area devices 

or modules.  

Quantum Efficiency 

In an ideal solar cell, each photon incident on the solar cell structure with an energy 

larger than the bandgap of the light absorbing material, will generate an electron-hole pair 

which is collected at the terminals of the structure. The external quantum efficiency (EQE) 

measures the ratio of the number of collected photo-generated carriers to the number of 

incident photons arriving on the solar cell at each wavelength. An absolute measurement 

of the EQE for an illumination spectrum, provides the Jsc of the solar cell. Thus, the ratio 

acts as a measure of the losses that accounts to a reduction of the Jsc from the maximum 

achievable photocurrent density. The major losses in Jsc can be due to the following three 

reasons – optical losses, recombination losses, and parasitic losses. Quantum efficiency 

curve for CIGS solar cells is illustrated in Figure 1.5 and the involved loss mechanisms are 

highlighted. The losses in detail are as follows:  

1. Less than 5% losses are accounted to the shading loss from collection grids. 

2. Front surface reflection losses due to the reflection at material interfaces.  

3. Absorption in the window layers. Free carrier absorption in the ZnO layer can 

lower the quantum efficiency in the higher wavelength region (λ > 900nm). 

4. Absorption in the buffer layer. The loss in quantum efficiency below λ > 520nm 

accounts to the thickness of the CdS buffer layer due to insufficient collection 

of the generated electron-hole pairs.  

5. Incomplete absorption in the CIGS absorber layer near the CIGS bandgap. 

Photons below the bandgap are not absorbed.  
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6. Incomplete collection of photogenerated carriers in CIGS. This can be 

considered as a cumulative effect of all the above mentioned losses.  

 

 

Figure 1.5: Quantum Efficiency and optical losses for CIGS solar cells [9] 

1.5. Proposal Objectives and Organization 

Many technology options exist nowadays to harvest the power of the sun, a sustainable 

energy source, and generate electricity directly from this source via the photovoltaic effect. 

Among them, Cu(In,Ga)Se2 has gained significant momentum as a possible high efficiency 

and low cost thin film solar cell material. With 22.6 % efficiency, Cu(In,Ga)Se2 (CIGS) 

solar cells are the most efficient polycrystalline thin films solar cells today. The capacity 

to scale up any photovoltaic technology is one of the criteria that will determine its long 
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term viability. However, as CIGS technology continues to increase its share of the market, 

the scarcity and high price of indium will potentially affect its ability to compete with other 

technologies. One way to avoid this bottleneck is to reduce the importance of indium in the 

fabrication of the cell simply by reducing its thickness without significant efficiency loss. 

Reducing the thickness of Cu(In,Ga)Se2  thin film will not only save the material but will 

also lower the production time and costs.  The impact of back surface recombination can 

increase. Thus it is important to include an effective light trapping technique to reduce the 

reflection losses. The results have been published in the following publications [10-16] . 

In Chapter 2, describes in detail the modeling methods and characterization 

techniques used to analyze the CIGS device and the AR structure. 

In Chapter 3, the optimization of single layer AR coating for a CIGS device based 

on its structure as deduced by spectroscopic ellipsometry. 

In Chapter 4, the effect of absorber thickness on ultra-thin CIGS films and devices 

are presented and the design of multi-layer AR coating with a graded index profile for 

ultra-thin CIGS devices. 

In Chapter 5, design of multi-layer AR coating with a high/low index profile for 

ultra-thin CIGS devices. 

In the final chapter, a summary and conclusion of the work presented here will be 

given. This chapter also discusses future works and goals for further improvement of the 

PV device quality.  
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CHAPTER 2  
OPTICAL MODELING OF THIN-FILM STRUCTURE 

1.1. Fundamentals of Optics 

When a light wave is incident on the interface between two mediums, a part of the 

wave will be reflected from the surface and the other part will be transmitted into the 

medium. A fraction of the transmitted light will be absorbed in the material depending on 

its optical characteristics. The optical properties of a material are characterized by its 

complex refractive indices and is given by  

                                                   ñ = 𝑛𝑛 − 𝑖𝑖𝑖𝑖 =  �𝜀𝜀1 + 𝑖𝑖𝑖𝑖2                                               (2.1) 

where the real part of refractive index n is the ratio of the speed of light in the medium to 

the speed of light in vacuum, the imaginary part k is the extinction coefficient and it relates 

to the absorption and ε is the complex dielectric constant or the relative permittivity. The 

intensity of the light transmitted through the medium gets reduced exponentially as it gets 

absorbed in the medium. The intensity change of the light is described by the Lambert – 

Beer law, 

                                                           𝐼𝐼( 𝑥𝑥) =  𝐼𝐼0𝑒𝑒−𝛼𝛼𝛼𝛼                                       (2.2) 

where I0 represents the initial intensity of the incident radiation and I (x) is the light 

intensity of the light passing through a distance x, while α is the absorption coefficient. The 

absorption coefficient α describes to the fraction of the light absorbed in the medium and 

is related to the extinction coefficient by 

                                                             𝛼𝛼 =  4𝜋𝜋𝜋𝜋
𝜆𝜆

                                                         (2.3) 
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The number of electron-hole (e-h) pairs generated within the solar cell can be calculated 

based on Eqn 2.2 based on the assumption that the loss in intensity is directly proportional 

to the generation of an e-h pair. Thus, the generation rate G is obtained by deriving the 

change in light intensity across the cell and is given by 

                                   𝐺𝐺(𝑥𝑥) =  𝛼𝛼𝑁𝑁0𝑒𝑒−𝛼𝛼𝛼𝛼                                                   (2.4) 

where N0 is the photon flux at the solar cell surface in units of photons/unit area/s and α is 

the absorption coefficient and x is the distance into the solar cell. 

Thin Film Interference 

When two coherent waves travelling in the same direction superimpose with each 

other, they exhibit interference effects. If the two waves are in phase and have equal 

frequency, the magnitude of displacement is the sum of the amplitude of the waves and 

this phenomenon is called constructive interference. Light waves that are exactly out of 

phase undergo destructive interference and their amplitudes cancel with each other. Figure 

2.1 represents constructive and destructive interference of two waves. The solid black line 

represents the first wave and the dashed line is the second wave. The solid red line 

represents the resultant wave. 
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Figure 2.1: a) Constructive interference of two sinusoidal waves, b) Destructive 
interference [17] 

 

1.2.  Optical Modeling  

Optical simulation provides guidance for optical design of solar cells through 

improved understanding of optical losses and gains in a multilayer solar cell structure. In 

order to understand the absorption within each layer, as well as the transmission and 

reflection from a solar cell, an optical model is needed.  
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2.1.1 . Spectroscopic Ellipsometry  

Spectroscopic Ellipsometry has emerged as a non-destructive, non-invasive optical 

technique that provides a natural fit to understand and monitor the performance of thin 

films[18]. Ellipsometry measures the change in polarization of light as it interacts with the 

sample. The technique derives its name by measuring the resulting elliptically polarized 

light from the sample, when a beam of light with known polarization is incident on it. 

Ellipsometers are very sensitive to the changes in the sub-monolayers in the materials 

during a real time dynamic process over a wide spectral range. Regardless of the material 

used, this characterization technique is ideal for the measurement of the film thickness and 

optical constants as well as other parameters that define the quality of the film. 

 

 

Figure 2. 2: The instrumentation for Ellipsometry[18] 

 

The  main tools used for collecting ellipsometry data includes a light source, a polarization 

generator, a sample, a polarization analyzer, and a detector. Figure 2.2 displays the block 

diagram for instrumentation. The monochromatic light source is obtained using a laser, or 

by using an arc lamp or by using a polychromatic source and filtering.  The polarization 
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generator and analyzer are optical components used to manipulate the polarization. A 

polarization generator is used to convert the unpolarized light to linearly polarized light 

whereas a polarization analyzer converts the elliptically polarized light to linearly polarized 

light. The detector is used to measure the light intensity. The different ellipsometer 

configurations include rotating analyzer (RAE), rotating polarizer (RPE), rotating 

compensator (RCE), and phase modulation (PME). The Rotating analyzer ellipsometer 

configuration uses a polarizer to define the incoming polarization and then a rotating 

analyzer is used to analyze the outgoing light from the sample. The polarizer allows the 

passage of light of a preferred electric field orientation. The axis of the polarizer is oriented 

between the parallel and perpendicular plane such that the light falls directly on the sample. 

The linearly polarized light gets reflected from the sample surface as elliptically polarized 

light and it is passed through a rotating analyzer. In some configurations, a rotating 

compensator is used to shift the relative phase of orthogonal vector components resolved 

along the fast and slow axes of the compensator. The phase shift between the p and s 

componenets of the electric field vector  depends on the angle of the fast axis of the 

compensator with respect to the field of incidence. The beam of light reflects from the 

sample surface thus inducing a change in the nature of the polarization state modulation. 

Upon specular reflection, the beams pass through a polarization analyzer and are collected 

by the spectograph [18].The beam splitter within the spectograph directs the low energy 

photons to an InGaAs photodiode array and the high energy photons to a CCD detector 

[19]. The detector converts the light to voltage, to determine the reflected polarization. The 

data thus obtained is compared to the input polarization to determine the change in 

polarization as reflected from the sample. This accounts to the Psi and delta measurement.  
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Ellipsometry Measurements  

When a light wave is incident on a plane, some of the light is reflected and some 

gets transmitted. The plane polarized waves in the plane of incidence are known as parallel 

waves (‘p’ waves) and the plane polarized waves perpendicular to the plane of incidence 

are known as perpendicular waves (‘s’ waves, ‘s’ is taken from the German word 

“senkrecht” which means perpendicular). Ellipsometry deals with the change of ‘p’ and ‘s’ 

components on reflection or transmission in relation to each other [20]. 

Fresnels equations describes the amount of light reflected and transmitted at an interface 

between the materials. The Fresnel reflection coefficient r is the ratio of the amplitude of 

the reflected wave to the amplitude of the incident wave for the single interface and the 

coefficients are given by [18] 

                                𝑟𝑟𝑠𝑠 = �𝐸𝐸0𝑟𝑟
𝐸𝐸0𝑖𝑖
�
𝑠𝑠

= 𝑛𝑛𝑖𝑖 cos(𝜙𝜙𝑖𝑖)−𝑛𝑛𝑡𝑡 cos(𝜙𝜙𝑡𝑡)
𝑛𝑛𝑖𝑖 cos(𝜙𝜙𝑖𝑖)+𝑛𝑛𝑡𝑡 cos(𝜙𝜙𝑡𝑡)

                                             (2.5) 

                             𝑟𝑟𝑝𝑝 = �𝐸𝐸0𝑟𝑟
𝐸𝐸0𝑖𝑖
�
𝑝𝑝

= 𝑛𝑛𝑡𝑡 cos(𝜙𝜙𝑖𝑖)−𝑛𝑛𝑖𝑖 cos(𝜙𝜙𝑡𝑡)
𝑛𝑛𝑖𝑖 cos(𝜙𝜙𝑡𝑡)+𝑛𝑛𝑡𝑡 cos(𝜙𝜙𝑖𝑖)

                                                        (2.6) 

Reflectance is defined as the ratio of the reflected intensity to the incident intensity. For a 

single interface, the reflectance for parallel and perpendicular incident waves are given by 

[19], 

                                          RP = |rP|2                                                                                (2.7) 

                                         RS = |rS|2                                                                                 (2.8) 
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A known polarization is reflected or transmitted from the sample and the output 

polarization is measured. The ellipsometer measures the change in polarization expressed 

as a complex ratio [20], 

                                                                                                                     (2.9) 

where Ψ is the amplitude ratio and ∆ represents the change in phase difference between the 

p- and s- polarizations respectively. Fig. 15 explains the principle of measurement of 

ellipsometry. The phase difference between the parallel component and the perpendicular 

component of the incident wave is 𝛿𝛿1. The phase difference between the parallel component 

and the perpedicular component of the reflected wave is 𝛿𝛿2. Thus the change in phase 

difference is expressed as ∆ = 𝛿𝛿1 - 𝛿𝛿2 and its value can change from 0◦ to 360◦ [19]. 

 

 

Figure 2. 3: Measurement principle of Ellipsometry [12] 

Regarding the amplitude, the perpendicular and parallel components may change 

upon reflection.  The ratio of the amplitude of the reflected wave to the amplitude of the 

incident wave for the parallel and perpendicular components are given by |RP| and |RS|. 

Thus the amplitude is defined as tan Ψ =  |𝑅𝑅𝑃𝑃|
|𝑅𝑅𝑆𝑆|

. The value of Ψ can vary from 0◦ to 90◦ [19]. 
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Ellipsometry measures the change in light polarization and determines the sample’s 

material properties such as film thickness and optical constants. Pseudo optical constants 

can be derived from the ellipsometry measurement for the bulk materials [18]. Figure 2.4 

shows the data analysis procedure in spectroscopic ellipsometry.  

 

 

Figure 2.4: Flowchart for Ellipsometry analysis[18] 

 

After measurement of the data, an optical  model is constructed corresponding to the 

sample. For a sample structure with known component materials and dielectric functions, 

an optical model is constructed by placing the layers in the right sequence including the 

thickness and optical properties of each layer. If the dielectric functions of the material are 

not available, different dielectric function models are used to mathematically analyze the 

layers. For dielectric function modeling in a transparent region, Sellmeier or Cauchy 

models are used. A Drude model is used to analyze free carrier absorption. Various models 
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such as Lorentz model, Tauc-Lorentz model, harmonic oscillator approximation (HOA), 

and model dielectric function (MDF) are used to express the electric polarization in the 

visible/UV region. Intermix layers and void fractions can be analyzed to improve the 

correlation with the theoretical and experimental techqniques. The predicted response is 

calculated from the Fresnel’s equations using the optical model and the response describes 

the material’s thickness and optical constants. The calculated values are compared with the 

experimental data. Regression is used to find the best match between the model and the 

experimental data. A least square regression algorithm is used to minimize the differences 

between the generated spectra and the experimental data by adjusting the variable 

parameters in the model. Mean Squared Error (MSE) is taken as an estimator to represent 

the quality of the match between the generated data and experimental data. MSE is written 

as 
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where N is the number of (ψ, Δ) pairs, M is the variable parameters in the model and σ is 

the standard deviation of the experimental data. The unknown parameters are varied till a 

minimum MSE is obtained. 

The thickness of the film and the optical constants are the main data that are 

extracted using the Ellipsometry process. The complex dielectric constant ε and the 

absorption constant α can also be obtained from the optical constants. Also, the reflectance 

(R) and the transmittance (T) at different angles of indicidence can be calculated from the 

thickness [21]. The film thickness is determined by the interference between the light 
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travelling through the film and the light reflected from the surface. The optical constants n 

and k should also be determined along with the thickness to obtain accurate results. The 

thickness of the film will indicate the length of the path travelled by the light through the 

film. The index determines the velocity of the light wave through the sample and the 

refracted angle. But the optical constants will vary for different wavelengths. Thus it is 

important to obtain the constants at all wavelengths. A dispersion relationship is used to 

explain the optical constants versus wavelength [22].The parameters of the relationship 

allow the overall constants to match the experimental results. The model can be optimized 

to the measured data by varying the wavelength independent parameters such as angle of 

incidence, adjusting the layer thickness, adding Lorentz parameters, EMA fractions and 

amorphous semiconductor parameters [22]. 

2.2.2 Transfer Matrix Theory Modeling 

In this optical model, the illumination light source generates a plane wave that is 

normally incident on the multilayer structure. All interfaces are assumed to be parallel. The 

coherence length is assumed to be long compared to any thin film thicknesses, but short 

compared to the thickness of the glass superstrate in the case of superstrate solar cells. 

Thus, in multi-beam interference calculations, the light waves are assumed to be coherent 

and thus add coherently in all layers except the thick superstrate. With respect to their 

optical properties, material media in each layer may be lossy but are otherwise assumed to 

be linear, non-magnetic, isotropic, and homogeneous within each layer. The optical 

interference and absorption in the CIGS solar cell multi-layer stack was calculated using a 

Transfer Matrix Theory model developed on a Matlab platform. In a coherent multilayer 

structure, the light waves are assumed to be planar and transversal such that the magnitudes 
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of the electric field components in each layer can be sufficiently used to calculate the 

irradiance and absorption [23]. Consider a light wave normally incident on a multilayer 

structure composed of n layers as illustrated in Figure 2.5. At each interface, the waves will 

be propagating in both forward and reverse directions owing to multiple reflections and 

transmissions. Maxwell’s equation with appropriate boundary conditions can be applied to 

find the coefficients of reflection and transmission at each interface [24]. The reflections 

at the interface affect the distribution of the optical electric field and this directly influences 

the generation of the charge carriers. The electromagnetic wave of the specular light in the 

multi-layer stack can be described by the amplitudes of the electric field E. At any point in 

the layer m, the electric field is represented by four components (Figure 2.5). The light 

wave electric field magnitude propagating in the mth layer can be expressed as 

 

 

Figure 2. 5:A general multi-layer structure having n layers of thickness dm 

. 
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     𝐸𝐸(+)�𝑚𝑚𝑓𝑓� = 𝐸𝐸(+)((𝑚𝑚− 1)𝑏𝑏). 𝑡𝑡𝑚𝑚−1,𝑚𝑚 + 𝐸𝐸(−)�𝑚𝑚𝑓𝑓�. 𝑟𝑟𝑚𝑚,𝑚𝑚−1                          (2.11)   
 

𝐸𝐸(−)�𝑚𝑚𝑓𝑓� = 𝐸𝐸(−)(𝑚𝑚𝑓𝑓). 𝜏𝜏𝑚𝑚          (2.12) 
 
𝐸𝐸(+)(𝑚𝑚𝑏𝑏) = 𝐸𝐸(+)(𝑚𝑚𝑓𝑓). 𝜏𝜏𝑚𝑚                            (2.13)  
 

𝐸𝐸(−)(𝑚𝑚𝑏𝑏) = 𝐸𝐸(−)((𝑚𝑚 + 1)𝑓𝑓). 𝑡𝑡𝑚𝑚+1,𝑚𝑚 + 𝐸𝐸(+)(𝑚𝑚𝑏𝑏). 𝑟𝑟𝑚𝑚,𝑚𝑚+1                           (2.14) 

where m corresponds to each layer (ranging from 1,2...n); subscripts f corresponds to the 

front (top in the Figure) and b to the bottom of the layer; + and - corresponds to the positive 

and negative direction; 𝜏𝜏𝑚𝑚 is the phase thickness of each layer; 𝑟𝑟𝑚𝑚 and 𝑡𝑡𝑚𝑚 correspond to 

the Fresnel’s coefficients. The complex index of refraction of the mth layer Nm, can be 

related to the real refractive index nm and the extinction coefficient km as Nm= nm-ikm. The 

Fresnel’s coefficients relate the amplitude of the reflected and transmitted electric field 

magnitudes to the amplitude of the incident electric field [25]. 

Under illumination, four electric field amplitudes are associated with each interface for the 

multi-layer structure. Let 𝐸𝐸(+)�𝑚𝑚𝑓𝑓� denotes the electric field magnitude of light wave that 

is incident on top of the mth interface travelling in a forward direction, 𝐸𝐸(−)(𝑚𝑚𝑏𝑏) the electric 

field magnitude of light wave that is incident on the mth interface travelling in the backward 

direction, 𝐸𝐸(+)(𝑚𝑚𝑏𝑏) the electric field magnitude of light wave that leaves the mth interface 

travelling in a backward direction and 𝐸𝐸(−)�𝑚𝑚𝑓𝑓�  the electric field magnitude of light wave 

that leaves the mth interface travelling in the forward direction. The matrix representation 

of electric field magnitude of light wave propagating in the mth layer can then be expressed 

by: 

                �𝐸𝐸
(+)(𝑚𝑚𝑏𝑏)

𝐸𝐸(−)(𝑚𝑚𝑏𝑏)
� = 𝐿𝐿𝑚𝑚+1 �

𝐸𝐸(+)((𝑚𝑚 + 1)𝑏𝑏)
𝐸𝐸(−)((𝑚𝑚 + 1)𝑏𝑏)

�                                                       (2.15) 
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where Lm+1 denotes the layer matrix that calculates the amplitudes in the consecutive layers. 

Layer matrix can be explained as the matrix multiplication of the interface matrix (Im+1) 

and propagation matrix (Pm+1). The propagation matrix (Pm+1) calculates the electric field 

amplitudes across the (m+1) layer and the interface matrix (Im+1) calculates the electric 

field amplitudes across the m/(m+1) layer and can be expressed as follows: 

                        𝑃𝑃𝑚𝑚+1 = �𝑒𝑒
−2𝜋𝜋𝑁𝑁𝑚𝑚+1𝑑𝑑𝑚𝑚+1

𝜆𝜆0 0

0 𝑒𝑒
2𝜋𝜋𝑁𝑁𝑚𝑚+1𝑑𝑑𝑚𝑚+1

𝜆𝜆0

�                                              (2.16) 

 

       𝐼𝐼𝑚𝑚+1 = 1
𝑡𝑡𝑚𝑚,𝑚𝑚+1

�
1 −𝑟𝑟𝑚𝑚+1,𝑚𝑚

𝑟𝑟𝑚𝑚,𝑚𝑚+1 (𝑡𝑡𝑚𝑚,𝑚𝑚+1. 𝑡𝑡𝑚𝑚+1,𝑚𝑚 −  𝑟𝑟𝑚𝑚,𝑚𝑚+1. 𝑟𝑟𝑚𝑚+1,𝑚𝑚)�         (2.17)       

  

                                                 𝐿𝐿𝑚𝑚+1 = 𝑃𝑃𝑚𝑚+1. 𝐼𝐼𝑚𝑚+1                                                          (2.18) 

 

The relationship between the incident, reflected, and transmitted amplitudes can be 

expressed by [26] 

    � 𝐼𝐼𝑅𝑅� = �
𝐸𝐸(+)�1𝑓𝑓�
𝐸𝐸(+)(1𝑏𝑏)

� = 𝐼𝐼1 �
𝐸𝐸(−)�1𝑓𝑓�
𝐸𝐸(−)(1𝑏𝑏)

� = 𝐼𝐼1𝑃𝑃1 �
𝐸𝐸(+)�2𝑓𝑓�
𝐸𝐸(+)(2𝑏𝑏)

� = 𝐼𝐼1𝑃𝑃1𝐼𝐼2 �
𝐸𝐸(−)�2𝑓𝑓�
𝐸𝐸(−)(2𝑏𝑏)

�              (2.19) 

               � 𝐼𝐼𝑅𝑅� = 𝐼𝐼1𝑃𝑃1𝐼𝐼2 … . 𝐼𝐼𝑛𝑛𝑃𝑃𝑛𝑛𝐼𝐼𝑛𝑛 �
𝐸𝐸(−)�𝑛𝑛𝑓𝑓�
𝐸𝐸(−)(𝑛𝑛𝑏𝑏)

� = �𝑆𝑆11 𝑆𝑆12
𝑆𝑆21 𝑆𝑆22

� �𝑇𝑇0�                                  (2.20) 

The structure matrix for the coherent propagation of light for n-coherent layers, Sn, 

calculates the electric field amplitudes across the entire multilayer structure [26]. The zero 

in the column vector is due to the fact that there is no wave incident on the nth interface 

travelling in the backwards direction [27],[28]. The energy density of the electric field is 

then calculated using the Poynting’s vector, 𝑆𝑆, given by: 
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𝑆𝑆(𝑚𝑚𝑓𝑓) = �1
2
𝑌𝑌0𝑛𝑛𝑚𝑚�𝐸𝐸(+)�𝑚𝑚𝑓𝑓��

2
� − �1

2
𝑌𝑌0𝑛𝑛𝑚𝑚�𝐸𝐸(−)�𝑚𝑚𝑓𝑓��

2
��𝑌𝑌0𝜅𝜅𝑚𝑚. 𝐼𝐼𝑚𝑚 �𝐸𝐸(−)�𝑚𝑚𝑓𝑓�. �𝐸𝐸(+)�𝑚𝑚𝑓𝑓��

∗
��                               

(2.21) 

𝑆𝑆(𝑚𝑚𝐵𝐵) = �1
2
𝑌𝑌0𝑛𝑛𝑚𝑚�𝐸𝐸(+)(𝑚𝑚𝑏𝑏)�

2
� − �1

2
𝑌𝑌0𝑛𝑛𝑚𝑚�𝐸𝐸(−)(𝑚𝑚𝑏𝑏)�

2
� �𝑌𝑌0𝜅𝜅𝑖𝑖. 𝐼𝐼𝑚𝑚 �𝐸𝐸(−)(𝑚𝑚𝑏𝑏). �𝐸𝐸(+)(𝑚𝑚𝑏𝑏)�

∗
��    

(2.22) 

where 𝑌𝑌0 is the optical admittance of the free space. The 1st term of the Poynting’s vector 

represents the intensity of the waves propagating in the positive direction, the 2nd term is 

the intensity in the negative direction and the 3rd term represents the interference 

component between the two. Thereafter, absorption in each layer is calculated from the 

Poynting’s vectors by: 

                   𝐴𝐴𝑚𝑚 = 2
𝑛𝑛𝑎𝑎𝑎𝑎𝑎𝑎.𝑌𝑌0

�𝑆𝑆�𝑚𝑚𝑓𝑓� − 𝑆𝑆(𝑚𝑚𝑏𝑏)�                                                    (2.13) 

The Quantum efficiency (QE) spectrum for the CIGS device can be predicted from the 

optically deduced light absorption in the active components and thus the short-circuit 

current density, JSC, can also be deduced from this model. This optical model requires 

precise parameters – optical absorption coefficient, refractive index and thickness of all the 

layers within the multi-layer structure – which are extracted using SE. 

2.2.3 Optical Modeling – Reflectance Model 

As light propagates from one medium into another medium with different optical 

properties, part of the light is reflected and some is transmitted. The preliminary 

mathematical model of reflection and transmission can be formulated using Fresnel 

equations. In a multi-layer film structure, the coherent waves reflected between the 

interfaces interfere as described as follows:  
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                      𝐴𝐴 = 𝐴𝐴1𝑠𝑠𝑠𝑠𝑠𝑠(𝑤𝑤𝑤𝑤)  + 𝐴𝐴2 𝑠𝑠𝑠𝑠𝑠𝑠(𝑤𝑤𝑤𝑤 +  ∆)                                                 (2.24) 

The optical path difference ∆ is the equal to the product of the geometrical path difference 

of the light and the refractive index of the film. Destructive interference occurs at a phase 

difference, ∆ = mπ, m be any integer, reducing the amplitude of the light to a minimum. 

The thickness of the AR coating should be chosen such that destructive interference occurs 

between the light reflected from the module interface and the AR coating surface and in 

this way reflections at the specific design wavelength are eliminated.  This leads to the 

condition that the AR layer thickness should equal one quarter of the wavelength within 

the coating, or d = λ/4 = λ0/4n, where λ0 is the wavelength of the wave in vacuum. This 

type of coating is referred to as the ‘V’ coating since the reflection is reduced at a chosen 

wavelength and rises rapidly at the either ends. The AR coatings are made more efficient 

by choosing multi-layer AR coatings as the anti-reflection effect is extended across a 

wavelength range due to the presence of the coupled medium boundaries. The performance 

of the AR coating is improved by selecting materials with a wide difference of refractive 

index and also by adjusting the thickness of each layer. 

An optimization model was developed based on the reduction of average 

reflectance, thus maximizing the optical absorption in the active layer on Matlab platform. 

The optical properties and of each layer of the CIGS solar cell structure was obtained by 

analyzing the data measured using ex-situ variable angle of incidence SE. The reflectance 

of the solar cell structure was calculated based on a recursive approach of the optical 

admittance Y,         

                         𝑌𝑌𝑖𝑖 = 𝑗𝑗𝑁𝑁𝑖𝑖 sin(𝛿𝛿𝑖𝑖)+𝑌𝑌𝑖𝑖−1 cos(𝛿𝛿𝑖𝑖)

cos(𝛿𝛿𝑖𝑖)+𝑗𝑗
𝑌𝑌𝑖𝑖−1 sin�𝛿𝛿𝑖𝑖�

𝑁𝑁𝑖𝑖

                                                             (2.25)                                                        
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The phase thickness of the layer, 𝛿𝛿𝑖𝑖 = 2𝜋𝜋𝑁𝑁𝑖𝑖𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝜃𝜃𝑖𝑖
𝜆𝜆

, where 𝑁𝑁𝑖𝑖and 𝑑𝑑 is respectively the 

complex index of refraction and thickness of each layer. We assume normal incidence, so 

𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃𝑖𝑖=1.  

The reflectance of the total structure is defined by 

                                          𝑅𝑅 = �1−𝑌𝑌
1+𝑌𝑌

�
2
                                                                     (2.26) 

 

The average reflectance of the solar cell structure for a given spectral range is calculated 

by4 

                    𝐴𝐴𝐴𝐴𝐴𝐴 =  1
𝜆𝜆𝑚𝑚𝑚𝑚𝑚𝑚−𝜆𝜆𝑚𝑚𝑚𝑚𝑚𝑚

∫ 𝑅𝑅(𝜆𝜆)𝑑𝑑𝑑𝑑𝜆𝜆𝑚𝑚𝑚𝑚𝑚𝑚
𝜆𝜆𝑚𝑚𝑚𝑚𝑚𝑚

                                                   (2.27)                                                                       

2.3 Other Characterization Techniques 

2.3.1 Transmission and Reflectance Measurements 

The most common method of determining the band gap of a semiconductor is by 

transmission and reflection measurement. The transmission and reflection coefficients of 

the semiconductors are normally measured in the wavelength range from 200-2500 nm. 

Then the absorption coefficient can be calculated from transmission and reflection 

coefficients using the relation [20] 

                                                                                       (2.28) 
d

TR )ln()1ln(2 −−
=α
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Where α is the absorption coefficient, d is thickness of the thin film, R is the reflection and 

T is the transmission. Once α is calculated, then the band gap of any direct band gap 

semiconductors can be extracted by plotting (αhυ)2  vs. hυ and by extrapolating the linear 

portion of the curve to the hυ axis. The intersection of this linear extrapolation with the hυ 

axis gives the band gap.  

2.3.2 X-ray Diffraction (XRD) 

X-ray diffraction is a rapid analytical technique used to probe the crystalline phases 

present in materials and to measure the structural properties such as grain size, preferred 

orientation, and defect structure of the phases.  When a collimated beam of X-rays is 

directed at the sample surface, the material of the sample causes the X-rays to be diffracted 

at various angles based on its crystal structure.   The diffraction spectrum of the samples is 

then plotted as a function of 2θ. When Bragg’s law (2d sinθ = nλ) is satisfied, diffraction 

peaks appear. The diffraction angle, the number of peaks, and their intensity depend on the 

crystal structure, symmetry and lattice constant.  Comparing the peaks with XRD database 

gives the phase, crystal orientation, lattice constants, and other information. The inter-

planar spacing, dhkl, corresponding to each diffraction line, is calculated by the following 

equation: 

                                                        𝑑𝑑ℎ𝑙𝑙𝑙𝑙 = 𝜆𝜆
2𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

                                                      (2.29) 
 

where θ is Bragg’s angle of diffraction and λ is the wavelength of the X-rays radiation. 

XRD data can also be used to predict the crystallites size using Scherrer formula [29]. 

                                                                                                             (2.30) 
θβ
λ

cos
sK

L =
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where L is the grain size, Ks is Scherrer constant (usually set at 0.9 for spherical particles), 

β is the full width at half maximum of the peak in radians, λ is the wavelength of the X-ray 

beam and 2θ is the peak position.  

 The X-rays penetration depth can be varied by varying the angle of incidence of the x-rays 

beam. With a bigger angle it is possible to see the material composition deeper into the 

sample. For Cu(In,Ga)Se2 compounds, since the lattice parameters for different 

Ga/(In+Ga) are already known, XRD can also be used to find the Ga/(In+Ga) value in the 

film. Sometimes, it is not desired to probe deeply into the film or not possible to get a good 

signal if the film is too thin. To counteract this, grazing incident XRD (GIXRD) can be 

used. This is basically a low angle XRD, which changes the penetration depth of the X-ray 

by fixing the incident angle from 1 to 10 degrees while moving the detecting arm.  

2.3.3 Atomic Force Microscopy (AFM)  

AFM is one type of scanning probe microscopes, which is used to obtain surface 

structures images (on an nm or even sub-nm scale) and other information. In AFM, a probe 

is maintained in close contact with the sample surface by a feedback mechanism as it scans 

over the surface, and the movement of the probe to stay at the same probe-sample distance 

is taken to be the sample topography. Generally, a cantilever made of Si or SiN is used to 

probe the surface of the sample by adjusting the position via control implementations. The 

tip of the cantilever is kept in continuous or intermittent contact with the sample surface 

and the cantilever is translated over the sample using a piezocontroller. A laser is reflected 

on the back surface of the cantilever as a scan is in progress. Whenever the laser changes 

its positions due to force on the cantilever, a voltage is applied to the piezoelectric to make 

the laser go back to its origin. The voltage corresponds to the height of surface features, 
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since the force on the cantilever is caused by the features on the specimen. A precise 

calibration between the height and the voltage is accomplished by using a sample with 

known structure. AFM can be used in three main different modes of imaging depending on 

the interaction of the surface and the tip.  In contact mode, the tip of the AFM probe is 

always kept in contact with the surface whereas the tip never touches the sample in non-

contact mode measurement. During contact with the sample, the probe predominately 

experiences repulsive Van der Waals forces. As the tip moves further away from the 

surface (non-contact mode) attractive Van der Waals forces are dominant. Contact mode 

AFM is good for rough samples but it damages soft surfaces whereas the non-contact mode 

has bad resolution and usually needs ultra-high vacuum (UHV) to have best imaging. In 

tapping mode, the imaging is similar to contact mode however in this mode, the cantilever 

is oscillated at its resonant frequency via the piezoelectric crystal attached to the tip holder. 

During the oscillation, the probe tip keeps moving towards the surface till it lightly taps on 

the surface. As soon as there is contact between the tip and the surface, there is loss in the 

oscillation amplitude, which is used to find the topographic changes. This technique allows 

high resolution and is good for soft surface.  

2.3.4 Scanning Electron Microscopy (SEM)  

Scanning electron microscopy utilizes an electron beam to produce a highly 

magnified image of the sample. A SEM consists of an electron gun, a lens system, scanning 

coils, an electron collector, and a cathode ray display tube (CRT).  In SEM, larger 

magnification is possible over optical microscopic since electron wavelengths are much 

smaller than photon wavelength and a large field of view is possible since the electron 

beam is small, which allows three-dimensional study of a specimen’s surface. The focused 
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electrons interact with the atoms in the specimen producing a number of different types of 

signals, which contains data about the specimen’s surface morphology, composition, and 

other properties such as electrical resistivity.  The induced signals by an SEM include 

secondary electrons, back-scattered electrons (BSE), characteristic X-rays, photons as well 

as specimen current, and transmitted electrons. All these signals can be detected and 

amplified to control the brightness of a CRT scanned in synchronism with the sample beam 

scan in the SEM. Electron with energies 0-30 eV are detected and used to form the image 

in secondary electron mode. These electrons are knocked out from within a few nanometers 

of the surface of the specimen. Backscattered electrons are electrons from the electron 

beam that are elastically scattered back from the sample and provides the information about 

the bulk properties of the materials since such scattering takes place in a volume extending 

down to 0.5 µm below the surface of the specimen.  
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CHAPTER 3  
SINGLE LAYER ANTI-REFLECTIVE COATINGS 

 

3.1  Introduction and Motivation 

 Over the past few years, thin film solar cells based on Cu(In,Ga)Se2 (CIGS) have 

developed into a new realm of high efficiencies after major revisions and alterations of the 

CIGS deposition process. Several laboratories have been able to produce record devices 

over 22% efficiency [7, 30]. As the absorber and buffer layers properties are modified with 

each enhancement, it is also important to continue developing a better and effective light 

trapping mechanism. The overall reflection losses can be minimized to a great extent by 

applying an efficient anti-reflective (AR) coating, thus increasing the power conversion 

efficiency of the device. Magnesium fluoride (MgF2) is the most widely used material for 

AR coatings in CIGS solar cells because it forms high quality films and has a low refractive 

index, n [31]. However, the material by itself is not sufficient, and a careful deposition 

process, leading to a precise thickness, is paramount to the success of the AR coating. The 

thickness of the AR coating should be chosen such that destructive interference occurs 

between the light reflected from the CIGS cell interface and the AR coating surface, 

allowing reflections at the specific wavelength to be eliminated.  This leads to the condition 

that the AR layer thickness should equal one quarter of the wavelength within the coating, 

or d = λ/4 = λ0/4n, where λ0 is the wavelength of the wave in vacuum [32]. As more research 

is being implemented to push the limitations in energy conversion of the devices, 

improvements are made in the device structure or process parameters to optimize the device 
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efficiency (thinner CdS or AZO) or to reduce the cost of the process (thinner absorber 

layer), and the role and importance of the AR coating during these changes need to be 

assessed. In this paper, we described several ways to model accurately the effect of various 

layers on the thickness of the AR coating, and implement ways to deposit effectively the 

appropriate thickness using various means.    

3.2 Experimental Details 

The devices were grown on molybdenum coated soda lime glass substrates. CIGS 

absorber layers were deposited by a 3-stage process in a high vacuum, co-evaporation 

chamber. After the CIGS process, the samples were dipped into a chemical bath to form a 

thin layer of CdS buffer layer. High resistive ZnO layers along with Al:ZnO layers were 

deposited by RF sputtering to obtain a transparent window layer. Finally, Ni/Al/Ni grids 

were evaporated by e-beam evaporation for the electrical contacts. MgF2 layers were 

deposited as the anti-reflective coating on the CIGS solar cells by e-beam evaporation and 

variations in relative reflectance were obtained for different wavelengths during the course 

of deposition by Real Time Spectroscopic Ellispometry (RTSE). The RTSE measurements 

were carried out in-situ during film growth while the spectroscopic ellipsometry 

measurements were carried out ex-situ. They both used a rotating compensator, 

multichannel instrument with an energy range of 0.75–6.5 eV at an angle of incidence of 

65°. Quartz crystal monitors were used to accurately monitor the deposition rate of the 

MgF2 film during the deposition.  

3.3 Optical modelling of Single layer AR coating 

There are many ways of depositing an AR coating with optimal thickness on a CIGS 

solar cell. The most typical one is to assume that all layers are optimal and of typical 
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thicknesses and therefore to deposit a MgF2 layer of a fixed thickness. Even high efficiency 

solar cells have MgF2 thickness varying extensively, ranging from 100 -105 nm[33-35]. 

Here three other methods are proposed, with an increasing level of precision: (i) the 1st 

method allows the prediction of the thickness to be deposited based on a transfer matrix 

theory (TMT) modeling combined with spectroscopic ellipsometry (SE) measurements; 

(ii) the 2nd one is based on real time optimization via in-situ RTSE; (iii) the 3rd one is a 

combination of prediction via TMT and real time optimization via in-situ RTSE 

measurements.  

3.3.1 Application of the TMT & SE Method to a CIGS Solar Cell 

 The optical properties and structure of each individual layer in the CIGS solar cell 

structure were characterized using ex-situ spectroscopic ellipsometry (SE). Figure 3.2 

shows the structural model used here for analysis of ellipsometric spectra and results of 

analysis for ex-situ measurements of a typical glass/Mo/CIGS/CdS/ZnO/ZnO:Al film 

stack. The bulk and the surface roughness thicknesses of the structure were determined by 

least squares regression analysis of a single pair of ellipsometric spectra [36]. For the 

analysis of the SE data, the simplest model with the least number of fitting parameters was 

considered. The complex dielectric function spectra of the layers were obtained by 

deposition of the materials on well-characterized native oxide coated silicon wafer 

substrates. The surface roughness or interface roughness layers were not considered in the 

basic starting model. The root-mean squared error (MSE) was estimated by [37]:  

𝑀𝑀𝑀𝑀𝑀𝑀 =  � 1
3𝑛𝑛−𝑚𝑚

∑ ��𝑁𝑁𝑖𝑖
(𝑒𝑒𝑒𝑒𝑒𝑒) − 𝑁𝑁𝑖𝑖

(𝑐𝑐𝑐𝑐𝑐𝑐)�
2

+ �𝐶𝐶𝑖𝑖
(𝑒𝑒𝑒𝑒𝑒𝑒) − 𝐶𝐶𝑖𝑖

(𝑐𝑐𝑐𝑐𝑐𝑐)�
2

+ �𝑆𝑆𝑖𝑖
(𝑒𝑒𝑒𝑒𝑒𝑒) − 𝑆𝑆𝑖𝑖

(𝑐𝑐𝑐𝑐𝑐𝑐)�
2
�𝑛𝑛

𝑖𝑖=1 ×

1000            
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(3.1) 

where N=cos2ψ, C=sin2ψ cosΔ, S= sin2ψ sinΔ, n is the number of data points and m is the 

number of fit parameters. A step-by-step MSE reduction method was applied to improve 

the model. The surface roughness and interface layers were modeled using the Bruggeman 

effective medium approximation as a mixture of the overlying and underlying materials. 

Experimental ψ and ∆ are shown in Figure 3.1 along with the best model fit and the final 

result analysis for a specific structure.  

 

Figure 3. 1:(a). Experimental spectra in ψ and ∆ along with the best fit for a specific 
CIGS device without AR layer along with the final result analysis (b). 

The optical properties thus obtained were used to model the reflectance, transmittance, and 

absorbance losses in each layer. MgF2 was chosen as the material for AR optical coating 

on top of the CIGS solar cells. The film was deposited by e-beam evaporation on well-
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characterized silicon wafers. The index of refraction and extinction coefficient of the 

material, as deduced by SE, are shown in Figure 3.2.  

 

Figure 3. 2:Index of refraction n and extinction coefficient k for MgF2, as deduced by 

ex-situ variable angle of incidence spectroscopic ellipsometry measurements 

An optimization model was developed based on the reduction of average reflectance, 

thus maximizing the optical absorption in the active layer. The modelling was performed 

for a CIGS absorber layer of thickness 2.5 µm with one layer of MgF2. The MgF2 layer 

was deposited on the CIGS solar cell by e-beam evaporation and variations in reflectance 

were obtained for different wavelengths during the course of deposition. The RTSE 

measurements were carried out in-situ during film growth using a rotating compensator, 

multichannel instrument with an energy range of 0.75–6.5 eV at an angle of incidence of 

65°. 

Once the thickness and the optical properties of the component layers of the solar cell 

were extracted with SE, the maximum external quantum efficiency (QE) and short circuit 

current density (Jsc) were calculated by assuming perfectly specular reflection/transmission 

conditions[38]. Also, the reflectance spectra from the structure can be predicted using this 
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model, which helps in optimizing the AR coating. The simulation of QE spectra is based 

on the assumption that all the photo-generated carriers within the active layers are collected 

without any recombination. Thus, a comparison between the simulated QE and 

experimental QE obtained from the measurement of a completed solar cell device can also 

provide information on the electronic losses, as well as the spectral dependence of the 

losses. Furthermore, the optical model does not take into consideration the scattering of 

light at rough surfaces and interfaces, thus the modeled QE spectra can provide insight into 

the gain due to light trapping caused by scattering at rough surfaces and interfaces. 

 

Figure 3. 3:Simulated QE and JSC for various thickness of the AR layer for the CIGS 
solar cell characterized by SE 

This optical model was applied to predict the maximum obtainable Jsc for the cell 

previously analyzed by SE. The variation of the QE curve and Jsc versus the thickness of 

the AR layer shows that a maximum Jsc is predicted for an MgF2 layer of thickness around 

114 nm for the mentioned CIGS device structure (Figure 3.3). 
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The model was then verified experimentally, by depositing a 114 nm MgF2 layer 

on top of the CIGS solar cell stack. The calculated results and the experimentally measured 

results were then compared, showing excellent correlation between the two (Figure 3.4). 

The main difference appears from 500 nm to 1000 nm, where the simulated data shows 

interference fringes, contrarily to the measured data, due to the smooth surface used for 

simulation.  

 

Figure 3.4:Comparison of the measured and optically simulated QE spectra 

3.3.2 Thickness Optimization by Real Time Optimization via in-situ RTSE 

A CIGS device without AR coating was loaded in the e-beam chamber. The reflectance 

of the device was then monitored in-situ and in real time during the deposition of the AR 

coating on the CIGS device (Figure 3.5). Figure 3.5 (a) shows real time measurements of 

the relative reflectance from the multi-layered CIGS solar cell during the deposition of 

MgF2. The variations in reflectance can be observed for different wavelengths during the 

course of the deposition. One can see that a minimum is observed around 8 min for 300 
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nm, 9 min for 400 nm, and 10 min for 500 nm. In Figure 3.5 (b), another representation of 

the same data is shown, whereby the relative reflectance for wavelengths ranging from 300 

nm to 1000 nm is reported for the same device for various thicknesses of the AR coating. 

One can see that as the thickness increases up to 110 nm, the average reflectance falls 

down. For larger thicknesses, the reflected irradiance increases at low wavelengths while 

decreasing at higher wavelengths. It is therefore difficult to optimize the thickness of the 

AR coating in real time and in-situ without a knowledge a priori of which wavelengths are 

the most crucial to increase the device current (as seen in Figure 3.3 for example). 

However, the main advantage of this technique is that it displays the real reflectance, taking 

into account surface roughness, which results in quite different behaviors. For example, in 

Figure 3.3, the 150 nm AR coating has sometimes higher values, sometimes lower values, 

of QE compared to the 110 nm for wavelengths between 500 nm and 1000 nm, while in 

Figure 3.5 (b) it is systematically lower for the 140 nm AR coating.  

 

 

 

 

 

 

 

a) 
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Figure 3. 5: (a) Real time variation of the relative reflectance during the course of 

deposition of the AR layer (t = 3 to 12 min); b) Real time variation of the relative 

reflectance of the CIGS structure with increased thickness of the AR layer. 

 Another optical model was developed incorporating the data obtained from RTSE and 

ex-situ ellipsometry to simulate the quantum efficiency of the CIGS device. The reflectance 

obtained during RTSE and the optical properties of each layer were incorporated to 

calculate the incomplete collection of photo-generated carriers in the CIGS device structure 

and is given by [39] 

𝑄𝑄𝑄𝑄𝑒𝑒𝑒𝑒𝑒𝑒(𝜆𝜆,𝑉𝑉) = [1 − 𝑅𝑅(𝜆𝜆)][1− 𝐴𝐴𝑍𝑍𝑍𝑍𝑍𝑍(𝜆𝜆)] ∗  [1 − 𝐴𝐴𝐶𝐶𝐶𝐶𝐶𝐶(𝜆𝜆)]𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖𝑖𝑖(𝜆𝜆,𝑉𝑉)                      (3.2) 

b) 
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where R is the total reflection, AZnO is the absorption in the ZnO layer, ACdS is the 

absorption in the CdS layer and QEint is the internal quantum efficiency approximated by 

[39] 

                          𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖𝑖𝑖(𝜆𝜆,𝑉𝑉) ≈ 1 − exp [−𝛼𝛼(𝜆𝜆)𝑊𝑊(𝑉𝑉)]
𝛼𝛼𝛼𝛼+1

                                        (3.3) 

where α is the absorption coefficient of CIGS, W is the space charge width in the CIGS 

layer, and L is the minority carrier diffusion length. This approximation assumes that all 

the carriers generated in the space charge region are collected without recombination loss. 

The optically simulated QE spectra is compared to the measured QE spectra for the CIGS 

solar cell device with AR coating in Figure 3.6, showing that the model provides a good 

fit. 

 

Figure 3. 6:Comparison of the measured and optically simulated QE spectra for CIGS 
solar cells 
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Optimized JV results 

The thickness of the MgF2 AR layer was decided upon using the in-situ reflectance 

measurement and simulation results. These results were incorporated into the fabrication 

of the AR coated CIGS device and a comparison of the effect of AR coating on the JV 

parameters of the recorded best cell is listed in Table I. The JV – QE results of the best cell 

with the new optimized coating is shown in Figure 3.7. The experimental results are in 

good correlation with the modeling results. Another sample was loaded in the chamber 

with the focus on minimizing relative reflectance at 500 nm. The results show enhanced 

current at all wavelengths as expected, without any noticeable change in open circuit 

voltage or fill factor. 
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TABLE 3. 1  DEVICE PARAMETERS OF THE CIGS SOLAR CELL BEFORE AND 
AFTER DEPOSITING THE AR COATING 

AR coating 
η 

(%) 

Jsc 

  (mA/cm2) 

Voc 

 (V) 

FF 

 (%) 

Without AR 16.7 35.6 0.64 73.4 

With MgF2 17.6 37.5 0.64 73.1 

 

3.3.3 Thickness Optimization by Transfer Matrix Theory Modeling and in-situ 

RTSE 

In this method, both the TMT modeling using SE as well as the in-situ RTSE have been 

used to optimize the thickness of the AR coating. The TMT modeling associated with the 

 

Figure 3. 7:Comparison of measured J-V curves and QE spectra obtained for CIGS 
solar cells with and without AR coating. 
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SE allows for accurate prediction of the thickness needed, while the in-situ RTSE allows 

for any experimental issue to be assessed and taken care of in real time. This thickness 

optimization tool is presented here for four examples: (a) variation in CIGS thickness, (b) 

variation in CdS thickness, (c) variation in AZO thickness, and (d) variation in MgF2 

deposition parameters.    

a) Optimizing the AR layer as a function of the CIGS layer’s thickness  

It can be of interest to reduce the thickness of the CIGS layer for various reasons, 

notably (i) the scarcity of indium, which can have an economic impact on the CIGS solar 

module production; (ii) to increase the manufacturing throughput [40] .In this study, the 

thickness of the CIGS layer was varied (while all the other layers were kept constant) and 

the AR coating was optimized according to the change in the structure. The TMT modeling 

was used to predict the short circuit current density, JSC, and quantum efficiency of the 

CIGS device with various thicknesses of the absorber layer (Figure 3.8). 

As one can see, the optimum thickness of the MgF2 layer is predicted to change from 

111 nm for a 0.5 μm CIGS to 117 nm for a 2.5 μm CIGS. Note that the loss of current from 

2 μm to 0.5 μm is mostly due to incomplete absorption in the CIGS layer, which a single 

layer AR coating cannot compensate for [38]. It is important to note that this modeling is 

purely optical and does not take into account potential problems due to back surface 

recombination or short-circuit, specifically for the ultra-thin devices. 
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Figure 3. 8:a) Simulated variation of QE with varied thickness of CIGS layer and a 

fixed value of MgF2 (111 nm), b) Simulated JSC for a CIGS device as a function of 

MgF2 thickness, for varied thickness of CIGS layer. 
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Once the optical modeling was completed, we fabricated three cells with CIGS 

thickness of 500, 1500 and 2500 nm, respectively. The samples were then loaded in the e-

beam chamber after full characterization. The relative reflectance of the device was 

monitored using RTSE during the deposition of the MgF2 AR layer to observe the variation 

of the reflectance in real time (Figure 3.9). 

 

Figure 3. 9: Real time relative reflectance for CIGS devices with different layers of CIGS 

thickness. 

 

The deposition of the MgF2 AR layer was not stopped intentionally at the ideal thickness 

to show clearly where that thickness is. In other runs, this can obviously be modified to 

stop at the desired ideal thickness, based on the TMT modeling prediction and clear 

inflection point of the in-situ data. The effect of the CIGS thickness can be seen, whereby 

the reflectance minimum does not occur at the same MgF2 thickness for all samples. In this 

case, the ideal thickness was 88 nm for the 500 nm CIGS, 95 nm for the 1500 nm CIGS, 
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while it was 117 nm for the 2500 nm CIGS. Note that this value is slightly different than 

the one obtained from simulation, probably due to the importance of the surface roughness, 

especially for the ultra-thin film. The capacity to optimize the thickness of AR layer was 

further tested on CIGS devices with absorber thickness of 1500 nm (Figure 3.10). Here, 

several samples from the same deposition were either not coated, coated with a standard 

AR thickness (105 nm), or had an optimized AR layer deposited (in this specific case, 97 

nm). One can see from the J-V curves that there is almost 1mA/cm2 increase in the devices 

with the optimized AR layer, when compared to having the conventional AR layer with 

little change for the other parameters. 

              

Figure 3. 10: J-V curves for CIGS solar cells with absorber of 1500 nm and various AR 
coating configurations 

b) Optimizing the AR layer as a function of the CdS layer’s thickness 

Light absorption in the CdS buffer layer is known to take a significant share in the total 

photocurrent loss of the heterojunction structure. The charge carriers photogenerated in the 
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buffer layer are only partly collected and this reduces the spectral response of the solar cell, 

notably in the blue region of the solar spectrum. Figure 3.11 (a) shows the simulated QE 

of solar cells with varied thickness of CdS layer. The blue response of the quantum 

efficiencies decreases with growing CdS thickness, due to the increased absorption in the 

CdS layer. Even though the thinning down of the CdS layer seems to be beneficial, there 

is a limit where the interface between CIGS and CdS degrades, at which point electronic 

losses will become important. Thus, it has to be a balance between the optical gain and the 

electronic losses. Previous studies had shown that they compensate each other for CdS 

thickness of about 40 nm[41]. However, with recent key innovation involving alkali post 

deposition treatment of the CIGS layer, it is now possible to reduce the minimal thickness 

of the CdS buffer layer even further and reach higher efficiency.  
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Figure 3. 11:a) Simulated variation of QE with varied thickness of CdS layer for a 
fixed value of MgF2 (112 nm), and b) Simulated JSC as a function of MgF2 
thickness for various thickness of CdS layer. 

 

With the variation in the thickness of CdS layer, it is equally important to optimize the AR 

layer to ensure full benefit of these process modifications. Using TMT modeling and SE 

measurements, we therefore simulated the variation of the JSC maximum for various 

thicknesses of both CdS and MgF2 (Figure 3.11(b)). As one can see, the ideal MgF2 

thickness range from 117 nm for CdS of 100 nm, down to 111 nm for CdS of 20 nm for 

this specific device. Following the optical model, two samples were fabricated 

simultaneously and the thickness of the CdS layer was reduced from 50 nm for a regular 

device to 30 nm. The samples were then loaded in the e-beam chamber after full 

characterization. The relative reflectance of the device was closely monitored using RTSE 
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during the deposition of the MgF2 AR layer. Here too, for this specific example, we did not 

interrupt the deposition of the MgF2 AR layer at the ideal thickness, to demonstrate the 

capacity to observe its effect in real time.  As one can see Figure 3.12, the reflectance 

reached a minimum for sample with regular CdS thickness for an AR layer of 118 nm, 

whereas for the device with reduced CdS thickness, the reflectance reached the minimum 

for 110 nm, as our model predicted. The average reflectance for the device varied therefore 

with the CdS thickness, but with the deposition of an optimized thickness of AR layer, it 

is possible to reduce the reflectance to obtain the highest efficiency devices in all cases. 

For a CIGS device having a thin CdS layer (30 nm), the simulations account to depositing 

an AR layer for 110 nm. The effect of having deposited the optimized AR layer on the 

device with thin CdS layer is demonstrated in Figure 3.12. There is a clear enhancement in 

the Jsc for the new optimized layer when compared to depositing the AR layer of standard 

thickness of 118 nm.        

 

Figure 3. 12:Real time relative reflectance for CIGS devices with different layers of 
CdS thickness 
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Figure 3. 13: J-V curves for CIGS solar cells with CdS layer of 30 nm and various AR 
coating configurations 

c) Optimizing the AR layer as a function of the AZO layer’s thickness 

Similarly, to the CIGS and CdS thicknesses, the AZO layer thickness is quite often 

different from one group to another (without mentioning the use of alternate material such 

as ITO). In this section, the thickness of the AZO layer is therefore varied and the AR 

coating optimized according to the change in the structure. The optical model was used to 

predict the QE and short circuit current density of the CIGS device with the reduced 

thickness of the window layer (Figure 3.14 (a)). It is clearly evident from Figure 3.14(b) 

that the short-circuit current density, JSC, is influenced by the reduction of the thickness of 

the TCO layer. There is an improved collection efficiency at longer wavelength region of 

the QE spectra for thinner layer, which can be attributed to the increase in optical 

transmission allowing more light to be absorbed by the CIGS layer [42]. However, 
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similarly to CdS, one has to take into account the potential electronic losses, coming here 

from reduced current collection. As one can see, the ideal MgF2 thickness range from 110 

nm for AZO of 300 nm, up to 115 nm for AZO of 150 nm for this specific device. 

Following this modeling, two samples were fabricated simultaneously and the 

thickness of the TCO layer was reduced from 300 nm for a regular device to 150 nm. The 

samples were then loaded in the e-beam chamber after full characterization. The relative 

reflectance of the device was closely monitored using RTSE during the deposition of the 

MgF2 AR layer. As one can see in Figure 3.15, the reflectance reached a minimum for the 

sample with regular TCO thickness for an AR layer of 110 nm, whereas for the device with 

reduced AZO thickness, the reflectance reached the minima for 120 nm, as our model 

predicted. The average reflectance for the device varied therefore with the AZO thickness, 

but with the deposition of an optimized thickness of AR layer, it is possible to reduce the 

reflectance to obtain the highest efficiency devices in all cases. 

Figure 3.16 compares the effect of optimizing the thickness of the AR layer for a CIGS 

device with a thinner AZO layer of thickness 150 nm. The increase in the Jsc clearly 

substantiates the need of depositing a thicker AR layer of 120 nm when compared to the 

standard thickness of 105 nm as optimized for a regular CIGS device, with an increase of 

current of 2-3%. 
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Figure 3. 14:a) Simulated variation of QE with varied thickness of AZO layer for a 
fixed value of MgF2 (110 nm), and b) Simulated JSC as a function of MgF2 thickness for 
various thickness of AZO layer. 
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Figure 3. 15: Real time relative reflectance for CIGS devices with different layers of 
TCO thickness. 

 

 

Figure 3. 16: Comparison of effect of optimized ARC on measured J-V curves CIGS 
solar cells having a thin AZO layer of 150 nm. 
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d) Optimizing the AR layer Deposited at Different Substrate Temperatures 

It is equally important to understand the optical and structural quality of the AR layer 

in order to obtain maximum efficiency. The process variables for the deposition of MgF2 

layer was varied and the growth conditions were studied using RTSE to clarify and derive 

the optimum process conditions. The substrate temperature (TSS) was changed from room 

temperature (RT) to 100°C to monitor the effect on the thin film. The refractive index of 

the film was extracted from the data obtained during RTSE. One can observe (Figure 3.17) 

that the refractive index decreases from RT to 50°C, then increases for all wavelengths 

from 50°C to 100°C. This is explained by the fact that the films at RT are densely packed 

and amorphous, while the film at 50°C are nanocrystalline but less dense, which yield a 

lower refractive index for the latter[43]. After that, the increase in temperature leads to 

nanocrystalline films with larger grains and higher packing density, thanks to the faster 

molecular motions occurring at a higher temperature [44, 45], and therefore has higher 

refractive index. 

 

Figure 3. 17:Measured refractive index as a function of wavelength for MgF2 films 
deposited for different TSS, as extracted using RTSE 
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Figure 3. 18:AFM images of surface topography of MgF2 layer deposited at different 
room temperatures. 

 

Figure 3.18 compares the surface topography of the films deposited at different 

substrate temperatures as obtained from AFM images. The surface roughness of the films 

decreases considerably from 13 nm (RT) to 3nm (100 ⁰C). The transmission and reflection 

intensity of the films differ with the change in temperature. Effect of high temperature on 

the MgF2 layer on the reflection and transmission intensity of the layer is shown in Figure 

3.19.  

RT 50 ⁰C 

75 ⁰C 100 ⁰C 
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Figure 3. 19: Transmission and Reflection Intensity of MgF2 layers deposited at 
different substrate temperatures 
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The TMT optical modeling was applied to predict the QE spectra and maximum 

obtainable JSC for CIGS solar cells with AR layer deposited at different TSS (Figure 3.20). 

The maximum value of JSC can be observed for the cells with an AR layer deposited at 

50°C with a thickness of 118 nm, for that specific structure. 

. 

Figure 3.20:Simulated QE spectra CIGS devices with varied AR layer deposited at 

different TSS. 

 

Simulation results were used to guide the fabrication of AR coated CIGS devices with 

various MgF2 TSS. However, one has to keep in mind the effect of TSS on the rest of the 

structure. Samples were loaded in the e-beam chamber after full characterization and a 

MgF2 layer was deposited at different TSS. The relative reflectance was measured in real 

time, but the deposition was stopped at the ideal thickness for these runs. After the run, 

grids of Ni/Al/Ni were deposited on the structure and the solar cells performance was 

measured. 
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Figure 3.21: Simulation of the variation of JSC for CIGS devices with varied thickness 

of MgF2 layer deposited at different TSS. 

The average relative change (in percentage) in J-V parameters of the solar cell for 

AR coating deposited at different TSS are reported in Table II. This average was done for 

> 100 cells. The experimental results are in good correlation with the modeling results. The 

results substantiate an enhanced performance of the devices with AR coating applied at 

50°C. There is an increase in the JSC by 10%, while AR coating deposited at RT only 

enhanced it by 5%. Even though higher JSC values are reported for AR coating deposited 

at 75 °C and 100° C, the negative impact on Voc and FF reduces the overall efficiency of 

the cell.  The higher TSS probably deteriorates the junction quality. It is interesting that the 

TMT modeling for the 100° C deposition predicted a lower current than for the other 

temperature, while it is quite similar experimentally and it could be explained due to the 

change in the optical properties of the film. Here again, the combination of predictive 
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modeling with in-situ real time measurement proves to be very useful in obtaining the best 

results. 

TABLE 3. 2  AVERAGE RELATIVE CHANGE (IN %) IN J-V PARAMETERS OF 
SOLAR CELL FOR AR COATING DEPOSITED AT DIFFERENT 
SUBSTRATE TEMPERATURE 

TSS for AR coating 
η 

(%) 

Jsc 

(mA/cm2) 

Voc 

(V) 

FF 

(%) 

RT +4 +4 0 0 

50°C +10 +9 0 +1 

75°C - 5 +15 - 2 - 15 

100°C - 11 +10 - 4 - 15 
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CHAPTER 4  
MULTI-LAYER ANTI-REFLECTIVE COATINGS ON ULTRATHIN 

Cu(In,Ga)Se2 SOLAR CELLS 

 

4.1 Introduction and Motivation 

The recent developments in Cu(In,Ga)Se2 (CIGS) technology makes it a promising 

technology with an immense potential for development. However, the scarcity and high 

price of indium and gallium can potentially hinder it from competing with other solar cell 

technologies. The thickness of the absorber layer can be reduced to reduce the production 

cost [46] , but would lead to a decrease in short circuit current thereby reducing the overall 

efficiency. Figure 4.1 illustrates the simulated loss of Jsc with the reduction in thickness of 

absorber layers. However, the thickness of the absorber layer should be large enough to 

absorb as much as 99% of the incident light. The attenuation length was calculated for the 

CIGS absorber layer from the experimentally obtained optical constants. Figure 4.2 shows 

that the reduction of absorber layer thickness to 1μm leads to less than 1/e attenuation for 

the wavelengths above 1040nm. The minority carrier diffusion length should be several 

times the material thickness to ensure complete collection of the photo-carriers to have 

greater efficiency. As the thickness of the CIGS is reduced, a greater fraction of carriers is 

excited near the back contact and are lost. The light trapping capacity of the cell needs to 

be increased significantly along with an improvement in the back contact is significant to 

collect all the photo-generated carriers to impact the current and to increase the overall 

efficiency. The multilayer structure needs to be redesigned so that the optical field is 

enhanced at the top and suppressed at the back contact. 
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Figure 4.1:Loss of Jsc with the reduction in thickness of absorber layers 

 

Figure 4. 2: Measured 1/e attenuation length as a function of CIGS absorber layer. 

 

Anti-reflective (AR) coatings on the solar cells are very beneficial to minimize the 

reflection losses and thus increase the power conversion efficiency. The thickness and 

refractive index of the materials are chosen such that, when the light is incident on the cell, 

it undergoes destructive inference with the reflected light. However, the reflection losses 

are minimal near the wavelength and angle of incidence at optimization, and vary 
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drastically for other wavelengths and angle of incidences. When the thickness of the CIGS 

layer is reduced, the quantum efficiency (QE) curve drops for higher wavelength as the 

absorption reduces. Figure 4.3 shows the simulated QE curve for the variation in thickness 

of the absorber layer.  

 

 

Figure 4. 3: Predicted QE for solar cells with CIGS absorber layers of different 
thicknesses. 

 

A single layer AR coating is only designed to reduce reflection at a single 

wavelength and is not very effective over the entire spectral range for a thin CIGS device. 

Thus it is very important to obtain an enhanced light trap in the red and near infrared region. 

Multi-layer AR coatings can indeed be used to obtain at least five passes in the internal 

reflection from the bottom surface of the cell.  
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           a) 

        b) 

Figure 4. 4: (a) The reflectance of single layer AR coating (V coat), (b) The reflectance 
of double layer AR coating (W coat)[47]  

Figure 4.4 compares the reflectance of a single layer AR coating with the 

reflectance of a substrate having double layer AR coating. The reflectance curve for a 

single AR coating curve is often called a V coat and the one with a double AR coating is 

called a W- coat owing to the shape of its characteristic curve. It’s clearly visible that the 

W coat curve has minimum reflection points at different wavelengths and the average 

reflectance is comparatively reduced [48, 49]. 
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4.2 Materials and Data Analysis 

 

A wide variety of materials available for anti-reflection coatings, including MgF2 and TiO2, 

HfO2, and ZrO2 were deposited in a Kurt J. Lesker PVD 75 electron-beam evaporator. A 

base pressure lower than 10-6 Torr was obtained by a turbo-molecular pump prior to film 

depositions and the substrate holder was rotated at 15 rpm to ensure uniform deposition.  

Well-characterized Si wafer substrates were used, and the film/substrate was measured 

using ex-situ variable angle of incidence SE. Analysis of the SE data yields the optical 

properties and film microstructure parameters. The deduced optical properties are shown 

in Figure 4.5, and these were used in the optical modeling of the previous paragraph. The 

optical properties of Al2O3 used in the modeling were obtained from the literature. 

Unfortunately, the choices available for the low index materials of AR coatings are limited, 

as most fluoride materials show degradation over time when exposed to air.  

The ellipsometry data was analyzed using an optical model incorporating a bulk layer and 

surface roughness layer thickness. The dielectric functions of each layer were extracted by 

point by point fitting correlated with the thickness of the layer. A model including the 

Cauchy dispersion equation and Urbach-like absorption onset was used to extract the 

refractive index and the extinction coefficient. The index of refraction for transparent films 

in the visible spectral range is often described by a Cauchy expression. A Cauchy 

expression can be used to define the index of refraction of non-absorbing films, or weakly 

absorbing dielectric and semiconductor films below the fundamental bandgap. The Cauchy 

model as described in the CompleteEASE software consists of a three-term expression that 

describes the index of refraction, as follows: 
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𝑛𝑛(𝜆𝜆) = 𝐴𝐴 + 
𝐵𝐵
𝜆𝜆2

+  
𝐶𝐶
𝜆𝜆4

 

The parameter A describes the wavelength-independent amplitude of the index of 

refraction, and the parameters B and C describe the dispersion of the index versus 

wavelength. Thus, the parameters A, B, and C are variable fitting parameters that describe 

the wavelength dependence of the index of refraction. In addition to the Cauchy parameters 

A, B, and C, three additional parameters are used to describe an Urbach-like absorption tail 

as follows: 

𝑘𝑘 = 𝑘𝑘0𝑒𝑒𝐷𝐷(𝜆𝜆−𝐹𝐹) 

Here, k0 and D are parameters used for fitting the extinction coefficient whereas F is a 

fixed parameter set to the shortest wavelength of the measured ellipsometry spectra. It 

should be noted that for a true Urbach tail, the absorption coefficient increases 

exponentially with photon energy, as compared to the behavior of Eq. 2.19 in which the 

extinction coefficient decreases exponentially from the shortest wavelength of the 

measured spectra. The thin films of MgF2, HfO2, ZrO2, TiO2, SiO2, and Al2O3 deposited 

in this study were analyzed using ex-situ spectroscopic ellipsometry. The optical model 

incorporates the bulk layer thickness and surface roughness layer thickness as wavelength-

independent free parameters. The surface roughness layer is assumed to consist of 50 vol.% 

bulk layer material and 50 vol.% voids. The deduced film thicknesses are summarized in 

Table 4.1 and the parameterized index of refraction and extinction coefficient spectra are 

shown in Figure. The Cauchy and Urbach-like parameters that define these spectra are 

summarized in Table 4.2. 
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TABLE 4. 1 BULK AND SURFACE ROUGHNESS LAYER THICKNESSES AS 
DETERMINED BY SPECTROSCOPIC ELLIPSOMETRY 

Layer  Bulk thickness (nm) Surface roughness (nm) 

MgF2 122.64 ± 0.25 0.90 ± 0.17 

HfO2 146.65 ± 0.29 2.44 ± 0.23 

ZrO2 155.74 ± 0.27 2.77 ± 0.28 

TiO2 152.34 ± 0.19 1.20 ± 0.15 

 

 

 

Figure 4. 5: Real and imaginary parts of the dielectric functions (ε1, ε2) of MgF2, HfO2, 
ZrO2 and TiO2 as deduced by ex-situ spectroscopic ellipsometry. 

 

 



70 
 

  

 

TABLE 4. 2 VALUES OF THE CAUCHY PARAMETERS OBTAINED FROM FITS 
OF THE INDEX OF REFRACTION AND EXTINCTION COEFFICIENT 
SPECTRA 

Layer A B C k0 

MgF2 1.38 ± 0.02 0.0023 ± 0.0117 1.38 ± 0.02 0.0000 ± 0.0452 

HfO2 1.89 ± 0.01 0.0089 ± 0.0102 0.0004 ± 0.0024 0.0058 ± 0.0460 

ZrO2 2.22 ± 0.02 0.0060 ± 0.0115 0.0008 ± 0.0021 0.0154 ± 0.0512 

TiO2 2.38 ± 0.02 0.0465 ± 0.0119 0.0028 ± 0.0026 0.6242 ± 0.0498 

 

4.3  Single layer AR Coating on Ultra-thin CIGS device 

For a thick CIGS layer (2 µm), a single layer of MgF2 coating is sufficient to reduce 

the top reflection. When the thickness of the absorber layer is reduced however, a single 

MgF2 layer is no longer capable to reduce the reflection to a reasonable level. Figure 3 

depicts the simulated reflectance from a thick CIGS device and an ultra-thin CIGS device 

with and without the MgF2 AR layer with different thickness. The quantum efficiency, 

transmittance and reflectance of an ultra-thin CIGS device with MgF2 AR layer was 

simulated using transfer matrix theory and is shown in Figure 4.7. This gives an overview 

of the optical losses in an ultra-thin CIGS device. The losses cannot be compensated by a 

single MgF2 AR layer. 
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Figure 4. 6:Simulated reflectance from a regular CIGS device (left) and ultra-thin 
CIGS device with MgF2 AR layer of varied thickness 

 

Figure 4. 7: Simulated QE, Transmittance and Reflectance of an ultra-thin CIGS device 
with MgF2 AR layer 
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4.4  Three Layer Graded Anti-Reflective Coating 

 

  A single layer AR coating is not an effective solution to reduce reflectance for 

majority of the multi-layer structures. An alternative way of reducing reflectance is to 

gradually reduce the refractive index of the film from the refractive index of the substrate 

to the refractive index of air. A step-down index profile imparts a smooth transition of 

refractive index from a higher value of the substrate to the lower value of air. The multiple 

layers are modeled based on a periodic structure made of graded index profiles. These AR 

structures are called as graded refractive index (GRIN) structures. The smooth index 

transition between the two optical layers over a length scale can fairly suppress the 

reflection over a wide spectral and angular range. The multi-layer step gradient index stack 

affects the overall reflectance due to the discontinuity of refractive index at each interface 

of the structure and the total thickness of the stack affects the free spectral range [50].  The 

thicknesses of these layers are optimized to reduce the reflection for a specific spectral 

range leading to a reduced average reflectance. Figure 4.8 represents the schematic 

diagram of ultra-thin CIGS solar cell with a three layer graded anti-reflective coating. The 

thickness of each layer in the AR structure was varied to obtain the highest Jsc from the 

device. Many structures were investigated for the 3-layer AR coatings, the QE, of these 

structures were simulated using the transfer matrix theory and is shown in Figure 4.9 and 

Figure 4.10 and the highest short circuit current density was found to be for the structure 

MgF2(104 nm)/HfO2(63 nm)/ZrO2(140 nm) with Jsc max. = 35.7 mA/cm2. 
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Figure 4. 8: Schematic diagram of ultra-thin CIGS solar cell with 3-layer graded ARC. 

 

 

Figure 4. 9: Optimized thickness of 3-layer graded AR coatings to obtain highest 
Jsc.and simulated QE predicted for structures MgF2/HfO2/ZrO2 structure 
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Figure 4.10: Optimized thickness of 3-layer graded ARC to obtain the highest Jsc and 
simulated QE predicted for structures with MgF2/HfO2/TiO2 structure. 

Figure 4.11 compares the reflectance and transmittance before and after the deposition of 

MgF2/HfO2/ZrO2 AR coating on top of the standard TCO layers used for CIGS solar cells. 

The TCO layer was directly deposited on soda lime glass (SLG). The dependence of the 

optical properties of the AR coatings on the SLG substrate with TCO layers were evaluated 

as ZnO:Al is the top-most layer of the CIGS solar cell. Figure 4.12 shows the results 

obtained by investigating different materials including HfO2, TiO2, and ZrO2 with the top 

layer being MgF2. The reflectance was as low for MgF2/HfO2/ZrO2 when compared to 

MgF2/TiO2/MgF2 structure. The reflectance was as low as 13.0% for MgF2/HfO2/ZrO2 

when compared to MgF2/TiO2/MgF2 having a reflectance of 15.5%.  
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Figure 4. 11:Measured reflectance and transmittance spectra of a standard TCO 
structure on SLG before and after deposition of a 3-layer MgF2/HfO2/ZrO2 AR 
coating. 

 

 

Figure 4. 12:Simulated QE, Transmittance and Reflectance predicted for structures 
with MgF2/HfO2/ZrO2 structure. 
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The multiple layers are modeled based on a periodic structure made of graded index 

profiles. The thicknesses of these layers are optimized to reduce the reflection for a specific 

spectral range leading to a reduced average reflectance. Real time in-situ measurements 

were carried out to obtain relative reflectance of standard TCO structure on SLG with the 

multi-layer AR (MgF2/HfO2/ZrO2) coatings. Figure 4.13 shows the relative real time 

reflectance measurement during the deposition of the three layers. The variations in 

reflectance were obtained for different wavelengths during the course of deposition of the 

three layers.  

 

Figure 4. 13: Relative real time reflectance measurement during deposition for multi-

layer AR coating on TCO substrate 

These layers were deposited on TCO substrate by e-beam evaporation. The RTSE 

measurements were carried out in-situ during film growth using a rotating compensator, 

multichannel instrument with an energy range of 0.75–6.5 eV at an angle of incidence of 

65°. The optical structure with a continuously graded refractive index profile has more than 
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one reflectivity minimum at several wavelengths and thus can effectively reduce the 

reflection for extended range of wavelengths. Figure 4.14 shows the cross-sectional SEM 

image of the 3-layer AR coating. The image clearly portrays the columnar structure of the 

layers indicating good adhesion between the three layers although the layers remain clearly 

distinct.  Figure 4.15 compares the optimized (designed) values of thickness and refractive 

index of each layer in the 3-layer AR structure with the measured ones, confirming that the 

structure was well deposited. Figure 4.16 shows the AFM image after three layers of 

deposition. The cross-sectional SEM images and the AFM images allow correlating the 

modeled thickness and surface roughness of the structure to the measured ones, and shows 

that appropriate values were obtained.  

 

Figure 4. 14: Cross-section SEM image of the 3 layer AR coating on TCO substrate. 
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Figure 4. 15: Designed and measured values of thickness and refractive index of each 

layer for the optimized MgF2/HfO2/ZrO2 coating. 

 

Figure 4. 16: AFM image after three layers of deposition 
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Optimized JV-QE Results 

The effect of the AR layers on ultra-thin CIGS device with three layer graded AR structures 

has been summarized in Table 4.3. The Jsc has been considerably enhanced with the multi-

layer ar coatings and can be correlated with the modeled reflectance curves (Figure 4.12). 

There is almost 8% increase in the Jsc with the optimized multi-layer structure 

(MgF2/HfO2/ZrO2) when compared to using a single layer AR coating. Figure 4.17 

compares the QE spectra of the ultra-thin cigs device with a single layer AR coating and a 

multi-layer AR coating structure and the effect of having a multilayer AR structure can be 

easily differentiated.  

 

Figure 4. 177:QE spectra of the ultra-thin CIGS device with a single layer AR 
coating and a multi-layer AR coating structure 
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TABLE 4. 3 EFFECT OF GRADED AR LAYERS ON ULTRA-THIN CIGS SOLAR 
CELL 

AR coating Jsc (mA/cm2) 

Multi-layer AR (MgF2/HfO2/ZrO2) 29.8 

No AR 27.5 
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CHAPTER 5 

MULTI-LAYER ANTI-REFLECTIVE COATING WITH HIGH/LOW INDEX 

PROFILE FOR ULTRA-THIN CIGS SOLAR CELLS 

 

By employing multiple layer AR coatings, it is possible to increase the optical path 

length in the CIGS by multiple internal reflection and thus to reduce considerably the 

average reflectance from the surface of the cell. The reflection from the first surface of the 

cell cannot be completely cancelled through destructive interference with the weaker 

reflection from the top surface. With a graded index AR structure, it is a herculean task to 

attain index matching or optical impedance matching. The practical approach of reducing 

the packing density of the films to attain index matching will however distress the 

mechanical strength of the ARC’s and thus will raise durability issues in the outdoor panels. 

Thus the characteristics of the single quarter wave layer can be improved by adding a high 

index half wave layer between the magnesium fluoride and the substrate which broadens 

the characteristics. The outer layer is made of a low- refractive material and the inner layer 

is made of high destructive index material.  

5.1  Materials and Data Analysis 

A wide variety of materials available for anti-reflection coatings, including MgF2 and 

TiO2, HfO2, and ZrO2 were deposited in a Kurt J. Lesker PVD 75 electron-beam 

evaporator. A base pressure lower than 10-6 Torr was obtained by a turbo-molecular pump 

prior to film depositions and the substrate holder was rotated at 15 rpm to ensure uniform 

deposition.  Well-characterized Si wafer substrates were used, and the film/substrate was 

measured using ex-situ variable angle of incidence SE. Analysis of the SE data yields the 
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optical properties and film microstructure parameters. The deduced optical properties are 

shown in previous chapters. 

5.2 Multi-Layer AR with High/Low Index Profile For Ultra-Thin CIGS 

Solar Cells 

 

 

Figure 5. 1: Schematic diagram of ultra-thin CIGS solar cell with 2-layer ARC. 

 

Anti-reflective (AR) coatings of 2 layers, 3 layers, and 5 layers have all been modeled 

and optimized with respect to short circuit current density. While 2- and 3-layer AR 

coatings significantly reduce reflectance across the wavelength range of operation of the 

solar cell, 5-layer AR coatings can theoretically decrease reflectance losses even more. 

However, this is valid only for planar-smooth interfaces. In the case of multilayer AR 

coatings, scattering can arise from rough interfaces and reduce the quality of the AR effect, 

and thus reduce the light delivered to the active layers.   
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Figure 5.2:Predicted variation of Jsc with MgF2/TiO2 thicknesses: Jsc- 35.5 mA/cm2 

 

The effect of using a bi-layer AR coating on the simulated JSC in a solar cell with 0.5 μm 

ultra-thin CIGS absorber layer was studied. For the 2-layer AR structures investigated as 

shown in Figure 5.1, thickness of both layers in the AR structure was varied between 0-

200nm using steps of 2nm and resulting Jsc was plotted as a function of thickness of MgF2 

layer and layer with high refractive index. Figure 5.2 illustrates simulated variation of Jsc 

for an AR structure as mentioned - MgF2 (120 nm)/TiO2 (200 nm). The highest short circuit 

current density was predicted for Jsc max. = 35.5 mA/cm2.  Figure 5.3 shows simulated 

variation of Jsc with with an AR structure - MgF2 (120 nm)/ZrO2 (200 nm). The highest 
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short circuit current density was predicted for Jsc max. = 35.5 mA/cm2.    The highest short 

circuit current density was predicted for a structure -  MgF2(120 nm)/HfO2(200 nm) which 

gives Jsc max. = 35.6 mA/cm2 as shown in Figure 5.4 This approach to simulation helps in 

expediting the optimization of solar cells by estimating the required layer thicknesses even 

before any experiments are carried out. 

 

 

 

Figure 5. 3: Predicted variation of Jsc with MgF2/ZrO2 thicknesses; Jsc : 35.5 mA/cm2 
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Figure 5. 4: Identification of optimum two-layer AR from EQE/JSC simulations. 
Predicted variation of Jsc with MgF2/HfO2 thicknesses; Jsc : 35.6 mA/cm2 

 

 

Figure 5.5 shows the reflectance and transmittance before and after deposition of a 

MgF2/HfO2 AR coating on top of the standard TCO layers used for CIGS solar cells.  The 

TCOs were in turn deposited directly on soda lime glass (SLG).  This study was performed 

to evaluate possible substrate dependence of the optical properties of the AR coatings, 

comparing results for a Si substrate and for ZnO:Al, which is the top-most layer of the 

CIGS solar cell.  
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Figure 5. 5:Measured reflectance and transmittance spectra of a standard TCO structure 
on SLG before and after deposition of a 2-layer MgF2/HfO2 AR coating 

 

Optimized JV-QE results 

 

 The deposition process of CIGS absorber layers were optimized to obtain an 

increase in the efficiencies for ultra-thin CIGS cells. The thickness of the CIGS layer was 

varied from 2μm to 0.7 µm, 0.5 µm and 0.36 µm.  To our knowledge, these are among the 

highest efficiencies reported for cells with ultra-thin CIGS.  The results are summarized in 

Table 5.1 and the experimental EQE's for devices with 0.5 µm thick CIGS are shown in 

Figure.5.6  A bi-layer AR coating (MgF2/HfO2) with layer thicknesses optimized by 

simulation was deposited on the solar cell with 0.5 µm CIGS.   
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TABLE 5. 1  PERFORMANCE OF SOLAR CELLS WITH STANDARD CIGS 

THICKNESSES AND THIN CIGS LAYERS. 

CIGS deff 
(µm) 

AR 
coating 

Voc  
(V) 

FF  
(%) 

Jsc  
(mA/cm2) 

Eff.  
(%) 

standard  2 µm 
3-stage 

(MgF2 AR) 
 

0.63 74 34.0 15.9 

0.7310 ± 
0.0010 µm 

(no AR) 

0.55 70.8 

32.7 12.8 

 
(MgF2 AR) 

 
33.8 13.2 

0.50 µm 

(no AR) 

0.52 63.5 

27.6 9.0 

 
(MgF2 AR) 

 
30.9 10.1 

 

The measured reflectance of the cell before and after the coating is shown in Figure 5.7 

and Figure 5.6 compares the effect of the bi-layer AR coating on the EQE. There is an 

approximate improvement of around 4.4 mA/cm2 in Jsc and the reflectance response was 

reduced significantly after adding the AR coating. The efficiency of the cell increased from 

9.02 % to 10.10 % with the inclusion of the coating. The lower measured EQE relative to 

the calculation over the 400-1000 nm range is attributed to electron-hole collection losses.  

The higher measured EQE relative to the model at wavelengths > 1000 nm can be attributed 

to light scattering which is not included in the optical model. 
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Figure 5. 6:External quantum efficiency (EQE) for a solar cell with 0.5 μm CIGS 

 

 

Figure 5. 7: Measured reflectance spectra of a solar cell with a 0.5 µm CIGS absorber 
layer before application of an AR coating and after deposition of a 2-layer MgF2/HfO2 

AR coating 
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Figure 5. 8: Measured and optically simulated Jsc values for CIGS solar cells with 
standard and thin absorbers with and without AR coatings 

5.3  Three layer AR Structure:  

The AR structure was modified including a three layer AR structure to improve the 

light trapping. Figure 5.9 illustrates the structure of an ultra-thin CIGS device with a three 

layer AR structure. Figure 5.10 illustrates a simulated effect of the AR coating on the 

reflectance of an ultra-thin CIGS device. The simulated model shows a clear advantage of 

having a multi-layer AR over a single layer AR coating for the device.  
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Figure 5. 9:Schematic diagram of ultra-thin CIGS solar cell with 3-layer ARC. 

 

 

Figure 5. 10: Simulated reflectance spectra of ultra-thin CIGS device with multi-layer 
AR coating 

. 
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5.4   Four layer AR coating with High/Low Index Profile 

The optical properties of single thin film or an assembly of thin films can be completely 

described by a characteristic matrix for given wavelength. Herpin equivalent layers concept 

is applied in three layer gradient coating, where medium index is replaced by a combination 

of high and low index materials for two layer coating. This concept can be used to reduce 

a complex multi-layer structure with symmetrical sub components to a simpler structure 

for ease of modeling and design. Thus a high/low/high/low index (HLHL), two material 

AR coating can be used to approximate the optical performance of the gradient coating 

structure[51-55]. Reflectance modeling designs are implemented for CIGS devices with 

0.5 µm absorber thickness. The variation in reflectance is simulated for a combination of 

different 4-layer AR coatings following a [high-refractive-index (H)]/[low-refractive-

index (L)]/H/L structure. MgF2 serves as the low refractive index layer (L) in all cases, 

whereas H designates a high refractive index layer, which is either ZrO2, HfO2, or TiO2. 

Simulations of QE spectra for the different AR coatings on CIGS devices are shown in 

Figure 5.11, along with those for no AR coating or a single layer MgF2 AR coating. The 

structure of the AR coating is designed based on the optical properties of the underlying 

structure, such that the overall reflectance spectra from the device is minimized. A structure 

based on HfO2 and MgF2 provides a smooth transition in refractive index from the top of 

the cell to air.  Thus, it is important to note that the simulations are carried out to reduce 

the average reflectance for each structure, yielding a different thickness for each layer in 

each of the optimized structures. The results exhibit a reduction of reflectance from 14 % 

to 6 % for an AR structure of MgF2/HfO2/MgF2/HfO2. The reflectance curves for the 

different structures investigated is shown in Figure 5.12. The reduction in reflectance 
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spectra can be correlated with the refractive index of the material used in the structure. The 

multi-layer structure with HfO2 provides the least reflectance (6%) and the structure with 

TiO2 has the highest reflectance (8%). Therefore, it is very crucial to select the right 

material while designing the multi-layer AR structure. 

 

 

Figure 5. 11:Simulated quantum efficiency (QE) for an ultra-thin CIGS device (0.5 µm) 
without AR coating, with single layer AR coating (MgF2), and with 3 different multilayer 
AR coating structures. 
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. Figure 5. 12: Simulated reflectance of an ultra-thin CIGS device with three layer AR 
structure. 
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Figure 5.13: Real time reflectance during deposition of AR layer (HfO2/MgF2/ HfO2/ 
MgF2) on ultra-thin CIGS (600 nm) cell. 

 

Figure 5. 14: Real time reflectance during deposition of AR layer (TiO2/MgF2 /TiO2/ 
MgF2) on ultra-thin CIGS (600 nm) cell. 
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. 

These simulations serve to guide experiment by providing an estimated thickness for 

each layer. In-situ RTSE measurements are carried out to monitor the average reflectance 

of these multilayer AR structures on ultra-thin CIGS cells. Ex-situ reflectance 

measurements of the CIGS devices were also performed before and after the deposition of 

the multilayer AR structure, to supplement the RTSE measurements. Figure 5.13-5.14 

shows the real time reflectance measurement acquired in-situ during deposition of the 

multilayer structure. It can be observed that the optical structure with the multilayer AR 

coating has more than one reflectance minimum at each wavelength and thus can 

effectively reduce the reflectance for an extended range of wavelengths.  The utility of this 

demonstration is that in-situ monitoring during AR coating fabrication can be used for real 

time adjustment of the layer structure to ensure that the proper reflectance metrics are 

obtained from the combination of refractive index and thickness for each layer, as opposed 

to assuming reference values and deposition rates.  
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Figure 5. 15:Ex-situ reflectance before and after the deposition of the AR coating 

 

Ex-situ reflectance measurements (Figure 5.15) of the CIGS devices were done before 

and after the deposition of the multi-layer structure, to correlate to the RTSE 

measurements. The optical structure with the multi-layer AR structure has more than one 

reflectivity minimum at several wavelengths and thus can effectively reduce the reflection 

for an extended range of wavelengths. 
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Figure 5. 16: Simulated reflectance and transmittance before and after deposition of a 
MgF2/HfO2 /MgF2/HfO2 AR coating on top of the standard TCO layers 
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Figure 5.16 shows the reflectance and transmittance before and after deposition of 

a MgF2/HfO2 /MgF2/HfO2 AR coating on top of the standard TCO layers used for CIGS 

solar cells.  The TCOs were in turn deposited directly on soda lime glass (SLG).  This study 

was performed to evaluate possible substrate dependence of the optical properties of the 

AR coatings, comparing results for a Si substrate and for ZnO:Al, which is the top-most 

layer of the CIGS solar cell. 

Optimized JV & QE Results 

The effect of the AR layers on ultra-thin CIGS device with different AR structures has 

been summarized in Table 5.2. The JSC has been considerably enhanced with the multi-

layer AR coatings and can be correlated with the modeled reflectance curves (Figure 

5.16). There is almost a 14% increase in the Jsc with the multi-layer structure 

(HfO2/MgF2/HfO2/MgF2) when compared to using a single layer AR coating which hardly 

gives an increase up to 8%.  However, taking into consideration the high material cost of 

HfO2, one can compromise to use the multi-layer AR structure with ZrO2 as their 

performances are almost similar. Figure 5.17 compares the QE spectra of the ultra-thin 

CIGS device with a single layer AR coating and a multi-layer AR coating structure and 

the effect of having a multilayer AR structure can be easily differentiated. The deposition 

of the multi-layer AR coating increased the short circuit current density by almost 3.5 

mA/cm2
 (14% relative increase) for the device shown in the figure.  
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TABLE 5. 2  EFFECT OF DIFFERENT AR LAYERS ON ULTRA-THIN CIGS 

DEVICE (0.55μm) 

Sample ID AR coating 
η 

(%) 

Jsc 

(mA/cm2) 

Voc 

(V) 

FF 

(%) 

SAMPLE I 
MgF2 9.1 28.2 0.54 59.8 

No AR 8.2 26.0 0.53 59.2 

SAMPLE II 
ZrO2/MgF2/ ZrO2/MgF2 9.4 28.4 0.55 60.3 

No AR 7.9 25.6 0.53 58.3 

SAMPLE III 
HfO2/MgF2/ HfO2/MgF2 9.1 28.4 0.55 58.2 

No AR 7.2 24.9 0.53 54.5 

 

 

 

Figure 5. 17: Comparison of QE spectra for a 0.55 µm CIGS device with different AR 
structures. 
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5.5 Real time reflectance monitoring During Multi-layer Anti-reflective Layer 

Deposition 

 

The average reflectance from the CIGS cell structure is closely monitored during the course 

of deposition of anti-reflective layers. The effect of the AR layers on CIGS devices with 

different CIGS thicknesses has been summarized in Table. 5.3.  For a thick CIGS layer 

(2um), a layer of MgF2 is sufficient to reduce the top reflection. However, with the reduced 

thickness of CIGS layer, the reflection from the first surface cannot be completely 

cancelled through destructive interference with the weaker reflection from the top surface. 

Thus the characteristics of the single quarter wave layer can be improved by adding a high 

index half wave layer between MgF2 layer and the substrate to broaden the characteristics. 

With multi-layers, there are multiple minimum reflection points at different wavelengths 

and the average reflectance is comparatively reduced.  
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Figure 5. 18 Real time reflectance for CIGS devices with varied thickness with multi-
layer AR 
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The JSC has been considerably enhanced with the multi-layer AR coatings. The reduced 

Voc and FF for some cells is probably due to the increased substrate temperature and 

diffusion into cell structure caused due to lengthy hours of deposition time for the AR 

coatings. Figure 5.18 shows the real time reflectance for CIGS devices with varied 

thickness with multi-layer AR coatings and Table 5.3 shows the device summary for these 

samples. 

TABLE 5. 3 DEVICE SUMMARY FOR DIFFERENT CIGS THICKNESS WITH AR 

LAYERS 

Thickness 

(μm) 
AR coating 

η 

(%) 

Jsc 

(mA/cm2) 

Voc 

(V) 

FF 

(%) 

2.0 MgF2 17.6 37.5 0.64 73.1 

No AR 16.7 35.6 0.64 73.4 

1.0 4 layer AR 11.9 32 0.58 64.7 

No AR 12.8 30.6 0.59 70.5 

0.55 4-layer AR 10.8 28.1 0.59 64.7 

No AR 10.2 27.3 0.58 64.7 

 

5.6 Alternative Nitrides Back Contacts for Ultra-Thin CIGS Solar Cells 

As the thickness of the CIGS absorber is reduced to optimize the material costs, fabrication 

costs and/or bulk recombination losses, one pass of the light through the device is not 

sufficient for complete absorption. The absorption losses can be compensated by 

employing effective optical enhancement techniques by impinging light effective path 

lengths that are greater than the absorber thickness [56]. The optical losses can be 
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minimized by improving the reflectivity at the back of the device as increased scattering 

provides for diagonal light paths. Thus, a reflective back contact combined with an 

effective AR coating can improve the light trapping in the device. Application of 

alternative back contacts can also improve the device stability, offer better thermal 

expansion match with the other layers and reduce material and processing costs [57].  

The different materials investigated as alternative back contacts include different 

metal nitrides such as ZrN and VN. Figure 5.19 shows the structure of the CIGS cell using 

alternative back contacts. ZrN and VN have high reflectivity in the red or near infra-red 

spectrum thus exhibiting approximately a 15% increase in the average reflectance when 

compared to using Mo as the back contact. This provides the possibility of multiple passes 

of light through the ultra-thin CIGS layer increasing the conversion efficiency. Figure 5.20 

a). shows the reflection intensity for different back contacts[58]. Figure 5.20 b) compares 

the experimental results for reflection intensity of the CIGS device with alternative back 

contacts. One can see there that the quality of our nitrides is not good yet, as the reflectance 

is not as high as expected.   

Multi-layer AR coatings can be used in conjunction with the back reflector to serve 

as a light trap in the red and the near infra- red region, where enhanced absorption is 

required. The goal is to achieve at least five passes in the internal reflection for complete 

absorption of light. The average reflectance of the ultra-thin CIGS devices with alternative 

back contacts and multi-layer AR coatings (TiO2/MgF2/TiO2/MgF2) is shown in Figure 

5.21. It is observed that the average reflectance can be considerably reduced, by up to 40%, 

with this light trapping scheme. 
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Figure 5. 19:Basic structure of CIGS device with alternative back contacts 
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Figure 5. 20: a) Reflection (to air) for different back contacts [58], b) Reflectance curve 
for CIGS devices on alternative back contacts. 

 

Due to the reduction of thickness of the CIGS layer, there is a decrease in the short circuit 

current thereby reducing the overall efficiency. As demonstrated, VN and ZrN have higher 

reflectivity towards the IR and near IR region, thus theoretically increasing the absorption 

in the region. This demonstrates therefore the capacity of this alternative scheme to produce 

better current as expected but also shows the limitations of our current process. Another 

problem arises from the Voc, which tends to be higher for the Mo contact due to better 

ohmicity.  
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Figure 5. 21: Reflectance curve for CIGS solar cells with multi-layer AR coating on 
alternative back contacts. 

Figure 5.22 compares the QE for CIGS device with the alternative back contact with CIGS 

device on Mo as back contact. One can see that, in the case of VN, the current indeed 

increases but that it decreases for ZrN. 
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Figure 5. 22: Quantum efficiency measurements for CIGS devices with alternative 
back contacts. 

 

Figure 5. 23: Reflectance curve for CIGS devices with alternative back contacts with 
and without multi-layer ARC. 
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Due to the reduction of thickness of the CIGS layer, there is a decrease in the short circuit 

current thereby reducing the overall efficiency. VN and ZrN have higher reflectivity 

towards the IR and near IR region thus increasing the absorption in the region. Comparing 

the QE for CIGS device with the alternative back contact with CIGS device on Mo as back 

contact substantiates the increase in Jsc due to the increase in absorption. However, the QE 

for CIGS device with ZrN as back contact states that there is more room for optimization 

and improvement of the back contact layer. Figure 5.23 compares the reflectance curve for 

CIGS devices on alternative back contacts with and without the multi-layer AR coating. 

The average reflectance has been considerably reduced in a structure with multi-layer AR 

coatings.  

 

 

Figure 5. 24:Real time reflectance measurement during multi-layer AR coating on 
ultra-thin CIGS on Mo back contact 
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RTSE measurements were carried out to obtain relative reflectance of ultra-thin CIGS 

device on alternative back contacts with the multi-layer AR (TiO2/MgF2/TiO2/MgF2) 

coatings. The reflection intensity of the layers was closely monitored for different 

wavelength in-situ during the deposition of AR coating on CIGS device. Real time 

measurements aid to optimize the dimensions of the different AR layers so as to reduce the 

reflection for a specific spectral range thus leading a reduction in the average reflectance.  
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Figure 5. 25:Real time reflectance measurement during multi-layer AR coating on 
ultra-thin CIGS on VN and ZrN back contact 
 

 

 

 

 

 

 

 

 

 

 

 



111 
 

  

 

CONCLUSIONS 
 

A solar cell is efficient when it is able to convert all the incoming photons to electron-

hole pair with minimum reflectance from the layers. The optical trapping can be enhanced 

by having anti-reflective layers on the cell and the design on any AR coating is 

characterized by the irradiance, emittance, and absorptance of the media and also by the 

optical properties, index of refraction, and extinction coefficient of the materials. The AR 

coatings have to be chosen with great care as it has to be very durable, resistive to both 

physical and environmental damage and most importantly, it should be compatible with 

the substrate. Depending on the structure of the solar cell, either single layer or multilayer 

AR stack can be used to achieve enhanced light trapping. The critical influence of the 

thickness of the AR coating for CIGS applications was demonstrated via modeling and 

experimental results. Using a transfer matrix theory model, the influence of the thickness 

of CIGS, CdS and AZO was demonstrated. The importance of controlling the deposition 

parameters of the MgF2 is discussed, as it influences the devices parameters. The 

experimental results confirmed the validity of the model and allowed for optimized devices 

to be fabricated.  Real time spectroscopic ellipsometry was used to analyze the average 

reflectance of the CIGS structure to obtain optimum results. An optimized deposition of 

AR coating at room temperature provided an increase in the short circuit current density 

by around 5%, while the AR layer deposited at higher substrate temperature provided an 

increase of 10%.  
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The multi-layer anti-reflective coating structure using alternate high and low refractive 

index dielectric thin films are generally used for a variety of optical applications. GaAs and 

polycrystalline silicon devices have also explored the possibilities of the multi-layer AR 

structure. In this study, the potential of different materials to be used as AR coatings for 

ultra-thin CIGS applications has been explored and optimized. With multi-layer structure 

and coupled boundaries, the reflection effect can be considerably reduced across a wide 

wavelength range. Using a transfer matrix model and reflectance model, the structure and 

thickness of the AR layers were optimized. Optical modelling predicts a reduction of 

reflectance from 14% down to 6% with the optimized AR structure. The application of the 

multi-layer AR coating on the ultra-thin CIGS device increased the efficiency from 10.2% 

to 10.8% for the best device. The reduced reflectance leads to an improvement of the short 

circuit current density produced by the cell by 0.8 mA/cm2 and this increase is definitely 

attractive as the thickness of the CIGS absorber layer gets further reduced. The 

performance of the multi-layer AR structure can be further improved by modifying the 

structure with a continuously graded refractive index that has more than one reflectivity 

minimum at several wavelengths. Also, the structure can be made more cost efficient by 

exploring the possibilities of a low cost and abundant material like zirconium dioxide and 

by optimizing the structure.  
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