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Abstract  
 

Thin-film silicon solar cells are an innovative approach to utilizing solar energy. Thanks to 

their flexibility, lower material usage, and production cost, they have the potential to be used 

in a range of applications. The conversion efficiencies of thin-film silicon solar cells need to 

be improved to make them commercially viable. This involves further optimizing the different 

layers of the solar cells. During this project, different strategies for enhancing thin film silicon 

solar cells were studied, including the deposition conditions for nc-Si:H layer, the sacrificial 

texturing used, the use of an additional back reflector layer, and the type of TCO layer used. 

 

A more consistent quality of the nc-Si:H samples were obtained by varying the hydrogen flow 

rate compared to the silane flow rate in the processing chamber. Using a silane flow rate of 2.3 

sccm and a hydrogen flow rate of 120 sccm, a silane concentration 2.6 was achieved, resulting 

in nc-Si:H layer with a crystallinity of 60%, close to the desired amorphous-nanocrystalline 

silicon transition region. 

 

The texturing used in the glass sample can play a significant role in scattering the incident light 

into the solar cell. Craters of different sizes are formed depending on the material used for the 

sacrificial layer. Making smaller craters on top of larger craters using modulated surface 

textures (MST) is also possible. Using intrinsic Zinc Oxide (i-ZnO) sacrificial texturing 

resulted in the highest spectral utilization in single junction nc-Si: H with a Jsc of 25.2 mA/cm2. 

Indium-doped tin oxide (ITO) sacrificial texturing created micro-sized textures, resulting in the 

highest spectral utilization in micromorph samples (Jsc of 24.6 mA/cm2). Using an MST of 

ITO and i-ZnO also resulted in high spectral utilization with a Jsc of 24.3 mA/cm2 in 

micromorph cells. 

 

Having an additional back reflector on top of the metal back contact can further improve photon 

absorption in solar cells. Using a material with a low refractive index, such as i-ZnO, increased 

the spectral utilization and improved the short-circuit current (Jsc) by approximately 10%. 

Depositing the i-ZnO back reflector layer using a higher heater temperature (300°C), improved 

the spectral utilization of the sample further by 9%. 

 

The transparent conductive oxide (TCO) layer must be highly transparent and conductive. 

Usually, ITO is used as a TCO layer, although it has limited absorption in the infrared region 

and lower conductivity at higher temperatures. A TCO with higher optoelectrical properties 

was obtained using a bilayer of hydrogenated indium oxide (IOH) and i-ZnO. nc-Si:H samples 

with the TCO bilayer showed a higher spectral utilization and an improvement in their Jsc by 

9-12%. The performance of micromorph samples with TCO bilayer was also higher with Jsc 

improvement of 6%. The influence of the bilayer thickness on the performance of micromorph 

samples was also inspected, and it was found that using a thicker bilayer with a thickness of 

1100 nm instated of 600nm boosted the performance of the sample further and improved its 

Jsc by 3%. 
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Chapter 1: Introduction 
 

With the rapidly growing global population, the demand for energy is at an all-time rise. It is 

urgent necessity to meet this demand while limiting the rate of carbon emissions. Over the next 

20 years, the energy demand on a worldwide scale is expected to increase by 48%, based on a 

report by the U.S Energy Information Administration [1]. An estimate by the Energy Institute 

accounted that fossil fuels are currently supplying 82% of the global energy demand [2]. With 

the heavy reliance on fossil fuels, carbon emissions have also increased, reaching 36.6Gt in the 

year 2021 [3]. With that, the global warming issue is alarming with 2022 being the sixth 

warmest year since global records started in 1880, with a temperature of 0.86°C above the 

average 20th-century temperature of 13.9°C [4]. To limit carbon emissions and the 

accompanying harm of global warming, the Paris Agreement was established in 2015 as an 

international treaty on climate change with 196 parties to set emissions-reduction pledges. The 

goal of the Paris Agreement is to set the average temperature on a global scale to well below 

2°C, with a maximum of 1.5°C by the end of the century. To reach the goals of the Paris 

Agreement, the reliance on fossil fuels as a primary source to meet the global energy demand 

needs to be shifted towards renewables [5]. Renewable energy sources only accounted 12.3% 

of global energy demand in 2022, to ensure a safer future, the energy supply from renewables 

needs to be improved significantly[6]. One of the primary sources of renewable energy that has 

a high potential is Solar energy. The power from solar irradiation on the earth's surface for one 

hour is sufficient to supply the yearly global energy demand [7]. Thus, utilizing the maximum 

possible solar energy is essential to supply the energy demand.   

 

First-generation crystalline silicon (c-Si) photovoltaics technology has been known to provide 

high conversion efficiencies, with records reaching up to 26.1% by NREL [8]. However, using 

c-Si photovoltaics comes with a few main drawbacks, including the energy-intensive nature of 

the production process that requires high temperatures and the higher amount of Si 

consumption and waste during production due to the considerable wafer thickness (100-300 

μm) [9]. Moreover, c-Si PV wafers are generally heavy, rigid, and fragile. A promising 

alternative to c-Si PVs is the second-generation technology of thin-film. Among the common 

thin-film PV technology are a-Si, CdTe, and CIGS, with a-Si:H being the safest and cheapest 

due to the abundance and nature of Si. Thin-film silicon solar cell allow for roll-to-roll (R2R) 

manufacturing that is cost effective and scalable while consuming significantly lower Si in 

their production due to their lower thickness (3-10 μm) [8]. Furthermore, thin-film silicon solar 

cells need lower processing temperatures to generate lightweight and flexible cells, reducing 

transportation and installation costs while allowing them to be used on a broader range of 

applications. However, one of the main limitations of thin-film silicon solar cells (a-Si:H) is 

the lower conversion efficiency ranging between 7-14% as compared to c-Si PVs, with 

conversion efficiencies reaching 19-23% [8][10]. As the technology for c-Si PV is mature, the 

production costs of c-Si PV modules decreased significantly over the past ten years while their 

efficiencies have increased, allowing them to dominate 90% of the market share. This has 
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caused a decrease in the demand for second-generation thin film silicon solar cells due to their 

lower efficiencies and issues with their stability [8]. Thus, in order to make thin film silicon 

technology commercially viable, the conversion efficiency needs to be improved to produce 

cells that can generate electricity at a lower cost. Increasing the efficiency of thin-film silicon 

solar cells will allow for better utilization of the solar spectrum and higher generation of 

electrical energy leading to lower energy costs. This, along with the advantage of R2R 

manufacturing of thin-film solar cells, can provide a great incentive to raise the demand for the 

thin-film technology and make it competitive to c-Si PV. 

 

To reach high efficiency goals with thin-film silicon solar cells, the different layers that make 

up the solar cells need to be optimized. The focus of this work is to study the different layers 

involved in thin-film silicon solar cells and strategies to improve them. This thesis addresses 

the following research questions. 

 

1. Which processing conditions in terms of precursor gas flows is ideal to hydrogenated 

nanocrystalline silicon depositions? 

2. How does texturing of superstrates influence the performance of nc-Si:H and 

micromorph tandem cells? 

3. How will the solar cell benefit optically with an additional intrinsic Zinc Oxide layer at 

the back side of the silicon stack? 

4. Does the double layer bilayer transparent conductive oxides as front contact allows a 

performance boost of nanocrystalline and micromorph tandem cells? 

 

The work done during this project is reported in the following order:  

In Chapter 2, the fundamentals of a solar cell and theoretical background on nc-Si:H are 

explained. The chapter also goes through the device architecture and the characterization 

methods used during this project. Chapter 3 addresses the first research question with help of 

an experiment in which varying hydrogen and silane flow rates are done. This chapter walk 

through determining the quality of the grown nano crystalline layer. This chapter also goes 

through the calibrating conditions for stable depositions. Chapter 4 discusses the research 

questions two, three and four. The chapter goes through the experiments and results that were 

done for inspecting the influence of sacrificial texturing, the utilization of i-ZnO back reflector, 

and the influence of using a TCO bilayer on the solar cell's performance. Lastly, chapter 5 

concludes the report with the primary outcomes of this project and recommendations for further 

research.  
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Chapter 2: Fundamentals 
 

This chapter is introducing the fundamental mechanisms involved in a solar cell operation. It 

introduces the thin film solar cell technology and the materials used prominently in it. This 

chapter also covers a short discussion on various deposition techniques and characterization 

techniques of solar cells. 

 

2.1 The working principle of a solar cell 
 

The main principle on which solar cells operate is based on the photovoltaic effect, which 

occurs at the junction of two different materials upon exposure to electromagnetic radiation 

generating a potential difference at their junction [9]. The process occurs in the following main 

steps illustrated by the simple solar cell model in Figure 1 below. 

 
Figure 1 Simple model of a solar cell. With Step.1 showing absorption and generation, Step.2 recombination, Step.3 

separation, Step.4 flow of current through external circuit, Step.5 recombination [9] 

- Generation 

When photons with sufficient energy equal to the band gap of a material are absorbed, they 

excite an electron from the valence band to the conduction band leading to electron-hole pair 

generation.  

- Separation 

If the generated electron and hole pairs are not separated, the energy will be lost due to radiative 

and non-radiative recombination. To utilize the energy stored in electron-hole pairs, the 

electrons and holes are separated using a semi-permeable membrane allowing the one-way 

flow of electrons at one end and the one-way flow of holes at the other end.  

- Collection 

The separated electron and holes can be used to perform work in an external circuit using 

electrical contacts. The electrons flow through an external circuit where they perform work 

before they recombine with the holes in the back contact. 
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2.2 Thin-film silicon solar cells 
 

Hydrogenated amorphous silicon (a-Si:H) 

 

Hydrogenated amorphous silicon (a-Si:H) is a commonly used material in thin-film silicon 

solar cells. It is characterized by its disordered lattice that lacks a long-range periodic 

crystalline silicon network. The silicon and hydrogen atoms in the lattice are arranged in a 

random order resulting in a large number of dangling bonds (silicon atoms with unbonded 

covalent bonds) and defects in the lattice of pure amorphous silicon. Pure amorphous silicon is 

passivated with hydrogen to reduce its defect density from approx. 1019 cm-3 to around 1016 

cm-3 and thus reduce the associated recombination. An important feature of a-Si:H is its direct 

band gap, resulting in a much higher absorption coefficient than c-Si [9].  

 

 
Figure 2 Absorption coefficient of different thin-film silicon matrials [9] 

As can be seen in Figure 2, a-Si:H can absorb 100 times more than c-Si at certain wavelength 

ranges [11]. This allows a-Si: H to be used on much thinner thicknesses (e.g. 0.5 μm) as 

compared to c-Si (100-300 μm) while having high photon absorption. However, one of the 

main limitations of a-Si:H is that it suffers from light-induced degradation, also known as 

Staebler–Wronski effect (SWE). SWE is correlated with metastable defects and structural 

changes that occur due to the recombination of light-excited charge carriers. Over longer 

periods, as the defect density in the bulk of the a-Si:H absorber layer increases, the performance 

of a-Si: H decreases, reaching to 85-90% of its initial efficiency [9]. Depending on the amount 

of hydrogen incorporated in the silicon network, a-Si: H has a tunable bandgap of 1.6-1.8eV 

which is higher c-Si (1.12 eV). The higher bandgap of a-Si: H implies that photon absorption 

is limited to a wavelength range of 800nm, as photons with larger wavelengths do not have 

enough energy to excite photons in a-Si: H. The higher bandgap of a-Si: H limits it from 

utilizing the full potential of the AM 1.5 spectrum. In order to extend the spectral utilization 

and absorption efficiency of a-Si:H, it can be combined with a lower band gap material such 

as hydrogenated nanocrystalline silicon (nc-Si:H). 
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Hydrogenated nanocrystalline silicon (nc-Si:H)  

 

Figure 3 The change in the crystallinity of nc-Si:H with increasing hydrogen dilution during the deposition [12]. 

Hydrogenated nanocrystalline silicon (nc-Si:H) material consists of small crystalline lattice 

grains embedded in a-Si:H matrix. Depending on the deposition conditions, the crystalline 

volume fraction in nc-Si:H can altered; thus, the material's bandgap can be adjusted between 

1.1-1.6eV [13]. The crystalline grain growth within the material starts at the nucleation center 

and grows with a cone-like shape as illustrated in Figure 3. Depending on the deposition 

conditions, the space between the crystalline grains is filled with a-Si:H phase or voids. As the 

conical crystalline grains grow, eventually, they collide and form grain boundaries with 

disordered networks. Grain boundaries can act as defects in nc-Si:H material where 

recombination occurs. By optimizing the deposition parameters, it is possible to obtain 

crystalline grains with a larger diameter and fewer grain boundaries. The silane concentration 

can play a significant role on the degree of crystallinity in nc-Si:H. By increasing the hydrogen 

dilution while growing the nc-Si:H layer, it is possible to obtain higher crystallinity [13]. A 

detailed explanation on the influence of silane concentration on the crystallinity of nc-Si:H can 

be found in Chapter 3. In general, research has found that the best nc-Si:H bulk material is 

found with a crystallinity near the transition region near amorphous-nanocrystalline with a 

crystalline volume fraction of 60%. 

 

Nc-Si:H offers less degradation at longer illumination when compared to hydrogenated 

amorphous silicon (a-Si:H) [14]. As nc-Si:H has a low bandgap of 1.1 eV, it can be used to 

generate energy from photons at larger wavelengths up to 1100 nm. However, due to the 

indirect bandgap of nc-Si:H materials, it has a lower absorption coefficient than a-Si:H and 

thus it  needs to be deposited at a higher thickness to reduce the transmittance losses through it 

[9]. As nc-Si:H offer an extended spectral absorption, this makes them ideal to be used in a 

tandem cell with the top cell being the a-Si:H layer and the nc-Si: H layer as the bottom cell 

 

Thin-film silicon solar cells design 

 

As there is a large defect density and low carrier mobility in thin-film silicon solar cells, charge 

carrier transport cannot rely on diffusion due to the limited diffusion length. An intrinsic layer 

is used for a-Si:H and nc-Si:H in thin film silicon solar cells that are sandwiched between p 

and n-doped layers. The intrinsic layer between the p-doped and n-doped layers creates a built-



 
6 

in electric field, allowing for the drift of the excited charge carriers across it [9]. The p-layer 

and n-layers are usually made from a silicon oxide material with a higher bandgap than Si 

alloys as it has high transparency and lower energy losses due to parasitic absorption. Boron is 

usually used as a dopant for the p-layer, while Phosphorous is used as a dopant for the n-layer. 

During this project, a recipe developed by the PVMD group was used in which triple P-layer 

and N-layers were deposited. The triple P-layer and N-layers consist of a contact layer, a 

window layer, and a buffer layer. The contact layer provides low ohmic resistance and better 

contact between the TCO and the bulk layer. The window layer allows for better built-in 

voltage and high transparency. Lastly, the buffer layer ensures lesser recombination in the P-I 

interface.  

 

To have a high spectral utilization, a combination of a-Si:H P-I-N layer and an nc-Si:H P-I-N 

layer needs to be used. In a micromorph tandem cell, a P-I-N layer of a-Si:H is placed at the 

top after the TCO layer, while the P-I-N layer of the nc-Si:H is placed at the bottom. In this 

way, the high bandgap of a-Si:H will absorb highly energetic photons with wavelengths up to 

800nm while photons with longer wavelength ranges (800nm-1100nm) are transmitted deeper 

in the cell and are absorbed by the nc-Si:H. Due to the indirect nature of nc-Si:H, its intrinsic 

layer requires a larger thickness for effective photon absorption. A typical thickness of 1-3 μm 

is used for the intrinsic nc-Si:H layer while a smaller thickness of 0.3 μm is used for a-Si:H 

layer. Generally, an intermediate reflector layer (IRL) is placed between the a-Si:H and nc-

Si:H layers. An IRL is characterised by having a low refractive index such as i-ZnO which 

creates a large difference in the refractive index with the top a-Si:H layer which causes light 

passing through the cell to be reflected into the top cell.  

 

2.3 Silicon Deposition techniques 
 

Plasma-enhanced chemical vapor deposition (PECVD) 

Plasma-enhanced chemical vapor deposition (PECVD) is a key deposition technique for silicon 

in the solar industry. The working principle of PECVD involves applying high voltages to a 

gas (mainly hydrogen or helium) to create plasma through which ionization of precursor gases 

occurs. For the deposition process to occur, first the precursor gases (hydrogen and silane) are 

introduced into the chamber where they get ionized by the plasma into radicals, ions, and free 

electrons. The ionized precursor gases can then react and form silicon coating on the substrate 

in the chamber. By controlling the concentration and flow rate of silane and hydrogen in the 

chamber, the crystallinity of the silicon and optical properties can be altered. One of the main 

advantages of PECVD is that it offers silicon deposition at low temperatures maintaining 

dopant profiles [15] 
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Figure 4 Schematic diagram of a PECVD machine [16] 

Figure 4 illustrates the different parts involved in a typical PECVD device. The gas handling 

systems control the flow rate of the precursor gases into the chamber. The RF electrodes 

provide the electric energy for the ionization of the precursor gases in order for the deposition 

process to take place. Depending on the energy of the electrons from the RF electrodes, the 

interaction of the electrons with silane can occur in various forms including dissociation, 

attachment, ionization, etc. The substrate is held by the substrate holder which is usually heated 

to a temperature of 200 °C [17]. 

 

 As the plasma contains a mixture of radicals, electrons, positive ions, photon metastables, etc, 

the deposition from the plasma to the substrate occurs in various forms. The radicals formed 

from silane (Si, SiH, SiH2, SiH3) can diffuse to the substrate while high-energy electrons can 

further promote the reaction. The plasma is charged, however, space charge regions are formed 

close to the walls between the plasma and the substrate through which positive ions are 

accelerated into the substrate's surface leading to ion bombardment [17]. The PECVD machine 

used during this project has six chambers dedicated to the deposition of i-a-Si:H, i-nc-Si:H, p-

doped and n-doped depositions, as well as an AZO sputtering chamber.  

 

Physical vapor deposition (PVD) 

Physical vapor deposition with electron beam evaporation can be used for depositing metallic 

layers in thin-film silicon solar cells, including the front and back contacts. The process 

involves the use of a tungsten filament to provide a high electron beam to heat the source 

(evaporation material). The process is carried out under vacuum (10−3 to 10−6 Pa), and the 

source is typically mounted at the bottom of the chamber where the evaporated metal particles 

flow upwards [9]. The PVD machine used during this project is referred to as PROVAC. 

During the project, Al was used as the front contact, and a specific mask was used on which 

the sample was mounted on to define the deposition area of the front contact. Similarly, another 

mask was used to define the back contact of the samples in which three layers (Ag/Cr/Al) were 

used as the back reflector/contact. A detailed explanation on the back contact is presented later 

in Chapter 4.   
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Dry Etching (DE) 

Dry etching (DE) is a technique used to improve the performance of thin-film silicon solar cells 

by removing the Si bulk layer that is not contributing in the generation of the charge carriers. 

This allows for eliminating defects and impurities in the cell that can reduce the mobility of the 

charge carrier. Dry etching relies on the use of plasma in a vacuum chamber to excite the 

process gas molecules and generate a mixture of reactive ions and radicals. The generated 

reactive mixture of ions and radicals can then react with the surface of the thin-film silicon 

sample that is not covered by a back contact and etch away the layer. Alternatively, highly 

active radicals can also physically displace and remove the exposed atoms from the surface of 

the samples [18]. Depending on the plasma power, pressure, and gas flow rates, the extent of 

etching on the sample can be controlled.  

 

2.4 Characterization methods 
 

The samples made were characterized by various techniques to determine their optical and 

electrical properties. This section will briefly discuss the methods that were used for the 

characterization of the fabricated samples. 

 

Current-Voltage measurements (J-V) 

One of the main ways of determining the electrical properties of the solar module is by doing 

the J-V measurement. Usually, the measurement is carried out under standard test conditions 

(STC) at an AM1.5 spectrum, an irradiance of 1000 W/m2, and a cell temperature of 25 °C. 

 

Figure 5 J-V plot under standard conditions (at bottom), Under dark measurement (top) [9] 

Some of the main parameters that can be obtained from a J-V measurement include the open 

circuit voltage (Voc), the short circuit current density (Jsc), the Fill factor (FF), and the 

efficiency (η) as can be seen in Figure 5. The Voc is obtained at zero current while Jsc is 

obtained at zero voltage. Moreover, the FF and η can be obtained via the following equations:  

 

                  𝐹𝐹 =  
𝐽𝑚𝑝𝑝𝑉𝑚𝑝𝑝

𝐽𝑠𝑐𝑉𝑜𝑐
     (3.2.1)                                η =

𝑉𝑜𝑐𝐽𝑠𝑐𝐹𝐹

𝑃𝑖𝑛
       (3.2.2) 
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Figure 6 J-V measurement Setup [19]  

The J-V setup that was used for measuring the PV modules for this thesis was the AAA 

WACOM solar simulator that offered the measurements under STC. The setup consisted of 

Xenon and halogen lamps that simulated the AM1.5 spectrum. The solar module sample is 

mounted on a stage, and the stage temperature is controlled at 25 °C using a water cooling 

system as illustrated in Figure 6. The source meter measures the JV properties of the solar 

module when it is illuminated. Before the measurement is carried out, the system is calibrated 

using a reference cell.  

 

External Quantum Efficiency - EQE 

The external quantum efficiency measurement is done on a solar cell, to measure the ratio of 

successfully collected electron-hole pairs to the fraction of incident photons. The EQE can be 

calculated using the following equation [9] 

 

𝐸𝑄𝐸 (𝜆) =  
𝐼𝑝ℎ(𝜆)

𝑒𝜙𝑝ℎ(𝜆)
   (3.2.3) 

The EQE setup that was used for measuring the samples produced during the thesis consisted 

of an Xenon lamp providing a continuous even spectrum. The light from the xenon lamp is first 

filtered to prevent the interference of short-wavelength lights with longer wavelengths. As can 

be seen in Figure 7 the light then passes through a chopper wheel in order to achieve an 

approximate frequency of 123 Hz. The beam of light then goes through a monochromator 

which filters and selects the appropriate intensity of light with the desired wavelength for the 

measurement. The light is focused on the best-performing cell in the module and the 

measurement is carried out. The lock-in amplifier is used to filter the response of the solar cell's 

response to monochromatic light from the noise. Before the measurement is carried out, 

calibration is done using a reference diode. Generally, the short-circuit current density (Jsc) 

values obtained from the EQE measurements are more accurate than the ones obtained from J-

V, as Jsc obtained from the EQE are not dependent on the incident photon flux. 
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Figure 7 A typical EQE measurement setup [20] 

When measuring the EQE of a top or bottom cell in a tandem PV module, biased illumination 

has to be used in order to make the desired cell current limiting. Let's take for example the 

measurement of a top cell in a tandem PV module, biased illuminated (red) light should be 

used to saturate the bottom cell in order to make the top cell current limiting and measure the 

EQE of the top cell accurately. 

 

Reflectance and Transmittance (RT) 

To measure the optical characterizations of the PV module samples, it is important to measure 

the reflectance and transmittance of the cell. The RT results can give us an indication of how 

well the texturing on the solar module is and estimate the absorption rate in the cell. Moreover, 

the reflectance results along with the EQE can be used to measure the internal quantum 

efficiency of the cell. The device that was used to carry out RT measurement is the Perkin 

Elmer spectrometer. This spectrometer consisted of tungsten-halogen lamp and a deuterium 

lamp along with many filters, mirrors, and lenses to focus the beam of light on the solar cell in 

the sample and carry out the measurement at the desired light intensity. Generally, a testing 

range of 175-3300nm can be done using the spectrometer. 

 

Raman spectroscopy  

Raman spectroscopy is a widely used chemical analysis technique that uses the principle of 

inelastic scattering of photons to determine the sample's crystallinity, molecular interactions, 

and chemical structure. When the high-intensity laser from the Raman emitter hits the sample, 

some of the light is scattered at a different wavelength than the laser source (the Raman scatter) 

based on the chemical bonds of the sample. The obtained Raman spectrum features different 

Gaussian photon bands corresponding to the specific bond vibrations. An important 

characterization from the Raman analysis that was used in this project is the crystalline volume 

fraction (X). 

 

Generally, the Gaussian photon bands for amorphous and crystalline materials exhibit distinct 

Raman vibrational modes. By measuring the area of the Gaussian photon bands and obtaining 

a ratio of the vibrational modes for the crystalline and amorphous fractions in a sample, the 

crystalline volume fraction can be determined [20]. More information on the type of vibrational 

mode and crystalline volume fraction calculation method is presented in section 4.2. 
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Scanning Electron Microscopy (SEM) 

Scanning electron microscopy is a technique that relies mainly on a beam of moving electrons 

to scan the samples and produces images with sample features in the order of nanometers. The 

emitted electrons from the machine emitter (mainly the tungsten filament lamp) pass through 

different lenses and apertures to focus the beam on the surface of the sample. When the electron 

beam touches the surface of the sample, the electrons get scattered and secondary electrons are 

emitted from the sample making. The interaction of these electrons generates signals through 

the detector of the SEM machine and the sample's morphology and topology can be determined 

[21]. 

 

2.5 Cell Architecture 

The solar cells made for all experiments in this thesis are P-I-N superstrate configuration of 

area 16mm2 or 25mm2. The definition of cell area is done by back contact deposition. Figure 8 

shows a representation of the samples. Step by step procedure in the fabrication of samples are 

as given below. 

 

Figure 8 Schematic representation of the device architecture 

Glass Substrate 

To prepare the substrate for deposition, corning glass with thickness 0.7mm is used. The 

Corning glass is cut into 2.5cm x 10cm stripes. These stripes are cleaned using ultrasonic 

cleaning bath where the sample was first dipped in acetone for five minutes followed by 

another five minutes in isopropanol.  

 

Texturing 

The type of texturing used on a glass sample can influence the rate of reflectance at the surface 

of the cell and affect the light trapping. As the textures in a glass sample scatter the light 

entering the solar cell, the path length of the light in the active region is increased and a larger 

rate of the carriers are generated and collected. This in general increases the current generated 

by the solar cell and improves its overall performance [9]. 

 

The texturing on the glass was done using by depositing a sacrificial layer on the glass sample 

which was then etched using a chemical solution to create textures on the glass while the 

sacrificial layer was removed over time. Depending on the material used for the sacrificial 

texturing, textures with different crater sizes were created on the glass sample. For nc:Si-H 
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samples, the effect of texturing using Indium Tin Oxide (ITO) sacrificial layer, Aluminum 

doped Zinc Oxide (AZO) sacrificial layer, and Intrinsic Zinc Oxide (i-ZnO) sacrificial layer 

were examined. For micromorph samples, the effect of ITO sacrificial layer, AZO sacrificial 

layer, and Modulated Surface Textures (MST) combining ITO and AZO texturing and ITO and 

i-ZnO texturing were examined. For more details about the properties of the textures created 

by different sacrificial layers refer to the literature review in section 4.1. 

 

Transparent conductive oxide layer (TCO) 

TCO needs to be highly transparent and conductive to work efficiently in a solar cell, which is 

why it is important to optimize its thickness and deposition conditions. A suitable candidate 

for the TCO layer is indium tin oxide (ITO) thanks to its photoelectrical properties. ITO can 

provide good electron mobility, tunable carrier density, and high transparency in the visual and 

infrared region [22]. In this project, ITO was deposited through sputtering using the PECVD 

machine. The effect of having a bilayer as TCO was also investigated in this project in order 

to have better opto-electrical properties. The hydrogenated indium oxide layer (IOH) is known 

to have high transparency in the near-infrared region with low parasitic absorption losses and 

high electron mobility leading to higher conductivity [23]. By using a bilayer of i-ZnO on top 

of IOH, we ensure that we combine the benefit of i-ZnO with low parasitic absorption in the 

near-infrared region with the good lateral conductivity of the IOH 

 

Front contact  

The front contact of the solar cell was deposited after depositing the TCO layer. The Al front 

contact layer was deposited through vapor deposition using the PVD machine. The samples are 

first kept in a mask that holds the samples and defines the region where the front contact strip 

is deposited. The masks are then loaded into the PVD machine where an electrical beam 

evaporates the silver and deposit it into on to the mask.  

 

Silicon layer 

During this project, a P-I-N superstrate configuration was used where the p-layer was deposited 

first as illustrated in Figure 8. The deposition of a P-I-N cell is more challenging compared to 

N-I-P configuration as the first layer deposited is boron doped and further plasma depositions 

are done above this layer. The P-I-N layer was deposited using the PECVD machine. The 

machine consist of 6 deposition chambers (DPC) and each chamber is dedicated for depositing 

a certain layer depending on the desired properties of the sample.  

The samples with TCO and front contact layers are first loaded in the LLC chamber. Using a 

robotic arm the samples in a single holder are picked from the LLC and placed in DPC1. DPC1 

is responsible for P-doping as it's precursor gas is B2H6. Depending on the desired sample 

properties, the sample is then picked from DPC1 and placed into DPC3 to deposit intrinsic 

amorphous silicon or DPC4 to deposit intrinsic nanocrystalline silicon layer. For n-doping, the 

sample is placed in DPC2 with the PH3 precursor gas. Once the P-I-N layer deposition is 

complete, the samples are unloaded from the PECVD machine. The deposition parameters used 

can be found in Table 1. 
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Back reflector and Back contact 

During this project, the back reflector used was made up of a combined triple layer of Silver 

(Ag), Chromium (Cr), and Aluminum (Al). The metal back reflector also served as a back 

contact for the solar cell. By using a triple-layer back reflector, a combined benefit of optical 

and electrical properties can be achieved. In order to optimize the back reflector further, an 

additional i-ZnO layer can be used between the silicon layer and the back contact.  

 

To deposit the back contacts, the samples are first fitted in a mask to define the area for the 

deposition of the back contact and hold the samples. The samples are then loaded into the PVD 

machine to deposit the back contacts. Before the deposition process begins, the chamber is 

loaded with Ag, Cr, and Al as the back contacts of the samples consist of these three materials. 

The deposition of the i-ZnO layer was done by sputtering using the PECVD machine. A 

detailed explanation of the different properties of the metal back reflector and the i-ZnO back 

reflector can be found in the literature review in section 4.2. 

 

Dry Etching (DE) 

For a better definition of cell areas Dry etching is used for some samples for this thesis. This 

help in avoiding overestimation of current and improvement in short circuit resistance of the 

solar cells. Depending on the plasma power, pressure, and gas flow rates, the extent of etching 

on the sample can be controlled. During this project, a plasma power of 100W and a pressure 

of 0.3 mbar, along with H2 (100sccm) and SF6 (40sccm) were used for the process of dry 

etching. 
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Table 1 Standard deposition parameters for fabricating the Solar Cell 

Layer Power [W] Pressure 

[mbar] 

Temperature 

[C] 

Gas Flow rate 

[sccm] 
 

AZO 

 

300 

 

2.6 

 

300 

 

Ar 

 

20 

 

 

μc−SiOx(p) 

 

12 

 

2.2 

 

300 

SiH4 

H2 

CO2 

B2H6/ H2 

0.8 

170 

2.3 

20 

 

a-Si:H (i) 

 

 

2.8 

 

0.7 

 

300 

SiH4  

 H2 

40 

0 

 

μc−SiOx(n) 

 

 

11 

 

1.6 

 

300 

SiH4 

PH3/ H2 

CO2 

H2 

1 

1.2 

2 

170 

 

μc−SiOx(p) 

 

 

12 

 

2.2 

 

300 

SiH4 

B2H6/ H2 

CO2 

H2 

0.8 

60 

1.6 

170 

 

μcSi : H (i) 

 

 

40 

 

4 

 

180 

            SiH4  

 H2 

            3.5 

120 

 

μc−SiOx(n) 

 

 

11 

 

1.6 

 

            300 

SiH4 

PH3 

CO2 

H2 

1 

1.2 

1.6 

170 

 

a-Si:H (n) 

 

 

4 

 

0.6 

 

300 

SiH4 

PH3/ H2 

CO2 

40 

11 

0 
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Chapter 3. nc-Si:H bulk layer - A 

Preliminary Study   
 

3.1 Introduction: Crystallinity versus Flow parameters  
 

Obtaining an optimal crystallinity for the nc-Si:H layer is essential for achieving a high charge 

carrier generation and extraction in a tandem cell of a thin film silicon solar cell. A seed layer 

approach can be used for the growth of nc-Si:H layer as it has been shown to enhance the 

uniformity and improve the crystallinity of the nc-Si: H. The process involves the use of a 

highly crystalline foundation (seed layer) on top of which the bulk layer of nc-Si:H is grown. 

The seed layer is made up of an i-nc-Si:H layer that is usually grown under high hydrogen 

dilution. It serves as a nucleation layer on which the bulk layer is grown [24]. The focus of this 

experiment was to determine the influence of growth parameters on the Si bulk layer since the 

parameters of the seed layer are already known. To optimize the nc-Si:H layer for the highest 

efficiency, it should be aimed to reach a crystallinity with a volume fraction ranging from 60-

70% [25]. An important parameter affecting the crystallinity of the nc-Si:H layer is the silane 

concentration (SC). As the silane concentration increases, the crystallinity of the nc-Si:H layer 

decreases, and the silicon material amorphous lattice increases [26]. This, in turn, affects the 

material's electrical and optical properties, as having a low SC results in the formation of nc-

Si:H crystals with larger grain sizes characterized by lower absorption coefficients. The 

enhanced crystallinity achieved with lower SC improves the dark conductivity of the sample 

as lower defects are present at higher crystallinity which promotes the charge conductivity in 

the sample [26]. The silane concentration is dependent on the flowrates of the silane and 

hydrogen in the chamber and can be calculated using the following equation: 

 

𝑆𝐶 =
𝑆𝑖𝐻4

𝑆𝑖𝐻4+𝐻2
                                     (4.1.1) 

To determine the crystallinity of the sample, Raman spectral analysis can be done in which the 

photon bands obtained are used to calculate the crystallinity of the sample. Three prominent 

Gaussian photon bands are relevant for nc-Si:H: The crystalline Si transverse optical band (520 

cm-1), the grain boundary band (510 cm-1), and the amorphous Si optical band (480 cm-1) [26]. 

By analyzing the peaks of the Raman Spectrum, the crystalline volume fraction (X) can be 

determined using the following equation:   

 

𝑋 =  
𝐼510+𝐼520

𝐼480+𝐼510+𝐼520
                                   (4.1.2) 

Based on the literature on nc-Si:H, the best nc-Si:H bulk material can be obtained near the 

amorphous-nanocrystalline silicon transition region, as at that point, a combination of the 

highest FF, Jsc, and Voc can be achieved [14]. When examining the effect of the silane 

concentration (SC) on the efficiency of the nc-Si:H layer, it was determined that increasing the 

SC was beneficial (increase in Voc, Jsc, and FF) to a certain point after which a sudden decrease 
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in FF and Jsc was observed. This was correlated to the decrease in the crystallinity of the nc-

Si:H layer and the growth of amorphous volume fraction in the layer as the SC increased [14].  

 

Experimental Details  

During this experiment, the effect of varying the silane and hydrogen flow rates on the quality 

of the nc-Si:H was observed. Moreover, an estimate on the Silane concentration (SC) range for 

growing the nanocrystalline silicon bulk layer was determined. In total, ten samples were made, 

five of which the silane flow rate was varied while the hydrogen flow rate was maintained 

relatively constant. The other five samples were made by maintaining the silane flow rate and 

varying the hydrogen flow rate.  

 

It was aimed to achieve a similar range of silane concentrations for both of the sample batches 

in which the silane and hydrogen flow rates were increased. All samples were grown on glass 

with AZO sacrificial texturing and a TCO layer made of ITO (150 nm thick). An overview of 

the samples cell architecture can be seen in Figure 9 below. The conditions for growing the 

nano-crystalline seed layer in all the samples were constant (SiH4 flowrate of 1.1 sccm and H2 

flowrate of 120 sccm) and were chosen based on the results obtained during previous 

experiments in the PVMD group. Once the sample were made, the crystallinity of the samples 

were determined using Raman spectroscopy. The optical and electrical performance of the 

samples were also measured using EQE and J-V analysis respectively.  

 

 
Figure 9 Cross-section of the single junction nc-Si:H cell architecture 

3.1.1 Silane flow varied at constant hydrogen flow rate 

Table 2 shows the silane flow rate used in each sample while maintaining the hydrogen flow 

rate relatively constant. The hydrogen flow rate was changed slightly in some samples to 

achieve consistent silane concentration with the samples in which the hydrogen flowrate was 

varied.  
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Table 2: Overview of the silane and hydrogen flowrate in each sample 

 

Silane 

 flow (sccm) 

 

Hydrogen  

Flow (sccm) 

Silane 

Concentration (SC) 

2.3 120 1.9 

2.4 117 2 

2.6 120 2.12 

2.7 120 2.2 

2.8 119 2.3 

 

Results and Discussion 

To determine the crystallinity of the samples, the area of the optical bands in the Raman 

spectrum results were analyzed. 

 
Figure 10 Raman spectrum of the samples in which the silane flowrate was varied. 

In Figure 10, the spectrum of each sample has three main optical bands. The red band at 520 

cm-1 corresponds to the crystalline Si, while the green band at 510 cm-1 corresponds to the grain 

boundary in the sample. Finally, the blue band at 480 cm-1 corresponds to the amorphous region 

in the sample. The area of these bands was used to calculate the samples' crystallinity using the 

previously introduced equation. As the SC increases, the sample's crystallinity decreases 

gradually and then shifts at an SC of 2.2, which is related to the transition point towards 

amorphous. As the experiment is conducted with SC close to the amorphous-nanocrystalline 
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silicon transition region, increasing the silane flow rate beyond a certain point (2.6 sccm) 

increases the amorphous region in the sample and decreases its crystallinity. But here it shall 

be noted that the variation in crystallinity is very less than the expected values for a change 

over a range of 1.9% to 2.2% silane concentration. The crystallinity of the samples achieved 

was generally low and the change in crystallinity is not consistent which raises a suspicion that 

the silane flow is not controlled properly. 

 

Inspecting the optical performance of the samples gives an idea of the influence of the nc-Si:H 

crystallinity on the spectral utilization of the sample. Any interference with the incident 

photons can also be observed which can be used to optimize the samples further.  

 

Figure 11 EQE plots of the samples with varying silane flow rate 

In Figure11, the sample with the highest spectral utilization was with SC of 2.12%, generating 

a Jsc of 21 mA/cm2. The crystallinity of 54.7% achieved with SC 2.12 sample seems to have a 

decent ratio of crystalline and amorphous regions in the lattice to generate and extract charge 

carriers effectively. When comparing the Jsc values, it is expected that the Jsc generated 

increases with the SC to a maximum point and then drops as the crystallinity of the sample 

decreases. However, this trend cannot be seen in this run, as the samples with SC 2 and SC 2.2 

had lower spectral utilization. A possible reason could be an inconsistency with the quality of 

the deposition by the PECVD machine that these samples have faced. The J-V results should 

be analyzed to inspect if that was the case. The absorptance plots of the samples had high 

fringes, mainly in the high-wavelength region (700nm-1000nm). This indicates the presence 

of interference with the TCO layer of the sample and can be attributed to the type of sacrificial 

texturing used in the glass sample. The effect of texturing on the performance of the sample 

will be studied in detail in Chapter 4. 

 

Analyzing the electrical performance of the sample can give an idea of the effect of the 

crystallinity on the performance of the sample. Moreover, the quality of the deposition of the 

sample can also be observed by inspecting the series and shunt resistance values. 
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Table 3 J-V Results of the samples with varying silane flowrate 

 

 
 

Figure 12  J-V plots of the samples with varying silane flow rate 

In Table 3, the sample with SC 2.12 had the highest FF (0.63), Voc (0.54 V), and overall 

efficiency (7.14%). Moreover, the sample also had the highest shunt and series resistance as 

compared to the other samples. The shunt resistance values varied significantly in each sample 

and did not follow a trend. The samples that had a lower optical performance from the EQE 

analysis (SC 2 and SC 2.2) also had the lowest shunt resistance indicating that there has been 

an issue with their deposition. The presence of low shunt resistance can be attributed to defects 

in the silicon layer or the presence of contamination while carrying out the deposition. The 

highest series resistance was observed in the sample with SC 2.12, which is unexpected as the 

sample had the highest shunt resistance and overall performance. The presence of the high 

series resistance can be related to an improper deposition of the back contacts of the sample or 

the presence of contaminants that hindered the flow of current.   

 

3.1.2 Hydrogen flow rate varied at constant silane flow rate 

The following table illustrates how the hydrogen flow rate was varied in each sample while 

maintaining a constant silane flow rate.  
Table 4 Overview of the silane and hydrogen flowrate in each sample 

 

Silane flow 

[sccm] 

 

Hydrogen 

Flow [sccm] 

Silane Concentration 

(SC) 

2.6 134 1.9 

2.6 127 2 

2.6 115 2.21 

2.6 110 2.3 

2.6 105 2.41 

 

 

 

 

 

 SC [%] 1.9 2 2.12 2.2 2.3 

Voc [V] 0.49 0.44 0.54 0.52 0.54 

Jsc 
EQE[mA/cm2] 

20.3 19.1 21 20.4 20.6 

Roc [ohm·cm²] 11.4 14.5 17.2 16.5 15.2 

Rsc [ohm·cm²] 986 237 2235 874 1792 

FF [-] 0.6 0.34 0.63 0.49 0.61 

Ƞ[%] 5.97 2.86 7.14 5.2 6.79 
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Results and Discussion 

 

 
Figure 13 Raman spectrum of the samples in which the hydrogen flowrate was varied. 

In Figure 13, A similar trend in the crystallinity of the samples with the increase in SC can be 

seen. A significant drop in the crystallinity was observed in the sample with SC 2.3, indicating 

that at a hydrogen flow rate of 110 sccm the transition towards an amorphous occurred in the 

sample. The SC 2.2 sample had a crystallinity of 61.6% which was much higher compared to 

a crystallinity of 49.2% in the SC 2.2 sample in which the silane flow rate was varied. The 

large difference in the crystallinity can be attributed to the nature of hydrogen gas and its effect 

in diluting the reactive silane precursor gas. It is possible that varying the hydrogen flow rate 

instead of silane played a role in obtaining higher crystallinity due to the hydrogen gas 

capability of passivating the dangling bonds and defects in the nc-Si:H, which enhances the 

crystallinity of the sample. 
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Figure 14 EQE plots of the samples with varying hydrogen flowrate 

In Figure 14, the sample with SC 2.21 had the highest spectral utilization generating a Jsc of 

21.3 mA/cm2 with a crystallinity of 61.6%. This result aligns with the literature, which suggests 

that the best-performing nc-Si:H material is near the amorphous-nanocrystalline transition with 

a crystalline volume fraction of 60-70%. A significant drop in the crystallinity of the sample 

with SC 2.3 can be observed, indicating that at an SC higher than 2.21, the transition of the nc-

Si:H crystal lattice towards amorphous occurs.  

 

Inspecting the absorptance plots of the samples, a dip in the absorptance values at a wavelength 

range of 480nm can be observed in all the samples except for SC 1.9%. The decrease in the 

absorptance values lowered the EQE of the samples at that range. The lower absorptance at a 

wavelength range of 480 nm can be correlated to an interference with the TCO layer of the 

samples. The TCO layer in the samples that showed lower absorbance might not have been 

deposited ideally by the PECVD machine and thus had a different thickness. Altering the 

thickness of the TCO layer can significantly affect the solar cell's performance as it can reduce 

the amount of light transmitted into the active layer of the solar cell and thus lower its 

performance. A similar trend with fringes in the absorptance plots at larger wavelengths that 

was seen in the sample with varying silane flow rates can also be seen here. All the samples 

had AZO sacrificial texturing, which was inefficient in texturing the ITO layer as the TCO 

layer interacted poorly with photons at larger wavelengths. As will be seen later in Chapter 4, 

nano-sized textures are created with AZO sacrificial texturing, which can be inefficient in 

scattering photons at larger wavelengths. 
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Table 5 J-V Results of the samples with varying hydrogen flow 
rate 

 

 
Figure 15 J-V Plots of the samples with varying hydrogen flow rate 

In Table 5, the sample with SC 2.3% had the highest FF (0.64), Voc (0.55V), and overall 

efficiency (7.32%). However, the performance of the sample with SC 2.12% was comparable 

as it had the highest Jsc and the difference in FF between the two samples can be explained by 

the higher shunt resistance in the sample with SC 2.3%. The shunt resistance difference was 

significant between the samples and was much higher in the sample with SC 2.3%. The 

difference in shunt resistances can be correlated with the quality of the deposition of the Si 

bulk layer and the presence of defects. However, since the shunt resistance was remarkably 

higher in the sample with SC 2.3%, it can also be an outlier in the measurement. The series 

resistance values of the samples were comparable and overall are in an acceptable range. 

Generally, the sample in this batch showed more consistent results with slight variations in 

their Voc and FF. 

 

3.1.3 Comparison of the two sample batches 

By comparing the external parameters of the two experiments - the silane flow rate variation, 

the hydrogen flow variation, we can determine which approach gives consistent results.   

 
Figure 16 Comparison of the Jsc results (on left) and Voltage results (on right) from the two batches of samples. 
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In Figure 16, the J-V results of the samples in which the hydrogen flow rate was varied followed 

a trend in which the Jsc generated increased with SC to a certain point (SC2.2), after which the 

Jsc dropped with the increase in SC. The observed trend can be correlated to the change in 

crystallinity with the SC that was previously explained. On the other hand, no clear trend can 

be observed in the samples in which the silane flow rate was varied. However, these samples 

also showed low shunt resistances and there is a high possibility that their deposition was 

inconsistent. This observation extends to FF and efficiency curves too. Moreover, this could 

be due to an issue with the silane flow panels in the PECVD as previously discussed.  

 

The samples in which the hydrogen flow rate was varied showed an increase in voltage with 

SC. However, at an SC 2.2 a drop in the voltage can be observed, which could be an outlier 

since it was the only sample that showed a lower voltage even though it had the highest 

generated Jsc.  

 

Figure 17  Comparison of the FF results (on left) and efficiency results (on right) from the two batches of samples. 

 In Figure 17, the samples in which the hydrogen flow rate was varied showed consistent 

results, and the FF and their efficiency values were comparable. On the other hand, the samples 

in which the silane flow rate was varied showed very fluctuating results and inconsistent results 

in the FF and efficiency values which can be attributed to larger defects and lower quality of 

nc-Si:H.  Overall, the performance of the samples in which the hydrogen flow rate was altered 

was better than the samples in which the silane flow rate was altered. The samples had lower 

fluctuations and more consistent results, indicating a higher quality of the nc-Si:H bulk layer 

when varying the hydrogen flow rate. A possible reason for the higher quality of nc-Si:H bulk 

layer when varying the hydrogen flow rate can be attributed to the hydrogen dilution effect. 

When the hydrogen gas flow rate is varied, better control over the hydrogen dilution on the 

silane gas is achieved in which the concentration of the hydrogen gas in the plasma is higher 

than the silane precursor gas. This promotes the growth of nc-Si:H bulk layer with higher 

crystallinity and larger grain size as higher hydrogen concentration aids in the nucleation and 

growth of the nanocrystalline region in the bulk layer [12]. Moreover, hydrogen gas has a 

passivating effect which can reduce the surface dangling bonds and defects when growing the 

nc-Si:H layer, and thus a higher quality of the nc-Si:H layer is achieved. The results from the 

samples in which the hydrogen flow rate was varied suggested that a crystallinity of 60% lead 
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to the highest performance which is inline with the literature [25]. Lastly, as hydrogen is varied 

over a larger flow rate range (5-10sccm) as compared to silane that is varied over a smaller 

flow rate range (0.1sccm). It is easier to have better control over the flow rate from the 

hydrogen flow panel as compared to the silane flow panel that needs to be very precise to 

fluctuations.   

 

Based on the results obtained, varying the hydrogen flow rate instead of the silane flow rate 

results in more consistent quality of samples and higher performing samples. Moreover, a 

higher crystallinity was achieved in samples in which the hydrogen flow rate was varied and 

more consistent shift in the crystallinity was observed when the SC of the samples was 

increased. The inconsistent results obtained with the samples in which the silane flow rate was 

altered can be due the difficulty in controlling the silane flow rate over smaller flow ranges and 

can also be an indication of the presence of a defect in the flow panels. Upon further inspection, 

it was indeed concluded that the silane flow panels of the PECVD machine were defective and 

had to be replaced.  

 

As the silane flow panels were replaced, a new calibration needs to be done to obtain the 

optimal SC for achieving a sample with a crystallinity of 60%. To determine the exact flow 

rate of hydrogen and silane, a similar experiment needs to be conducted in which the SC is 

varied at smaller intervals around the transition point of amorphous to nanocrystalline silicon. 

 

3.2 Calibrating the PECVD machine for optimal SC 

 

As the silane flow panels in the PECVD machine were replaced due to a defect, the calibration 

of the machine needs to be redone to obtain the optimal flow rate for the SC. Based on the 

results of the previous experiment, a nc-Si:H crystallinity of approx. 60% resulted in achieving 

the highest performance. This result was in line with the known literature that suggests the 

highest nc-Si:H performing material is found near the transition from amorphous to 

nanocrystalline. To re-calibrate the PECVD machine and obtain the optimal flow rate that 

results in a nc-Si:H sample with a crystallinity of 60% the following experiment was done. 

 

Experimental Details  

 

A similar approach was used in this experiment to the one previously done however this time 

only the silane flow rate was varied as the optimal hydrogen flow rate was known to be 

120sccm. By conducting this experiment, it is possible to observe if the silane flow panels are 

functioning properly by inspecting the consistency and the gradual change in the crystallinity 

of the samples. Five samples were made in total with the same deposition conditions that were 

used in the previous experiment discussed earlier in this chapter. It is worth noting that 

complete working cells were not made during this experiment and only nc-Si:H layers on glass 

samples were made to calibrate the PECVD machine for future experiments. The crystallinity 

of the samples were determined using Raman spectroscopy. 
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 Silane flow varied at constant hydrogen flow rate 

 
Table 6 Overview of the silane and hydrogen flowrate in each sample 

 

Silane 

 flow [sccm] 

 

Hydrogen  

Flow [sccm] 

Silane 

Concentration (SC) 

2.4 120 2 

2.6 120 2.1 

2.8 120 2.3 

3 120 2.4 

3.2 120 2.6 

 

Results and Discussion 

 
Figure 18 Raman spectrum of the samples in which the silane flow rate was varied. 

In Figure 18, the crystallinity of the samples decreased with an increase in the SC. This can 

clearly be seen by the red band at 520 cm-1 corresponds to the crystalline Si that is decreasing 

with the increase in the SC. A gradual change in the crystalline volume fraction can be observed 

indicating that the silane flow rate panels were working as intended since there weren’t any 

significant changes between the samples. A crystallinity of 60% was achieved in the sample 

with the SC of 2.6. This indicates that a silane flow rate of 3.2 sccm  and a hydrogen flow rate 

of 120 sccm can be used in future experiment to achieve nc-Si:H samples with a of crystallinity 

of 60%.  
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For further research, it is possible to inspect the effect of plasma power on the deposition time 

by conducting another experiment in which the plasma power is increased while maintaining a 

constant SC. It is expected that the deposition rate will increase using a higher plasma power, 

as it has been seen in a similar experiment [13]. Having a higher deposition rate can speed up 

and optimise the process of manufacturing the samples.  

 

Deposition Rates  

 

The sample was observed under SEM and the result was 1554nm thickness at 3600 seconds. 

This translates to a deposition rate of 0.43nm/s. 

 

 

 

 

 
 

 

 
 

 

 

 

 

 

 

 

Figure 19 SEM of the nc-Si:H sample deposited on glass + ITO 
for 36000s. 
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Chapter 4: Performance improvements of 

Nc:Si-H  
 

To optimize a micromorph solar cell, different layers in the cell need to be improved and 

utilized together. In this chapter, different parameters for improving the nc-Si:H will be 

discussed and the effect of utilizing these parameters in a micromorph layer will be inspected 

further. The chapter begins with a introduction about texturing and the effect of using different 

textures on the performance of nc-Si:H and micromorph cells is examined later in the section. 

Next in section 4.2 the concept of utilizing a back reflector is introduced and the effect of using 

an additional i-ZnO back reflector on the performance of a nc-Si:H is examined. Lastly, in 

section 4.3 the properties of a TCO layer are introduced and the effect of using a TCO bilayer 

on the performance of nc-Si:H and micromorph cells is inspected. 

 

4.1 Texturing 
 

Literature Review 

The type of texturing used on a glass sample can have a significant influence on the 

performance of the solar cell as it affects the scattering of light in the solar cell. The textures 

used on a glass sample introduce irregularities on the glass which scatter the light entering the 

solar cell and increase its path length in the active region of the cell. This improves the light 

trapping and the EQE of the solar cell as more photons interact with the active layer and a 

larger number of carriers are generated and collected in the cell. As a result, a larger current 

output is generated and the overall efficiency of the solar cell is improved [9]. 

 

To texture the glass samples, sacrificial texturing approach is used as it has been proven to be 

an effective method. A thin sacrificial layer is deposited through sputtering on the glass. This 

layer acts as a mask, which when etched with a chemical solution, the glass underneath the 

layer is etched over time, creating textures on the glass while the sacrificial layer is removed 

during the process. Depending on the type of material used for the sacrificial layer, different 

chemical solution are used for etching and textures with different properties are created.  

 

Indium tin oxide (ITO) and aluminum-doped zinc oxide (AZO) are both heterogeneous 

polycrystalline materials. This means that when etched, their layers do not etch homogeneously 

as some regions etch faster than others. As a result, random textures are obtained when using 

ITO and AZO sacrificial texturing. Parameters such as temperature, pressure, and deposition 

power of the sacrificial layer can influence the quality of the sacrificial layer, which along with 

the etching time can influence the characteristics of the craters obtained [27]. The analysis of 

the effect of different parameters on the textures is out of the scope of this thesis project, for a 

detailed explanation of the parameters and conditions used to create the textures used during 

this project refer to Criel [28]. To create the textures on an ITO sacrificial layer, wet etching 
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was done using an aqueous solution of HF and H2O2 [29] while the wet etching of the AZO 

sacrificial layer was done using a dilute solution of HNO3 and HF [8:1] [30]. 

 

Parameters such as root mean square roughness value (Sq) and the texture aspect ratio (Str) are 

used when describing the characteristics of the textures. The Sq value gives insight on the root 

mean square height of the texture over the entire length of the sample. The Str value describes 

the depth of the texture divided by its width [31]. Using ITO sacrificial texturing, micro-sized 

crater-shaped textures can be created on a glass sample as compared to nano-sized craters 

obtained using AZO sacrificial texturing. The craters obtained with ITO sacrificial texturing 

have in general a higher Sq and Str than craters obtained with AZO sacrificial texturing. This 

indicates that craters formed using ITO sacrificial texturing have on average larger features and 

deeper craters as compared to craters formed with AZO sacrificial texturing.  Having larger 

crater-size textures created by ITO sacrificial texturing can be beneficial in effectively 

scattering photons at larger wavelengths. That is because the textures roughness size is 

comparable to the wavelength in the IR-region which can improve the EQE of the cell in that 

region. When comparing samples with ITO and AZO sacrificial texturing, it was found that the 

diffuse transmittance with ITO processed sample is higher than the AZO processed sample. 

That is due to the increased optical path length of light at higher wavelengths caused by the 

micro-textures of the ITO sacrificial texturing which increase the diffusivity of light in that 

region [28]. The use of nano-textures created by using AZO sacrificial texturing are necessary 

to achieve high light trapping and light in-coupling in a-Si:H as nano textures can help in 

scattering photons at shorter wavelengths. However, when nano-textures are used in 

micromorph cells the electrical performance of the cell deteriorate. That is because nc-Si:H 

cells grown on top of the a-Si:H are sensitive to surface morphology and the sharp nano-

textures reduce the electrical performance of nc-Si:H (mainly Voc and FF) [29]. Thus, further 

optimization to the surface texturing is necessary to scatter the light effectively in micromorph 

cells without influencing the quality of the nc-Si:H. A possible solution to scatter light at a 

larger wavelength range in a micromorph cell is to combine ITO and AZO sacrificial texturing 

to create modulated surface texturing (MST).  

 

Using an MST, a combined benefit of ITO and AZO sacrificial texturing can be obtained. First, 

the ITO layer is deposited and etched to obtain larger micro-sized craters on top of which 

smaller nano-sized craters are created using AZO sacrificial texturing. By doing so, better light 

trapping can be achieved and the overall electrical performance of the cell can be improved. 

That is because using MST light can be scattered better at a wider range of wavelengths 

allowing for better light trapping in the top and bottom cells of a micromorph cell and a larger 

number of electrons and hole pairs to be generated [29]. Moreover, the deteriorating electrical 

performance of the micromorph cell that was faced with AZO sacrificial texturing is mitigated.  

The effect of using i-ZnO sacrificial texturing was also examined during this project. Due to 

the lack of literature on i-ZnO material, there is no concrete explanation on the effectiveness 

and the type of texturing that can be created using i-ZnO. The results from the experiments will 

be used to give a better understanding of the material. 
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Experimental Details  

To study the effect of texturing on the performance of nc-Si:H cells, samples were made with 

AZO sacrificial texturing, ITO sacrificial texturing, and i-ZnO sacrificial texturing. The device 

architecture can be seen in Figure 20. The TCO layer for all the samples was the same and was 

made from ITO that was deposited through sputtering with a thickness of 150 nm. At the back 

of the cell, a back reflector of i-ZnO with a thickness of 60 nm was deposited on top of which 

the back contact (Ag/Cr/Al) was deposited to reduce the transmittance and enhance the 

absorption in the bottom cell. Before the deposition was done, SEM and AFM scans of the 

textured glass samples were done to observe and compare the properties of the crater-shaped 

textures. After depositing the nc-Si:H cell, J-V, and EQE measurements were done to 

determine the electrical and optical properties of the samples.  

 

To inspect the effect of texturing on micromorph cells, samples with AZO sacrificial texturing, 

ITO sacrificial texturing, MST containing a combination of ITO and AZO sacrificial texturing, 

and MST containing ITO and i-ZnO sacrificial texturing were made. All the samples had a 

TCO Bilayer containing IOH and i-ZnO with a thickness of 100 nm and 500 nm respectively. 

The samples also contained a back reflector of i-ZnO on top of which the back contact 

(Ag/Cr/Al) was deposited. Similar to what was done with the nc-Si:H samples, the micromorph 

samples were measured for J-V and EQE. The samples then went through dry etching to 

observe any improvements in the performance of the samples. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 20 Cross section of solar cell architecture of single junction nc-Si:H sample (on the left) 
and micromorph sample (on the right) 
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 Figure 22 AFM figure of ITO sacrificial texture on the left and AZO sacrificial texture on the right 

Results and Discussion 

 

 
 

 

 

 

 

 

 

Figure 21 SEM image ITO sacrificial texture on the left and AZO sacrificial texture on the right 

 

 

 

 

 

 

 

 

 

 

 

 

In Figure 21 the SEM images of the ITO and AZO sacrificial textures can be compared. 

Although ITO sacrificial textures create micro-sized craters while AZO sacrificial textures 

create nano-sized craters, the craters of the AZO sacrificial texture seem to look larger than the 

ITO sacrificial texture. However, when inspecting the AFM images in Figure 22, it can clearly 

be seen that the craters made with the ITO sacrificial texture have deeper craters with 

hemispherical character. The craters made with AZO sacrificial texture have craters that are 

shallower with a non-hemispherical character. The difference in the crater shapes obtained with 

ITO and AZO sacrificial textures can significantly influence the range and extent to which the 

incident photons are scattered in the sample. To observe the effect of texturing on the 

performance of the nc-Si:H and micromorph tandem cells, the optical performance of the 

samples with different textures should be compared. 

 

Nc-Si:H Samples 

 

AZO vs ITO vs i-ZnO sacrificial texturing for nc-Si:H cells 

The texturing used in a glass sample mainly influences the optical properties of the sample. 

Using the results of the EQE measurements, the total spectral utilization of the cell can be 

observed, and the influence of the different glass texturing can be determined. The electrical 
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properties of the samples are obtained from the J-V measurements and can give more 

information on how well the samples were deposited. 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In Figure 23, the sample with i-ZnO sacrificial texturing generated the highest Jsc of 25.2 

mA/cm2 as compared to a Jsc of 20.3 mA/cm2 and 21.4 mA/cm2 in the samples containing 

AZO and ITO sacrificial texturing. The sample with the i-ZnO sacrificial texturing seemed to 

have in general higher absorptance when compared to the other samples. At a wavelength range 

of 400nm to 600nm, the gap between the absorbance and EQE in the samples containing AZO 

and ITO sacrificial texturing is larger compared to i-ZnO sacrificial textured sample, indicating 

larger parasitic absorption. This can be attributed to the thickness of the TCO layer. Upon 

further inspection, the TCO layer in the samples containing AZO and ITO sacrificial texturing 

had a thickness of 150nm while sample containing i-ZnO sacrificial texturing had a TCO layer 

with a thickness of 120nm which was evident in the transmission curve fringes. The larger 

TCO thickness can cause larger parasitic absorption in the samples as compared to the thinner 

TCO thickness. The thickness difference was due to unstable deposition conditions in the 

sputtering chamber. 
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Figure 23 EQE results of the samples with AZO, ITO, and i-ZnO sacrificial texturing, 
with BR referring the use of additional i-ZnO back reflector. 
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A dip in the absorptance values at wavelength ranges of approx. 370nm and 500nm can be seen 

in both the AZO and ITO sacrificial textured samples while compared to the sample with i-

ZnO sacrificial texturing the magnitude of the fringes were smaller and slightly shifted towards 

lower wavelengths. The presence of the fringes is an indication of the interference of the 

photons with the TCO layer. To reduce the influence of interference in the TCO layer, the 

texturing in the TCO layer needs to be optimized further. The better performance seen with 

absorptance values of the sample with the i-ZnO sacrificial texturing is again related to the 

thinner TCO layer in that sample. At longer wavelength (900 nm), the sample with the i-ZnO 

sacrificial texturing had a better blue response with an EQE of 0.40 while the other two samples 

showed a low blue response with similar EQE values of 0.25. The presence of a higher blue 

response with the sample containing i-ZnO sacrificial texturing can indicate that craters made 

with the i-ZnO sacrificial layer are more effective in scattering photons at longer wavelengths 

and thus higher absorbance can be achieved. However, to examine if the better blue response 

was mainly due to the texturing generated with the i-ZnO sacrificial layer or if it was again 

related to the thin ITO layer in that sample, a comparison with another sample that was 

deposited along with the i-ZnO sacrificial texturing sample that had a different sacrificial 

texturing should be done.   

 

  

           Figure 24 EQE results of samples with ITO and i-ZnO sacrificial texturing that were deposited during the same run. 

For the sake of comparison, another sample was deposited with ITO sacrificial texturing during 

the run that the sample with i-ZnO sacrificial texturing was deposited and its optical 

performance can be compared in Figure 24. The samples seem to have comparable optical 

performances and the blue responses at a wavelength of 900 nm were quite similar, with the 

blue response in i-ZnO sacrificial textured sample being slightly higher. Comparing the blue 

response of the ITO sacrificial textured sample in this run to the sample with the ITO sacrificial 

texturing that was previously analyzed (TCO thickness 150nm), at a wavelength range of 

900nm, the sample with the ITO sacrificial texturing in this run had a higher EQE (0.40) while 

the sample with the thicker TCO had a lower EQE (0.25). Since both the samples had the same 

ITO sacrificial texturing and the main difference between the two samples was the thickness 

of the TCO layer, it can be concluded that the better blue response of the i-ZnO sacrificial 

textured sample that was previously analyzed was due to the thinner TCO of the sample. The 

300 400 500 600 700 800 900 1000 1100

0.0

0.2

0.4

0.6

0.8

1.0
ITOtex - ITO - BR (60nm iZnO)

E
Q

E
 [

-]

Wavelength [nm]

                                               JEQE            c

                                            [mA/cm2]    [%]

 ncSi dABS =2500nm       24.3         58       

Jsc Voc FF EFF

24.3 0.51 0.33 4.09

300 400 500 600 700 800 900 1000 1100

0.0

0.2

0.4

0.6

0.8

1.0
 i-ZnOtex - ITO - BR (60nm iZnO)

E
Q

E
 [
-]

Wavelength [nm]

                                                  JEQE              c

                                               [mA/cm2]    [%]

 ncSi dABS =2500nm          25.2        63.4        

Jsc Voc FF EFF

25.2 0.5 0.36 4.54



 
33 

sample with i-ZnO sacrificial texturing, however, had a better spectral utilization as it generated 

a Jsc of 25.2 mA/cm2 as compared to the sample with the ITO sacrificial texturing that had a 

Jsc of 24.3 mA/cm2. For a full comparison between the electrical properties of the two samples 

please refer to the appendix section. Overall, it can be concluded that the use of i-ZnO 

sacrificial texturing resulted in a higher performance in nc-Si:H samples as compared to ITO 

sacrificial texturing. 

 

To reduce the parasitic absorption in the TCO layer, the thickness of the TCO layer needs to 

be optimized and the texturing in the TCO layer needs to be improved further. Moreover, using 

an anti-reflection coating on the TCO sample can also be beneficial as it reduces the reflection 

in the TCO/Si interface and increases the amount of light transmitted into the cell. A study on 

the effect of using an anti-reflection coating (ARC) on a TCO layer claimed that using an ARC 

on a TCO layer can reduce the reflection at the TCO/Si interface to nearly zero. During the 

study, an ARC made up of TiO2 was deposited on a ZnO TCO layer which helped in reducing 

the reflectance at a wavelength range of 550nm from 10.2% to 6.4% and thereby improving 

the Jsc of the nc-Si:H by 3.8% [32]. The use on an ARC on the TCO layer can be utilized in 

future experiments. Depending on the TCO layer used, an ARC material should be chosen with 

the appropriate refractive index between that of the TCO and Si layer to minimize the reflection 

at the TCO/Si interface through refractive index grading. 

 

Although the use of different textures mainly influences the optical performance of the 

samples. It is beneficial to go through the J-V results of the samples to determine if there have 

been any issues with their deposition by inspecting the series and shunt resistance values. 

 
Table 7 J-V Results of the AZO and ITO nc-Si:H samples 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

In Figure 25, the samples with AZO and ITO sacrificial texturing had a lower series resistance 

(Roc) while the sample with i-ZnO sacrificial texturing had a much higher Roc. Moreover, the 

shunt resistance (Rsc) values of the AZO and ITO samples were much higher than the i-ZnO 

textured sample. It is worth noting that the AZO and ITO samples were made during the same 

run while the i-ZnO sample was done in a separate run. Upon further inspection, all of the nc-

Si:H samples that were processed along with the i-ZnO textured sample suffered from high 

  AZO ITO i-ZnO 

Voc [V] 0.51 0.49 0.5 

Jsc EQE [mA/cm²] 20.2 21.4 25.2 

Roc [ohm·cm²] 12 10.1 45.3 

Rsc [ohm·cm²] 1398 1052 372 

FF [-] 0.61 0.6 0.36 
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Figure 25 J-V plots of the samples with AZO, ITO, and i-ZnO 
sacrificial texturing 
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series resistance and low shunt resistances mainly due to an issue with the deposition of the 

ITO TCO layer. The deposited ITO layer had a lower thickness (120nm) and a higher sheet 

resistance than expected. The lower thickness of the ITO layer and higher sheet resistance 

reduces the conductivity in the TCO layer and thereby increases the series resistance. 

Moreover, the poor shunt resistance in the i-ZnO textured sample is an indication that there 

have been defects that have been most likely caused by the TCO layer. Defects in a sample 

lead to localized low resistance regions which provide a non-desirable current pathway and 

leakage in the sample. The higher series resistance and lower shunt resistance of the i-ZnO 

sample led to a significantly lower FF which reduced its overall efficiency. Comparing the 

performance of the two samples with AZO and ITO sacrificial texturing, it can be seen that the 

Voc, FF, and overall efficiency of the two samples are very comparable, with the AZO sample 

having a slightly better performance mainly due to the higher shunt resistance. 

 

Key takeaways 

Overall, the sample with the ITO sacrificial texturing that was deposited along with the sample 

with AZO sacrificial texturing showed a higher optical performance. The sample with i-ZnO 

sacrificial texturing showed an even higher optical performance. To allow for a fair 

comparison, it is advised to repeat the deposition on the three different sacrificial layer textured 

samples at the same time to ensure that differences in deposition quality is not faced and a 

consistent TCO thickness is obtained. Moreover, it is also important to monitor the deposition 

parameters before carrying out the deposition to ensure that everything goes smoothly. 

Inspecting the crater size and depth of i-ZnO sacrificial texturing can help in verifying the size 

of the textures and their comparability to ITO sacrificial texturing. Thus, it is suggested to 

perform SEM and AFM analysis on the craters of i-ZnO sacrificial textures.  
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Nc-Si:H subcells in Micromorph Tandem solar cells 

 

Based on the literature review, the optical performance of Modulated surface texturing (MST) 

which is a combination of micro and nano sized features, is expected to be superior to samples 

with AZO or ITO sacrificial texturing, as the texturing in MST's is expected to scatter incident 

photons over large range of the spectrum. The ITO sacrificial texturing is also expected to 

perform better than the AZO sacrificial texturing since micromorph samples grown on AZO 

sacrificial texturing have been shown to experience deteriorating performance due to the 

reduced quality of the nc-Si:H layer grown.  

 

 

 

 

 

 

 

 

 

 

 

In Figure 26, the micromorph sample with the highest spectral utilization was the one with ITO 

sacrificial texturing with a total generated Jsc of 24.6 mA/cm2 and the second highest was the 

sample with MST (ITO + i-ZnO) with a Jsc of 24.3 mA/cm2. A lower Jsc of 23.3 mA/cm2 was 

generated with the MST (ITO + AZO) micromorph sample and the least Jsc was generated by 

the AZO-processed sample (21.8 mA/cm2). The higher spectral utilization of the ITO-

processed micromorph sample was impressive, as it indicates that the micro-sized craters 

generated by the ITO sacrificial texturing were even more effective in scattering the incident 

light than the MST textured samples. 
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Figure 26 EQE measurement results of the AZO (top left), ITO (top right), MST with ITO +i-ZnO (bottom left), and MST with ITO + AZO 
(Bottom right), with BL referring to the TCO bilayer and BR to i-ZnO back reflector. 



 
36 

 Looking closer at the EQE of the bottom cell in the ITO textured sample, we can see that in 

general there are lower fringes in the absorptance plot and higher blue response at a wavelength 

range of 900nm compared to the other samples. The lower rate of fringes in the absorptance 

value indicates that the ITO sacrificial texturing was able to scatter incident photons at higher 

wavelengths more effectively due to the larger size of carters obtained. Moreover, the higher 

performance with the ITO-processed sample can also be due to the higher quality of the nc-

Si:H grown in the micromorph cell as the Jsc generated by the bottom cell of the ITO-processed 

sample was higher than all the other samples. This can imply that the micro-sized textures 

produced through ITO sacrificial texturing can be ideal for growing a higher quality nc-Si:H 

layer with larger grain size and fewer cracks than nc-Si:H layer grown in samples with other 

types of sacrificial texturing. However, the effect of the sacrificial texturing on the quality of 

the nc-Si:H needs to be inspected further using SEM. 

 

Comparing the absorptance graphs of the four samples can give an idea of the effectiveness of 

the craters in scattering the incident light into the sample. By optimizing the textures in the 

TCO layer, incident photons are scattered more effectively which increases the path length of 

light in the active layers of the micromorph sample resulting in generating a higher current 

output. In all of the four samples, fringes in the absorptance plots can be seen which indicates 

that further optimization in the texturing of the TCO layer is necessary in order to improve the 

scattering of light in the TCO. The fringes in the absorbance plots of the ITO processed and 

the MST (ITO + i-ZnO) samples were lower which resulted in generating higher current in the 

top cells of these two samples. At a wavelength of 470nm, the ITO processed sample had the 

highest EQE value for its top cell reaching approx. 0.79 while at the wavelength range of 

540nm the EQE performance of the top cell in the MST (ITO + i-ZnO) sample was the highest 

reaching approx. 0.81. The higher EQE performance of these two samples compared to the 

other samples indicates that the texturing used was more effective in scattering the incident 

light. Moving forward, a large fringe can be seen in the absorptance plot of all the samples at 

a wavelength range of 600nm to 700nm which can be related to the optical cavity formed at 

the top cell. Lastly, apart from the ITO-processed sample, large fringes in the absorptance 

values at wavelength ranges of 800nm to 1000nm can be seen in the samples. This affects the 

performance of the bottom layer in the micromorph cell. Both the above scenarios indicate 

insufficient scattering of photons at larger wavelengths. At a wavelength range of 750nm-

780nm a peak can be seen in the EQE plots of the bottom cells in the AZO textured sample and 

the MST (ITO+AZO) sample which cannot be seen in the other two samples. The absorbance 

can also be seen to be higher in these two samples which was not expected. A possible 

explanation to higher absorbance can be related to the constructive interference of the reflected 

light by the metal back reflector in these two samples. It can be that due to the use of AZO 

sacrificial texturing, the light is scattered in a way that causes interference when reflected by 

the back contact.  

 

Overall, losses due to parasitic absorption in the TCO bilayer of all four samples can be 

observed. That is mainly the infrared – far infrared region between the absorptance and EQE 

plots in the graphs of the samples. To reduce the effect of parasitic absorption in the TCO layer, 

the thickness of the TCO layer needs to be optimized along with optimizing the texturing in 
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            Figure 27 J-V plots of the micromorph samples before DE 

Figure 28 J-V plots of the micromorph samples after DE 

the TCO layer to obtain better optical performance and higher current generation. The optical 

performance of the AZO-processed sample was the lowest compared to the other samples. The 

amplitude of the fringes in the absorptance plot was higher and the current generated by the 

top and bottom layers of the sample were the lower when compared to all the other samples. 

This indicates that the nano-sized craters generated by using AZO sacrificial texturing were 

inefficient in scattering the incident photons and a lower overall performance was achieved. 

This also caused in the presence fringes at the longer wavelength range (red region) of the 

spectrum as the nano-sized textures cannot scatter photons at larger wavelengths effectively 

unlike micro-sized textures. 

 

Inspecting the external parameters of the samples can give an idea of how well the samples 

performed in general. The samples were measured for J-V after dry etching to observe if there 

have been any improvements in the series and shunt resistances of the samples. 

           
Table 8 J-V results of the micromorph samples with different textures 

 

 

 

 

 

 

 

 

Table 9 J-V results of the micromorph samples with different 
textures after DE 

 

 

From the results displayed in Figure 27 and Table 8, the samples with the AZO sacrificial 

texturing and MST(ITO+AZO) showed a higher FF and overall efficiency than the samples 

with ITO sacrificial texturing and MST(ITO+i-ZnO). This was not expected as the EQE results 

have shown that the ITO sacrificial textured and MST(ITO+i-ZnO) samples had higher optical 

performances and a higher Jsc values. Looking closer at the shunt resistance values, it can be 
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seen the AZO sacrificial textured and MST(ITO+AZO) samples had a higher Rsc values while 

the other two samples had a much lower Rsc values. It is important to note that the AZO 

sacrificial textured, and MST(ITO+AZO) samples were deposited together during the same run 

while the ITO sacrificial textured and MST(ITO+i-ZnO) samples were deposited together in 

another run. This indicates that the higher Rsc and electrical performance of the AZO sacrificial 

textured and MST(ITO+AZO) samples were mainly due to the better deposition quality during 

that run. The lower shunt resistance values of the ITO sacrificial textured and MST(ITO+i-

ZnO) samples can be due to the poor TCO layer deposition during that run. Upon further 

inspection, the ITO TCO layer that was deposited during that run was thinner with a thickness 

of 120nm as compared to 150nm. The lower thickness of the TCO layer can limit the current 

flow and increase the sheet resistance. Similarly, the deposited TCO layer might have also had 

defects in its structure that act as a leakage path reducing the shunt resistance. Lastly, a lower 

shunt resistance can also be due to contaminants such as dust in the deposition chamber that 

lower the quality of the deposition on the samples and reduce their Rsc value. 

 

 In Table 9 the Rsc values of all the samples have improved significantly. As dry etching 

removes the Si bulk layer that does not contribute to generating current, it removes all the 

defects and impurities in the Si layer that can create a leakage path and reduce the shunt 

resistance. This also results in improving the series resistance of the samples as it decreases the 

contaminants and defects that can hinder the flow of current in the sample. Although in general, 

the samples showed a lower series resistance after dry etching, the ITO sacrificial textured 

sample was an exception as it had a higher series resistance. A possible reason could be that 

the sample might have been over-etched or a defect might have been introduced while etching 

which hindered the flow of current and increased the series resistance. 

 

Key takeaways 

ITO and MST (ITO+i-ZnO) sacrificial texturing resulted in the highest optical utilization for 

micromorph samples. The samples produced had less interference with the incident photons 

which resulted in transmitting a larger portion of the incident light into the active layers of the 

solar cell. The ITO textured sample resulted in a higher Jsc, while the MST (ITO+i-ZnO) 

textured sample had a better current matching between its top and bottom cells. The presence 

of fringes in the absorptance plots indicates that there is interference with the TCO layer due 

to inefficient texturing. Thus, further optimisation in the texturing of the TCO layer is required 

to obtain better scattering of light and higher transmittance. 
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4.2 Back Reflector 
 

Literature Review 

Back reflectors are mainly used in thin-film silicon solar cells to reduce transmissive losses. 

The back reflector for thin-film silicon solar cells used in the PVMD group also acts as a back 

contact and is made up of three layers consisting of silver (Ag), Chromium (Cr), and Aluminum 

(Al) with thicknesses of 300nm, 30nm, and 800nm respectively. By using a combination of the 

three metals, different properties of the metals can provide a combined benefit on the overall 

function of the back reflector. The high reflectivity of Ag is ideal for reflecting light in the 

visible and near-infrared region (400-700nm) back into the active layer of the cell [33]. 

Moreover, the high electrical conductivity of Ag provides excellent charge carrier collection 

and transport by providing a low resistance pathway at the back contact. However, Ag has a 

limitation as it can reduce the performance of the solar cell over the long term as it can diffuse 

into the active layer of the cell. To prevent this issue, a Cr layer is used to increase the stability 

of the back contact by impeding the diffusion of Ag into the active layer while providing 

adhesion to the layer underneath [33]. Lastly, an Al layer is used as a back surface field to aid 

in reducing charge carrier recombination. Combining the three layers results in generating a 

stable back contact that has good conductivity and reflectivity in thin-film silicon solar cells. 

 

To improve the reflectivity of the back reflector further, an i-ZnO layer can be used as an 

optical buffer between the semiconductor and the metal back reflector [34]. As the i-ZnO layer 

has a relatively low refractive index (n=1.8) and a high bandgap of 3.3 eV, it promotes 

reflection in the infrared region when it is placed between the metal back contact and the silicon 

layer. This allows in reflecting photons at longer wavelengths (780nm-1100nm) that are not 

reflected by the metal back reflector into the nc-Si:H of a tandem micromorph cell which 

overall increase the performance of the cell [35]. Moreover, the i-ZnO layer can also reduce 

absorption losses in the metal back contact as it reduces the rate of plasmonic excitation in the 

metal [36]. Added to that, the i-ZnO layer can also inhibit the diffusion of the Ag back contact 

into the Si which overall improves the performance of the solar cell over the long term. 

Furthermore, the i-ZnO layer can help in reducing the contact resistance between the silicon 

layer and the metal back contact thanks to its high electron mobility [37]. By using an i-ZnO 

layer, the thickness of the active intrinsic nc-Si:H can be made thinner which can benefit the 

solar cell as it reduces the rate of recombination [34]. It is expected that pre-heating the i-ZnO 

before deposition can improve the performance of the i-ZnO back reflector. Using a higher pre-

heating temperature allows in complete evaporation of organics and the initiation of the 

crystallization of  the i-ZnO layer with larger grain size and higher uniformity which overall 

improves the quality of the deposited i-ZnO as fewer cracks are formed [35]. 

 

Experimental Details  

To inspect the effect of having an additional i-ZnO layer back reflector on top of the metal 

(Ag/Cr/Al) back reflector, nc-Si:H samples were used during this run with the device 

architecture illustrated in Figure 29. Two of the nc-Si:H samples were made with AZO 

sacrificial texturing while the other two nc-Si:H samples had ITO sacrificial texturing. In each 

pair of samples with the same texture, one sample had an additional i-ZnO back reflector with 
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a thickness of 60nm. All samples were made with a TCO bilayer made from IOH/i-ZnO 

(100nm+500nm) and had a metal (Ag/Cr/Al) back reflector. Additionally, to inspect the effect 

of heating temperature on the performance of the i-ZnO back reflector, a pair of AZO sacrificial 

textured nc-Si:H samples were deposited. One of the samples had an i-ZnO layer deposited 

with a heater temperature of 25°C while the other sample had an i-ZnO layer deposited with a 

heater temperature of 300°C. 

 

It is important to note that in the first four samples, the deposition of the i-ZnO layer was done 

using a mask with a cell size of 5x5 mm in the PECVD machine while the depositions of the 

back contact were carried out using a mask with a cell size of 4x4mm in the PVD machine. 

The difference in the mask sizes used during the run resulted in high Jsc values from the J-V 

measurements due to the larger area of the i-ZnO layer. An additional dry etching step was 

done to remove the excess area of the i-ZnO and to inspect the effect of removing impurities 

that may be found in the Si bulk layer on the overall performance of the solar cell.  

 

 
Figure 29 Cross-section of the single junction nc-Si:H cell architecture with an additional i-ZnO back reflector 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
41 

Results and Discussion 

 

ITO textured samples with i-ZnO and without i-ZnO layer  

To determine the effect of having an additional i-ZnO back reflector layer, the optical 

performance of the two ITO textured samples with and without the i-ZnO layer can be 

compared.   

 

Figure 30 EQE plots of the ITO textured samples with and without an additional i-ZnO layer 

From Figure 30, the optical performance of the ITO textured sample with the additional i-ZnO 

back reflector was higher. The overall spectral utilization of the sample with the additional 

back reflector resulted in a Jsc of 23.3 mA/cm2 while a lower Jsc of 21 mA/cm2 was obtained 

with the sample without the i-ZnO back reflector. This indicates that the use of i-ZnO improved 

the Jsc of the sample by approx.11%. Moreover, at higher wavelength ranges (700-1100nm), a 

higher EQE was achieved with the sample containing the i-ZnO back reflector. This can be 

correlated to the fact that the i-ZnO layer can reflect photons in the infrared region which are 

not reflected by the metal (Ag/Cr/Al) back reflector which improves the performance of the 

nc-Si:H sample in the red region. At a wavelength of 600nm, a maximum EQE value of approx. 

0.83 was achieved with the sample containing the i-ZnO back reflector layer. While the 

maximum EQE achieved with the sample without the i-ZnO back reflector was approx. 0.80 at 

a wavelength of 640nm. Furthermore, the optical response at shorter wavelengths (400nm-

600nm) has improved with the sample containing the i-ZnO layer as fewer fringes and a higher 

EQE plot were achieved. This can be due to the fact that having an additional i-ZnO back 

reflector layer on top of the metal back contact can enhance the scattering of the light that is 

reflected by the metal back contact into the solar cell. Thus, the scattering of the photons at 

shorter wavelengths is improved and the efficiency of converting shorter wavelength photons 

is increased due to higher absorption correlated with improved optical path length. The 

absorbance plots obtained for the two samples were comparable, although the sample i-ZnO 

showed less interference and higher EQE performance at longer wavelengths. It might be that 

the reflectance measurement was done on a different cell than the cell in which the EQE 

measurement was done which resulted in giving a misleading absorption result. 
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Inspecting the J-V results of the samples can give an idea on how well the deposition of the 

samples was done and whether utilizing an additional i-ZnO layer can improve the electrical 

performance of the solar cell.   

 
 Table 10 J-V Results of the ITO textured samples with i-ZnO 
back reflector and without i-ZnO back reflector 

 

 

 
Table 11 J-V Results of the ITO textured samples with i-ZnO 

back reflector and without i-ZnO back reflector after DE 

 

 

 

 

In Figure 31, the Jsc values in the graph are higher than the ones obtained from the EQE 

measurements. This is due to the difference in the size of the mask that was used in depositing 

the i-ZnO layer and the back contact. As the area of the i-ZnO was larger, it could have 

contributed to the additional current during the J-V measurement. Looking at the Voc and Jsc 

values, the ITO textured sample with the additional i-ZnO back reflector performed better than 

the sample without the i-ZnO layer. The sample had a higher Jsc and Voc which overall resulted 

in obtaining a higher efficiency (5.18% as compared to 4.96%). However, the shunt resistance 

value measured for the sample with the i-ZnO back reflector layer was much lower than the 

sample without the i-ZnO back reflector layer. Having a low shunt resistance indicates that 

there might have been some defects in the sample or contamination during its deposition. The 

series resistance of the sample with the i-ZnO layer was lower, this can be due to the better 
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Figure 31 J-V plots of the ITO textured samples with i-
ZnO back reflector and without i-ZnO back reflector 

Figure 32 J-V plots of the ITO textured samples with i-ZnO 
back reflector and without i-ZnO back reflector after DE 
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ohmic contact between the silicon layer and the back contact that is achieved when utilizing an 

i-ZnO layer.  

 

In Figure 32, the Jsc values decreased after dry etching and are in a similar range to the Jsc 

values obtained from the EQE measurement. This can justify that having a larger area for the 

i-ZnO layer did indeed contribute in additional current during the JV measurement and resulted 

in getting inaccurate results. Moving forward, the shunt resistance values of both samples 

improved, which can be due to the dry etching process removing defects and impurities that 

can be found in the Si bulk layer. The series resistance of the sample with the i-ZnO layer did 

also increase which was not expected. Added to that, the Jsc of the sample with the additional 

i-ZnO layer can be seen to drop and become lower than the sample without the i-ZnO back 

reflector. A possible explanation is that the dry etching conditions were not feasible for the 

layer or the dry etching was not done properly which could have caused additional damage to 

the cells of the sample. 

 

AZO textured samples with i-ZnO and without i-ZnO layer  

 

 
Figure 33 EQE plots of the AZO textured samples with and without an additional i-ZnO back reflector layer 

From Figure 33, the optical performance of the AZO textured sample without the i-ZnO layer 

seems to be much lower than the sample with the additional i-ZnO back reflector. Although 

the sample without the i-ZnO was expected to have a lower performance, the dramatic decrease 

in the performance can be attributed to an issue with the deposition of the sample itself. While 

carrying out the experiments, some of the samples that were deposited showed lower 

performances than the others and there has been an ongoing issue with the quality consistency 

of the deposition by the PECVD machine. Thus, although having an additional i-ZnO back 

reflector layer is expected to benefit the optical performance of the sample, a fair comparison 

can not be done due to the lower deposition quality of the sample without the i-ZnO back 

reflector layer. Nevertheless, an interesting result can be seen in the EQE plot of the AZO 

textured sample with the i-ZnO back reflector layer. When compared to the ITO textured 

sample containing the i-ZnO layer back reflector that was previously analyzed, the optical 

performance of the AZO textured sample was relatively lower. There seem to be more fringes 
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in the EQE spectrum of the AZO textured sample at a longer wavelength (700nm to 1100nm) 

as compared to the ITO textured sample. The presence of fringes at long wavelengths can be 

correlated with the type of sacrificial texturing used in the sample. As AZO sacrificial texturing 

creates smaller textures than ITO sacrificial texturing, the deposited i-ZnO back reflector can 

also have relatively smaller textures as compared to the ITO textured sample. Thus, the i-ZnO 

back reflector of the ITO textured sample can scatter photons at larger wavelengths more 

effectively and thus have a higher performance and lower fringes. In addition to that, the fringes 

in EQE plot at longer wavelengths of the AZO textured sample can also be due to interference 

with the spectral component of the thick nc-Si:H layer. A possible explanation to the better 

EQE performance of the ITO textured sample as compared to the AZO textured sample is that 

a better texturing in the i-ZnO back reflector layer might be achieved with the ITO sacrificial 

texturing that is able to reflect light better and mitigate the interference with spectral component 

of the nc-Si:H layer. To verify wither the type of texturing is indeed influencing the 

performance of the i-ZnO back reflector, an SEM on the samples can be done to observe any 

differences in the textures of the i-ZnO layer.    

 

 Table 12 J-V Results of the AZO textured samples with and 
without an i-ZnO back reflector 

 

 
 

 Table 13 J-V Results of the AZO textured samples with and 
without an i-ZnO back reflector after DE 

 

 

 

 

  AZO-BR AZO-No BR 

Voc [V] 0.477 0.478 

Jsc EQE [mA/cm²] 22.73 17.6 

Roc [ohm·cm²] 21.6 31.3 

Rsc [ohm·cm²] 690 1699 

FF [-] 0.495 0.545 

Ƞ[%] 5.36 4.58 

  AZO-BR AZO-No BR 

Voc [V] 0.49 0.474 

Roc [ohm·cm²] 30.5 36.7 

Rsc [ohm·cm²] 1259 1683 

FF [-] 0.512 0.484 
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Figure 34 J-V plots of the AZO textured samples with 
and without an i-ZnO back reflector 

Figure 35 J-V plots of the AZO textured samples with 
and without an i-ZnO back reflector after DE 
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From Figure 34, Similar results can be seen from the J-V's of the AZO textured samples as 

compared to the previously analyzed ITO textured samples. The Jsc results in the plot seem to 

be much higher compared to the Jsc results from the EQE measurements. This can be attributed 

to the larger mask size issue of the i-ZnO layer that was explained previously. The presence of 

an additional i-ZnO back reflector resulted in improving the Jsc and overall efficiency of the 

cell. The shunt resistance of the sample with the i-ZnO layer was lower, which was also the 

case with the ITO textured sample. This indicates that the deposition of the i-ZnO layer during 

this run was not ideal and further optimization of the i-ZnO deposition is needed to produce 

better cells with fewer contaminations and defects. The series resistance of the sample with the 

i-ZnO layer was higher, this was expected due to the better ohmic contact and higher electron 

mobility that can be achieved using an i-ZnO layer.  

 

In Figure 35, the values of the Jsc obtained after dry etching were more comparable with the 

Jsc values obtained from the EQE results in  which was again due to the dry etching process 

removing the excess area of the i-ZnO layer that was larger than the back contact. The shunt 

resistance of the sample with the i-ZnO layer seems to have improved significantly while the 

series resistances of the two samples also seem to have increased. This indicates that the dry 

etching process needs better control as currently it is likely that the dry etching is damaging the 

cells while removing the defects in the Si bulk layer. 

 

ITO textured with i-ZnO layer deposited at 25°C vs 300°C  

To determine whether the pre-heating temperature influences the performance of the i-ZnO 

back reflector, an EQE measurement was done on the two ITO textured samples with one 

sample having its i-ZnO deposited with a heater temperature of 25°C and the other sample with 

an i-ZnO deposited with a heater temperature of 300°C. 

 

Figure 36 EQE plots of the ITO textured samples with an additional i-ZnO back reflector layer deposited with a heater 
temperature of 25°C vs 300°C 

From Figure 36, the overall spectral utilization of the sample with the i-ZnO layer deposited at 

a higher heater temperature was better than the other sample. A Jsc of 25.3 mA/cm2 was 

generated with the sample processed at a higher heater temperature, while a Jsc of 23.2 mA/cm2 
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was generated with the sample processed at a lower heater temperature. Indicating that the use 

of a higher heater temperature boosted the Jsc of the sample further by 9%. The largest 

improvement in the EQE can be seen at shorter wavelength ranges between 400nm-900nm in 

the sample processed with a higher heater temperature. A possible explanation for the overall 

higher EQE performance with increasing the heater temperature of the i-ZnO layer is that at a 

higher temperature, complete evaporation of the deposition material occurs, and a higher 

crystallization and uniformity of the i-ZnO is achieved. The higher crystallization means that 

the i-ZnO layer is deposited with larger grain size and fewer grain boundaries in the back 

reflector layer which can improve the natural surface texturing of the i-ZnO layer. Larger 

surface textures can be achieved resulting in better reflection by the back reflector. Moreover, 

the improved quality of deposition of the i-ZnO layer allows for better scattering of a larger 

portion of light that that is reflected by the metal back reflector into the solar cell. Thus a higher 

portion of photons at shorter wavelengths are scattered and absorbed in the active region of the 

solar cell.  Similarly, photons at larger wavelengths can be reflected better by the i-ZnO layer 

as fewer grain boundaries are present, which allows higher reflection. Furthermore, a lower 

parasitic absorption better overall performance can be achieved when depositing the i-ZnO 

layer using a higher heater temperature. This can be seen in the plot by the smaller gap between 

the absorption and the EQE plots of the sample processed with a higher heater temperature. 
 

 Table 14 J-V Results of the ITO textured samples with 
i-ZnO deposited at 25°C vs 300°C 

 

 
 

 

 

In Figure 37 the sample with the i-ZnO layer deposited at a higher heater temperature showed 

a higher electrical performance than the sample in which the i-ZnO was deposited at a lower 

heater temperature. Using a heater temperature of 300°C resulted in obtaining a higher shunt 

resistance, which can be attributed to the higher deposition quality and larger crystal size of i-

ZnO. This led to obtaining a better FF and higher overall efficiency. Higher series resistance 

and lower shunt resistance were observed in the sample deposited with a heater temperature of 

25°C. This can be due to the larger number of defects and grain boundaries of the i-ZnO when 

depositing at lower heater temperatures. Moreover, it is also possible due to the presence of 

contaminants in the sample that hinders the flow of current. 
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Figure 37 J-V Plots of the ITO textured samples with i-ZnO 
deposited at 25°C vs 300°C 
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The sample with the i-ZnO layer deposited with a heater temperature of 300°C showed a higher 

optical and electrical performance. This indicates that depositing an i-ZnO layer using a higher 

heater temperature has the potential to improve the performance of the cell. For future research, 

a structured experiment can be conducted with a gradual increase in the heater temperature at 

a wider range of temperatures. The results can help in determining the optimal heater 

temperature for depositing the i-ZnO back reflector layer. Furthermore, the influence of the 

heater temperature on the quality of the deposited i-ZnO layer can be verified by measuring 

the crystallinity of the deposited i-ZnO layer. For that, a separate experiment can be conducted 

in which an i-ZnO layer is deposited on a glass sample at different heater temperatures, and the 

sample is then measured for crystallinity. Another research area would be the influence of the 

i-ZnO back reflector thickness on the performance of the sample. By conducting an experiment 

in which the thickness of the i-ZnO layer is varied, it is possible to determine the optimal 

thickness of the i-ZnO layer. 

 

Key takeaways 

The results have suggested that having an additional i-ZnO back reflector can improve the 

optical performance of the sample further. The low refractive index of the i-ZnO layer promotes 

photon reflection in the infrared red region and improves the reflection of shorter wavelength 

photons by the metal back contacts due to better scattering. Depositing the i-ZnO back reflector 

at higher temperatures further improves the quality of the i-ZnO layer due to the formation of 

larger crystal sizes and lower grain boundaries. 

 

4.3 TCO Layer 
 

Literature Review 

The transparent conductive oxide layer (TCO) serves as an electric front contact in thin-film 

solar cells by providing a low resistance path for collecting and transporting charge carriers. 

Moreover, it guides the incident light into the active layer of the solar cell, which is why it 

needs to be highly transparent in the active wavelength range of the electromagnetic spectrum 

[9]. To ensure that the TCO layer works efficiently, it must be highly conductive and have a 

low sheet resistance. Depending on the type of material used for the TCO layer, different 

surface textures can be made which enhance light scattering into the solar cell and reduce 

reflection losses. Based on the Drude absorption model, the incident photons at longer 

wavelengths can interact with the free carriers in the TCO layer resulting in free carrier 

absorption (FCA) which reduces the performance of the TCO layer. FCA can reduce the 

refractive index of the TCO at the visible and near-infrared (NIR) wavelength ranges resulting 

in higher reflection of the incident photons at the front of the solar cell between the TCO layer 

and Si layer underneath it [1][5]. Moreover, FCA can also increase the extinction coefficient 

of the TCO layer at the NIR wavelength ranges resulting in light absorption in the TCO layer. 

To mitigate the effect of FCA a higher refractive index and lower extinction coefficients need 

to be achieved by increasing the carrier mobility and decreasing the carrier density in the TCO 

layer [23]. Thus, depending on the TCO material, a trade-off between high transparency and 

good conductivity is usually present anticipated to the FCA in the TCO layer. 
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A suitable candidate for the TCO layer is indium tin oxide (ITO) due to its photoelectrical 

properties. ITO is made up of a mixture containing 90% indium oxide (In2O3) and 10% tin 

oxide (SnO2) [9]. ITO can provide high electron mobility, a tunable carrier density, and high 

transparency in the visible and long wavelength regions of the electromagnetic spectrum [22]. 

Moreover, ITO is among the few TCO material to show a good trade-off between high 

conductivity and transparency. However, one of the limitations of ITO is that indium has a very 

low abundance in the earth's crust, with approximately 0.05 ppm. This limits its utilization on 

large-scale production and raises the cost of ITO as a TCO layer. Another limitation of using 

ITO as a TCO layer is that at high temperatures, the electrical conductivity of ITO decreases 

can affect the overall efficiency of the solar cell [22]. Lastly, ITO has been shown have to have 

low transmittance in the near infrared region (NIR), which limits its performance as a TCO 

layer [38]. 

 

Another promising candidate for a TCO material is hydrogenated indium oxide (IOH). IOH is 

known to have high electron mobility leading to high conductivity. It also has high transparency 

in the near-infrared region and low parasitic absorption losses comparable to ITO. Moreover, 

FCA's influence on IOH is lower compared to ITO thanks to its higher charge carrier mobility. 

Thus, a lower reflectance rate at the visible and NIR wavelength ranges is achieved when using 

IOH as a TCO layer compared to ITO. It is possible to achieve high electrical and optical 

performance in the TCO layer by making a bilayer of two materials. As i-ZnO is known to 

have higher transparency in the visible and NIR wavelength ranges than ITO, it is possible to 

use it in making a TCO bilayer along with IOH to achieve higher opto-electrical properties than 

ITO. Doing so can achieve a TCO with the combined benefit of i-ZnO's higher 

transparency/low parasitic absorption NIR wavelength ranges and IOH's higher lateral 

conductivity [39]. Furthermore, using a TCO bilayer (IOH/i-ZnO) can also have the benefit of 

producing a TCO layer with higher quality as it less prone to defect formation while depositing 

as compared to ITO. Optimizing the thickness of the TCO bilayer can further influence the 

performance of the solar cell. By using a thicker IOH layer in the TCO bilayer, it is possible to 

enhance the lateral conductivity in the TCO layer further as a lower sheet resistance can be 

achieved [40].  

 

Experimental Details  

To observe the effect of having a different TCO layer on the solar cell's performance, nc-Si:H 

and micromorph samples with different TCO layers were made. Four nc-Si:H samples were 

deposited, two of which had AZO sacrificial texturing and the other two had ITO sacrificial 

texturing. In each pair of samples with the same sacrificial texturing, one sample was made an 

ITO TCO layer (150nm), while the other had a TCO bilayer of IOH and i-ZnO (100nm + 

500nm). The ITO was deposited through sputtering using the PECVD machine, by placing a 

glass sample with sacrificial texturing in the sputtering chamber a layer thickness of 150nm 

was deposited at a temperature of 206°C. For the TCO bilayer, the IOH layer was deposited at 

an atmospheric temperature, while the i-ZnO layer was deposited at a temperature of 200°C. 

All samples had an additional i-ZnO back reflector layer on top of their metal (Ag/Cr/Al) back 

contacts. A similar process was used in preparing the micromorph samples. To determine if the 
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thickness of the TCO bilayer affects the performance of the solar cell, a micromorph sample 

with a thicker bilayer (100+1000nm) was made. Once all the samples were deposited, their 

optical and electrical properties were measured through EQE and J-V measurements. The 

samples then went through dry etching to observe any changes in the performances of the 

samples. The cell architecture of the nc-Si:H and micromorph is illustrated in the following 

figure. 

 

 
Figure 38 Cross-section of the single junction nc-Si:H cell (on left) and micromorph (on right) of cell architecture. 

Results and Discussion 

 

Nc-Si:H 

AZO textured samples with ITO vs Bilayer TCO 

Observing the optical and electrical performance of the samples can give an idea on how the 

TCO layer can influence the performance of the solar cell samples. 
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Figure 39 EQE results of the AZO textured samples with TCO BL (on left) and ITO TCO layer (on right) 
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From the EQE results in Figure 39, the optical performance sample with the TCO bilayer was 

higher than the sample with the ITO TCO layer. The better spectral utilization of the sample 

with the TCO bilayer resulted in generating a Jsc of 22.7 mA/cm2 as compared to 20.3 mA/cm2 

in the sample with the ITO TCO layer, showing an improvement of 11.8% in the Jsc. At a 

wavelength range of 600nm, the sample with the TCO bilayer had a higher EQE (approx. 0.84) 

compared to the lower EQE (0.72) in the sample containing the ITO TCO layer at the same 

wavelength. This indicates that the TCO bilayer was able to transmit more light into the solar 

cell and have a higher efficiency in conducting the generated current in the sample. This was 

expected due to the fact that the TCO bilayer has a higher transmittance and higher carrier 

mobility than ITO TCO layer so it is able conduct the generated current better. 

 

However, comparing the absorption plots in both of the samples, it can be seen that there is 

higher interference when using a TCO bilayer as compared to an ITO. At a wavelength range 

of 400-600nm, more fringes appear in the absorption plot of the sample with the TCO bilayer. 

This can be due to the innate nano texturing nature at the surface of the ITO when compared 

to the flat surface made by IOH/ iZnO of 500nm refer to Figure 51. This can enhance light 

scattering at shorter wavelengths in the ITO TCO layer as compared to the TCO bilayer. At 

larger wavelengths (700nm-1100nm) there seems to be a much larger interference in the 

absorptance of the sample with the TCO bilayer. This can be correlated to the fact that the ITO 

TCO layer can follow the texture of the glass underneath it better as compared to the TCO 

bilayer which has been shown to have non-conformal deposition on the textured glass resulting 

it to have a flatter surface. This can further indicate that the nano-sized textures created using 

AZO sacrificial texturing in combination with the TCO bilayer are not efficient in scattering 

photons at longer wavelengths and a poorer red response is achieved. Thus, to ensure better 

light scattering when using a TCO bilayer, the texturing in the bilayer needs to be enhanced 

further to ensure better scattering. Absorption in active layer of the sample with the ITO TCO 

layer starts at 300nm (approx. 0.20) while the bilayer TCO starts at 380nm which is a result of 

ITO Higher bandgap of TCO in comparison with bilayer. 

 

Observing the electrical performance of the samples can help in determining wither using TCO 

bilayer does indeed improve the performance of the cell and can help in observing if the sample 

had issues during their deposition. 

 



 
51 

 

Table 15 J-V Results of the AZO textured samples with TCO 
BL vs ITO TCO layer 

  

  
 

Table 16 J-V Results of the AZO textured samples after RIE 

 

 

 

 

 

 

 

From the J-V results displayed in Figure 40, the sample with the ITO TCO layer had a better 

overall performance than the sample with the TCO bilayer. This result contradicts the literature, 

the use of the bilayer is expected to improve the conduction of the TCO and have a lower 

parasitic absorption, improving the cell's performance. The difference in the performance of 

the samples here may not be mainly due to the use of a different TCO layer but rather due to 

the deposition of the samples themselves. The samples were made during different runs, and 

there has been an ongoing issue with the consistency in the quality of the deposition by the 

PECVD machine. Thus, comparing the J-V results might not be a fair comparison as the sample 

with the TCO bilayer might have experienced a lower quality of deposition due the presence 

of contamination or poor control of the silane flow rate during the deposition.  

 

Looking at the J-V plots, it can be seen that before dry etching, the sample with the TCO bilayer 

had a much higher Jsc in the J-V plot and after dry etching, the Jsc decreased and became lower 

than the sample with the ITO TCO layer. The considerable drop in Jsc from the J-V plots of 

the sample containing the TCO bilayer was mainly due to the processing difference that it went 

through. During the run in which the sample with the TCO bilayer was deposited, the i-ZnO 

back reflector was deposited with a mask size of 5x5mm, while the metal (Ag/Cr/Al) back 
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Figure 40 J-V plots of the AZO textured samples 
with TCO BL vs ITO TCO layer 

Figure 41  J-V plots of the AZO textured samples 
with TCO BL vs ITO TCO layer after DE 
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reflector was deposited with a smaller mask size of 4x4mm. On the other hand, in the sample 

with the ITO TCO layer, the same mask (size 5x5mm) was used for depositing the i-ZnO back 

reflector layer and the metal (Ag/Cr/Al) back reflector layer. The larger area of the i-ZnO layer 

has contributed to inaccurate Jsc values when measured using Wacom. Nevertheless, from  

Table 16, it can be seen that dry etching did improve the shunt resistance values of the samples 

mainly due to removing impurities and defects in the bulk silicon layer. The increase in the 

series resistance of the sample with the TCO bilayer indicates that the dry etching process 

might have unintentionally damaged the cell, lowering the conductivity of the sample. 

 

ITO textured samples with ITO vs Bilayer TCO 

 

In Figure 42, a similar optical performance trend can be seen with the ITO-processed samples 

to that of the AZO-processed samples that were previously analyzed. Overall, the optical 

performance of the sample with the TCO bilayer surpassed the optical performance of the 

sample with the TCO ITO layer. The highest EQE achieved in the sample with the TCO bilayer 

was 0.83 at a wavelength of 600nm, while the EQE was around 0.77 in the other sample at the 

same wavelength. The higher spectral utilization of the sample with bilayer resulted in 

generating a Jsc of 23.3 mA/cm2 compared to 21.4 ma/cm2 in the sample containing the ITO 

TCO layer resulting in an improvement of 8.9%. Comparing the ITO-processed sample with 

the TCO bilayer to the AZO-processed sample with the TCO bilayer that was previously 

analyzed, the ITO-processed sample had a higher spectral utilization. This can be attributed to 

the larger craters of the ITO sacrificial texturing, that is quite efficient to scatter light at longer 

wavelengths. The difference in the absorptance fringes in the TCO bilayer and the ITO TCO 

sample can be related to the natural surface texturing of the ITO layer and the non-conformal 

nature of deposition with the bilayer that was previously explained.  
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 Table 17J-V Results of the ITO textured samples with BL vs 
ITO TCO layer 

 

 

 

 

 

 

 

 

 

 

 
 

Table 18 J-V Results of the ITO textured samples after dry 
etching 

 

 

 

 

 

 

 

As was seen in the results of the samples with the AZO sacrificial texturing, the samples with 

the ITO sacrificial texturing in Figure 43 and Figure 44 have shown a similar trend in the 

results. The sample containing the TCO bilayer had a lower overall performance than the 

sample with the ITO TCO layer. This was again due to the fact that these samples were 

deposited during separate runs, and there has been inconsistency with their deposition. To 

lower the chances of inconsistency with the quality of the deposition faced by the samples, it 

is important to check the deposition setup and ensure that the flow rate of gases in the 

deposition chambers is ideal before starting the deposition.  
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Figure 43 J-V plots of the ITO textured samples with 
TCO bilayer vs ITO TCO layer 

Figure 44  J-V plots of the ITO textured samples with 
TCO Bilayer vs ITO TCO layer after DE 
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Micromorph 

 

AZO textured samples with ITO vs Bilayer TCO.   

Observing the optical performance of the micromorph samples can help in understanding the 

influence of the TCO layer on the spectral utilization of the sample. 

 

 

In Figure 45, the sample with the TCO bilayer showed a higher spectral utilization with a total 

Jsc of 22.2 mA/cm2 as compared to the sample with the TCO ITO layer with a Jsc of 21 

mA/cm2, resulting in an improvement of 5.71%. The higher performance of the sample with 

the TCO bilayer can be attributed to the higher transparency and lateral conductivity. However, 

when inspecting the absorptance plots, the sample with the ITO TCO layer seems to have lower 

fringes in the EQE plot of its top cell at a wavelength range of 400nm-600nm, which is 

correlated with the higher absorptance at that range as compared to the sample with TCO 

bilayer. This can be correlated to natural texture of the surface of the ITO material as compared 

to the bilayer.  

 

Moving forward, at a wavelength range of 600-800nm, similar fringes can be seen in both of 

the samples related to the optical cavity of the top cell in a micromorph sample. When light 

passes through the a:Si-H top cell it can interfere and reduce the optical performance the solar 

cell. A possible way to mitigate this effect is by using an intermediate reflective layer (IRL).  

Lastly, at a wavelength range of 800-1100nm, better performance can be seen with the sample 

containing the TCO bilayer. This is explained with the fact that the free carrier absorption of 

doped tin oxide is higher than intrinsic zinc oxide. 

 

 

 

 

 

 

400 600 800 1000 1200

0.0

0.2

0.4

0.6

0.8

1.0
AZOtex - IOH/i-ZnO TCO BL (100+500nm)

E
Q

E
 [
-]

Wavelength [nm]

     JEQE          

                          [mA/cm2]

 Top              11.4    

 Bottom         10.8

 Jsc Voc FF EFF

10.8 1.32 0.497 7.09

400 600 800 1000 1200

0.0

0.2

0.4

0.6

0.8

1.0
AZOtex - ITO TCO (150nm)

E
Q

E
 [
-]

Wavelength [nm]

     JEQE          

                          [mA/cm2]

 Top              11.4    

 Bottom         9.6

 

Jsc Voc FF EFF

9.6 1.3 0.47 5.9

Figure 45 EQE results of the AZO textured micromorph samples with TCO BL (on left) and ITO TCO layer (on right) 
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Figure 47 J-V plots of the AZO textured samples 
with Bilayer vs ITO TCO layer after DE 

 

 

 

 
 Table 19 J-V Results of the AZO textured samples with Bilayer 

vs ITO TCO layer 

  

 
 

                                                                                                                
Table 20 J-V Results of the AZO textured samples with 

Bilayer vs ITO after DE 

 

 

 

 

 

 

 

 

In Figure 46, the sample with the TCO Bilayer had a higher performance than the sample with 

ITO TCO layer. This was expected as the TCO bilayer has low parasitic absorption and good 

lateral conductivity as compared to the ITO TCO layer. The FF of the sample with the bilayer 

was higher, which along with the slightly higher Voc and Jsc resulted in a higher overall 

efficiency of 7.09%. Overall the two samples showed a high series resistance, indicating that 

the deposition of the samples was not ideal as the flow of current is hindered in the sample. A 

possible reason for the high series resistance could be that the deposition of the absorber layer 

in the PECVD machine was not done properly due to the presence of dust particles or other 

contaminants in the chamber.   
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Figure 46 J-V plots of the AZO textured samples 
with the bilayer vs ITO TCO layer  
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From the J-V plots after dry etching displayed in Figure 47, the Jsc values decreased and are 

comparable to the Jsc values obtained from the EQE measurement that were displayed in Table 

19. This was mainly due to the fact that during this run, the i-ZnO back reflector layer was 

deposited with a larger mask size (5x5mm) than the back contact that was deposited with a 

mask size of (4x4mm). As was seen in the previous results, the larger area of the i-ZnO layer 

contributed in additional current during J-V measurements. Comparing the series resistance 

values before and after dry etching, it can be seen that the series resistance values increased 

and the shunt resistance values also increased significantly. Although dry etching has been 

shown to reduce series resistance by removing the contaminants and residues in the silicon 

layer that hinder the electrical conductivity. The increase in series resistance after dry etching 

indicates that the process might have unintentionally introduced factors that obstruct the flow 

of the current in the cell, such as damage to the cells due to over-etching. Even though dry 

etching is expected to increase the shunt resistance in the solar cell, the shunt resistance results 

were much higher than expected. As dry etching was carried out for the first time during that 

run, the process was not controlled optimally as many of the back contacts in the cells were 

also removed, indicating that the process led to over-etching refer to Figure 56. Thus the J-V 

results after etching are not precise as many of the cells were damaged during the dry etching 

process of that run. 

 

ITO textured samples with ITO vs Bilayer TCO 

 

In Figure 48, the spectral utilization of the sample with the TCO bilayer is higher, generating 

a Jsc of 22.5 mA/cm2 as compared to 21.1 mA/cm2 in the ITO TCO. This is similar to what 

was observed in the AZO textured samples previously analyzed. Having a TCO made of a 

bilayer (IOH/i-ZnO) provides better transparency, higher lateral conductivity, and lower 

parasitic absorption than ITO, which overall improves the performance of the sample. 

Comparing the AZO textured sample with the TCO bilayer to the ITO textured sample with 
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Figure 48 EQE results of the ITO textured micromorph samples with TCO Bilayer (on left) and ITO TCO layer (on right) 
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the bilayer, the ITO processed sample performed slightly better (Jsc of 22.5 mA/cm2 compared 

to 22.2 mA/cm2). The larger craters formed using ITO sacrificial texturing can improve the 

scattering of light at longer wavelengths. 

 

A similar trend can be seen in the absorptance plot of the ITO-processed sample with the TCO 

bilayer that was also previously seen with the AZO-processed sample containing the TCO 

bilayer. The fringes in the absorptance plot indicate that further optimization in the texturing 

and thickness of the TCO bilayer are necessary in order to reduce the interference of the TCO 

layer with the incident photons. Looking closer at the absorptance plots at longer wavelengths, 

the sample with the ITO layer had a higher absorptance yet showed poorer performance in the 

EQE of its bottom cell. A possible reason could be due to an inconsistency with the deposition 

quality of the bottom cell. Looking at the gap between the absorptance plots and the EQE plots, 

the sample with the TCO ITO layer had a larger gap compared to the sample with the TCO 

bilayer, which indicates that the sample with the ITO TCO layer had a larger parasitic 

absorption. Although the ITO TCO layer had a lower thickness, it showed a larger parasitic 

absorption which can be attributed to the lower transparency and larger number of defects 

found in the ITO as compared to bilayer of IOH and i-ZnO.   

 
 Table 21 J-V Results of the ITO textured samples with 

Bilayer vs ITO TCO layer 

 

 

 

 
 

Table 22 J-V Results of the ITO textured samples with 
Bilayer vs ITO after DE 
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Figure 49 J-V plots of the ITO textured samples with 
Bilayer vs ITO TCO layer 

Figure 50 J-V plots of the ITO textured samples with 
Bilayer vs ITO TCO layer after DE 
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In Figure 50, the performance of the ITO textured sample with the ITO TCO layer was much 

lower than the other sample with the TCO Bilayer. It is worth noting that the two samples were 

deposited during different runs, and there has been an issue with the deposition of the ITO TCO 

layer. When the thickness of the ITO layer was inspected, it was seen to be thinner (120nm) 

than what was aimed for (150nm) and had high resistance. Thus, although it is expected that 

the sample with the TCO bilayer to have higher electrical performance, a fair comparison from 

the J-V results cannot be made as the sample with the ITO TCO layer faced issues with its 

deposition. 

 

After dry etching, the shunt resistance and the series resistance values increased as displayed 

in Table 22. This trend was also seen in the samples that were previously analyzed. The increase 

in the series resistance can be due to the dry etching process unintentionally damaging the 

conductive layer in the cell refer to Figure 56. Although an increase in the shunt resistance is 

expected with dry etching, the sample with the TCO bilayer showed a much higher increase 

which can be inaccurate as the cells of the sample were damaged due to the dry etching. 

 

 

ITO textured samples with Bilayer (100+500nm) vs (100+1000nm) 

To determine the influence of the having a thicker bilayer on the performance of the sample, it 

is important to inspect the grain size and the crystal structure in the TCO bilayer on a molecular 

level. Thus, SEM images of the two bilayers were taken and are illustrated in Figure 51. 

 

The thicker bilayer resulted in i-ZnO crystals with larger crystal grain sizes. Larger crystal 

grain sizes can reduce the interference of the TCO layer with incident light as there are smaller 

number of grain boundaries and defects that can interfere with the incident photon. This results 

in an increased transparency as the path length of light in the TCO layer is decreased, and lower 

absorption in the TCO layer occurs. Furthermore, another benefit that may be achieved when 

using a thicker bilayer is that the larger crystal sizes of the i-ZnO can be textured better as they 

are grown vertically on the glass sample. The extent to which the surface of the TCO layer is 

textured is higher with the thicker bilayer as the larger crystal sizes are affected to a larger 

extent by the texturing in the glass underneath them. This cannot be seen in the SEM images 

Figure 51 SEM images of the TCO BL (100+500nm) on the left and (100+1000nm) on the right 
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here, as the TCO bilayers were deposited on flat glass samples. In Figure 51, the samples have 

shown a slight deviation from the aimed thickness of 100nm+500nm in the sample on the left 

and the 100+1000nm in the sample on the right. This indicates that the flow rates used for the 

TCO deposition need further tuning to achieve the desired thicknesses. 

 

From the EQE results displayed in Figure 52, the spectral utilization of the sample with the 

thicker bilayer (100+1000nm) was higher, generating a total current of 24.5 mA/cm2 as 

compared to 23.8 mA/cm2 in the sample with a thinner bilayer (100+500nm). At a wavelength 

range of 400-500nm, the fringes in the absorptance values of the sample with the thinner bilayer 

were much more significant than in the sample with a thicker bilayer. This indicates that the 

effect of interference by the TCO layer seen in the samples from previous runs has been 

mitigated using a thicker bilayer. A possible explanation for the higher absorptance when using 

a thicker bilayer can be attributed to the grain size of the i-ZnO in the bilayer, which was 

inspected in the SEM images that were previously analyzed. Having larger crystals and fewer 

crystal grain boundaries in the sample with the thicker bilayer can increase the transparency 

and reduce the interference with incident photons. Thus, a more significant portion of the 

incident light passes into the solar cell's active layer, resulting in higher absorption and a higher 

current generation.  

 

Inspecting the absorptance plots at a wavelength range of 600-700nm, the fringe related to the 

optical cavity of the top cell are much smaller in the sample with the thicker bilayer. A possible 

reason can be correlated to the higher scattering of light achieved with using the thicker bilayer 

as compared to the thinner bilayer which leads to higher absorptance of light in the a-Si:H top 

cell. This reduces the amount of light at short wavelength ranges reaching the tunnel 

recombination junction between the top and bottom cell and thus lower optical cavity effect is 

observed. At larger wavelength ranges (800nm-1100nm), the sample with the thinner bilayer 

showed a significantly large fringe in its absorptance plot, which reduced the performance in 

the bottom cell. Comparing the sample with the thicker bilayer, the fringe in the absorptance 

at larger wavelengths is absent, and the bottom cell performed much better. This can be due to 
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Figure 52 EQE results of the ITO textured micromorph samples with TCO Bilayer 100+500nm (on left) and TCO BL 100+1000nm  (on right) 



 
60 

the better surface texturing of the i-ZnO of the thicker bilayer. As larger crystal grain sizes are 

formed when depositing a thick bilayer, better surface texturing of the i-ZnO layer is achieved 

which can scatter light at long wavelength ranges more effectively.  

 

As the current generated by the top cell of the sample is smaller than the current generated by 

the bottom cell of the sample, the cells current output is limited by the top cell due to the current 

mismatch. This reduces the potential of the total current that can be achieved by the sample. 

To optimize the cell with the ticker bilayer further, the top cell of the sample needs to be 

improved further in order to achieve current matching. Alternatively, an intermediate reflective 

layer can be utilized in order to increase the output current of the top cell.  

 
Table 23 J-V Results of the ITO textured sample with 

Bilayer (100+500nm) vs Bilayer (100+1000nm) 

 

 

 

 
 Table 24 J-V Results of the ITO textured sample with 

Bilayer (100+500nm) vs Bilayer (100+1000nm) after DE 

 

 

 

 

In Figure 53, the thinner bilayer (100+500nm) sample had much higher series resistance 

(almost double) than the sample with the thicker bilayer. This can be attributed to the lower 

sheet resistance achieved when using a thicker bilayer which improves the electrical 

conductivity in the layer. Moreover, the thicker bilayer's larger cross-sectional area enhances 

the layer's current collection, reducing the losses due to series resistance. The higher shunt 
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Figure 53 J-V plots of the ITO textured sample with 
Bilayer (100+500nm) vs Bilayer (100+1000nm) 

Figure 54 J-V plots of the ITO textured sample with 
Bilayer (100+500nm) vs Bilayer (100+1000nm) after DE 
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resistance of the sample with the thicker bilayer resulted in a larger FF, which led to an overall 

higher efficiency of 8.03% compared to 6.66% in the sample with the thinner bilayer. The 

higher shunt resistance in the sample with the thicker bilayer can be attributed to reduced 

crystal grain boundaries and defects in i-ZnO crystals in the TCO layer. 

 

After conducting dry etching, the results displayed in Table 24 have shown a decrease in the 

series resistance and an increase in the shunt resistance values. The parameters used during this 

run for dry etching were optimized based on the parameters used in the previous run in which 

over-etching occurred. As can be seen, the performance of the samples improved, and the 

results are in the expected range. The dry etching process can reduce the amount of 

contaminants and defects in the sample's silicon bulk layer, improving its shunt resistance. 

Similarly, as contaminants in the sample are reduced, the current flow within the cell can 

increase, reducing the series resistance. 

 

Key takeaways 

Based on the results obtained from this experiment, it can be concluded that the use of a TCO 

bilayer instead of an ITO layer has improved the performance of both nc-Si:H and micromorph 

samples. The TCO bilayer provided higher transmittance and carrier mobility than the ITO 

TCO layer, which mediated its higher interference due to inefficient texturing. Using a thicker 

bilayer (100+1000nm) resulted in improving the performance of the sample further and 

reduced the interference with incident photons as compared to a thinner bilayer (100+500nm). 

In order to determine the optimal thickness of the TCO Bilayer, a structured experiment needs 

to be conducted in which the thickness of the i-ZnO layer in the bilayer is increased gradually 

at smaller intervals (i.e. 100nm) at a range of 500nm-1500nm in order to determine an optimal 

thickness in which the sample has the highest performance. 
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Chapter 5: Conclusion 
 

This project addressed four main research questions:  

1. Which processing conditions in terms of precursor gas flow rate is ideal for 

hydrogenation of nc-Si:H deposition? 

2. How does the texturing of superstrates influence the performance of nc-Si:H and 

micromorph tandem cells? 

3. How will the solar cell benefit optically with an additional intrinsic Zinc Oxide layer 

back reflector layer? 

4. Does a TCO bilayer improve the performance of nc-Si:H and micromorph cells?  

 

Varying the hydrogen flow rate resulted in better control over the nc-Si:H deposition, as 

consistent quality and performance were observed in the samples. A crystalline volume fraction 

of approx.60% resulted in the highest performance of the nc-Si:H. By calibrating the PECVD 

machine, it was concluded that a silane concentration of 2.3 - obtained using a hydrogen flow 

rate of 120 sccm and a silane flow rate of 3.2 sccm, resulted in nc-Si:H with a crystalline 

volume fraction with sufficient passivation by amorphous tissue. 

 

The use of i-ZnO and ITO sacrificial texturing resulted in comparably high optical performance 

in nc-Si:H samples. The lowest performance was obtained with AZO sacrificial texturing. The 

size and depth of the craters created by sacrificial texturing played an essential role in the 

effective scattering of photons with comparable wavelengths. Micro-sized craters with 

hemispherical characters were created by ITO sacrificial texturing, while nano-sized craters 

with non-hemispherical characters were created by AZO sacrificial texturing. Micromorph 

samples with ITO sacrificial texturing showed the highest optical utilization (Jsc 24.6 

mA/cm2). The micro-texturing obtained using ITO sacrificial layer was effective in scattering 

incident light and growing a sample with higher quality. Using an MST (ITO+i-ZnO) sacrificial 

texturing also resulted in a comparably high optical utilization (Jsc 24.3 mA/cm2). Using MST 

(ITO+AZO) and AZO sacrificial texturing in micromorph samples resulted in lower optical 

utilization due to ineffective light scattering. 

 

Using an additional i-ZnO back reflector layer boosted the solar cell's performance as it resulted 

in higher optical utilization. The high bandgap and low refractive index of i-ZnO promoted the 

reflection in the infrared region while the scattering of shorter wavelength photons by the metal 

back contact was also improved.  An improvement of 11% in the spectral utilization (Jsc) of 

the ITO sacrificial textured sample was observed with the use of an additional i-ZnO back 

reflector. Using a higher heater temperature to deposit the i-ZnO back reflector improved the 

spectral utilization (Jsc) of the sample further by 9%.  

 

Using a TCO bilayer of IOH and i-ZnO resulted in higher optical and electrical performance 

in both nc-Si:H and micromorph samples. A spectral utilization improvement of approx. 9-

11% was observed in nc-Si:H samples, while the spectral utilization of micromorph samples 

improved by approx. 6-7%. The results showed higher transmittance and better conductivity in 
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the samples with the TCO bilayer, although the texturing of the bilayer needs further 

optimization. Using a TCO Bilayer with a higher thickness (100+1000nm) instead of 

(100+500nm) offered an additional boost in the optical performance of the cell by 3% and 

resulted in lower interference. 

 

The highest optical utilization in a micromorph sample during this project was 24.5 mA/cm2, 

which was achieved using the combination of parameters explained in the above results. Using 

ITO sacrificial texturing for effective light scattering, a Thick TCO bilayer (100+1000nm) for 

better transmittance and conductivity, and an i-ZnO back reflector for higher reflection have 

resulted in a micromorph sample with the highest optical and electrical properties. By 

optimizing the texturing of the TCO layer, determining the optimal TCO BL thickness, and 

incorporating an additional intermediate reflective layer, it is possible to improve the 

performance of the micromorph sample further.  
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Appendix 
 

Table 25 J-V plots of single junction nc-Si:H samples with 
ITO and i-ZnO sacrificial texturing 

 

 

 

  

 

 
 

Figure 56 Over etched solar cell sample with damaged metal back reflector due to improper control over dry etching 
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Voc [V] 0.51 0.5 

Jsc EQE [mA/cm²] 24.3 25.2 

Roc [ohm·cm²] 36.9 45.3 
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Figure 55 J-V plots of single junction nc-Si:H samples with ITO 
and i-ZnO sacrificial texturing 
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