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Abstract 

 

A major factor that can bring the cost of electricity generated from photovoltaics further 

down is an increase in the conversion efficiency of solar cells that can be achieved without 

significant increases in the cell manufacturing cost. This has so far driven vast research and 

development in the crystalline silicon solar cell technology. Current cell technologies coming 

from mass production lines still have potential for performance improvement and further cost 

reduction is desired. The high-efficiency cell designs tend to require more sophisticated 

processing techniques such as patterning of dielectric layers and silicon surfaces.   

The first part of the thesis focuses on an alternative approach to replace photolithography in 

the patterning of dielectric layers. The method is based on inkjet printing and it is applied to 

fabricate dielectric etching masks which can be used for the formation of high-efficiency 

solar cell textures. Inverted pyramids and v-grooves are formed on monocrystalline silicon of 

the right orientation and honeycomb and u-groove textures are formed on multicrystalline 

silicon wafers. The textures’ shape and uniformity resemble those typically used on world 

record cells and fabricated by photolithographic patterning. Inkjet textures on 

monocrystalline wafers are shown to reduce external reflection to below the reflection of 

photolithographically-fabricated inverted pyramids but are slightly outperformed by 

industrial random upright pyramids. Inkjet inverted pyramids and orthogonal v-grooves are 

shown to result in superior optical trapping of long-wavelength light than single-sided and 

double-sided random upright pyramids, respectively. Ray tracing is demonstrating the inkjet 

inverted pyramids with their current feature size to be the superior texturing option for 

standard solar cell architectures.  

Inkjet honeycomb textures are shown to reduce external reflection significantly compared to 

chemically-polished wafers and are slightly outperforming industrial iso-textures as well. 

Photocurrent absorption is computed from simulations of the three morphologies on the front 

surface of standard solar cell structures using ray tracing in combination with angular 

distribution matrices. The honeycomb textures are demonstrating enhanced absorption over 

planar surfaces and a slight improvement over industrial iso-textures.   
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The second part of this thesis investigates direct patterning of silicon surfaces based on 

aerosol jet printing. The patterning approach is applied for the formation of localised 

diffusions, to be integrated into the development of the semiconductor finger solar cell 

structure. Optimisation of printing parameters is performed to deposit ~20 µm wide resist 

lines, which are used as etching masks during an emitter etch-back process to form heavily 

diffused semiconductor fingers. The etch-back process is performed with the Trilogy-etch 

solution. The process is resulting in non-uniform etching across the wafer surface, producing 

large variations in the final emitter sheet resistivity. The consequent effects on the final 

device performance are demonstrated by fabrication and characterisation of the cell structure.  

Advanced solar cell modelling is applied to further analyse the aerosol jet printed 

semiconductor finger solar cell, using a state-of-the-art three-dimensional solar cell 

simulation tool. Standard screen-printed solar cells are included in the analysis for 

performance comparison. Simulation of the two cell structures is demonstrating slight 

superiority of the screen-printed solar cell. High recombination and low collection efficiency 

of the semiconductor fingers are identified as the major drawback of the simulated 

semiconductor finger solar cell through free energy loss analysis. This is the case even after 

simulated minimisation of the front surface contact resistance and recombination losses of the 

etched-back emitter. Improvement of the semiconductor finger collection efficiency is 

determined to be the only method for the cell to outperform the standard screen-printed cell.       
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Chapter 1 

Introduction 

 

 

Global electricity supply is currently dominated by the use of fossil fuels such as coal, natural 

gas and oil. One of the main issues resulting from this trend is the pollution taking effect 

through greenhouse gas emissions and global warming. Another problem with fossil fuels is 

the exhaustion of their resources. The need for alternative, cleaner and sustainable energy 

sources has existed for quite some time now.  

Direct conversion of sunlight into electricity (photovoltaics) is seen as a very suitable 

alternative to burning of fossil fuels. By using an unlimited energy source and not producing 

any pollution photovoltaic (PV) power generation presents a solution to the aforementioned 

issues of fossil fuels. Furthermore PV systems can be installed in remote areas and used as 

“stand-alone” [i.e. users are not dependent on the electricity grid], making PV ideal for rural 

regions in developing countries.  

The cost of electricity generated by PV has become compatible with the conventional fossil 

fuel electricity in many countries [Bre13]. PV has great potential to become a major source of 

electricity in the near future; yet further cost reductions are required. A major factor that can 

bring the cost of PV electricity further down is an increase in the conversion efficiency of 
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photovoltaic devices (solar cells). This has to be accomplished without significant increases 

in the cell manufacturing cost.  

The present PV market is dominated by wafer-based crystalline silicon (c-Si) solar cells with 

a market share of around 90% [ITR15]. The aim of increasing solar cell efficiency (and 

decreasing cost) has driven enormous research and development (R&D) in the c-Si solar cell 

technology. Average stabilised cell efficiencies on state-of-the-art mass production lines are 

currently ranging between 18% and 22.3%, depending on the used cell technology and wafer 

material (see Figure 1-1). The existing potential for all the cell technologies to improve their 

performance and the continuous desire for cost reduction is expected to increase these 

efficiencies further, as indicated by Figure 1-1.         

 

 

Figure 1-1: Average stabilised Si solar cell efficiencies on mass production lines for 2014 and 

roadmap for next 20 years [ITR15]. 

 

Current high-efficiency Si (monocrystalline and multicrystalline) solar cells demonstrate 

superior performance over the mass-produced devices and can therefore be used as an 

improvement guidance for the latter [Gre15]. The high-efficiency cell designs tend to require  
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more sophisticated processing techniques. One of these techniques is patterning. Patterning of 

dielectric layers and Si surfaces enables beneficial features to be incorporated into the cell 

design such as high-performance surface texturing, localised diffusions and localised 

contacts. The PV industry requires low-cost patterning techniques which allow fast and cost 

effective turn-around on pattern designs, low damage of the substrate and compatibility with 

thin and a variety of unusual substrates. This thesis explores patterning methods that use 

inkjet printing and aerosol jet printing. The former is applied for surface texturing and the 

latter for localised diffusions.  

 

1.1 Thesis objectives   

This thesis investigates two solar cell patterning techniques, each one for a specific 

application. The first technique is the patterning of dielectric layers via inkjet printing for the 

formation of high-performance solar cell textures. The second is the patterning of Si surfaces 

via aerosol jet printing for the formation of localised diffusions to be integrated into the 

development of a particular solar cell structure known as the semiconductor finger solar cell.   

The objectives of this thesis are: 

 

1. To develop and optimise a novel inkjet patterning method to make it suitable for the 

fabrication of surface textures, particularly used on high-efficiency Si solar cells. 

 

2. To apply the inkjet patterning method for the fabrication of high-efficiency textures 

on monocrystalline Si wafers. To characterise the textures (including optical 

performance analysis) and compare to other standard texturing techniques.  

 

3. To apply the inkjet patterning method for the fabrication of high-efficiency textures 

on multicrystalline Si wafers. To characterise the textures (including optical 

performance analysis) and compare to non-textured surfaces and other standard 

texturing techniques. To investigate the potential of using inkjet texturing for 

multicrystalline Si laser-doped selective emitter solar cells. 
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4. To investigate the application of aerosol jet patterning for the direct etching of the 

silicon to facilitate localised diffusion structuring which can be integrated into the 

development of the semiconductor finger solar cell structure. To optimise the aerosol 

jet patterning process for the fabrication of semiconductor fingers. To fabricate and 

characterise semiconductor finger solar cells.  

 

5. To analyse the aerosol jet patterned semiconductor finger solar cell with advanced 

modelling. To apply state-of-the-art three-dimensional solar cell simulation software 

for cell design optimisation and characterisation, including modelling of standard 

screen-printed solar cells for performance comparison.  

 

1.2 Thesis outline 

This thesis focuses on the development and application of surface patterning processes based 

on inkjet printing and aerosol jet printing. Throughout the thesis the use and flexibility of 

these techniques are investigated through applications such as formation of surface textures 

and diffusion structuring on c-Si wafer substrates. The compatibility of the techniques with 

solar cell fabrication is evaluated by looking at the integration into working solar cell devices.    

Chapter 2 reviews texturing methods for monocrystalline and multicrystalline Si solar cells. 

The comparison between textures used on mass-produced devices and textures formed by 

photolithographic patterning and used on high-efficiency devices is highlighted, including 

benefits of the latter. Textures formed with alternative patterning methods, such as laser 

ablation and reactive ion etching amongst others, are discussed as well.   

Chapter 3 reviews the two material deposition tools used for the patterning work in this 

thesis; Dimatix Material Printer (inkjet) and M
3
D Aerosol Jet™ Deposition System.  

Emphasis is given on the operation mechanism of the two printers, followed by the review of 

the applications of the two printing technologies in Si solar cell patterning.  

Chapter 4 presents the development of a dielectric patterning method based on inkjet 

printing. The chapter begins with a review of previous developments on the process including 

an experimental demonstration of its limitations. Further development and optimisation of the 

method to make it suitable for the fabrication of high efficiency surface textures is then  
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presented. The modified inkjet patterning method is applied for the fabrication of textures on 

monocrystalline Si wafers. Characterisation of the inkjet-fabricated textures is performed with 

SEM imaging and an in-depth analysis of the texture’s optical properties including 

comparisons with standard commercial textures used on monocrystalline cells.  

Chapter 5 investigates the application of the new patterning method to produce texture 

structures, typically used on high-efficiency multicrystalline solar cells. Characterisation of 

the inkjet-fabricated textures is performed with SEM imaging and an analysis of the optical 

properties including comparisons with planar morphologies and standard commercial 

textures. The chapter concludes with the investigation of the potential of using inkjet 

texturing for multicrystalline Si laser-doped selective emitter solar cells and identifies the key 

processing challenges that must be overcome to achieve this.   

Chapter 6 investigates the application of aerosol jet printing to define regions of selective 

heavy doping. Optimisation of aerosol jet printing parameters for Si surface patterning is 

presented, followed by investigation of other processes required for complete cell fabrication. 

The integration of the technique into working solar cells is investigated by using the process 

to produce semiconductor finger solar cells.  

Chapter 7 analyses the aerosol jet patterned semiconductor finger solar cell through 

advanced cell modelling. State-of-the-art three-dimensional solar cell simulation software is 

applied for cell design optimisation and characterisation. Standard screen-printed solar cells 

are modelled as well for performance comparison between the two cell types. The chapter 

concludes with demonstrating simulation results, including analysis of the cell losses and 

options for cell improvements.     

Chapter 8 presents a summary of key results achieved by the work in this thesis, including 

original contributions and recommendations for future work.   
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Chapter 2 

Review - Si solar cell 

texturing 

 

 

Surface texturing of Si solar cells is a key process in their industrial, as well as laboratory-

based fabrication. The main function of surface texturing is to maximise the absorption of 

incoming sunlight in the solar cell. This improves the performance of the cell mainly by 

increasing cell’s current output. This chapter reviews texturing methods used on 

monocrystalline and multicrystalline Si solar cells, including conventional texturing used on 

mass-produced devices, laboratory-based texturing formed with photolithographic patterning 

and used on high-efficiency devices and texturing formed by alternative patterning 

techniques.   

 

2.1 Texturing of monocrystalline Si wafers 

Texturing of single crystalline solar cells is accomplished with selective etching, which is 

enabled by the surface orientation of (100) Si wafers. Industrial texturing of monocrystalline 
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Si solar cells is generally in the form of upright randomly sized and located pyramids, while 

laboratory-type texturing can be in the form of microgrooves and inverted pyramids.  

 

2.1.1 Upright random pyramids 

The formation of upright random pyramids on (100)-oriented Si is accomplished with a 

commonly used solution consisting of anisotropic alkaline etchants, such as sodium 

hydroxide (NaOH) or potassium hydroxide (KOH) and the addition of an organic agent, such 

as isopropyl alcohol (IPA) [Kin99]. The alkaline etchants exhibit a much faster etching rate 

on the (100) than the (111) crystal plane orientation, while the IPA removes the hydrogen 

bubbles (etching reaction products) from the wafer surface and enhances its wettability. More 

importantly, the OH¯ group of IPA sticks at the wafer surface, blocking the etching and 

acting as a nucleation point for the pyramid formation [Gan06]. The (100) planes are etched 

till the (111) planes have met and are exposed, resulting in the formation of tetrahedral 

structures (square-based pyramids) of random size and distribution over the wafer surface 

(see Figure 2-1). 

  

 

Figure 2-1: SEM image of random upright pyramids [Mai10]. 

 

The enhancement of absorption of incoming sunlight in the solar cell is achieved through two 

main features of upright random pyramids, the so-called double bounce and oblique coupling  
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of incoming light. The first feature allows light reflected from one pyramid slat to strike the 

opposing slat giving the light a second chance to enter the cell, consequently minimizing the 

front-surface reflection. The second feature couples the incoming light into the cell at an 

oblique angle to the original cell surface increasing light’s optical path length and increasing 

its chance of being absorbed. The above texturing scheme is used predominantly in the 

fabrication of industrial single crystalline solar cells. It is a fast and reliable process, reducing 

the surface reflection to approximately 11% [Gre98]. Application of an antireflection coating 

(ARC) on top of the textured surface can reduce this figure further down to less than a few 

percent. 

One drawback of upright random pyramids was shown to be the substantial amount of tensile 

stress exerted by an overlying dielectric such as silicon dioxide (SiO2) on their sharp peaks, 

edges and troughs, during wafer processing [Gre88] [Cho89] [Wen93]. The difference in 

thermal expansion coefficients of SiO2 and Si was the main cause for the stressing of the Si 

surfaces by the SiO2 during high temperature processing steps. The same problem can be 

expected from silicon nitride (SiNx) [Hu91], which is the more common dielectric used in the 

industry.  

The tensile stress leads to dislocations and planar defects in these surface regions of Si, which 

was shown to increase the recombination current contribution from the emitter and resulted in 

severe degradation of the cell’s short-wavelength response. Some bulk damage also resulted 

from the dislocation generation, deteriorating the cell’s long-wavelength response. One 

method to reduce the dislocation generation on upright random pyramids is to chemically 

round off the pyramid peaks. Another solution is to reduce the amount of sharp peaks and 

edges; that is to use different texturing schemes, such as v-grooves and inverted pyramids. It 

is likely that the two approaches in combination will give the best overall solution. These are 

discussed in the following section.  

 

2.1.2 V-grooves and inverted pyramids 

The most common way to form v-grooves and inverted pyramids on the surface of Si wafers 

is to pattern an overlying dielectric using photolithography and anisotropically etch the 

exposed (100) Si in an alkaline solution. Photolithography has been a key patterning 

technique not just for the fabrication of laboratory-based high-efficiency solar cells, but also 
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for several other applications in the field of semiconductors. Figure 2-3 shows a diagram with 

the patterning process steps, using SiO2 as the dielectric [Sze02].  

The process starts with coating the substrate with a light-sensitive liquid known as 

photoresist, which is subsequently dried to strengthen its adhesion (step 1). In step 2, the 

photoresist is exposed to ultraviolet (UV) light through a light-transmissive pattern in a 

photomask (glass plate). After UV exposure, positive photoresist becomes easily removable, 

while negative photoresist becomes permanent and cannot be removed in the development 

process. Step 3 illustrates the substrate’s immersion in the developer solution to either remove 

the exposed areas of positive photoresist or unexposed areas of negative photoresist, in order 

to uncover the underlying dielectric. In step 4 the uncovered dielectric is etched to transfer the 

image in the developed photoresist onto the dielectric, after which the excess photoresist is 

then removed (step 5).  

 

 

Figure 2-3: Photolithographic patterning process [Sze02]. 
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One advantage of v-grooves and inverted pyramids over their upright counterparts is that they 

have far less sharp peaks and edges and hence exhibit less dislocations caused by the tensile 

stress exerted by the overlying dielectric. Figure 2-4 compares the spectral response of two 

buried contact solar cells (BCSCs) fabricated on same substrates and gone through identical 

processing conditions, one having the surface textured with random upright pyramids 

(“Textured BCSC”) and the other with v-grooves (“Microgrooved BCSC”) [Wen93]. The v- 

or microgrooved surface demonstrated a better response for both, short-wavelength and long-

wavelength light, due to lower amount of dislocation densities. Figure 2-5 (a) shows a 

scanning electron microscope (SEM) image of a microgrooved structure formed using 

photolithography.    

 

 

Figure 2-4: Internal quantum efficiencies of two differently textured BCSC’s [Wen93]. 

 

Another advantage of v-grooves was shown to be the ability to run the grooves 

perpendicularly to the metal fingers resulting in smaller series resistance (Rs) loss from lateral 

flow of carriers to the collecting fingers [Bla86]. The length of the current flow in the top 

diffused layer was decreased by a factor of √3, which effectively reduced the top layer sheet 

resistivity (Rsheet) by the same factor and benefited the cell’s fill factor (FF). A cell structure 

taking advantage of this feature and reaching almost 21% efficiency was UNSW’s record 

breaking microgrooved passivated emitter solar cell (PESC), depicted in Figure 2-5. 
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                     a)    

 

 

                       b)    

 

Figure 2-5: a) SEM image of photolithographically-patterned microgrooves [Wen86]. b) 

Schematic of UNSW’s microgrooved PESC [Bla86]. 

 

Regarding the inverted pyramids Chong has demonstrated that the use of these provides the 

most effective approach to reducing dislocation densities [Cho89]. Table 2-1 shows 

comparisons of approximate dislocation densities of solar cells with different front-surface 

structures. Furthermore inverted pyramids have been shown to be the most effective texturing 

scheme in reducing front-surface reflection [Smi92]. It was demonstrated that ~37% of the 

incoming light experienced a triple bounce on the front surface of the inverted pyramid, while 

upright pyramids and v-grooves were limited to the double-bounce effect.    
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Table 2-1: Dislocation density as a function of cell type and surface structure [Cho89]. 

Cell Type Surface Type 
Dislocation density 

(cm
-2

) 

Wafer 

BCSC 

BCSC 

Planar 

Textured 

Planar 

150 

2x10
5
 

1x10
5
 

BCSC Microgrooved 1x10
5
 

PESC Microgrooved 8x10
4
 

PERC Inverted Pyramids 3x10
4
 

 

Same study has analysed long-wavelength light trapping quality of the three discussed 

texturing schemes and it was shown that inverted pyramids retain the highest percentage of 

light inside the substrate after the first two passes. The path length enhancement of the 

inverted pyramid textures as compared to a planar surface was calculated to be ~1.40. This 

was superior to the path length enhancement of the v-groove and random upright pyramid 

textures, which was calculated to be ~1.13 and ~1.30, respectively.  

Displacing the inverted pyramids slightly from each other can result in an even higher path 

length enhancement [Cam87]. With this approach, the pyramid arrangement has to ensure 

that the majority of the light incident coupled into one pyramid face is internally reflected 

from the rear surface of the wafer onto faces at the front which will reflect the light back into 

the bulk of the cell [i.e. faces orthogonal to the incident face]. A simple arrangement resulting 

in this effect, and used on the top surface of UNSW’s record breaking passivated emitter and 

rear locally diffused (PERL) solar cell was the so called “tiler pattern” (see Figure 2-6) 

[Gre93].     
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a)                                                          b) 

               

                     

                            c) 

 

Figure 2-6: a) Tiler pattern arrangement [Gre93]. SEM image of photolithographically-

patterned tiler inverted pyramids [PVE14]. c) Schematic of UNSW’s PERL cell with the tiler 

inverted pyramids on the front surface [Gre01]. 

 

Considering double-sided texturing of Si wafers, v-grooves have shown to be the superior 

light trapping scheme if the grooves on the front and rear surface are arranged perpendicular 

to each other (see Figure 2-7) [Cam87]. Using ray tracing simulations it was demonstrated 

that orthogonal v-grooves trap the incident light rays completely during their first four passes 

through the Si wafer, and that the percentage of rays trapped in the wafer continues to be 

higher during subsequent passes due to lower number of escape facets on the top surface. The 

light trapping properties of a wafer with this texture scheme were shown to be superior even 

to those of a wafer with a randomising Lambertian front surface. One should also mention  
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that another significant advantage of applying v-grooves and inverted pyramids is the ability 

to selectively texture surfaces, leaving non-optically-critical regions of the surface to be non-

textured, e.g., metal contacts, so to reduce surface area and hence recombination velocities 

and to allow ease of fabrication in terms of contact formation. 

 

 

Fig 2-7: Schematic of orthogonal v-grooves [Cam87]. 

 

Lasers have been demonstrated as an alternative to photolithography to pattern dielectrics. In 

1986, Wenham has demonstrated the fabrication of inverted pyramids and macrogrooves by 

selective laser ablation of dielectric layers and the underlying Si and subsequent chemical 

etching [Wen86]. One major drawback of laser processing was the damage introduced at its 

interaction with Si. Various studies have shown that laser processing can cause 

crystallographic defects and dislocations at the surface and in the bulk of the Si wafer and 

detrimental shunting effects [Cha93] [Wen97] [Guo06].  

More Recent work has demonstrated the use of lasers for the formation of high and steep 

pyramids and v-grooves without any dielectrics on the Si surfaces, resulting in very efficient 

light trapping [Nay11], [Unt13]. Laser damage, very sharp texture peaks, and surface 

passivation have remained key issues to be addressed for these laser texturing techniques. 

Laser systems can be less expensive than photolithography for solar cell processing; however 

the cost and complexity of large scale high throughput systems are still significant.  

Maskless reactive ion etching (RIE) has been employed for the successful formation of 

inverted pyramids, but without control of pyramid location and size, and without  
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investigation of plasma damage on the wafer surface [Mor10]. Inverted pyramids have also 

been fabricated by the use of pinholes in SiO2 and Si3N4 (stoichiometric silicon nitride) layers 

deposited by plasma enhanced chemical vapour deposition (PECVD) and sputtering, 

respectively. The porous films acted as anisotropic etching masks on the Si surface and 

enabled the formation of inverted pyramids, but no control of size and location and 

incomplete surface coverage with pyramids were major drawbacks of these techniques 

[Kim10], [Hua13].  

Recent studies have also focused on improvements of industrial upright pyramid texturing 

through modifications of wet-chemistry processes. Modifications to the saw-damage-etch 

process prior to the surface texturing were performed by replacing the typically used alkaline 

etching solution with an acidic solution, which resulted in more regular and smaller pyramids 

reducing surface reflection and improving cells’ performance [Par09]. In another study the 

saw-damage-etch process was performed with a hot sodium hypochlorite (NaOCl) solution, 

the process growing a thin chemical oxide on the surface and resulting in similar texturing 

and cell improvements as the aforementioned study [Bas13]. An adjustment to the texturing 

process itself was made too, by developing a two-step process comprising a KOH etch and a 

subsequent tetra-methyl ammonium hydroxide etch [Sri13]. The microstructure of the etched 

pyramids was altered resulting in reflection and surface damage improvements. Despite all 

the improvements of upright pyramid texturing, the features and performances of high-

efficiency textures such as v-grooves and inverted pyramids still remained unmatched.   

Despite the excellent performance and achievements of solar cells using v-grooves and 

inverted pyramids, these texturing schemes have had little appeal for inclusion in 

commercially significant technologies, primarily due to the complexity, sophistication and 

cost of the photolithographic processes used in their formation. The numerous patterning 

steps, expensive optical equipment, large amount of waste material and the need for clean-

room environment make photolithographic processes not just very unsuitable for mass 

production of solar cells, but also difficult to perform in a laboratory environment. The PV 

industry requires low-cost patterning techniques which allow fast and cost effective turn-

around on pattern designs, low damage of the substrate and compatibility with thin and a 

variety of unusual substrates. 
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2.2 Texturing of multicrystalline Si wafers 

Texturing of multicrystalline wafers cannot be based on the same principles of anisotropic 

etching as texturing of monocrystalline wafers unless it is considered acceptable to have some 

grain orientations receive no reflection benefits from the texturing process. Multicrystalline 

wafers consist of adjacent crystal grains with random crystallographic orientations; hence 

only the grains with the {100} orientation and slight variations from this are effectively 

textured with alkaline solutions. This results in the reflection of alkaline-etched 

multicrystalline wafers being greater than the reflection of equivalently etched 

monocrystalline wafers. As such other texturing methods had to be developed for 

multicrystalline Si wafers.    

 

2.2.1 Iso-texturing 

Currently, the most common technique used for the texturing of mass-produced 

multicrystalline solar cells is isotropic texturing, or so-called iso-texturing. As-cut wafers are 

immersed in solutions, containing nitric acid (HNO3) and hydrofluoric acid (HF), to widen the 

micro-cracks formed during the wafer sawing and create a rough antireflective surface 

structure [Ein97] [Nis99] [Hau03] [Par03] [Mar05]. This preferential etching process also 

effectively removes the saw-damaged layer on the wafer’s surface. Different diluents can be 

added to the solution for better control of the reaction rate. HF–rich solutions are 

predominantly used because their etching roughens the surface more than HNO3–rich 

solutions, which is preferred for antireflective properties. Figure 2-8 shows examples of iso-

textured multicrystalline wafer surfaces.  
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   a)                                                                          b) 

            

 

    c)                                                                        d) 

           

Figure 2-8: SEM images of different iso-textured multicrystalline wafer surfaces; a) etched with 

HF:HNO3 = 12:1 [Nis99], b) etched by a modified acid solution [Par03], c) etched in an aqueous 

acidic mixture [Mar05], d) etched with HF:HNO3:H2O = 14:1:5 [Kim08]. 

 

A major disadvantage of iso-texturing is the formation of sharp, thin, fragile edges, which 

were shown to hinder good metal coverage by the front-surface metallisation [Kim08]. It was 

also shown that these features may break during the application of metal pastes and 

subsequent firing steps, resulting in shunt paths, high surface recombination, damaged contact 

between the front metal and the cell and low cell FFs [Nis99] [Par03] [Mar05]. Furthermore, 

iso-texturing with HF–rich solutions can form a porous Si layer on the surface of the etched 

multicrystalline wafer. It was found that this layer is light absorbing resulting in decreased 

short circuit current (Isc) of the cell [Hau03].  
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The cell’s open circuit voltage (Voc) and FF were also reduced by the formation of a porous Si 

layer. The former resulted from the inhomogeneous phosphorus concentration on the porous 

surface structure increasing carrier recombination at the heavily diffused regions. The FF 

reduction was caused by the poor contact between the front metal and the Si due to metal 

particles having difficulties to pass through the narrow pores of the surface layer [Kim08]. In 

addition to the above-described drawbacks, the iso-texturing technique is restricted to saw-

damaged wafers and requires rigorous control of the etching environment.  

 

2.2.2. Laser, RIE and mechanical texturing  

Other proposed texturing schemes for multicrystalline solar cells include laser texturing, RIE 

and mechanical texturing. Laser texturing of multicrystalline Si has been introduced in 1989 

and used for the texturing of BCSCs [Zol89]. Abbott et al. have demonstrated that laser 

texturing of multicrystalline wafers was able to match the front-surface reflection of 

monocrystalline wafers textured with random upright pyramids [Abb06]. Laser pulses were 

directed onto the Si surface to form ablated pits which created antireflective textures. Figure 

2-9 shows an SEM image of a cross-section of a laser-textured multicrystalline Si wafer.  

 

 

Figure 2-9: SEM image of a cross-section of a laser-textured multicrystalline Si wafer [Abb06].  

 

The wafer required an alkaline etch after the laser ablation process, followed by an acidic 

chemical etch to remove the slag and the residual laser damage, respectively, in order to 

obtain maximum optical and electrical performance of laser-textured solar cells. Another 
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drawback regarding this application of laser-texturing was the long duration of the texturing 

process. More recent work has resulted in significantly faster laser texturing process speeds 

and texture structures that ca decrease reflection below 5% for a broad spectral range [Iye10]. 

The sharp texture features and laser-induced defects however resulted in poor Voc and cell 

efficiency.  

Zaidi et al. have shown that random RIE texturing using SF6:O2 plasma chemistry was 

capable of reducing the cell’s spectral weighted reflectance down to a very low ~5.5%, 

without the application of an ARC [Zai01]. The results of that study have shown that the RIE 

texturing introduced significant contamination into the surface layer of the wafer which had 

to be removed with a wet-chemical clean prior to further cell processing. Surface damage was 

another consequence of the plasma texturing, which was removed with a short alkaline or 

acidic wet-chemical etch. It was believed however that the plasma impurities were able to 

diffuse into the Si to a depth as much as 1 μm during the texturing process. The complete 

removal of this layer would have required longer etching times, resulting in significant 

reflection losses. As such the texturing and damage removal process required further 

optimisation. 

Kumaravelu et al. have also reported RIE-induced surface damage by using SF6:O2 plasma 

chemistry for Si wafer texturing [Kum04]. It was shown that the effective carrier lifetimes of 

the textured samples could only be partly recovered with a wet-chemical damage removal 

etch. Furthermore equipment cost and industrial applicability over large area devices are still 

to be addressed for this texturing scheme. SEM images of the RIE-textured wafers from the 

two aforementioned studies are shown in Figure 2-10.  

 

 

 

 

 

 

 



___________________________________________________________________________ 

20 

 

            a)                                                                   b) 

                 

Figure 2-10: SEM images of RIE-textured Si wafers using different SF6:O2 plasma parameters 

in a) [Zai01] and b) [Kum04]. 

 

Another alternative texturing scheme for multicrystalline solar cells that received some 

attention was mechanical texturing. Working on this texturing method since 1991, the 

researchers at the University of Konstanz have developed a steel body with a v-grooved 

surface and coated with a diamond based abrasive layer, as their tool to cut v-shaped 

microgrooves into the surface of multicrystalline Si wafers [Ger00]. A significant advantage 

of the use of the tool is that it enabled plateaus to be left non-textured for the screen-printed 

fingers (see Figure 2-11). The increase in Isc due to the v-grooved surface was demonstrated 

in a comparison performed by Spiegel et al. [Spi02]. Using conventional industrial processing 

steps, screen-printed solar cells fabricated on mechanically v-grooved multicrystalline wafers 

resulted in an absolute increase in efficiency of 0.9%, as compared to non-textured reference 

cells.  
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Figure 2-11: SEM image showing the top-view of a mechanically v-grooved wafer including a 

screen-printed finger on a non-textured plateau [Ger00].  

 

As with laser and RIE texturing schemes, one of the drawbacks of this technique was the need 

for a saw damage removal etch after the texturing, which was usually performed with a 

NaOH solution. Other major issues for mechanical texturing were tool wear and cost, 

diamond pieces from the abrasive layer imbedded into Si and the applicability of the 

technique in a high-throughput environment.  

 

2.2.3 Laboratory-based texturing  

The texturing of laboratory-type high-efficiency multicrystalline Si solar cells has been 

achieved by using dielectric etching masks patterned by photolithography. The etching masks 

were fabricated by patterning a hexagonal array of openings in the SiO2 layer using 

photolithography. Applying isotropic etching to the exposed Si formed a hexagonally-

symmetric surface texture, or the so-called honeycomb structure. The hexagonal layout 

facilitated maximum packing density to minimise flat areas between the etch pits.  

In one study the exposed Si was etched in an acidic HNO3:HF solution to form the 

honeycomb texture (see Figure 2-12) [Zha98], [Zha99]. The texture resulted in considerable 

improvements in surface reflection and light trapping. Using a ray tracing model it was 

demonstrated that these honeycomb textures could even outperform light trapping qualities of 

inverted pyramids. Up to 90% of the light remained in the cell after two passes, as compared 

to 65% when using inverted pyramids. Figure 2-13 depicts a schematic of a multicrystalline 

PERL Si solar cell with the above-described honeycomb texturing.    
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  a)                                                                          b) 

          

Figure 2-12: SEM image showing the a) top and b) cross-sectional view of the acidically-etched 

honeycomb texture. Top-view image includes a metallisation finger [Zha99]. 

 

 

Figure 2-13: Schematic of the 19.8% efficient multicrystalline Si solar cell with honeycomb 

surface texturing [Zha99]. 

 

Schultz et al. have applied a two-step RIE process for the formation of honeycomb textures 

after photolithographic patterning of SiO2 [Sch03] [Sch04]. The first etching step consisted of 

anisotropic RIE with preferential etching perpendicular to the surface of the substrate 

resulting in deep trenches. These were broadened with the second etching step, which was 

damage-free isotropic RIE. The two-step texturing process resulted in the formation of 

honeycomb ellipsoids with an improved depth/width aspect ratio (see Figure 2-14 (a)) and a 

surface reflection of 14%, making the texture almost compatible with wet-chemically etched  
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pyramids on monocrystalline wafers. The application of the texture on PERL structures (see 

Figure 2-14 (b)) resulted in the development of a 20.4% efficient multicrystalline Si solar 

cell, this efficiency representing the highest value reported for multicrystalline Si since 2004 

until recently [Gre14].  

    

   a)                                                                   b) 

            

Figure 2-14: a) SEM image of a cross section of the ellipsoid texture [Sch03] and b) schematic of 

20.4% efficient multicrystalline Si solar cell with the ellipsoid texture on the front surface 

[Sch04]. 

 

As with laboratory-fabricated v-grooves and inverted pyramids on monocrystalline wafers, a 

significant feature of the high-efficiency texturing schemes for multicrystalline Si wafers is 

the textures’ selective location, resulting in already mentioned benefits. The latter textures 

also share the burden of being dependent on complex and expensive photolithographic 

patterning processes, which again highlights the need for alternative dielectric patterning 

methods.  

 

2.3 Chapter summary 

Texturing methods for monocrystalline and multicrystalline Si solar cells were reviewed in 

this chapter. Most emphasis was given to conventional textures used on mass-produced 

devices and textures formed by photolithographic patterning and used on high-efficiency 

devices. Table 2-2 summarises the surface textures corresponding to the wafer type and 

aforementioned applications. 
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Table 2-2: Textures schemes for different wafer types and applications. 

Wafer type Application Textures 

Monocrystalline Mass production Random upright pyramids 

Monocrystalline Laboratory / high-efficiency Inverted pyramids and v-grooves 

Multicrystalline Mass production Iso-textures 

Multicrystalline Laboratory / high-efficiency Honeycomb structures 

 

The performance gap between the conventional textures used in solar cell mass production 

and the high-efficiency textures for both wafer types was described in this chapter, revealing 

the drawbacks of the former and benefits of the latter. Despite the excellent performance and 

achievements of solar cells using v-grooves, inverted pyramids and honeycomb textures, 

these texturing schemes have had little appeal for inclusion in solar cell development. The 

major obstacle in the way of applying the high-performance textures was identified to be their 

dependence on complex and expensive photolithographic patterning processes.  

Alternative techniques to replace photolithography in the making of high-performance 

textures are constantly being developed and reported, some of which were mentioned in this 

chapter. This thesis investigates an alternative approach of forming these textures. The focus 

is given on the development and application of a dielectric patterning process based on inkjet 

printing with a potential to replace photolithography.   
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Chapter 3 

Review - Inkjet & aerosol jet 

printing for Si solar cells 

 

 

The patterning work in this thesis is performed via two different material deposition 

techniques. They are both additive manufacturing processes, one of them being inkjet printing 

and the other aerosol jet printing. This chapter reviews the tools used for the two printing 

processes. Applications of the two technologies in Si solar cell processing are reviewed, as 

well.   

 

3.1 Inkjet printer 

The tool used for the inkjet printing processes was the Dimatix Materials Printer (DMP-2831) 

from FUJIFILM Dimatix Inc. [Dim09]. It is a benchtop materials no-contact deposition 

system designed for micro-precision jetting a variety of functional fluids onto virtually any 

surface. It consists of a cartridge-based printhead, a substrate platen and a drop jetting  



___________________________________________________________________________ 

26 

 

observation system. The Dimatix Materials Cartridge (DMC) is available in 1 pL and 10 pL 

drop volumes. An illustration of the DMP design and the cartridge-based printhead is shown 

in Figure 3-1.  

 

a)                                                                                 b) 

 

Figure 3-1: Illustration of a) the DMP machine and b) the cartridge-based printhead [Hig07]. 

 

The substrate platen is connected to vacuum, can be heated up to 60 °C and is movable in the 

x direction. The cartridge mounting system enables the movement in the y direction and the 

distance between the printhead and the substrate can be adjusted in the z direction. Fluid/ink 

inside the cartridge can also be heated (up to 70 °C), this being enabled by the printhead 

module. A fiducial camera is installed near the cartridge for substrate alignment and 

measurement. The drop jetting observation system also has an integrated camera for jetting 

characterisation and optimisation.  

The printhead uses the drop on demand (DOD) inkjet technology, with the piezoelectric 

ejecting mechanism. In a piezo-based printhead piezoelectric material is used as a pressure 

transducer, the material deforming when a voltage is applied onto it (see Figure 3-2 (a)). The 

deformation produces a force required to displace volume in an ink chamber for ejection of 
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ink droplets. The ejection process is purely mechanical having no effect on ink chemistry and 

allowing a wide range of ink formulation options. The droplet formation process can be 

controlled through voltage waveform shaping. Based on the deformation mode the 

piezoelectric inkjet operation of the printhead used by the Dimatix printer is categorised as 

“bend” mode, this meaning that the applied voltage is parallel to the polarisation of the PZT 

material (see Figure 3-2 (b)). 

 

                      a)                                                        b) 

                    

Figure 3-2: Illustration of a) the piezoelectric DOD ejecting mechanism [Mag10] and b) bend 

mode operation of a piezoelectric inkjet device [Brü03]. 

 

Figure 3-3 shows the cross section of the DMP printhead, illustrating the aforementioned 

bend mode operation. The pumping chamber is filled with ink first, followed by the bending 

of the piezoelectric crystal (after applied voltage) to push the ink along the chamber and out 

of the nozzle. The ink must be filtered prior to chamber filling to prevent printhead channel 

and nozzle orifice clogging by large particles and agglomeration of smaller particles. 

Additional ink filtering is also achieved by a filter integrated in the pumping chamber (see 

Figure 3-3).  
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Figure 3-3: Schematic cross section of the cartridge-based DMP printhead [Bib05]. 

 

3.2 Inkjet patterning for Si solar cells 

3.2.1 Metallisation 

Metallisation is believed to be the earliest application of solar cell patterning via inkjet 

printing, studies of inkjet-metallised Si solar cells dating back to 1988 [Ten88a] [Ten88b]. An 

in-house built inkjet printer was used to deposit metallo-organic decomposition (MOD) silver 

(Ag) inks on front surfaces of solar cells, with the aim of obtaining superior metallisation 

performances than conventionally used screen printing. Figure 3-4 shows a diagram 

demonstrating the principle of inkjet-printed metallisation applied in these studies. High 

contact resistances between the metal and the Si were encountered and the method was left 

for further investigation.  

 

 

Figure 3-4: Principle of inkjet-printed metallisation of solar cells [Ten88a]. 
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MOD inks involving other metals have also been trialled in inkjet-metallisation of Si solar 

cells [Kay05]. In addition to Ag, copper (Cu) and nickel (Ni) were investigated in this work. 

The inkjet-patterned lines demonstrated good deposition quality. Solar cells with inkjet-

printed Ag grids produced cell efficiencies of only 8%, however. It was believed that the high 

temperature and long duration of the firing step, required for the metal to penetrate the ARC 

and contact the Si, was detrimental for the junction and the main cause for the relatively low 

efficiency. 

Significant progress in metallisation of solar cells via inkjet printing has been made since the 

aforementioned studies. The development of full inkjet-printed Ag gridline contacts on Si 

solar cells has seen a rise in cell efficiency up to 18.4% on large-area commercial wafers. An 

illustration of an inkjet-printed Ag grid on a monocrystalline solar cell is shown in Figure 3-5. 

The detailed development of this technique may be found in [Hes08], [Hes09], [Hes10], 

[Ebo11], [Ebo12]. Applying inkjet printing to deposit a so-called metal “seed” followed by 

metal plating of the seed layer grid has been shown to result in further improvements 

[Ebo10], [Kal11]. Cell efficiencies up to 18.7% on large-area industrial wafers have been 

reached with this two-step metallisation process.   

 

 

Figure 3-5: Inkjet-printed Ag contacts on a monocrystalline Si solar cell [Hes10] 
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3.2.2 Patterning of dielectrics 

Extensive research on inkjet patterning of dielectric layers using hot-melt ink has been 

performed more recently [Bir07], [Spe08], [Ale08], [Ale09]. The hot-melt ink (hydrocarbon 

wax) was deposited with an inkjet printer on the ARC-coated (SiNx) solar cell’s front surface 

forming a resist layer after drying (step 1, Figure 3-6). Linear openings were left in positions 

where the SiNx was to be removed with a wet-chemical etchant, the rest of the dielectric layer 

being protected from etching by the resist.  

 

 

Figure 3-6: Process flow of dielectric patterning and Si metallisation via inkjet printing of hot-

melt inks [Ale08]. 

 

The linear openings were replicated into the SiNx layer, allowing for self-aligned 

metallisation of the exposed Si via plating (steps 2 & 3, Figure 3-6). Ni and Ag plating were 

used to form the metal contacts, resulting in minimum finger widths of ~30 µm (step 4, 

Figure 3-6). This dielectric patterning technique has also been applied for the formation of 

interdigitated structures used on rear-contact Si solar cells [Min09], [Fal10]. The inkjet 

deposited hot melt ink was used for a metal lift-off process and a metal etching process in the 

two studies. 

 

3.2.3 Patterning of Si 

The direct patterning of Si surfaces via inkjet printing has been previously demonstrated to 

enable formation of selective emitter (SE) technologies for Si solar cells. One example is the 
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inline Selective Emitter ConcepT (inSECT) which applied a combination of inkjetted etching 

masks and wet chemical etch-back process (see Figure 3-7) [Lau09]. An inkjet printer was 

used to deposit hot-melt wax in the form of a grid on top of a heavily diffused emitter. The 

non-covered Si was etched back using wet-chemistry resulting in a high Rsheet emitter with an 

improved short wavelength response. After removing the etching mask (dried wax) 

metallisation via screen printing was applied onto the non-etched emitter regions via careful 

alignment, enabling low resistance contact formation to the heavily doped surface. A similar 

concept of diffusion structuring is used in this thesis, which is shown in Chapter 6. 

 

 

Figure 3-7: Illustration of the inSECT process [Lau09]. 

 

Another formation method for SE was demonstrated with inkjet printing of doped Si 

nanoparticles, followed by a thermal processing step [Ant09]. The thermal process was 

optimised to result in desired emitter profiles under and between the inkjet printed lines. 

Regions under the printed lines were heavily diffused with a high surface doping 

concentration for good contact formation with the screen-printed Ag, resulting in high FFs. 

The rest of the emitter was tailored for an improved blue response, resulting in higher short 

circuit current density (Jsc) and Voc than the standard SPSCs at that time.  
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Inkjet printing has also been used in the fabrication of crystalline Si on glass (CSG) thin-film 

solar cells [Gre04]. Si patterning was enabled by inkjet-depositing droplets of a caustic 

solution on top of a thin layer of novolac resin covering the rear surface of the device. 

[You04]. The resin was etched by the caustic solution, exposing the underlying SiNx - Si 

stack in the regions of application of the inkjet droplets. This allowed the SiNx and Si to be 

etched at selective locations and to form opposite polarity contact regions for the 

metallisation. A schematic of the CSG structure is shown in Figure 3-8 and a more detailed 

description of this process may be found in [Bas04].  

 

 

Figure 3-8: Schematic diagram of the CSG structure fabricated using inkjet printing [Gre04]. 

 

3.3 Aerosol jet printer 

The other tool used for the patterning work in this thesis was an aerosol jet printer (M
3
D 

Aerosol Jet™ Deposition System, AJ 300). This additive, non-contact deposition system has 

been developed by Optomec, Inc., USA [Opt10a]. The aerosol jet printer (AJP) system is 

based on two major processes; the formation of an aerosol via atomisation of ink and 

aerodynamic focusing of the aerosol for fine material deposition. Two methods can be used 

for the aerosol formation. One is pneumatic and the other ultrasonic atomisation. 

Pneumatic atomisation uses a high-velocity gas stream to break a liquid stream into droplets. 

The pneumatic atomiser and its working principle are depicted in Figure 3-9 (a) and (b), 

respectively. Compressed nitrogen (N2) gas is travelling through the atomiser nozzle, 

producing a high-velocity jet. Due to the Bernoulli Effect, ink is drawn from the reservoir into 
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the atomiser nozzle. The ink is broken up into droplets by the high-velocity gas jet, 

suspending the droplets in the gas flow and forming a mist. After exiting the atomiser nozzle 

part of the mist with larger droplets hits the wall of the atomiser reservoir draining the 

droplets back into the ink. The mist containing smaller droplets exits the reservoir and makes 

its way towards the deposition head with the help of the N2 carrier gas. The atomising process 

requires a high gas flow which has to be reduced before it reaches the deposition head. This is 

performed by the virtual impactor, where an exhaust flow is created by applied vacuum. Most 

of the initial gas flow is extracted, leaving an appropriate amount of gas in the process stream.  

 

a)                                                                         b)     

            

Figure 3-9: a) Schematic drawing [Opt10b] and b) working principle of the pneumatic atomiser 

[Met07a]. 

 

Pneumatic atomisation can be used to aerosolize inks, pastes and other materials with a wide 

range of viscosity (1-1000 cP). Inks with particle sizes up to ~0.5 µm and containing solvents 

with a low to medium vapour pressure can be atomised and deposited with this method, while 

solvents with high vapour pressure may result in excessive drying of the aerosol and porous 

deposit.  

For ultrasonic atomisation a vial containing a small amount of ink is positioned over a 

transducer.  The transducer produces ultrasonic energy that is transferred from the transducer 

through the coupling fluid (water) and atomisation vial to the ink. The ultrasonic waves eject 

small droplets from the ink surface resulting in atomisation of the ink. An aerosol is formed in 

the vial and transferred to the deposition head via the N2 carrier gas. Ultrasonic atomisation is 
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typically used for inks that have a viscosity of 0.7 to 30.0 cP, a particle size of < 50 nm, and 

contain solvents with a wide range (low to high) of vapour pressure. A schematic drawing 

and the working principle of the ultrasonic atomiser are shown in Figure 3-10 (a) and (b), 

respectively.  

 

   a)                                                                    b)        

                    

Figure 3-10: a) Schematic drawing and b) working principle of the ultrasonic atomiser 

[Met07a].  

 

The deposition head is where the other major printing process occurs. The aerosol arriving 

from one of the two atomisers is aerodynamically focused in the deposition head to achieve 

fine material deposition. This is done by surrounding the aerosol with a laminar gas stream, or 

the so-called sheath gas, which prevents any contact between the aerosol and the deposition 

head and tip walls. The aerosol carrier flow (atomiser flow) and the sheath flow can be 

adjusted to result in deposited line widths considerably smaller than the tip opening. A 

schematic drawing and the working principle of the deposition head are shown in Figure 3-11 

(a) and (b), respectively. An in-line heater (see Figure 3-11 (a)) can be used to preheat the 

aerosol and remove an amount of solvent from the droplets prior to deposition (the inline 

heater was not used in the work performed in this thesis). The aerosol jet can be interrupted 

by a shutter spoon/blade.   
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   a)                                                                                    b) 

             

Figure 3-11: a) Schematic drawing [Opt08] and b) working principle of the deposition head 

[Met07a] 

 

Patterning is carried out by moving the substrate on a computer-controlled platen beneath the 

aerosol beam. The substrate platen is connected to vacuum, can be heated up to 150 °C and is 

movable in the x-y direction. The distance between the tip and the substrate can be adjusted in 

the z direction. Two cameras are installed in close proximity to the deposition head assembly, 

one for viewing the deposition process and another for substrate alignment and measurement 

of printed features. This approach has particular appeal for use in innovative process and cell 

designs in photovoltaic devices due firstly to its flexibility of being able to use a large range 

of deposition materials since the sheath gas separates the deposition liquid from the aerosol 

head and secondly, to the potentially high speed of this process. 

 

3.4 Aerosol jet patterning for Si solar cells 

Metallisation has so far been the major application of aerosol jet patterning in Si solar cell 

processing. The aim of the application was improvement over screen printing. The two-step 

process involving a deposited seed layer followed by metal plating has been the focus of 

research work performed on this metallisation method. The three key potential benefits of the 

metallisation method that were investigated included conductivity between the metal fingers 

and Si, height to width aspect ratio of the metal fingers and their conductivity.  
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Some of the earliest development of the two-step metallisation process using an AJP was 

reported in 2007 [Met07a], [Met07b]. The process involved printing of MOD Ag seed layers,  

firing of the printed ink through the ARC (SiNx) and deposition of Ag onto the fired seed 

layer via light induced plating (LIP). The ultrasonic atomiser was used for this work, as being 

the more suited atomisation option for metal organic or nanoparticle inks. The width and 

height of the final metal fingers was increased after the Ag plating, resulting in width/height 

aspect rations of ~3:1 (see Figure 3-12 (a) and (b)).  

 

a)                                                                          b) 

 

Figure 3-12: a) SEM and b) topographical image of an aerosol jet printed seed layer plated with 

Ag [Met07a]. 

 

Significant development of the ink [Hӧr08a], [Hӧr09] and optimisation of the patterning 

parameters [Kin09] was accomplished in the next two years. Inks with the ability to form 

good contact with lightly phosphorus diffused high-efficiency emitters (low surface dopant 

concentration) were developed. Solar cells with high Rsheet emitters were processed applying 

the AJP-metallisation technique resulting in low contact resistances and high FFs. FFs up to 

80.1% and 79.6% were demonstrated on cells with 110 Ω/□ and 130 Ω/□ emitters, 

respectively [Hӧr08a], [Hӧr09]. 

Development of the MOD inks also involved modifications, such as a change in rheology for 

a conversion to a hot-melt ink [Hӧr08b]. The greater viscosity of the ink required the 

application of the pneumatic atomiser and heating of all printer parts which were in contact 

with the ink. The substrate platen and Si wafer sitting on top had to be kept at room 
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temperature on the other hand, to prevent the ink from wetting and spreading across the wafer 

surface. The working principle of the printing system for hot-melt ink is shown in Figure 3-

13.  

 

 

Figure 3-13: Working principle of the printing system for hot-melt ink [Hӧr08b]. 

 

The main benefit of hot-melt ink printing was a greater height/width aspect ratio of the seed 

lines at no cost of increasing the width. It was believed at the time that higher seed layers 

form better contacts with the emitter. Subsequent research work demonstrated the opposite, 

showing that increased heights of the seed layer resulted in higher contact resistances between 

the printed metal and the emitter [Hӧr10]. Increased ink densities provided more SiNx 

reactive compounds (glass frits) which enhanced SiNx etching during firing resulting in wider 

openings and the formation of thicker insulating glass layer between metal and Si. 

Furthermore the resistivity of the plated Ag was found to be lower than the resistivity of the 

printed Ag which meant that the seed layer height had to be minimised to maximise the 

amount of plated metal. It was concluded that the single-printed (1 layer) seed layers were 

optimal for this method of contact formation. An example of such a seed layer after firing is 

shown in Figure 3-14. 
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Figure 3-14: SEM image showing a top view of a single-printed and fired Ag seed layer 

[Hӧr10]. 

 

Aerosol jet printing of seed layer inks for contacting boron emitters has also been studied 

recently [Ric10], [Kal11]. The emitters were lightly diffused (~90 Ω/□) and passivated with a 

stack of 10 nm aluminium oxide (Al2O3) and 60 nm ARC SiNx. The Al2O3 was deposited via 

plasma assisted atomic layer deposition (PA-ALD). Good quality contacts were formed 

between the printed and fired seed layers and the emitter, resulting in specific contact 

resistivity (ρc) of ~1 mΩ.cm
2
. Solar cells with FFs of 79% and above were processed and no 

junction shunting was caused on the shallow emitters by the metal contacts.   

The last example of the two-step AJP-metallisation technique to be mentioned is the 

contacting of SE solar cells fabricated by laser chemical processing (LCP) [Dre11]. LCP 

involves coupling of a laser beam into a liquid jet carrying dopant sources and resulting in 

local surface doping. Phosphoric acid was used as the carrier liquid in this study for the 

formation of shallow heavily diffused n-type grooves with a width of 35-40 µm. Ag ink was 

printed inside the grooves resulting in 20-25 µm wide seed layers (see Figure 3-15 (a)), 

followed by Ag plating. Schematic of the front-surface structure is depicted in Figure 3-15 

(b). The combination of the LCP SE and AJP-metallisation techniques did not result in solar 

cell improvements over the aforementioned homogenous emitter contact studies. 

Nevertheless it demonstrated the ability of the AJP to deposit narrow ink lines with a 

precision that enabled successful overlap of the two techniques. 
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a)                                                               b) 

            

Figure 3-15: a) Optical micrograph of an aerosol jet printed seed layer inside the laser-doped 

(LD) groove and b) schematic of front-surface structure combining LCP SE and AJP-

metallisation [Dre11]. 

 

3.5 Chapter Summary 

The two material deposition tools used for the patterning work in this thesis were reviewed in 

this chapter. One tool was the Dimatix Materials Printer from FUJIFILM Dimatix Inc. and 

the other was the Aerosol Jet 300 Series Printer from Optomec Inc. The operation mechanism 

of both printers was described in detail, including the key system components and their 

functions.  

The chapter reviewed applications of the two printing technologies in Si solar cell patterning. 

The most established applications of inkjet and aerosol jet printing were shown to be solar 

cell metallisation processes. The aim was to develop metallisation superior to screen-printing 

by exploiting higher conductivity between the metal fingers and Si, greater height/ width 

aspect ratios of the metal fingers and higher conductivity of the metal fingers. A two-step 

metallisation process involving a deposited seed layer followed by metal plating has been 

demonstrated as the most beneficial metallisation technique with both, inkjet and aerosol jet 

printing technologies.  

As the more mature technology in the field of photovoltaics, inkjet printing was shown to 

encompass a broader range of applications in solar cell patterning than aerosol jet printing. 

Additional applications of this technology that were highlighted in this chapter included 

patterning of dielectrics and Si surfaces. Dielectric layer and Si surface patterning are also  
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investigated in this thesis. The latter is performed with aerosol jet printing. It focuses on the 

formation of localised diffusions to be integrated into the development of the semiconductor 

finger solar cell structure. The contents of this chapter serve as a familiarisation with the two 

material deposition technologies, which are used for the work performed in this thesis. 
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Chapter 4 

Inkjet texturing for 

monocrystalline Si solar cells 

 

 

This chapter presents the further development and optimisation of a novel inkjet patterning 

method to facilitate the fabrication of surface textures, particularly for use on high-efficiency 

Si solar cells. The new technique is based on a process that was originally developed for 

another purpose by the University of New South Wales (UNSW) as a low-cost alternative to 

photolithographic patterning of dielectric layers [Len08]. The technique was originally 

developed to fabricate contact openings; however in this work it was extended to fabricate 

high-efficiency surface textures.  

The chapter starts with a review of the initial development phase of the inkjet patterning 

method and discusses its application to solar cells. While capable of patterning surface 

dielectric layers, the process was not able to produce patterning quality required for the 

dielectrics to be used as etching masks.  
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The remainder of the chapter then presents the experimental optimisation of the process for 

use in surface texturing. This begins with a demonstration of the performance of the existing 

technology prior to any optimisation. Further development and optimisation of the method is 

then presented to achieve better quality patterning of the etching masks. The newly developed 

etching mask patterns were used for the fabrication of textures on monocrystalline Si wafers, 

followed by the optical characterisation of these textures through SEM imaging and front-

surface reflection measurements. Photolithographically-fabricated textures and conventional 

industry textures were included in the reflection analysis for comparison purposes.   

The chapter also investigates the light trapping properties of inkjet textures in the long-

wavelength range. Absorption of long-wavelength light by single- and double-sided inkjet 

textures was compared to the absorption for single- and double-sided conventional industry 

textures. The investigation of the optical performance was concluded at the end with 

simulations of standard commercial solar cell architectures on the differently textured wafers 

and calculations of total photocurrent densities absorbed in the wafers. 

 

4.1 Development of the initial inkjet patterning process 

Photolithography is a well-established technique for patterning surface dielectrics on Si 

wafers; however it is tedious and cost prohibitive for use in solar cell production. Inkjet 

printing has been demonstrated to be a viable alternative to photolithography for the 

fabrication of several high-efficiency Si solar cell structures [Len07], [Uta07]. The core of the 

method presented in that work was the use of an inkjet printer to deposit a plasticiser on a 

resist layer making the printed regions permeable to aqueous solutions and allowing the 

etching of the underlying dielectric (see Figure 4-1). The main advantages of this approach 

are the non-corrosive nature of the resin plasticiser, the low cost of the resist and the inkjet 

printer, the non-contact nature and the overall simplicity when compared to photolithography. 

The method also allows flexible design in the patterning without needing to order new masks 

each time a design change is needed. 

The early development of the inkjet patterning method focused on the selection of the 

chemicals and inkjet process settings [Uta09]. This work started with the careful selection of 

novolac-resin based Microposit FSC-M surface coating, made by Rohm & Haas, for the resist  
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layer, based on the low cost (no photoactive compounds needed in the resist) and widespread 

use in microelectronics fabrication. Then acetone and diethylene glycol (DEG) were chosen 

ahead of corrosive liquids such as hydrofluoric acid (HF) and sodium hydroxide (NaOH), and 

evaluated as a suitable solvent and plasticiser for the chosen resin, respectively, using Hansen 

solubility parameter theory. After an investigation of their fluid properties it was determined 

that DEG was the more suitable fluid for the available printheads to produce quality jetting. 

Jetting parameters such as temperature of DEG inside the printhead, jetting voltage, 

frequency and pulse length were optimised to result in high-quality jetting and droplet 

formation on the substrate. DEG was heated to 45 °C, jetting voltage had to be inside the 

range of 15-17 V, jetting frequency was optimised at 20 kHz and the jetting pulse length at 

12.8 μs. These settings resulted in a drop velocity of ~9 m/s and the distance between the 

substrate and the jetting nozzles was maintained at 1 mm.  

 

 

Figure 4-1: Process flow of the inkjet patterning method. 

 

After fluid jetting optimisation, the development of the inkjet patterning process was 

continued with the application of the resist layer on top of an oxidised Si wafer. The wafer 

was spin-coated with Microposit FSC-M surface coating at a speed of 5000 rpm for 30 s and 

then baked in a conventional fan-forced oven at 140 °C for 10 min. Droplets of 100% DEG 

were deposited onto the resist layer using the DMP-2831 (see Section 3.1, Chapter 3) with a 

piezoelectric cartridge having a nominal drop volume of 1 pL. The platen and wafer 

temperature were maintained at 60 °C during printing to minimise the resin’s surface energy 

and hence the contact area between the resin and the DEG droplet. The elevated substrate 

temperature also enhanced the diffusion of the DEG into the resin and enabled the DEG to 

permeate the entire thickness of the resin layer. The small, non-volatile DEG molecules 
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pushed their way between the polymer chains, setting the chains apart and allowing the 

polymer to become more elastic and thus permeable to aqueous etching solutions, such as HF.  

The wafers were immersed in deionised (DI) water after printing for 5 min to decrease the 

volume of DEG required to sufficiently plasticise a region of resist and to enhance the 

permeability of the plasticised regions [Len08]. Then the wafers were immersed in a 7:1 

buffer oxide etch (BOE) solution for 10 min, and the silicon dioxide (SiO2) layer was etched 

under the plasticised resist regions. Finally the resist was etched by immersing the wafers in a 

so-called “piranha-etch” (H2SO4:H2O2) solution, leaving the patterned SiO2 layer on the 

wafers. This process could also be used to pattern plasma enhanced chemical vapour 

deposited (PECVD) SiO2 or silicon nitride (SiNx) instead of the thermally-grown SiO2; 

however different immersion etching durations were required. 

The complete inkjet patterning process did not require a cleanroom environment, which is 

typically necessary for photolithographic patterning. The inkjet patterning method could be 

used to form any pattern on the dielectric and so far it has been primarily optimised for hole 

and continuous line formation. It was found that 4 layers of 1 pL DEG droplets needed to be 

printed to sufficiently permeate the resist layer and result in reliable hole formation in the 

SiO2 layer. For lines, 2 layers of 1 pL DEG droplets needed to be printed with each droplet 

spaced 25 μm apart, to result in overlapping and continuous DEG line formation on the resin 

surface, which then resulted in a patterned continuous line in the SiO2 layer.  

A disadvantage of the technique was the still relatively large opening feature size in the 

dielectric layer, this being dependent on the size of the inkjet-deposited DEG droplets. The 

patterned openings were 40-50 µm which is 8-10 times larger than the resolution achieved by 

photolithographic patterning (~5 µm). Alignment accuracy was considered as another 

drawback of the technique. Multiple layers of droplets were required to be deposited on top of 

each other and the repeatability of the printer used in this work was ±25 µm [Dim09].  

 

4.2 Solar cell applications  

The patterning technique was to define contact openings for rear-contacted BCSCs, where 

inkjet patterning was used to form contact openings to both p-type and n-type Si on a  
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dielectric-passivated rear surface of Si solar cells [Kue07], [Len08]. Another high-efficiency 

solar cell application of the inkjet patterning technique was the formation of a SE structure by 

patterning lines on a dielectric-passivated top surface of Si solar cells. This allowed the 

exposed Si to be heavily diffused for a better contact formation between the Si and overlying 

metal (lower contact resistance) and a better blue response resulting from a lighter emitter 

doping [Uta08].  

The fabrication of passivated emitter and rear-contacted (PERC) solar cells took the 

application of the inkjet patterning method one step further. In addition to enabling the 

formation of the SE structure through inkjet-patterned lines on the top surface, contact 

openings on a dielectric-passivated rear surface were formed through inkjet-patterned holes 

for local contact formation between Si and aluminium (Al) [Len10].  

 

4.3 Texturing application for monocrystalline Si solar cells  

In this section the above-described inkjet patterning method was applied to form surface 

texturing for monocrystalline Si solar cells. The method was used to pattern dielectric layers 

so that they can be used as etching masks. Dielectric etching masks have been previously 

fabricated with photolithographic patterning and used for the formation of texture structures 

for high-efficiency devices [Bla86], [Gre93]. A review of these high-efficiency textures was 

presented in Chapter 2.  

 

4.3.1 Pattern formation requirements 

Inkjet printing was used to create dense hole and line patterns in thermally-grown SiO2 layers, 

which enabled the formation of inverted pyramids and v-grooves on the surface of 

monocrystalline Si wafers, respectively, after immersion of the wafers in an anisotropic 

etching solution. As mentioned previously, the high-performance PERL cells used 

photolithographically-patterned SiO2 etching masks for the fabrication of inverted pyramid 

textures on the front surface. The etching mask was a dense array of closely-spaced square 

openings exposing the (100) Si. The inkjet patterning method on the other hand resulted in 

circular SiO2 openings. The difference in the opening shape was not an issue for the etching  
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of inverted pyramids, due to the selective etching of the exposed Si along the (111) planes. A 

square inverted pyramid with a width identical to the diameter of the opening and an 

overhang of SiO2 in each corner was expected to result after the completion of the alkaline 

etching, given that the shape of the opening perimeter was circular. Furthermore, a reasonable 

uniformity of the opening diameter across the pattern was necessary to result in uniform 

texturing across the wafer surface.  

The shape of photolithographically- and inkjet-patterned lines was not expected to show any 

differences other than width due to the limitations imposed by the droplet size for the latter. 

Similarly as with circular openings, it was necessary to produce straight line edges and 

uniform line widths across the pattern to result in uniform and effective v-grooves. These 

pattern requirements present no challenge for photolithography since the shape of the 

openings in the dielectric layer is dictated by photomasks. The following subsection 

demonstrates the challenges for the inkjet patterning method to produce adequate patterns for 

the etching of monocrystalline Si wafers.    

 

4.3.2 Pattern formation difficulties and effects on texturing 

The inkjet method described in Section 4.1 was applied to pattern etching masks in a SiO2 

layer, and the masks were used for the etching of inverted pyramids and v-grooves. 

Experimental 

A thermal SiO2 of thickness 580-590 nm was used to withstand the subsequent Si etching. 

The layer was grown at 1060 °C for 1.5 hr (wet ambient) on polished Si wafers. Polished 

wafers were preferred for this work due to the high reflectivity of the polished surface which 

provided a clearer view of the pattern under an optical microscope. The polished surface of 

the wafers was spin-coated with the Microposit FSC-M Surface Coating, comprising 34% 

(w/v) novolac resin in propylene glycol monomethyl ether acetate (PGMEA), at a speed of 

5000 rpm for 30 s, followed by baking for 10 min at 140 °C in a fan-forced conventional 

oven. Using the aforementioned optimised jetting parameters, droplets of 100% DEG were 

deposited onto the resist layer using the DMP-2831 and 1 pL cartridge.  

The spacing (centre to centre) between the printed droplets was set to 100 μm, and 4 layers 

were printed on top of each other. 2 layers of 1 pL DEG droplets, spaced 25 μm apart, were 

printed to result in overlapping and continuous DEG lines on the resin surface. The spacing  
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(centre to centre) between the lines was also set to 100 μm. The substrate holder and the 

wafer were kept at 60 °C during the printing. The wafers were immersed in DI water for 5 

min followed by a 10 min 7:1 BOE etch. The resist was etched away by immersing the wafers 

in a H2SO4:H2O2 solution, leaving patterned holes and lines in the SiO2 layer. A standard 

alkaline (KOH) etching procedure was used to etch the exposed Si. The etching process is 

reported in more detail in Section 4.5. 

Results and discussion 

Optical micrographs in Figures 4-2 (a) and 4-3 (a) show representative sections of the hole 

and line patterns, respectively. It can be clearly seen that the hole perimeter was not circular 

and that the line edges were not straight. Multiple hole diameters and line widths were 

measured under the optical microscope at five different locations across the wafer (centre, 

left, right, top, bottom) to determine their spread across the patterned area. The hole diameter 

was found to fluctuate between 40 and 55 μm and the line width between 45 and 70 μm 

across the patterns. 

SEM images in Figures 4-2 (b) and 4-3 (b) show the resulting texture structures after etching 

the exposed Si. The images clearly demonstrate the effects of non-uniform SiO2 patterns on 

the surface structuring, which in this case were severely over-etched and detrimental flat areas 

on the wafer surface.  

 

a)                                                                            b) 

             

Figure 4-2: a) Optical micrograph of a representative hole pattern section in the SiO2 layer and 

b) SEM micrograph of inverted pyramid textures resulting from using the hole pattern as an 

etching mask. 
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  a)                                                                 b)   

               

Figure 4-3: a) Optical micrograph of a representative line pattern section in the SiO2 layer and 

b) SEM micrograph of v-groove textures resulting from using the line pattern as an etching 

mask. 

 

Conclusions 

The results demonstrated the inability of this initial inkjet patterning method to produce 

adequate patterns for uniform formation of textures on monocrystalline Si wafers. The 

method had to be optimised further, for an affective application of Si surface texturing.  

 

4.4 Modification of inkjet patterning  

In order to fabricate surface textures equivalent to the ones fabricated with photolithographic 

patterning, inkjet patterning had to be able to produce hole and line patterns uniform in size 

and shape. This section reports on modifications that were made to some of the patterning 

process steps, and investigations into the effect of those changes on the etched pattern quality. 

 

4.4.1 Amount of printed DEG 

The first parameter of the inkjet patterning method to be investigated was the amount of the 

printed DEG, which corresponded to the number of printed layers.  
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Experimental 

Polished wafers were oxidised and resist-coated according to the steps described in Section 

4.3.2. DEG patterns of same dimensions (spacings) as in Section 4.3.2 were printed on top of 

the wafers, but with different number of layers. Hole patterns were printed with two, three 

and five layers; whereas the line patterns were printed only with one and three layers.  

Water treatment of printed wafers was changed slightly from the initial method. Wafers were 

rinsed in DI water for 10 min instead of the previously-used duration of 5 min. Exposing the 

wafers to DI water for a longer time allowed more water penetration into the polymer 

enabling the DEG to more-effectively plasticise the polymer thereby requiring the deposition 

of a reduced volume of DEG. Having to print fewer layers reduced the overall printing time 

and the probability of droplet misalignment.  

The wafers were immersed in the BOE solution and the resist was removed as per the initial 

process. Hole and line patterns were viewed under the optical microscope with their feature 

sizes (diameters and widths, respectively) measured. Uniformity was assessed as described in 

Section 4.3.2.   

Results and discussion 

Increasing the number of printed DEG layers to five resulted in hole diameter fluctuations 

between 50 and 65 µm and no improvement in the hole shape (perimeter not circular). Three 

layers of DEG showed no significant improvement in hole shape as well, but the hole 

diameter was more constant across the pattern and fluctuated between 40 and 45 µm. Two 

layers of DEG were not sufficient to permeate the resin layer completely and hence holes in 

the SiO2 were not opened completely after the BOE immersion.  

Regarding lines, one printed layer was found not to be sufficient for the DEG to plasticise the 

resin completely and hence the BOE was not able to etch lines in the SiO2 reliably. Three 

layers, on the other hand, resulted in a drastic increase in SiO2 line width (80-100 µm) 

without any improvement in the edge straightness.  

Conclusions 

Due to better uniformity in the hole diameter it was concluded that three layers of 1 pL DEG 

droplets were optimal for the patterning of holes in the SiO2. This required a 10 min DI water 

rinse of the printed wafers. Regarding line patterning, it was decided to keep the number of 

printed layers at two.  
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4.4.2 Printing dimensions 

To work out the density (spacings) of the printed pattern it was necessary to determine the 

diameter and width of printed droplets and lines, respectively. Figure 4-4 (a) shows a top 

view of a DEG droplet formed on the resin surface with its diameter measuring ~65 µm after 

printing three overlaid 1 pL droplets, whilst Figure 4-4 (b) shows a section of a DEG line 

formed on the resin surface with its width measuring also ~65 µm after printing two layers of 

1 pL droplets on top of each other, with the centre of each droplet spaced 25 µm apart.  

 

      a)                                                           b) 

                     

Figure 4-4: Optical micrograph of a) DEG droplet formed on the resin surface after printing 

three overlaid 1 pL droplets and b) DEG line formed on the resin surface after printing two 

layers of 1 pL droplets on top of each other with the centre of each droplet spaced 25 µm apart.  

 

To account for the printer’s accuracy limits and droplet misalignment during the printing of 

the texturing pattern, edges of neighbouring droplets and lines were spaced 10 µm apart. This 

required the spacing (centre to centre) between droplets and lines in their pattern designs to be 

set to 75 µm. Figures 4-5 (a) and (b) show sections of the printed droplet and line arrays, 

respectively, with the aforementioned spacing (dimensions).  
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a)                                                                                      b)

                 

Figure 4-5: Optical micrograph of printed a) droplet array and b) line array  

 

4.4.3 Resist layer optimisation  

After determining the optimal number of printed DEG layers and the density of the printed 

patterns, it was necessary to make modifications to the resist layer with the aim of improving 

the mechanism of the DEG diffusion through this layer. Thickness and hardness were the two 

main characteristics of the resist layer affecting this mechanism. 

The resist thickness depended primarily on the spinning speed during the spin-coating 

process. Faster speeds resulted in thinner coatings due to the increased amount of resist spun 

off, and vice versa. It was demonstrated previously that thinner resist layers resulted in more 

uniform hole diameters, but without an improvement in the shape of the holes [Uta09] 

[Len08]. Thinner resist layers also resulted in wider hole diameters, which were shown to 

exceed the diameter of printed DEG droplets. It was expected that these variations in the resin 

layer thickness would have a similar effect on line patterning and hence it was decided not to 

investigate this here. Based on these results and assumptions, a decision was made to keep the 

original resist spin-coating parameters.  

Next the effect of resist layer hardness was investigated. This property depended on the 

baking temperature and time, which dictated how much solvent (PGMEA) was evaporated 

out of the resist. Due to more variable feature sizes (line width), the effect of resist hardness 

on line patterning was analysed first.  
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Experimental  

Polished oxidised wafers were spin-coated with resist using a spinning speed of 5000 rpm for 

30 s. The wafers were split into different groups and the resist baking temperature for each 

group of wafers was varied between 130 and 180 °C, at 10 °C intervals, while the baking time 

was kept constant at 10 min.  Line patterns were printed (two layers, 75 µm spacing) across 

the wafers to pattern the differently baked resists, followed by the 10 min DI water rinse and 

10 min BOE immersion to pattern the underlying SiO2 layer. Line widths were measured in 

the same manner as previously to determine their spread across the patterned area.  

Results and discussion 

The uniformity of the line width across the pattern was clearly improved by increasing the 

resist baking temperature (see Figure 4-6). 160 °C was found to be the optimum baking 

temperature, which produced line width fluctuations between 45 and 50 µm across the 

pattern. Increasing the baking temperature up to 170 °C resulted in even more uniform line 

width (45-47 µm) but not all lines in the SiO2 were etched/opened completely (hence marked 

in red in Figure 4-6). It was believed that the resist had become too hard for the DEG to 

plasticise it completely (permeate its entire thickness).  

 

 

Figure 4-6: Effect of resist baking temperature on line width uniformity. 
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Conclusions 

Raising the resist baking temperature to 160 °C improved the line width uniformity across the 

pattern. The line shape (straightness of the line edges) was still not satisfactory requiring 

further improvement of the DEG diffusion through the resin layer. Considering the already 

satisfactory diameter range (40-45 µm) of inkjet patterned holes using a resist baking 

temperature of 140 °C, it was decided to keep the original resist baking parameters for hole 

patterning.  

 

4.4.4 Heat treatments   

Line and hole patterning optimisation was continued by investigating another factor that 

influenced the mechanism of the DEG diffusion through the resin layer. This factor was the 

temperature of the substrate during printing, which was dictated by the printer’s platen 

temperature. An increase in substrate temperature was the only option for this investigation 

since the opposite resulted in an increased contact area between the DEG droplet and the resin 

surface, and undesired droplet spreading and increase in pattern feature sizes. An increase in 

the substrate temperature during printing was however not possible because 60 °C was the 

maximum possible platen temperature of the Dimatix printer used in this study. An 

alternative was found by giving the wafers a quick heat treatment by placing them on a 

hotplate for a short amount of time straight after DEG printing. Elevated substrate 

temperature enhanced the diffusion of the DEG into the resin and enabled the DEG to 

permeate the entire thickness of the resin layer. Consequently it was investigated whether the 

additional heat treatment above the printing temperature would have an effect on the size and 

shape of the openings in the SiO2 layer.  

Experimental  

The investigation was performed by baking printed wafers on a hotplate using various 

combinations of duration and temperature. This was followed by the 10 min DI water rinse 

and 10 min BOE etch. After the stripping of the resist layer, the SiO2 patterns were analysed 

under the optical microscope.  

Results and discussion – Line patterning 

The investigation of hotplate treatments for line patterning is summarised in Table 4-1. 

Significant improvement in line shape was observed at 80 °C using treatment duration of 20 
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to 40 s, and at 90 °C using treatment duration of 5 to 10 s. It is important to mention that the 

line width uniformity also slightly improved after hotplate treatments with these durations 

and the resulting width was ~45 µm.  

Shorter heating durations and lower temperatures did not provide sufficient heat energy for 

more even DEG diffusion through the resin layer and longer durations provided an excess of 

heat energy which most likely contributed to increased lateral diffusion of DEG. 

Consequently, the DEG did not permeate the entire thickness of the resist and the etchant 

could not reach and etch the dielectric effectively. This was observed for heating durations of 

50 and 15 s at temperatures of 80 and 90 °C, respectively, and for an increase in hotplate 

temperature to 100 °C and above. The higher the temperature, the more sensitive this process 

was observed to be and therefore it was necessary to dissect the heating duration intervals 

with the increase of the hotplate temperature (10 s for 80 °C and 5 s for 90 °C) for improved 

experimental accuracy.  

 

Table 4-1: Summary of hotplate treatments after DEG printing and corresponding line shapes 

formed in the SiO2 layer. 

Hotplate 

temperature (°C) 

Duration on 

hotplate (s) 

Line shape: straight 

and uniform  

70 20 no 

70 40 no 

70 60 no 

70 80 no 

70 100 no 

70 120 no 

80 10 no 

80 20 yes 

80 30 yes 

80 40 yes 

80 50 -  

90 5 yes 

90 10 yes 

90 15 - 
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Results and discussion – Hole patterning  

The heat treatment investigation for hole patterning is summarised in Table 4-2. For a 

hotplate temperature of 70 °C any duration between and including 40 and 60 s resulted in 

hole shape improvement. For 80 °C the duration had to be maintained around 10 s and for 90 

°C between 5 and 10 s. Baking durations outside of these ranges either resulted in no hole 

shape improvement or incomplete hole openings in the dielectric layer. The accuracy of the 

heating duration limits could be improved by testing durations outside the above ranges with 

smaller intervals (example: ±5 s for 80 °C and ±10 s for 70 °C), but the above findings were 

sufficient for the reliable patterning of uniform holes and hence any further investigation into 

heating duration was concluded to be unnecessary. As with lines, the hole diameter 

uniformity was slightly improved by the hotplate bake, resulting in a diameter of ~40 µm. 

 

Table 4-2: Summary of hotplate treatments after DEG printing and resulting hole shapes 

formed in the SiO2 layer. 

Hotplate  

temperature (°C) 

Duration on 

hotplate (s) 
Hole shape: circular  

70 20 no 

70 40 yes 

70 60 yes 

70 80  -  

80 10 yes 

80 20  -  

90 5 yes 

90 10 yes 

90 15  -  

 

Conclusions 

The additional heat energy resulting from the post-print hotplate treatments assisted the DEG 

to diffuse through the resin layer more evenly creating uniform regions in the resin for the 

etchant to permeate through. This resulted in patterned features in the dielectric replicating 

the exact shape of the printed DEG features. The only difference between the two was their 

width/diameter (~45/40 µm for etched features compared to ~65 µm for printed features). The 

decreased size of the etched feature was due to the nature of DEG’s absorption mechanism in 



___________________________________________________________________________ 

56 

 

the resin layer [Uta09] and resulted in additional edge-to-edge spacing between the patterned 

features.  

 

4.4.5 Summary  

In this section modifications to the original inkjet patterning method were investigated and 

optimised to improve the quality of the patterned features in the dielectric layer. Some of the 

original patterning process steps were altered and an additional step was added (heat 

treatment) resulting in hole and line patterns with more uniform size and shape. The quality 

of the patterns was similar to those made by photolithography, and it was believed to be 

sufficient for successful formation of inverted pyramids and v-grooves across the wafer 

surface.  

The final recipe to be used for the forthcoming inkjet patterning of lines and subsequent v-

groove texturing is displayed in Table 4-3, with the modifications to the original recipe 

written in italic. Figure 4-7 shows a representative section of the resulting line pattern. 

 

Table 4-3: Modified inkjet patterning recipe for lines. 

Step Parameters 

1. Coating oxidised wafer with resist Spinning speed = 5000 rpm                                                

Spinning duration = 30 s 

2. Baking resist Baking temp = 160 °C                                          

Baking time = 10 min 

3. Printing DEG 
Drop spacing (centre to centre) = 25 µm 

Layers = 2                                              

Substrate temperature = 60 °C 

4. Heat treatment Hotplate temperature = 80 °C                         

Heating duration = 30 s 

5. H2O treatment 10 min DI water rinse 

6. HF treatment 
Etchant = BOE                                                         

Etching time = 10 min 
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Figure 4-7: Optical micrograph of a representative line pattern section in the SiO2 layer using 

the modified inkjet patterning method. 

 

The final recipe used for the inkjet patterning of holes for inverted pyramid texturing is 

displayed in Table 4-4, with the modifications to the original recipe written in italic. Figure 4-

8 shows a representative section of the resulting hole pattern. 

 

Table 4-4: Modified inkjet patterning recipe for holes. 

Step Parameters 

1. Coating oxidised wafer with resist 
Spinning speed = 5000 rpm                                                

Spinning duration = 30 s 

2. Baking resist 
Baking temp = 140 °C                                          

Baking time = 10 min 

3. Printing DEG 

Drop spacing (centre to centre) = 75 µm 

Layers = 3                                              

Substrate temperature = 60 °C 

4. Heat treatment 
Hotplate temperature = 70 °C                         

Heating duration = 50 s 

5. H2O treatment 10 min DI water rinse 

6. HF treatment 
Etchant = BOE                                                         

Etching time = 10 min 
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Figure 4-8: Optical micrograph of a representative hole pattern section in the SiO2 layer using 

the modified inkjet patterning method. 

 

4.5 Formation of surface textures 

This section describes the formation of inverted pyramids and v-grooves. Si wafers were 

exposed to etching solutions after the optimised inkjet patterning process was performed. 

Three etching steps were used for the fabrication of the pyramidal textures.   

Experimental 

After applying the modified inkjet patterning method (summarised in Section 4.4.5) to 

oxidised wafers, the wafers were firstly immersed into an acidic etching solution, comprising 

twenty parts of 69% (w/w) HNO3 and one part of 49% (w/w) HF, at room temperature. The 

exposed Si was etched isotropically for 10 min, forming hemispherical wells and u-grooves 

and most importantly bringing these structures closer together. The wafers were agitated 

inside the solution to facilitate a uniform etching rate across the wafer surface. Figure 4-9 

shows an example of hemispherical wells formed after immersion of hole-patterned wafers 

into the aforementioned acidic solution. The higher magnification image clearly demonstrates 

the decreased edge to edge spacing between the wells and the left-over overhang SiO2.  
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a)                                                                          b) 

           

Figure 4-9: SEM micrographs of hemispherical wells at a) higher and b) lower magnification. 

 

The wafers were then anisotropically etched in 20% (w/v) KOH solution for 25 min at 90 °C, 

which etched the Si to expose the (111) planes and formed the desired structures. Finally, the 

SiO2 etch mask was removed in the previously used BOE solution and the wafers were 

immersed for 3 min into the above-described HNO3:HF solution, which acted as a rounding 

etch and minimised the remaining flat regions between the inverted pyramids and v-grooves. 

Results and discussion 

SEM images of the Si surfaces taken after etching are shown in Figures 4-10 and 4-11. The 

images demonstrate successful formation and uniformity of inverted pyramids and v-grooves 

which resembled (but were larger than) those typically found on high-efficiency cells 

fabricated by photolithography. The average width of the inverted pyramids and v-grooves 

was ~75 μm, corresponding to a depth of ~53 μm. The width of the pyramids was dependent 

on the used centre-to-centre spacing between the printed DEG droplets and the width of the v-

groves on the centre-to-centre spacing between the printed lines.  
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Figure 4-10: SEM micrographs of inkjet-fabricated inverted pyramids with magnification 

increasing from top to bottom. 
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Figure 4-11: SEM micrographs of inkjet-fabricated v-grooves with magnification increasing 

from top to bottom. 
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Further improvements in the drop formation on the resin surface and its diameter reduction 

post printing was required to reduce the drop/line spacing and therefore reduce the feature 

size of the pyramids and v-grooves. The printer used in this work allowed the substrate 

temperature to be raised to a maximum of 60 °C. Printing tools with capabilities of higher 

substrate temperatures would allow the substrate’s surface energy to be decreased further and 

the spreading of the printed DEG droplets to be minimised. Furthermore print heads with 

smaller drop volume would ensure additional increase in print resolution and reduction in 

etched feature sizes. This would reduce Si removal, the time required for etching, and risk of 

wafer breakage for thinner wafers.  

Conclusions 

The structures formed in this section demonstrated the ability of the modified inkjet 

patterning technique to be used for fabrication of inverted pyramids and v-grooves. The 

textures did not differ in structure from the ones produced using photolithographically- 

patterned etching mask layers, except for the larger feature size. The size of the textures was 

dependent on the inkjet patterning resolution and can be reduced with improvements in the 

latter.    

 

4.6 Reflection analysis of inkjet textures  

To determine the effectiveness of inkjet texturing on monocrystalline wafers, front-surface 

(external) reflection analysis was performed to compare texturing achieved by various 

techniques.  

Experimental 

Reflection measurements were performed with a spectrophotometer (CARY 500) with an 

integrating sphere on Si wafers with different surface textures: inverted pyramids and v-

grooves formed by inkjet patterning, inverted pyramids formed by photolithographic 

patterning and random upright pyramids used in industry. The measurements were performed 

between wavelengths of 300 and 1000 nm. After measurement the data was analyzed to 

calculate the weighted average reflection (WAR) between 300 and 1000 nm. This was done 

by weighting the measured reflection against the intensity of direct radiation in the AM1.5G 

spectrum.  
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Results and discussion 

Front-surface reflection of inkjet- and photolithography-fabricated textures is shown in Figure 

4-12. The inkjet inverted pyramids and v-grooves performed just as well as the 

photolithographically-defined inverted pyramids for most of the analyzed wavelength range, 

and resulted in slightly lower external reflection in the UV range. 

 

 

Figure 4-12: Front-surface reflection of inkjet- and photolithography-fabricated textures. 

 

Figure 4-13 shows external reflection measurements performed on inkjet and industrial 

texturing. The reflection of the inkjet textured surface was slightly greater than that of the 

industrial random upright pyramids. This was primarily due to the flat surfaces between 

inverted pyramids and v-grooves. With increased precision of inkjet patterning, these flat 

surfaces could be minimized thereby reducing reflection from surfaces textured with inkjet 

inverted pyramids and v-grooves. Application of an ARC will decrease the surface reflection 

of the flat surfaces further and bring the performance of inkjet texturing closer to that of 

random upright pyramids. The results from the WARfront calculations are shown in Table 3-5, 

and confirm the conclusions already made based on the reflection curves.  
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Figure 4-13: Front-surface reflection of inkjet and industrial texturing.  

 

Table 4-5: Calculated WARfront for different texture schemes. 

 

Texture scheme 

 

 

WARfront (%) 

 

Photolithography inverted pyramids 16.5 

Random upright pyramids 14.2 

Inkjet inverted pyramids 15.5 

Inkjet v-grooves 15.6 

 

Conclusions 

The external reflection analysis demonstrated that the inkjet-patterned inverted pyramids and 

v-grooves were able to match the performance of inverted pyramids patterned by 

photolithographic processes. The result again demonstrated the successful formation of these 

texture structures using inkjet printing. The slightly inferior performance of inkjet textures 

compared to industrial random upright pyramids was believed to come from the higher 

fraction of planar regions between the textures. 
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4.7 Light trapping analysis of inkjet textures  

This section focuses on light trapping analysis of weakly absorbed, long-wavelength light of 

inkjet textures. In addition to regular inverted pyramids and v-grooves, inkjet-patterned tiler 

inverted pyramids and double-sided perpendicular v-grooves were included in the analysis. 

Both structures have been described as excellent light trapping textures for monocrystalline Si 

wafers (see Chapter 2). The inkjet textures were once more compared to industrial textures 

(single- and double-sided random upright pyramids). All analysed textures were applied on 

wafers of the same thickness and all single-sided textured wafers had a flat rear surface.  

Experimental 

A wet thermal oxide with a thickness of 540-550 nm was grown (1060 °C, 1.5 h) on both 

surfaces of 300 µm thick double-sided polished single crystalline wafers. The modified inkjet 

patterning techniques were applied to create etching masks for the formation of regular 

inverted pyramids, v-grooves, tiler inverted pyramids and double-sided perpendicular v-

groves. For the tiler pattern, the DEG droplets were printed so that each one was displaced 

approximately 10 μm with respect to neighbouring droplets (see Figure 4-14 (a) and (b)). This 

resulted in a SiO2 pattern containing circular openings with the same displacement (see 

Figure 4-14 (c)). The drops were spaced 75 μm apart (centre to centre) during printing.  

 

      a)                                         b)                                           c)  

 

Figure 4-14: a) Illustration of the printing layout (with the squares representing the plan of the 

pyramid layout) for the tiler pattern. b) Optical micrographs of the resulting printed DEG 

droplets and c) the etched SiO2 hole pattern. 
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For the double-sided perpendicular v-groves one side of the wafer was printed with DEG first 

followed by the DI water rinse and BOE etch. After the etching the wafers were rinsed and 

dried and the identical patterning step was performed on the rear surface with the wafers 

rotated 90 to their initial orientation. The spacing between the DEG lines was 75 μm (centre 

to centre). The formation of the tiler inverted pyramid and orthogonal v-groove surface 

structures consisted of the same three Si etching steps as used for regular inverted pyramids 

and single-sided v-grooves (see Section 4.5).  

Reflection and transmission measurements were performed with a spectrophotometer (CARY 

500) with an integrating sphere in the near-bandgap wavelength range (1000-1200 nm) to 

calculate the absorption and evaluate the light trapping of the single- and double-sided inkjet-

patterned structures. Wafers of same thickness, with conventional upright random pyramids 

on the front surface and a flat rear surface were included in the single-sided texture analysis. 

Wafers with conventional upright random pyramids on both sides were compared to the 

wafers textured with the inkjet-fabricated orthogonal v-grooves.  

Results and discussion 

SEM images of the formed tiler inverted pyramids and orthogonal v-grooves are shown in 

Figures 4-15 and 4-16, respectively. Once again successful formation and uniformity of the 

texture structures across the surface of the wafers were demonstrated.   

 

a)                                                                           b) 

 

Figure 4-15: SEM micrographs of inkjet-fabricated tiler inverted pyramids viewed from a) top 

and b) at angle. 
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Figure 4-16: SEM micrograph of inkjet-fabricated double-sided perpendicular v-grooves. 

 

As expected, samples with v-grooves showed the least absorption of near-bandgap light in the 

single-sided texture analysis (see Figure 4-17). Ray-tracing studies have shown that the light 

scatter, produced by the refraction and reflection of rays striking the equally inclined groove 

facets, is confined to two dimensions [Cam93]. The symmetry of the two dimensional scatter 

dictates that most light will only pass twice through the cell before escaping, with the 

exception of some rays striking one of the groove facets on their first pass through the wafer. 

The facets of upright and inverted pyramids on the other hand scatter the incident light in 

three dimensions. Therefore a large number of scattered orientations is generated and the 

light, reaching the top surface after its double pass through the wafer, is provided with more 

area (pyramid facets) to strike and reenter the wafer. This resulted in an increased pathlength 

and increased absorption of near-bandgap light when compared to v-grooves, as shown in 

Figure 4-17. 

Inkjet-patterned regular and tiler inverted pyramids also slightly outperformed the upright 

random pyramids. This was due to their arrangement providing more opportunity for escaping 

rays to be reflected back into the cell at the front surface [Smi93]. Nevertheless, the tiler 

inverted pyramids did not provide additional absorption over regular inverted pyramids, 

suggesting that there was room for improvement in their arrangement. The pyramid offset 

needed to be decreased, using a smaller droplet displacement during the printing step. Any 

changes in the inkjet printing pattern can be realised rapidly due to the digital nature of the 

process, this demonstrating a further advantage of the inkjet patterning approach.  
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Figure 4-17: Absorption of single-sided inkjet and industrial textures in the near-bandgap 

wavelength range. 

 

The light trapping potential (in the near-bandgap wavelength range) of inkjet-fabricated 

orthogonal v-grooves and double-sided random upright pyramids is shown in Figure 4-18. 

The orthogonal v-grooves demonstrated improved absorption over the random upright 

pyramids in the examined wavelength range. This result was consistent with previous work 

that has already shown the long-wavelength light trapping superiority of perpendicularly 

arranged v-grooves over double-sided pyramidal textures (see Chapter 2). Using ray tracing 

simulations it was shown that both of these textures trap the incident light rays completely 

during their first four passes through the Si wafer, and that the percentage of rays trapped in a 

wafer with perpendicular v-grooves continues to be significantly higher during subsequent 

passes due to lower number of escape facets on the top surface. 
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Figure 4-18: Absorption of double-sided perpendicular v-grooves and random upright pyramids 

in the near-bandgap wavelength range. 

 

A single-sided and a marginally improved light trapping texture when compared to 

perpendicular v-grooves would be the so-called “patch texture”, consisting of blocks 

(patches) of parallel grooves, with the grooves of alternating blocks perpendicularly 

orientated to each other [Cam01]. This can be an adequate inkjet texture alternative to 

perpendicular v-grooves, as it avoids the patterning steps on the rear surface and hence 

requires simpler fabrication. Another single-sided inkjet texture alternative would see the 

application of groove tilting, which results from sawing wafers at a certain angle from the 

(100) plane and then applying the inkjet fabrication of v-grooves [Cam89]. 

Conclusions 

The effectiveness of the inkjet texturing method was verified further by investigating 

absorption of light in the near-bandgap wavelength range. This demonstrated the expected 

long-wavelength light trapping superiority of single-sided inkjet inverted pyramids and 

double-sided inkjet perpendicular v-grooves over industrially-used single- and double-sided 

random upright pyramids, respectively. The offset of the tiler inverted pyramids needed to be 

further optimized for them to reach their light trapping potential, which can be achieved by 

choosing a different droplet displacement during the printing step. This needs to be selected 
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as a function of the wafer thickness. In principle however, the larger feature sizes of the inkjet 

formed structures compared to photolithographically defined features makes this optimisation 

both easier and more effective. 

 

4.8 Photocurrent calculations 

In order to assess the optical properties of the inkjet textures further, ray tracing was used to 

simulate all the optical losses (reflection, transmission, parasitic absorption) and gains 

(absorption in Si wafer / photogeneration) for wafers featuring standard solar cell structures in 

addition to the investigated textures.   

Experimental 

The ray tracing software (wafer ray tracer) that was used is hosted by PV Lighthouse 

[PVL14a]. The calculations were performed in the 300-1200 nm wavelength range and 

weighted with the standard AM1.5G solar spectrum to convert the losses and gains into 

photocurrent density (Jph). The Jph absorbed in the Si wafer (photogenerated current) 

represented the theoretical maximum Jsc achievable by a solar cell fabricated from the 

analysed structure. 

In addition to the different texture schemes and their feature sizes, a front-surface ARC 

(SiNx), rear-surface metallisation/mirror, and a wafer thickness of 200 μm were simulated in 

the calculations to investigate the effect of more standard solar cell architectures on the 

optical performance. The SiNx thickness was varied until an optimum value was found that 

resulted in the maximum photogenerated current. Real and imaginary refractive index data for 

the SiNx were taken from [Bak11].  

For the simulations the Wafer Optics Calculator considers the following effective substrate 

thicknesses for the differently textured wafers: 

- Inverted pyramids: effective thickness is the distance between the flat top of the 

pyramid and the rear surface  200 μm 

- Single-sided v-grooves: effective thickness is the distance between the bottom of 

groove and the rear surface  147 μm 

- Single-sided upright pyramids: effective thickness is the distance between the bottom 

of pyramid and the rear surface  196 μm (assuming pyramid height of 4 μm) 



___________________________________________________________________________ 

71 

 

- Double-sided v-grooves: effective thickness is the distance between the bottom of 

grooves on both sides  94 μm 

- Double-sided upright pyramids: effective thickness is the distance between the bottom 

of pyramids on both sides  192 μm 

Two sets of calculations were performed, one for single- and one for double-sided textures. 

The calculation for the single-sided textures was performed with a rear diffusing reflector 

(65%) simulating screen-printed Al on the rear surface of each wafer [Kra08]. This rear-

surface contacting scheme is predominantly used in solar cell manufacturing.  

Considering the difficulty of screen printing Al onto ~53 μm deep v-grooves and also the 

planarization of the random upright pyramids by the printing and firing of modern Al pastes a 

different rear-surface configuration than above had to be used for the optical calculations for 

the double-sided textures. A so-called mirror (unity specular internal reflector) was used on 

the rear surface of double-sided textured wafers. This configuration corresponds closely to the 

optical characteristic of the oxidized, Al-coated (evaporation) rear surface of a high-efficiency 

Si solar cell [Kra08].  

Results and discussion 

Table 4-6 shows the optimal SiNx thickness and maximum achievable Jsc values for the 

single-sided textures with the aforementioned rear-surface configuration. Inkjet-fabricated 

tiler inverted pyramids were not included in the analysis because of their non-optimal offset 

and the inability of the calculator to process such surface morphologies with their 

corresponding complicated three-dimensional effects. 

 

Table 4-6: Calculated optimal SiNx thicknesses and maximum available Jsc for single-sided 

textures. 

Texturing scheme 
Optimal SiNx thickness 

(nm) 

Maximum Jsc  

(mA/cm
2
) 

Random upright pyramids 78 40.79 

Regular inverted pyramids 76 41.25 

V-grooves 80 40.52 
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A similar trend as with the absorption analysis in previous section was followed where the 

inkjet regular inverted pyramids resulted in highest and inkjet v-grooves in lowest 

photogenerated current out of the three analysed textures. Regarding the double-sided 

textures, the random upright pyramids showed higher photocurrent absorption but the small 

difference between the two can be regarded as insignificant (see Table 4-7).  

 

Table 4-7: Calculated optimal SiNx thicknesses and maximum available Jsc for double-sided 

textures.  

Texturing scheme         
Optimal SiNx thickness 

(nm) 

Maximum Jsc  

(mA/cm
2
) 

Random upright pyramids 77 42.61 

Perpendicular v-grooves  77 42.54 

 

Conclusions 

The optical simulations demonstrated that inkjet inverted pyramids with their current feature 

sizes present a promising single-sided texturing approach for wafers of about 200 μm 

thickness, considering their optical superiority, and additional advantages that have driven the 

application of these textures in high-performance solar cells. It was also shown that inkjet 

perpendicular v-grooves could match the photogenerated current of double-sided random 

upright pyramids and hence can offer the benefits described in Chapter 2, without a 

compromise in the optical properties, for this particular cell design (200 μm cells with rear 

mirror). 

 

4.9 Chapter summary  

The initial development of an inkjet printing technique as an alternative to photolithographic 

patterning of dielectric layers was reported in this chapter. The application of the technique to 

pattern dielectric etching masks required for the formation of high-efficiency surface textures 

was investigated, demonstrating the inability of the process to achieve the required pattern 

quality. Further development and optimisation of the method was then performed resulting in 
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more repeatable patterning of the etching masks. The modified patterning method was shown 

to result in arrays of circular holes and straight lines in the SiO2 layer, both with uniform size 

across the patterned wafer.  

The application of the patterned etching masks to form regular inverted pyramids and v-

grooves on wafer surfaces was shown. Successful formation of the textures and their 

uniformity was demonstrated, with resemblance to those typically used on high-efficiency 

cells and fabricated by photolithography. The only difference from the latter was shown to be 

the larger feature size of inkjet-fabricated textures.  

Reflection analysis of inkjet textures was demonstrated including comparisons to 

photolithographically-fabricated inverted pyramids and conventional random upright 

pyramids. It was shown that the inkjet textures can reduce the front-surface reflection to 

below the reflection of textures fabricated by photolithography. External reflection of inkjet 

texturing was shown to be slightly outperformed by industrial random upright pyramids, 

which was thought to be primarily due to the flat surfaces between inverted pyramids and v-

grooves.  

The chapter continued with the comparison between inkjet textures and upright pyramids by 

investigating their light trapping potential with absorption analysis of near-bandgap light. The 

investigation also included inkjet-fabricated tiler inverted pyramids, orthogonal v-grooves 

and conventional double-sided upright pyramids. The expected light trapping superiority of 

single-sided inkjet inverted pyramids and orthogonal inkjet v-grooves over their industrial 

counterparts was demonstrated, further verifying the effectiveness of the inkjet patterning 

method in the making of these textures.  

Lastly, the effect of more standard solar cell architectures on the optical properties of inkjet 

textures was analysed with photogenerated current density calculations. This analysis was 

performed in the 300-1200 nm wavelength range with an ARC being simulated on the front 

and metallisation on the rear surface of the textured wafers. It was shown that inkjet inverted 

pyramids present a promising single-sided texturing approach for wafers of about 200 μm 

thickness and a screen-printed Al layer on the rear surface, considering their simulated optical 

superiority. The inkjet orthogonal v-grooves have also been demonstrated as a promising 

texture direction, provided their additional advantages are utilised, including most of all the 

potential of selective texturing. 
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Chapter 5 

Inkjet texturing for 

multicrystalline Si solar cells 

 

 

Texturing remains one of the key issues in the industrial fabrication of multicrystalline Si 

solar cells and suitable texturing methods to optimize cell performance are still being 

developed. Laboratory-based cells have been setting the efficiency records with textures 

produced by applying acidic etching and RIE through photolithographically-patterned 

dielectric masks [Zha99, Sch04]. This chapter investigates the potential of the inkjet 

patterning method introduced in Chapter 4 to be applied as an alternative to photolithography 

for the fabrication of high-efficiency textures on multicrystalline solar cells.   

Optical characterisation of inkjet-fabricated textures was performed using SEM imaging and 

reflection comparisons to flat surfaces and industrial iso-texturing. The comparison was 

extended by developing a geometrical model for the two textures and simulating optical 

losses and gains of the three surface morphologies. A matrix method, describing light’s 

angular distribution upon interaction with a surface, was used for the simulations. As in 
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Chapter 4, standard commercial solar cell architectures were simulated on the differently-

surfaced wafers and total Jph in the wafers is calculated.   

Lastly the chapter evaluates the potential of using inkjet texturing for multicrystalline Si 

laser-doped selective emitter (LDSE) solar cells. It demonstrates major processing issues for 

this particular cell design and investigates the potential for elimination of these issues by 

applying inkjet texturing. 

 

5.1 Inkjet patterning and texture formation 

The aim of this section was to apply the modified inkjet method described in the previous 

chapter to fabricate hole and line patterns in dielectric layers. The patterns were used for the 

texturing of multicrystalline wafers by the formation of honeycomb and u-groove surface 

structures through chemical etching of the exposed Si.  

Experimental 

Saw damage was removed from the surfaces of multicrystalline wafers by etching in an acidic 

solution followed by the growth of a thermal SiO2 of reasonable thickness (580-590 nm, same 

as in Chapter 4, Section 4.3.2) that can withstand the subsequent Si etching. The SiO2 was 

inkjet-patterned with circular holes and straight lines applying the modified method from 

previous chapter (see Section 4.4.5, Chapter 4). To create an etching mask for a honeycomb 

texture, the droplets were printed in a hexagonal array with a droplet spacing of 80 µm (see 

Figure 5-1). Lines were printed with the standard droplet spacing of 25 µm but were placed 

100 µm apart (centre to centre). It should be highlighted again that the patterning process 

could have been performed using other dielectrics such as PECVD SiO2 or SiNx. These films 

may be preferred for cell texturing because the high temperatures needed for the growth of 

the thermal SiO2 can degrade the multicrystalline wafers.  
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Figure 5-1: Illustration of the printing layout for the honeycomb texture.  

 

Following the patterning of the SiO2 layer and resist removal, an acid solution, comprising 

ten parts of 69% (w/w) HNO3 and one part of 49% (w/w) HF, at room temperature, was used 

to isotropically etch the Si to form hemispherical bowls and u-grooves. The spaces between 

the openings in the dielectric layer were automatically shaped into sloped walls, which 

represented the antireflective structures of these textures (see Figure 5-2). They reflect a 

fraction of the perpendicularly incident light downward, allowing it to strike the Si surface 

again and giving the light a second chance to enter the cell. Light reflected of the upper 

sections of the sloped walls will strike the Si surface another two times.   

 

 

Figure 5-2: Cross-sectional schematic of the etched honeycomb and u-groove structures. 

 

The wafers were etched until the spaces between the structures were minimised, and the 

etching solution was agitated to facilitate a more uniform etch rate across the wafer surface 

and more defined and deeper wells and grooves. The duration of the etching was optimised in 
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order to obtain surface textures with minimum surface reflection (see following section). The 

remainder of the SiO2 etch-mask was removed by immersion of the wafers in 7:1 BOE 

solution.  

Results and discussion 

The etched SiO2 hole and line patterns are shown in Figure 5-3, whereas Figures 5-4 and 5-5 

illustrate SEM images of the formed honeycomb and u-groove textures, respectively. The 

SEM images demonstrate that the texture structures were uniformly etched across the surface 

of the wafers. The honeycomb textures did not differ much in structure from the ones 

produced by photolithography. The different grain orientations of the multicrystalline wafers 

had no significant effect on the shape and uniformity of the inkjet texturing. Grain boundaries 

(GBs) also showed a minimum effect on the shape of the honeycomb bowls and u-grooves.  

 

 a)                                                                            b) 

          

Figure 5-3: Optical micrograph of the etched SiO2 a) hole pattern  

and b) line pattern. 
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a)                                                                            b) 

              

Figure 5-4: SEM images of inkjet-fabricated honeycomb textures, at a) low and b) high 

magnification. 

 

a)                                                                             b)

               

Figure 5-5: SEM images of inkjet-fabricated u-groove textures, at a) low and b) high 

magnification. 

 

Conclusions 

It was demonstrated that the inkjet patterning technique could be used as an alternative to 

photolithography to pattern dielectric layers, allowing chemical etching of Si and the 

fabrication of honeycomb and u-groove surface structures. The textures were uniformly 

etched across the surface of the wafers and did not differ much in structure from the ones 

produced by photolithographic patterning. The different grain orientations and GBs had no 

significant effect on the shape of the textures.  
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5.2 Optimisation of etching time 

This section presents a brief summary of the performed optimization of the honeycomb and 

u-groove etching duration in order for the inkjet textures to produce minimum front-surface 

reflection.  

Experimental 

Front-surface reflection was measured on wafers (with an inkjet-patterned SiO2 on the 

surface) immersed in the aforementioned HNO3:HF etching solution at different times. The 

measurements were performed between 300 and 1000 nm using a spectrophotometer (CARY 

500) with an integrating sphere. The WARfront was calculated by weighting the measured 

reflection according to the intensity of direct radiation in the AM1.5G spectrum.  

Results and discussion 

Increasing the etching time in the HNO3:HF solution reduced the portion of the reflective flat 

areas between the honeycomb bowls (the flat areas can be seen in Figure 5-4 (b), Section 5.1). 

Over-etching however reduced the steeper regions of the bowls, leaving less area for the 

multiple-bounce effect. As a result the front-surface reflection was increased, as shown in 

Figure 5-6.  

 

 

Figure 5-6: WARfront of inkjet honeycomb textures with no surface dielectrics graphed as a 

function of etching duration. 

 

These findings agreed with previously reported results, where an optical ray tracing model 

was used to show that under-etching of honeycomb structures actually resulted in higher Jsc 
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potential than over-etching [Zha99]. This trend was not evident in the etching time 

optimization for the inkjet u-grooves. It was found that an etching duration of 11 min resulted 

in the lowest front-surface reflection (see Figure 5-7).  

 

 

Figure 5-7: WARfront of inkjet u-groove textures with no surface dielectrics graphed as a 

function of etching duration. 

 

Conclusions 

The optimization of the etching duration for the inkjet textures demonstrated that the 

maintenance of the steeper regions of the honeycomb structures was more critical for the 

decrease of external reflection than the reduction of the flat areas between the bowls. 

Furthermore, inkjet u-grooves required a longer etching duration to minimise external 

reflection. 

 

5.3 Reflection analysis  

To determine the effectiveness of inkjet texturing on multicrystalline wafers, front-surface 

reflection of the inkjet-fabricated honeycomb and u-groove textures was compared to the 

external reflection of planar surfaces and textures used in the industry.  

Experimental 

Reflection measurements were performed with a spectrophotometer (CARY 500) with an 

integrating sphere, on chemically-polished wafers and iso-textured wafers coming from an 
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industrial solar cell production line. The measurements were performed between 300 and 

1000 nm, followed by the WARfront calculations. External reflection data of optimally etched 

inkjet textures, obtained in previous section, was used in the comparisons.  

Results and discussion 

Figure 5-8 shows that inkjet texturing significantly reduced front-surface reflection of 

multicrystalline wafers when compared with a chemically-polished surface. The inkjet-

fabricated honeycomb texture resulted in lower reflection than the u-groove texture for the 

complete wavelength range. This was mainly due to the reduced flat bottom area of the 

honeycomb texture when compared to the u-groove texture.  

 

 

Figure 5-8: Front-surface reflection of chemically-polished and inkjet-textured multicrystalline 

Si wafers. 

 

Figure 5-9 shows that inkjet honeycomb texturing matched the performance of industrial iso-

texturing in the infrared range and outperformed it slightly in the visible and UV range. 

Overall the honeycomb textures resulted in a WARfront of 25.2% and the iso-textures resulted 

in a WARfront of 26.4% (see Table 5-1). This demonstrated the effectiveness of inkjet 

honeycomb textures with the multiple-bounce effect of their steep walls being the main cause 

for this reduction in front-surface reflection. WARfront of inkjet u-groove textures was 29%, 
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the higher WARfront resulting from the increased flat bottom regions, which were defined by 

the etch windows (lines) patterned in the etching mask layer. 

 

 

Figure 5-9: Front-surface reflection of industrially iso-textured and inkjet-textured 

multicrystalline Si wafers. 

 

Table 5-1: Calculated WARfront for different texture schemes. 

Texture scheme WARfront (%) 

Chemically-polished 38 

Industrial iso-texturing 26.4 

Inkjet honeycomb  25.2 

Inkjet u-grooves 29 

 

In order to further reduce the front-surface reflection of inkjet texturing, a reduction in the flat 

base regions of the inkjet textures was required. This can be achieved by reducing the size of  
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the features (holes and lines) inkjet-patterned into the SiO2 layer, which would allow closer 

centre-to-centre spacing of the holes and lines and would result in an increased area of steep 

regions of the bowls and grooves. Possible methods to reduce the pattern sizes in the 

dielectric layer were described in Section 4.5, Chapter 4; hence continuous improvement of 

inkjet technology and development and optimisation of the inkjet patterning could see 

additional reduction in pattern feature sizes and improvements in optical performance.   

Alternatively, the wet chemical etching could be altered or other etching techniques applied, 

to etch the exposed Si more deeply and reduce the external reflection. An etching process 

which is readily available and can provide deeper structures is plasma etching. Previous work 

(see Section 2.2.3, Chapter 2) has demonstrated formation of hexagonal ellipsoids with a 

higher aspect ratio of depth/width using a photolithographically-made etching mask and a 

two-step RIE process. The ellipsoids showed to provide a greater probability of a multiple 

bounce for incoming photons, and reduced the front-surface reflection to ~14%, making the 

texture almost compatible with wet-chemically-etched pyramids on monocrystalline wafers 

[Sch03].  

Conclusions 

Reflection analysis showed that inkjet-fabricated textures were able to reduce external 

reflection substantially when compared to planar (chemically-polished) wafers. The 

honeycomb texture proved to be a match for the industrial iso-texture, resulting in slightly 

lower external reflection than the latter. The optical properties of inkjet honeycomb textures 

are investigated further in the following section.  

 

5.4 Further optical performance analysis of inkjet honeycomb textures 

Optical properties of inkjet honeycomb textures and the comparison to non-textured (planar) 

surfaces and industrial iso-textures were assessed further in this section. This was performed 

by applying a novel geometrical modelling method that uses matrices to describe the angular 

distribution of light as it interacts with the Si surface. The method was developed at UNSW 

by Li et al. [Li15]. It enabled the simulation of absorption and optical losses for Si wafers 

using the three morphologies on their front surface. The wafer ray tracer from PV Lighthouse 

(see Section 4.8, Chapter 4) could not be used in this analysis due to its inability at the time to 

perform optical calculations for curved surface morphologies. 
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5.4.1 Optical analysis using angular distribution matrices 

Optical simulations were performed with a recently developed matrix method that considers 

the light’s angular distribution as it interacts with a Si surface (reflection and transmission). 

The theory associated with this method is briefly summarised in this section, while a more 

detailed explanation may be found in [Li15]. 

The possible angular space for light’s interaction (incidence and scatter) with a Si surface and 

consequent propagation of light inside the wafer is –π/2 to π/2. This space can be divided into 

m equal distributions (width = π/m) with the central angles θ1 to θm representing the 

corresponding distributions. In this manner all light rays are simply grouped into angular 

intervals, which will represent directions of incident light distribution and scattered 

(reflection, transmission) light distribution. To simplify calculations, these light distributions 

are converted into vectors, with the number of their elements being determined by the chosen 

number of angular intervals.  

An in-house 2-dimensional (2-D) ray-tracing algorithm (including the application of the 

transfer matrix method for surfaces with optical films) is used to construct reflection matrices 

R and transmission matrices T (see Eq. 1 and 2), which describe the relation of the 

aforementioned incident angles and scattered (reflected and transmitted) angles. The fraction 

of light with an incident angle of θi reflected or transmitted at a surface with an angle of θj is 

expressed as rij or tij, respectively. After the reflection and transmission matrices are 

formulated, the light’s angular distribution after an interaction with a surface is simply 

calculated by multiplying the light’s initial angular distribution with the above matrices. The 

resulting distribution vectors can then be used for the following surface interaction 

calculations. 
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The absorption of light as it travels through the Si wafer is determined in the same manner 

[i.e., by multiplying the light’s angular distribution with the absorption matrix A (Eq.  3)]. 

The matrix is a diagonal matrix, which only reduces the light’s intensity and has no effect on 

its direction of propagation. The absorption of light in a single pass through a Si wafer, 

propagating at an angle θi to the normal direction, is expressed as aii. This equals to

 1 exp / cos id   , where α is the absorption coefficient of Si and d is the thickness of the Si 

wafer. By combining all the matrices for the two surfaces and the bulk of the wafer a final 

reflection, transmission and absorption matrix for the whole cell structure can be obtained. 

The product of the initial light distribution and each of the final matrices results in final 

reflection, transmission and absorption distribution, whose sum of elements is the total 

reflection, transmission and absorption by the cell structure, respectively. 
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5.4.2 Geometrical modelling of inkjet honeycomb textures and industrial iso-textures  

The diameters of the honeycomb spherical bowls and the flat bottom areas were ~80 and ~40 

µm, respectively. These dimensions were determined by the diameter of the inkjet-patterned 

holes in the etching mask layer (SiO2) and their centre-to-centre spacing. As mentioned in 

Section 5.2, another fraction of the honeycomb textured surface that was planar corresponded 

to the regions between the bowls (see Figure 5-4 (b) and Figure 5-10 (a)). The bowl 

dimensions together with the flat regions between them formed the 2-D geometrical model of 
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the honeycomb textures (see Figure 5-10 (b)). The fraction of the flat area between the bowls 

was determined by fitting the measured front-surface reflection with simulated reflection data 

(see Section 5.4.1), using the length of the flat edge (x) on each side of the bowl as a fitting 

variable. An optimum fit was achieved with an edge length of 0.8 µm. The resulting fit and 

accuracy of the model and simulations were demonstrated in Figure 5-10 (c).  

 

      a)                                                                    b) 

 

Figure 5-10: a) SEM micrograph of inkjet-fabricated honeycomb textures. b) 2-D geometrical 

model of the honeycomb textures. c) Measured and simulated front-surface reflection of 

normally incident light by honeycomb textures. 

 

Several authors have identified the geometry of iso-textures (see Figure 5-11 (a)) with 

semicircular cross-sections or so-called spherical caps [Nis99], [Che11], [Li12]. This 2-D 

geometrical model has been validated by using it in combination with a suitable analytical  
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expression for wavelength-dependent hemispherical reflection of normally incident light to 

simulate and fit front-surface reflection data measured on iso-textures with varying depth [i.e. 

varying acidic etching durations] [Bak12a]. The depth of the spherical caps, in other words 

the steepness of the side walls, was characterised by the angle ω (see Figure 5-11 (b)). It was 

the only factor that determined the texture’s geometry, and hence the only fitting parameter. 

The same geometrical model for iso-textures was used in this work, whereas the matrix 

method was used to simulate the front-surface reflection of normally incident light. The depth 

of the iso-textures (caps) was varied until the measured reflection data was described well by 

the simulated data. Figure 5-11 (c) shows the closest fit for ω = 68°, once more demonstrating 

the accuracy of the geometrical model and the simulations.  

 

         a)                                                                 b) 

 

Figure 5-11: a) SEM micrograph of iso-textures. b) 2-D geometrical model of the iso-textures. c) 

Measured and simulated front-surface reflection of normally incident light by iso-textures. 
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5.4.3 Photocurrent calculations 

The established geometrical models for inkjet honeycomb and iso-textures, along with the 

planar surface geometry, were used to simulate optical losses (reflection, transmission, 

parasitic absorption) and gains (absorption in Si wafer) for solar cell structures featuring the 

three surface morphologies on the front surface.  

Experimental  

The simulations were performed in the 300-1200 nm wavelength range and weighted with the 

standard AM1.5G solar spectrum to convert them into Jph. As in Section 4.8, Chapter 4, a 

front-surface ARC (SiNx), rear-surface metallisation, and a wafer thickness of 200 µm were 

used in the simulations to estimate the optical performance for solar cell structures 

commonly-used in manufacturing. The rear surface of the wafer was modelled as a planar 

surface and the SiNx thickness on the front surface was varied until an optimum value was 

determined that resulted in the maximum Jph absorbed in the Si wafer. The refractive index of 

the SiNx layer was assumed to be 1.99 (at 633 nm) and the remaining real and imaginary 

refractive index data were taken from [Dut12]. The Jph absorbed in the Si wafer was the 

theoretically maximum Jsc achievable by a solar cell fabricated from the analysed structure.  

The first set of simulations was performed with a rear diffusing reflector (65%) modelling 

screen-printed Al on the rear surface of the cell [Kra08]. The second set of simulations was 

performed with a unity specular internal reflector on the rear surface of the wafers. This 

configuration corresponds closely to the optical characteristics of a rear-dielectric-passivated 

surface with a layer of Al evaporated over the dielectric layer. The latter rear structure is 

employed by high-efficiency Si solar cells and not only increases the rear internal reflection 

but also reduces recombination at the rear surface. 

Results and discussion 

Figure 5-12 shows the calculated absorption and reflection data from wafers featuring inkjet 

honeycomb textures, iso-textures and no texturing covered by SiNx on the front surface and a 

screen-printed Al layer on the rear surface. A SiNx thickness of 75 nm was found to be 

optimum for the two textures, while a 77 nm thickness was ideal for the planar surface. The 

honeycomb textures resulted in reduced reflection and enhanced absorption over most of the 

investigated wavelength range, when compared to the non-textured surface. This 

demonstrated the effectiveness of the inkjet texturing method on multicrystalline wafers. In 
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the short wavelength region the honeycomb-textured surface also resulted in slightly lower 

reflection and higher absorption compared to the iso-textured surface. The two textures 

demonstrated similar optical performance over the remaining wavelengths.  

 

 

Figure 5-12: Simulated reflection of and absorption in solar cell structures with honeycomb 

textures, iso-textures and no texturing covered by an optimised thickness SiNx layer on the front 

surface and screen-printed Al on the rear surface. 

 

Table 5-2 summarises all the Jph losses and gains. The greatest optical loss for all surface 

structures was the external reflection. Non-textured wafers lose 10.04%, inkjet-textured 

wafers lose 7.15% and iso-textured wafers lose 7.45% of the incident potential photocurrent. 

An approach to reduce the external reflection of iso-textures is to increase the depth of the 

spherical caps (increase angle ω). However, this would necessarily result in less Si being 

removed during texturing; therefore the increased feature curvature and surface area would 

result in increased surface recombination [Bak12b]. Since the iso-textured wafers were 

obtained from an industrial production line, it is believed that the texture depth was optimised 

for the maximum solar cell performance and hence that there may not be much more room for 

improvement with the iso-textured surface. Methods to reduce external reflection of inkjet 

honeycomb textures were described in Section 5.3. Alternative etching techniques that  

0

10

20

30

40

50

60

70

80

90

100

0

10

20

30

40

50

60

70

80

90

100

300 400 500 600 700 800 900 1000 1100 1200

A
b

so
rp

ti
o

n
 (

%
) 

R
ef

le
ct

io
n

 (
%

) 

Wavelength (nm) 

A (honeycomb texturing)

R (honeycomb texturing)

A (iso-texturing)

R (iso-texturing)

A (planar wafer)

R (planar wafer)



___________________________________________________________________________ 

90 

 

produce structures with higher depth-to-width aspect ratio were identified as most feasible 

methods, demonstrating the potential for significant enhancement in the optical performance 

of inkjet honeycomb textures.     

 

Table 5-2: Simulated losses and gains of wafers with different surface morphologies expressed in 

Jph. The wafers’ front surface is covered with a SiNx and the rear surface with a screen-printed 

Al layer [i.e., diffuse rear reflectance].  

 

Honeycomb texturing Planar wafer Iso-texturing 
  

 

Jph (mA/cm
2
) Jph (mA/cm

2
) Jph (mA/cm

2
)   

Incident 46.51 46.51 46.51  
 

Losses 

  

   

Reflection - front surface 3.33 4.67 3.46   

Reflection - rear surface 1.04 0.73 1.04   

Reflection - total 4.36 5.40 4.50   

Transmission 0 0 0   

Absorption - front films 0.05 0.04 0.05  
 

Absorption - rear films 3.08 3.18 3.08   

   

   

Absorption in wafer 

(photogeneration) 
39.02 37.89 38.88 

  

 

All wafers also significantly suffered from absorption of long wavelength light in the Al layer 

(6.6-6.8% of incident Jph). Until improvements in Al pastes can address this issue, the only 

method in which to avoid this parasitic absorption is to include a dielectric layer between the 

Si and the metal (see Figure 5-13 and associated discussion). Considering the total absorption 

in the wafer, the honeycomb textures resulted in a significant increase in photogenerated 

current when compared to a planar wafer, the advantage resulting mainly from lower external 

reflection. The slight Jph increase when compared to iso-textures resulted from lower external 

reflection as well.  

Figure 5-13 shows the simulated absorption and reflection data from the wafers having a 

unity specular internal reflector on the rear surface. For this configuration 74 nm was found to 

be the optimum SiNx thickness for the two front surface texture schemes and 77 nm once 

again for the planar surface. The reflection and absorption data for the two textures in the 

near-bandgap range, in Figure 5-13, show the expected change caused by the rear reflector in 
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conjunction with the quality of the light-trapping created by the texturing geometry. The 

amount of photocurrent reflected internally by the rear surface and escaping through the front 

was significantly increased and was nearly as high as the photocurrent reflected from the 

front surface (see Table 5-3). The simulation of this “escaped” photocurrent enabled the 

trapping quality of long-wavelength light to be easily evaluated. It demonstrated a strong 

advantage of honeycomb textures over planar wafers. This was indicated by the total 

absorbed Jph, the inkjet-textured wafers resulting in a 1.9 mA/cm
2
 (5%) increase over planar 

wafers.    

 

 

Figure 5-13: Simulated reflection of and absorption in solar cell structures with honeycomb 

textures, iso-textures and no texturing covered by an optimal thickness SiNx layer on the front 

surface and a “mirror structure” on the rear surface. 

 

Regarding the comparison between the two textures the light trapping quality was very 

similar, the honeycomb textures demonstrating a very slight improvement and once again 

resulting in slightly higher photocurrent generation. For example, the reflection at 1100nm 

from the textured samples is significantly less than that of the planar device due to the latter 

being unable to trap light within the silicon for more than a single pass across the wafer as 

essentially all light reflected internally from the rear surface strikes the front surface within 

the escape cone and is therefore lost. In comparison, the slight superiority of the honeycomb 
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texture over the iso-texture at this same wavelength gives evidence for its enhanced ability to 

trap this wavelength of light within the Si for longer average distances. It is therefore 

concluded that the aforementioned deeper etching and improved depth to width aspect ratio of 

the honeycomb textures could also result in further improvement in light trapping of near-

bandgap light, which would see the total reflection of light reduced and the total 

photogenerated current increased. Another presumed benefit is that the honeycomb texture 

morphology can be more easily passivated than iso-textures due to the higher regularity and 

reduction of sharp features of the texture. 

 

Table 5-3: Simulated losses and gains of wafers with different surface morphologies expressed in 

Jph. The wafers’ front surface is covered with a SiNx and the rear surface with a “mirror 

structure”.  

 

Honeycomb texturing Planar wafer Iso-texturing 
  

 

Jph (mA/cm
2
) Jph (mA/cm

2
) Jph (mA/cm

2
)   

Incident 46.51 46.51 46.51  
 

Losses 

  

   

Reflection - front surface 3.34 4.67 3.48   

Reflection - rear surface 3.19 3.76 3.25   

Reflection - total 6.53 8.43 6.73   

Transmission 0 0 0   

Absorption - front films 0.05 0.04 0.05  
 

Absorption - rear films 0 0 0   

   

   

Absorption in wafer 

(photogeneration) 
39.93 38.04 39.73 

  

 

Conclusions  

Photocurrent absorption and sources of optical losses were computed from simulations of 

inkjet honeycomb textures, planar morphology and iso-textures on the front surface of solar 

cell structures with an ARC and rear metallisation. The inkjet textures were demonstrated to 

result in enhanced absorption over planar wafers. The improvement over industrial iso-

textures was not as large, but still representing a promising result, considering that deeper 

etching could further increase the photocurrent generated by solar cells using this texture. 

This is coupled with the benefit of being easier passivated and being able to selectively define 

by inkjet-patterning regions on a surface to be textured.  
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5.5 Inkjet texturing for multicrystalline Si LDSE solar cells 

This section investigates the potential of inkjet texturing to improve multicrystalline Si LDSE 

solar cells. Laser doping has been developed as a simple and low-cost replacement for the 

conventional thermal diffusions when forming heavily localized doped regions in Si 

[Wen02]. It can be used to form beneficial SE solar cells by selectively removing the ARC 

and simultaneously melting the Si underneath to incorporate dopants (surface of wafer coated 

with a dopant source prior to laser doping step) into the melted region. Self-aligned 

metallisation can then be performed on the exposed heavily doped regions by applying plated 

metal contacts [Tja07]. Laser doping represents an attractive option for SE multicrystalline 

solar cells because it can replace the high temperature processing which is usually needed to 

form the heavily doped regions and which is detrimental for multicrystalline wafers. 

 

5.5.1 Issues with laser doping multicrystalline Si solar cells 

During the conventional iso-texturing of multicrystalline wafers 3-5 µm of the Si surface are 

etched away, simultaneously providing for the removal of saw damage from the Si wafer 

surface. Deep crevices at GBs and curved trenches remain on the wafer surface after the 

texturing process however. These features were shown to cause major challenges in the 

processing of multicrystalline Si LD solar cells [Tja08, Wan09].  

GBs introduced surface roughness, making the interaction between the laser and the surface 

inconsistent and causing difficulties for the laser to uniformly melt and dope the Si surface, 

especially if the GBs were deeper than ~2 µm. This resulted in discontinuity of LD lines 

leading to localized high contact resistance, junction shunting and discontinuity of metal 

plated fingers. Figure 5-14 (a) shows incomplete melting of a deep GB and the consequent 

discontinuity of the LD line. 
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a)                                                                                 b) 

           

Figure 5-14: a) SEM image showing a crossing on the wafer surface between a GB and a LD 

line. b) FIB image of incomplete melting of a deep GB underneath a LD line [Tja08]. 

 

Deep GBs can also become buried underneath LD lines (see Figure 5-14 (b)). The focused 

ion beam (FIB) image shows a continuation of a GB under the melted-and-then-recrystallized 

LD line although the top of the GB has been completely melted. The buried GBs provided 

shunting paths for the plated metal to contact the lightly diffused n-type layer or even the p-

type bulk, reducing the FF of finished LD cells significantly (down to 44-72%).  

Previous work has demonstrated that GBs can result in over-plating on multicrystalline LD 

cells, as well. The conventionally used ARC (SiNx) was unable to sufficiently coat the side 

walls and base of the deeper GBs, leading to a thinner or non-existent SiNx layer in those 

regions. This resulted in metal (Cu) plating onto the uncoated regions during the cell 

metallisation process (see Figure 5-15), increasing shading losses and causing Schottky 

contacts between the metal and the lightly doped Si.  
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a)                                                                              b)

            

Figure 5-15: a) Optical micrograph and b) SEM image of Cu over-plating on 

multicrystalline LD cells due to GBs [Tja08], [Wan11]. 

 

Another over-plating issue for multicrystalline LD solar cells resulted from the irregularity 

and surface topology of the industrial iso-texturing. The SiNx could not be deposited inside 

deep and curved trenches of iso-textured structures, exposing the Si surface and allowing the 

metal to be plated onto these regions (see Figure 5-16). This contributed further to the 

aforementioned metal shading losses and the formation of Schottky contacts.  

 

a)                                                               b) 

              

Figure 5-16: a) FIB and b) SEM image of unwanted Cu plated in an acid-textured well [Wan09], 

[Wan11]. 
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5.5.2 Application of inkjet texturing 

The following experiment reports the formation of selective inkjet texturing. The potential of 

this texturing approach to prevent the aforementioned issues, encountered in the processing of 

multicrystalline Si LD solar cells, was investigated. Processing of inkjet-textured 

multicrystalline LD solar cells was not included in this work due to the unavailability of 

required specialised equipment.  

Experimental  

Multicrystalline wafers were saw-damage-etched in an acidic solution followed by thermal 

oxidation. The optimised method from Section 4.4.5, Chapter 4 was applied to inkjet-pattern 

the thick SiO2 layer. The printing pattern was adjusted not to deposit DEG droplets onto 

regions of resist under which the SiO2 was to be protected from its etchant (BOE). After 

removal of the resist, the wafers were etched in an acidic solution for texture formation (see 

Section 5.1). The formation of SiO2 patterns and surface textures was characterised with an 

optical microscope and SEM, respectively.  

Results and discussion 

Figure 5-17 shows the hole and line patterns with regions/strips of non-patterned SiO2 in-

between, resulting from the selective inkjet patterning process. The selective honeycomb and 

u-groove texturing is shown at higher and lower magnification in Figures 5-18 and 5-19, 

respectively. Fabrication of planar strips with uniform width (inner width between incoming 

well and groove edges) of ~40 µm between textured regions was demonstrated. 

   

a)                                                                           b) 

             

Figure 5-17: Optical micrograph of selectively inkjet-patterned a) holes and b) lines.  
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The width for the planar strips was selected to accommodate the width (~40 µm) of the metal 

plated lines, assuming that the typically 10-15 µm wide LD lines are run along the center of 

the strips. This width could be adjusted for any metal finger width by simply changing the 

printing pattern, highlighting once more one of the fundamental advantages of the inkjet 

texturing method.  

 

a)                                                                            b)

           

Figure 5-18: SEM image of selective inkjet-fabricated a) honeycomb and b) u-groove  

textures at higher magnification. 

 

a)                                                                           b) 

                 

Figure 5-19: SEM image of selective inkjet-fabricated a) honeycomb and b) u-groove  

textures at lower magnification. 

 

Deep GBs were eliminated by the saw damage removal that was performed at the start of the 

inkjet texturing process. At least 10 µm of Si was etched in the acidic solution giving the 
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wafer surface a weak polish. This reduced the depth and steepness of the GBs (see examples 

in Figure 5-20). The shallower GBs, together with the planarised strips, can facilitate more 

uniform laser doping for better continuity of LD lines. SiNx can also be deposited more 

uniformly inside the shallower GBs, providing sufficient surface protection from over-

plating.  

 

a)                                                                             b) 

              

Figure 5-20: SEM image of selective inkjet-fabricated honeycomb textures showing two 

different planar strips with GBs running across them 

 

Replacing the iso-textures with the inkjet textures also eliminated the problematic micro 

trenches, which can further reduce over-plating. It is believed that the more regular inkjet 

textures can result in more uniform SiNx coating than the iso-textures, resulting in less metal 

over-plating. An additional benefit of inkjet texturing that applies to inkjet u-grooves only can 

be utilised by running the grooves perpendicularly to the metal fingers, as shown in Figures 

5-18 (b) and 5-19 (b). This reduces the current density flowing laterally within the emitter to 

the collecting fingers, which is equivalent to decreasing the Rsheet losses of the top layer by 

approximately a factor of π/2. As a result metal fingers can be spaced further apart, 

decreasing shading and recombination losses at the front surface. The reduction of the flat 

bottom areas of the inkjet u-grooves has to be taken into consideration however, to make the 

exploitation of the mentioned benefit worthwhile.   

As mentioned in the introduction of this section, the fabrication of inkjet-textured 

multicrystalline LD solar cells was not included in this work. A laser that allowed accurate 

alignment and placement of LD lines in the centre of the non-textured strips was unavailable 
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at the time of this work; hence the complete cell processing could not be performed and was 

left outside the scope of this thesis.  

Conclusions 

Formation of selective inkjet texturing was shown, demonstrating the ability of this texturing 

approach to eliminate major processing issues for multicrystalline Si LD solar cells, described 

in Section 5.5.1. The complete processing of inkjet-textured multicrystalline LD solar cells 

could not be performed due to the unavailability of a specialised laser at the time of this work.  

 

5.6 Chapter summary  

This chapter demonstrated the ability of the novel inkjet patterning technique to be used as an 

alternative to photolithography to pattern dielectric layers needed for the formation of high-

efficiency surface textures on multicrystalline Si wafers. Uniform honeycomb and u-groove 

surface structures were fabricated, resembling those produced by photolithography.  

Inkjet texturing was demonstrated to be effective in reducing front-surface reflection of 

multicrystalline wafers. When compared to chemically-polished wafers, the inkjet 

honeycomb textures demonstrated a significant improvement in front-surface reflection. The 

honeycomb textures also slightly outperformed industrial iso-textures. The inkjet u-groove 

texture was shown not to be as effective in the reduction of external reflection due to the 

increased flat regions at the bottom of these structures.  

The optical properties of inkjet-patterned honeycomb textures, planar surfaces and industrial 

iso-textures were analysed and compared further using a geometrical modelling method that 

uses matrices to describe the angular distribution of light as it interacts with the Si surface. 

The photocurrent absorption and sources of optical losses were computed from simulations of 

the three morphologies on the front surface of solar cell structures with an ARC and rear 

metallisation. The inkjet-patterned textures were demonstrated to result in enhanced 

absorption over planar surfaces for cell structures with both a rear diffused reflector and with 

a rear surface with unity specular internal reflection. The improvement over industrial iso-

textures was shown to be not as large. Features of the inkjet texturing that would need to be 

improved before further optical benefits over iso-textures could be realised, were highlighted.  
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Lastly, the chapter demonstrated the potential of applying inkjet texturing to multicrystalline 

Si LDSE solar cells. It was shown how selective inkjet texturing can potentially eliminate 

some major processing issues for LD multicrystalline solar cells and can also effectively 

reduce emitter sheet losses if textured grooves are used perpendicular to the metal finger 

directions. Although, inkjet-textured multicrystalline LD solar cells could not be processed at 

the time of this work due to the unavailability of a laser that would allow accurate alignment 

and placement of LD lines in the centre of the non-textured strips, the work presented in this 

chapter highlights the potential of the selective inkjet texturing to address previously-reported 

limitations of LD multicrystalline solar cells. 
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Chapter 6 

Aerosol jet printed 

semiconductor finger solar 

cells - Design, fabrication & 

characterisation 

 

 

The work in this chapter focuses on the application of patterning-via-printing of Si wafer 

surfaces for the formation of localised diffusions, which are to be integrated into the 

development of a particular solar cell structure known as the semiconductor finger solar cell 

(SFSC). The chapter commences with a review of developments of this cell concept and the 

introduction of the SFSC approach, investigated in this thesis. 
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The patterning process involved the deposition of a specific ink in the form of narrow ~20 µm 

lines on the surface of Si wafers. The Dimatix printer used so far in this thesis was not 

suitable for this task because of the printhead’s ink restrictions for reliable jetting and, more 

importantly, because of its inability to deposit ink lines of widths below 50-60 µm with the 1 

pL cartridges.  

The patterning process required a more advanced printing tool which initiated the application 

of the aerosol jet printer (AJP). An overview of the AJP and its operation was given in 

Section 3.3, Chapter 3. This chapter explains the effects of the parameters involved in the 

AJP deposition process. The optimisation of these parameters was performed for the 

deposition of ink lines required for the fabrication of the SFSC.   

The chapter continues with the investigation of another two key cell fabrication processes, 

these being the formation of semiconductor fingers (SFs) and a lightly doped front surface 

emitter. This was followed by the fabrication of SFSCs and their characterisation.  

 

6.1 Existing SFSC concepts 

Selective emitter (SE) technologies have been proposed for solar cell production to improve 

the cell performance over the conventional homogeneous-emitter screen-printed solar cells 

(SPSCs). Several techniques for forming a SE have been developed up to date. One (inkjet 

patterning and heavy diffusion) has been mentioned and briefly described in Section 4.2, 

Chapter 4 and another (laser doping) in Section 5.6, Chapter 5. 

Previous research work at UNSW has also aimed to incorporate a SE into standard SPSCs, 

which led to the development of the SF cell concept [Wen05], [Mai06]. SFs are narrow 

heavily doped lines, running across the top surface of a solar cell. If spaced closely together 

(<1 mm), they can decrease the lateral resistance of the top surface, which allows the emitter 

to be lightly doped and improves its collection of short wavelength light. This results in a 

boost of the cell’s Jsc and Voc, and overall efficiency. The third main electrical solar cell 

parameter, the FF, is not affected because of the aforementioned low lateral resistance of the 

emitter. The Ag fingers are printed perpendicularly to the SFs, allowing the current to be 

transferred from Si to metal at their cross-over points, without any significant contact 

resistance losses. This is also contributing to keeping the cell’s FF high.  
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6.1.1 Laser-grooved SFSC 

The SF cell concept was introduced with a laser-grooved SFSC (see Figure 6-1). Deep 

grooves were scribed with a laser on the wafer’s surface through a thermal SiO2 layer. The 

grooves were heavily diffused (Rsheet ~ 10 Ω/□) and the SiO2 was acting as a diffusion mask, 

leaving the rest of the surface lightly diffused. The width of the grooves was ~20 µm and the 

depth was ~20-30 µm, increasing the total area of the grooves for current carrying capacity 

and good ohmic contact formation between the SFs and the Ag fingers. The increased 

effective conductivity of the emitter allowed for greater Ag finger spacing than 

conventionally used, resulting in less metal shading and an increased Jsc. Applying a specific 

Ag paste, the metal fingers did not penetrate the ARC (SiNx) during the firing process and the 

metal-Si contact was only made at the heavily diffused and exposed SFs (SFs not covered by 

SiNx). Printing the Ag grid perpendicular to the SFs made this formation of the SE self-

aligning, adding another advantage to this technology. The best result achieved with the laser-

grooved SFSC was 18.4% efficiency on large size (155 cm
2
) wafers [Mai10].       

 

 

Figure 6-1: Schematic of the laser-grooved SFSC [Mai10]. 

 

The disadvantage of the laser-grooved SFSC was the substantial fabrication process involving 

the diffusion masking step, etching of the grooves to remove laser damage and an additional 

diffusion to form the heavily doped SFs. The additional heavy diffusion step is also 
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incompatible with low-cost multicrystalline wafers because of the bulk lifetime degradation 

caused by high temperature processes. 

 

6.1.2 LD SFSC 

To simplify the fabrication process and lower the thermal budget, buried laser grooves were 

replaced with LD lines, leading to the LD SFSC [Wen06]. Its schematic is shown in Figure 6-

2. The laser doping process was explained in Section 5.6, Chapter 5. The formed SFs were 

~10 µm wide, very shallow (depth ~ 1 µm) and their Rsheet was ~5 Ω/□. A significant 

problem, encountered with this approach, was the inability of the Ag paste to form a good 

contact with the LD region. It was found that the formation of Ag crystallites in the LD 

region was very poor, which was believed to be the major cause for the high contact 

resistance and cells’ poor FF (high Rs) [Mai10]. Another issue with LD SFs was the laser-

induced damage, which led to junction shunting and junction recombination. The reason for 

the laser-induced defects was found to be the mismatch in thermal expansion coefficients 

between Si and SiNx [Tja07], [Sug07].     

 

 

Figure 6-2: Schematic of the LD SFSC [Mai10]. 

 

6.1.3 Advanced SFSC 

The latest approach to this cell design focused on overcoming the aforementioned contact 

resistance problem, leading to the development of the advanced SFSC [Wan12]. A thin metal 
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layer was deposited on top of the SFs via LIP to form a low-resistance contact between the 

SFs and Ag fingers (see Figure 6-3). Ni and Cu were plated onto the SFs, providing not only 

a good ohmic contact to the Ag fingers but also low contact resistance between the Si and the 

plated metal and an increase in emitter conductivity, allowing even further Ag finger spacing.  

The screen printing and firing of Ag fingers and busbars had to be done prior to SF formation 

and plating, to avoid driving the plated metals into the junction at the high firing 

temperatures. A fritless Ag paste was used and the firing conditions were carefully optimised 

to avoid firing through the SiNx. The Ag fingers had to be isolated from the n-type Si to 

remove their electrical potential and make them less attractive to the metal ions in the plating 

solution [Mai13]. This prevented plating of the Ag fingers, especially at the intersections with 

the SFs, which improved the plating uniformity of the SFs on the regions adjacent to the 

screen printed fingers and allowed a better metal-to-metal connection between the SFs and 

Ag fingers. 

 

 

Figure 6-3: Schematic of the advanced SFSC [Wan12]. 

 

It was also necessary for the applied Ag paste to make good mechanical contact and provide 

good adhesion to the SiNx. Furthermore plating solutions which had no detrimental effect on 

the adhesion of the Ag fingers had to be carefully selected. The requirements for the Ag paste 

and its firing process, together with the plating bath compatibility, can be considered as 

drawbacks of the advanced SFSC. Another drawback of this approach was the non-uniform 

dopant distribution across the surface of the cell caused by the Ag grid. This lead to non-
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uniform laser doping and SF conductivity across the cells’ surface and consequently to 

inadequate Ni plating on less conductive LD line sections. Ni voids were formed on these 

locations causing high contact resistances between the LD Si and the plated metal [Tja10].  

The highest achieved efficiency with this approach on large-size (155 cm
2
) commercial 

wafers was 18.5% [Mai13]. Despite addressing the limitations of the two previous SFSC 

approaches, further process optimisation and improvements in efficiency are necessary before 

the benefits of this approach can outweigh the inconveniences of the extra metallisation 

processing step (plating) and this cell design can be seen in mass production.  

 

6.1.4 Conclusions 

Already existing SFSC concepts were reviewed, describing the pros and cons of each concept 

and illustrating the up-to-date development of this particular solar cell structure. The 

fabrication process has been simplified throughout the development; however the efficiency 

of the latest cell concept needs to be increased or its fabrication process simplified even 

further before it can have an impact in PV production.    

 

6.2 Aerosol jet printed SFSCs 

This chapter introduces an alternative method of fabricating SFSCs, with the potential to 

overcome the limitations of the three approaches described above. The method is based on 

patterning-via-printing and an etch-back process, a concept similar to the inSECT technology 

presented in Section 3.2.3, Chapter 3. A state-of-the-art tool, the Aerosol Jet 300 Series 

Printer, was used for the patterning process. The printer and its applications in solar cell 

processing were described in Chapter 3.  

The first step of fabricating SFs via this method is a heavy phosphorus diffusion on textured 

(random upright pyramids) monocrystalline wafers to create an n-type emitter with Rsheet ~ 5 

Ω/□. The emitter is then patterned with ~20 µm wide and closely spaced resist lines using the 

AJP to deposit the resist. The wafers are immersed in a chemical etch-back solution to etch 

the emitter back to a light, high efficiency emitter (Rsheet ~ 100 Ω/□), whereas the regions 

covered with the resist are protected from the etchant and maintain their original Rsheet. The 
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printed resist lines are removed after the etch-back, leaving ~20 µm wide heavily diffused 

SFs with Rsheet ~ 5 Ω/□ on the wafer. The solar cell is completed by coating the front surface 

of the wafer with a standard ARC (SiNx), printing Ag fingers perpendicular to the SFs on the 

front and Al on the rear surface and co-firing.   

The whole fabrication sequence for the AJP SFSC is depicted in Fig. 6-4 and the details of 

the processing steps will be investigated throughout the chapter, with most emphasis given on 

the patterning and the etch-back process. The fabrication is most similar to the one applied for 

LD SFSCs, also shown in Fig. 6-4 for comparison. The differences between the two 

structures are the three processing steps required to form the SFs, which are the only 

additional processes when compared with the fabrication of conventional SPSCs (see Figure 

6-4).   
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Figure 6-4: Process flows of the AJP SFSC, LD SFSC and conventional SPSC. The additional 

processing steps (required for producing the SFs) compared to the SPSC technology are written 

in italic. 

 

6.3 Strengths and weaknesses of the AJP SFSC 

When compared to the laser-grooved SFSC, the AJP SFSC has the same advantages as the 

two latter approaches that use laser doping; that is the fabrication process for the AJP SFSC is 

significantly simplified. In fact, together with the LD SFSC, it is the simplest out of all SF 
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cell approaches, as these two need the least number of fabrication steps. In addition to the 

process simplification, the AJP SFSC approach also has benefits when compared directly to 

the LD SFSC: 

(i) Good electrical contact should be possible between the heavily diffused SFs and 

the metal. It has been shown that the shape of Ag crystallites formed on (111)-

orientated surfaces (upright pyramids) provide a bigger Si-metal interface area 

resulting in better current conduction and less contact resistance [Pys08]. Other 

work has also demonstrated that tips of pyramids don’t get covered by the glass 

layer formed during the firing of the Ag paste. Hence crystallites on the pyramid 

tips can form a direct contact to the bulk of the Ag fingers and reduce the contact 

resistance between the emitter and the metal significantly [Cab11], [Cab13]. 

(ii) The laser-induced damage is eliminated with this method of forming SFs. The 

non-contact method of surface patterning also makes this approach compatible 

with the predicted thinner wafers in the future.  

(iii) There is no need for a special Ag paste that does not fire through the SiNx layer. 

The Ag fingers need to be fired through the SiNx layer to contact the underlying 

SFs and therefore standard commercial pastes can be used for the metallisation 

process.  

(iv) Gettering, resulting from the heavy emitter diffusion, can be utilised. This effect 

was found to contribute to improvements in the Voc of SFSCs [Mai10].  

(v) The aerosol jet patterned SFs are textured and covered with an ARC, resulting in 

minimum reflection losses when compared to the LD SFs, which are relatively flat 

and without any ARC.   

One disadvantage and a fundamental difference from the other three structures is the 

unavoidable contact formation between the lightly diffused (etched-back) emitter and the 

metal fingers (MFs). The contact between the etched-back, lightly diffused surface and the 

metal is not expected to cause considerable contact resistance problems, since the current in 

the Si will choose the least resistive path to flow into the metal, and this is the cross-over 

point between the SFs and the Ag fingers. The cell will deteriorate however from increased 

surface recombination velocity and recombination losses at the interface between the Ag 

fingers and the lightly diffused emitter, which can bring the cell’s Voc down. It is believed 

however that all the benefits of this SF approach will outweigh this drawback. Another issue 
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that could be caused by the contact between metal and the lightly diffused emitter is junction 

recombination or shunting. It is assumed that the depth of the emitter after the etch-back will 

be sufficient to prevent the Ag reaching the junction. The current industrial pastes, designed 

to contact shallow emitters, support this assumption. Nevertheless this effect will need close 

monitoring during the fabrication and analysis of the AJP SFSCs.   

 

6.4 Surface patterning for SF formation 

This section covers the deposition of resist lines via aerosol jet printing on the surface of 

monocrystalline Si wafers textured with random upright pyramids. The parameters involved 

in the printing process are explained and the optimisation of these parameters is performed 

for the deposition of ~20 µm resist lines, required for the fabrication of the SFSC.  

Due to malfunction of the pneumatic atomiser at the time of this work, the patterning process 

had to be performed with the ultrasonic atomiser. The resist selected for this work was SU-8 

Photoepoxy (GM1010). It is a negative tone photoresist, made of novolac phenol epoxy resin 

mixed in gamma butyrolactone [Ger13]. It belongs to the GM10xx series and was developed 

by Gersteltec (Switzerland). The viscosity of the resist is 3-5 cP and it is used for spray 

coating, which made it suitable for ultrasonic atomisation and aerosol jet printing. Another 

fitting characteristic of the resist was its compatibility with the chemicals contained in the 

solution which are used for the etch-back process. The solution for the etch-back process is 

described in Section 6.5.   

 

6.4.1 Optimisation of AJP deposition parameters - I 

The AJP deposition process was considered in three different stages. The first stage was the 

atomisation of the ink and the subsequent aerosol generation, which took place in the 

ultrasonic atomiser (see Figure 3-9, Chapter 3). The atomisation determined the amount of the 

mist/aerosol formed in the vial and was affected by the following parameters: 

- Amount of ink in vial (usually up to ~2 mL) 

- Atomiser voltage (power given to the transducer; voltage input could be adjusted 

between 10-48 V) 

- Vial position  



___________________________________________________________________________ 

111 

 

- Water temperature in atomiser  

- Water level in atomiser 

For the atomisation of the SU-8 resist the atomiser voltage was set to 43 V, as this was the 

maximum stable voltage that could be supplied to the transducer (see Figure 6-5). Higher 

voltages showed voltage oscillations during operation resulting in atomisation instability and 

variations in produced amount of mist. 1 mL of ink (resist) was inserted into the vial and the 

water level in the atomiser was maintained aligned to the ink level in the vial to ensure 

efficient coupling of the ultrasonic energy into the ink.  

 

 

Figure 6-5: Plot of atomiser input voltage as a function of time. The plot was extracted from the 

AJP software’s feedback window. 

 

The vial position was determined by the tilt- and translate-parameters (see Figure 6-6). The 

tilt angle and translate position that resulted in strongest and most stable atomisation were 9-

10 degrees and 4-5 mm. The temperature of the water in the atomiser, which directly affected 

the temperature and viscosity of the ink, was kept at 25 °C (close to room temperature). 

Lower temperatures were found to result in insufficient and unstable atomisation, and while 

higher temperatures increased atomisation and amount of generated mist (by decreasing the 

viscosity of the ink), the viscosity and surface tension of the aerosol droplets decreased which 

resulted in undesired spreading of ink after being printed onto the surface. The five mentioned 

settings for the first stage of the deposition process (atomiser parameters) were kept constant 

during the continuing printing optimisation.  
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Figure 6-6: Tilt and translation adjustments for the ultrasonic atomiser vial [Opt08]. 

 

The deposition head represented the second stage of the deposition process (see Figure 3-10, 

Chapter 3). The following process parameters corresponded to this deposition process stage: 

- Atomiser flow rate 

- Sheath gas flow rate 

- Tip height 

The atomiser flow acted as a carrier gas to transport the aerosol from the atomiser vial to the 

deposition head. The flow rate determined how much of the aerosol was carried towards the 

deposition head and was subsequently deposited on the substrate. The optimisation of the 

atomiser flow rate is described later in the section. The sheath gas flow focused the aerosol in 

the deposition head to achieve fine material deposition. It affected the width of the aerosol jet 

exiting the tip, which had a direct impact on the deposited line width. The optimisation of this 

flow rate is shown in the following subsection.  

Tip height could be easily adjusted by varying the z-axis position of the whole deposition 

head assembly. The height adjustment was needed for focusing the aerosol beam landing on 

the surface (see Figure 6-7). If the distance between the tip and the substrate was too large, 

the beam was defocused and the width of the deposited line increased. The same happened if 

the distance was too short, as this produced turbulences in the aerosol flow [Opt05]. The tip 

height was kept in the upper part (2-2.5 mm) of the focused range for this work, to allow 

enough space for the shutter to actuate cleanly without contacting the substrate. 
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Figure 6-7: Plot of line width as a function of tip height and illustrations showing the effect of 

three different tip heights [Opt05]. 

 

The third and last stage of the deposition process was the interaction between the aerosol and 

the substrate, which was affected by: 

- Platen temperature 

- Platen speed (printing speed) 

- Number of printed layers 

The platen was in direct contact with the printed wafer (wafer sitting on top) and an increase 

in the platen temperature heated the wafer and decreased its surface energy. This showed to 

be a very critical parameter in the formation of resist lines and its optimisation is 

demonstrated in the following subsection. The amount of ink deposited on the substrate was 

directly affected by the printing speed (rate of deposition) and the number of printed layers. 

These two parameters, together with the atomiser flow rate, were the main three parameters 

varied throughout the final optimisation of line deposition.  

All the aforementioned deposition process parameters affected the geometry of the printed 

lines. The geometry of the lines was evaluated by the width and sufficient surface coverage. 

This latter characteristic required the resist to fill up all the pyramid troughs and cover all the 

pyramid peaks for textures not to get attacked by the chemicals used in the etch-back process. 

Both characteristics were examined mostly under the optical microscope during the printing 

optimisation process. 
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6.4.2 Optimisation of AJP deposition parameters - II 

This subsection presents the initial phase of printing optimisation for resist line formation. 

The effects of the deposition parameters, which have remained to be optimised, were 

investigated. These parameters were: number of printed layers, platen temperature, sheath 

flow rate, atomiser flow rate and printing speed.  

Experimental  

Numerous printing trials were performed and some were selected and shown here. Each of 

the five printing parameters was varied through a set range while the other four parameters 

were kept constant. The settings from Section 6.4.1 were used for the rest of the deposition 

parameters. Resist lines were printed on top of textured (random upright pyramids) 

monocrystalline Si wafers and characterised using the optical microscope. Table 6-1 shows 

the parameter settings for each of the performed trials. 

 

Table 6-1: Parameter settings for the printing trials. 

No of layers 

Platen 

temperature  

(°C) 

Sheath flow rate 

(sccm) 

Atomiser flow 

rate 

(sccm) 

Printing speed 

(mm/s) 

● 20 10 14 6 

30 ● 10 14 6 

30 50 ● 16 6 

30 50 15 ● 6 

30 50 15 20 ● 

 

Results and discussion 

An interesting observation resulting from the variation of number of printed layers was the 

almost stable line width with the increased number of layers (see Figures 6-8 and 6-9). 

Additionally printed layers built up on top of each other without spreading much ink to the 

side, resulting mainly in a height increase of the resist lines. This means that the initially 

printed layers provided a surface for the additional layers to stick on, and that the final width 

of the resist line was dictated by the spread (width) of the initially printed lines.  
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Figure 6-8: Influence of number of printed layers on line width. 

 

 

 

 

 
 

Figure 6-9: Optical micrographs showing resist lines printed with different number of layers. 
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A decrease in line width was observed as the platen temperature was increased from 20 to 50 

°C (see Figures 6-10 and 6-11). The surface energy of the Si wafer was reduced resulting in 

less spreading of the aerosol droplets as they landed on the surface. Less spreading and same 

amount of material deposited on the substrate increased the height of the resist lines. The 

lines printed at 50 °C provided the adequate coverage for the upright pyramids and had the 

right form for the protection of the underlying Si from the etch-back process.  

Increasing the platen temperature and reducing the surface energy of the wafer further 

resulted in spreading of deposited ink and an increase in line width. The substrate’s raised 

temperature also raised the temperature of the deposited aerosol droplets, decreasing the 

surface energy of the droplets, as well. It was believed that this effect overwhelmed the 

lowering of the substrate’s surface energy at temperatures above ~55 °C, resulting in 

spreading of the printed lines.  

 

 

Figure 6-10: Influence of platen temperature on line width. 
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Figure 6-11: Optical micrographs showing resist lines printed at different platen temperatures. 

 

The effect of the sheath flow rate is shown in Figure 6-12. 15 sccm was found to result in 

optimum aerosol jet focusing and fine-line definition (narrowest lines). Lower sheath flow 

rates were not able to produce the same focusing, while higher sheath flow rates may have 

caused turbulences in the jet flow; hence both resulting in poorer line definition. 15 sccm 

produced optimum line definition for other atomiser flow rates as well (printing trials not 

shown here), indicating that this was the most beneficial sheath flow rate for this deposition 

process.    
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Figure 6-12: Influence of sheath flow rate on line width. 

 

The effect of atomiser flow rate and printing speed on line width was as expected (see Figure 

6-13). The trends in Figure 6-13 suggested that the method to produce ~20 µm wide lines 

required a decrease in the atomiser flow rate or an increase in the printing speed; however 

lines deposited with atomiser flow rates below 14 sccm did not provide sufficient coverage 

(were not thick enough) for protection from the etch-back solution. The same applied to lines 

printed at speeds higher than 9 mm/s. This indicated that the number of printed layers had to 

be adjusted simultaneously with these two parameters to produce the required printed resist 

line quality.  

 

 a)                                                                       b) 

      

Figure 6-13: Influence of a) atomiser flow rate and b) printing speed on line width. 
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6.4.3 Optimisation of AJP deposition parameters – III 

Having determined the optimal settings for the platen temperature and sheath gas flow rate, 

this subsection focuses on the optimisation of the number of printed layers, atomiser flow rate 

and printing speed. Their effects, demonstrated in Section 6.4.2, indicated that certain 

combinations of these three parameters could result in the required ~20 µm wide and 

sufficiently thick resist lines printed on the wafer’s surface.  

Experimental     

Several printing trials were performed by adjusting the number of layers, atomiser flow rate 

and printing speed to form the required resist lines. The platen temperature was kept at 50 °C 

and the sheath gas flow rate at 15 sccm. The rest of the deposition parameters were the same 

as in previous section. Lines were printed on the same substrates (textured monocrystalline Si 

wafers) and characterised using the optical microscope. The final optimised lines to be used 

as part of the etching masks were characterised with an optical profiler.  

Results and discussion 

The adjustment of the three variable deposition parameters was an iterative process and 

produced multiple combinations of the three parameters that resulted in the required resist 

line characteristics. Table 6-2 contains three combinations producing ~20 µm wide lines that 

provided adequate coverage for the upright pyramids. Higher printing speeds were desirable 

to speed up the fabrication process of SFs, and this required an increase in the atomiser flow 

rate. Atomiser flow rates higher than 40 sccm on the other hand caused turbulences in the jet 

flow effecting the width and quality of the printed lines. The number of printed layers could 

be increased instead of the atomiser flow rate (if using higher printing speeds), which may 

have resulted in the same line quality but this would have not provided any advantages 

regarding the process duration. Therefore table 6-2 presents the limits of how fast adequate 

resist lines could be printed on these particular substrates and with this particular deposition 

process.   

 

 

 

 



___________________________________________________________________________ 

120 

 

Table 6-2: Combinations of printing parameters resulting in desired resist line deposition. 

Atomiser flow rate 

(sccm) 

Printing speed 

(mm/sec) 
Number of layers 

30 35 80 

35 40 80 

40 55 80 

 

Considering the printing speed and the number of layers needed for resist line formation, this 

process could not be transferred to the production line, because of its long duration. The 

pneumatic atomiser may have been be the more suitable approach for resist line deposition 

due to its ability to atomise and deposit much more viscous and less expensive inks (example: 

hot-melt wax), with much larger particle sizes. It is believed that a lower number of printed 

layers would have been required to build up the required height of the resist lines, which 

would decrease the process time.  

Other deposition methods might result in even shorter process times. The SU-8 resist used in 

this work could still be atomised using ultrasonic energy but deposited with a spray coater 

over a mask, patterned with 20 µm wide line openings. Having a significantly larger amount 

of material exiting the spraying nozzle and a sufficiently wide jet, this method would have the 

potential to deposit the resist lines in a single pass. Industrial size inkjet printers with smaller 

drop volumes could be another approach to fine-line definition. For now, the resist line 

deposition for SFSC fabrication was performed with the method optimised in this section and 

applied for the proof of concept for SFSC design.  

The second combination from Table 6-2 was used for the work following in this chapter (the 

third combination was considered to be too high of a risk for jet flow turbulences considering 

the high atomiser flow rate). Figure 6-14 shows optical micrographs of lines printed with this 

parameter combination. The higher magnification micrograph clearly shows the adequate 

thickness of the resist line providing sufficient coverage for the upright pyramids. These 

characteristics are confirmed by the topographical image of the line, shown in Figure 6-15. 

The “wavy” surface of the wafer was caused by the saw damage and is a typical feature seen 

on commercial Czochralski (Cz) Si wafers.    

 



___________________________________________________________________________ 

121 

 

a)                                                                           b) 

           

 

Figure 6-14: Optical micrograph of a resist line deposited with optimised printing parameters at 

a) lower and b) higher magnification. 

 

 

Figure 6-15: Three-dimensional topographical image of a printed resist line taken with an 

optical profiler. 

 

6.4.4 Conclusions  

The aerosol jet deposition parameters were explained in this section. Their effects on the 

width and thickness of the deposited lines were investigated, this being necessary for the  

100 µm 20 µm 
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optimisation of the parameters. The influence of platen temperature and sheath flow rate was 

of significant importance. It was demonstrated that there was an optimum setting for the two 

parameters, for this particular combination of ink and substrate. Once the optimal settings 

were obtained for the rest of the deposition parameters, the atomiser flow rate, number of 

printed layers and printing speed were adjusted. A combination of these three parameters was 

found that could use maximum possible printing speed and resulted in required resist line 

characteristics. This combination, together with the optimal settings for the rest of the 

deposition parameters, is used for the printing of resist lines and fabrication of SFs in the 

following sections of this chapter. 

 

6.5 Semiconductor finger formation     

The fabrication of SFs involved two major processing steps, the patterning of the wafer 

surface with resist and the etch-back of the non-patterned heavily diffused Si. A so-called 

“Trilogy etch” was used for the etch-back process. This is a mild (slow etch rate) isotropic Si 

etching solution comprising 126 parts of 69% (w/w) HNO3, 60 parts of H2O and 5 parts of 

40% (w/w) NH4F, mixed at room temperature and several hours before use [Wil96], [Wil03].  

Trilogy etch behaves very similarly to the HNO3-H2O-HF etching solutions with high 

concentrations of HNO3 and low concentrations of HF. These etching systems are well 

understood and have been characterised in a series of papers by Robbins and Schwartz 

[Rob59], [Rob60], [Rob61], [Rob76]. The etching consists of a two-step chemical process; 

the oxidation of Si by the HNO3 and the etching of the oxidised component by the HF. The 

overall reaction is  

                              3Si + 4HNO3 + 18HF → 3H2SiF6 + 4NO + 8H2O.                            (4) 

The HF in the Trilogy etch is formed from the fluoride ions coming from the ammonium 

fluoride (NH4F) which provides for a buffer action, keeping the HF and HF2
‾
 (both 

responsible for etching the oxidised Si) concentrations from changing as rapidly with use. 

In order to fabricate the SFs the printed resist pattern has to be able to withstand the 

chemicals contained in the Trilogy etch solution during the etch-back process. The platen 

temperature optimisation in Section 6.4.2 demonstrated the widening of the resist lines at 
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platen temperatures above 55 °C, which indicated that any thermal treatments of the lines 

above that temperature would result in a similar effect. This was confirmed with experiments 

where printed wafers went through a number of baking treatments (oven and hotplate) at 

higher temperatures. A similar effect (collapsing and widening of printed lines) was observed 

for all the treatments and the details of the experiments are not shown here. Therefore the 

resist lines had to be tested against the etch-back solution as-printed. It is believed that some 

of the resist baking and solvent evaporation has already occurred during the printing at 50 °C. 

A number of tests were performed in this section to investigate the etch resistivity of the 

printed resist lines, and subsequent SF formation.  

Experimental 

Commercial boron-doped Cz Si wafers were saw-damage-etched and textured with random 

upright pyramids. The wafers went through a heavy phosphorus diffusion to create an n-type 

emitter with Rsheet ~ 5 Ω/□. After phosphosilicate glass (PSG) removal and edge isolation, the 

wafers were cut with a laser into smaller pieces (42 x 42 mm) in order to make the following 

etching step easier. Resist lines (width ~ 20 µm) and boxes (10 x 4 mm) were printed on top 

of the wafer pieces with the AJP using the 2
nd

 combination of parameter settings listed in 

Table 6-2, Section 6.5.3. The resist boxes were formed by printing lines adjacent to each 

other and overlapping their edges on each side by ~3-4 µm.  

The printed wafers were immersed in a Trilogy etch solution for 8 min to perform the etch-

back process. A non-printed wafer was immersed in the solution with the printed ones for 

monitoring Rsheet after the etch-back. The wafers were agitated during the etching to improve 

the etching uniformity across their surface. After the etch-back process the printed resist lines 

and boxes were removed by immersing the wafers in a H2SO4:H2O2 solution. The regions on 

the wafers under the resist were analysed with an optical microscope and SEM. Rsheet of the 

regions under the resist boxes and on the non-printed wafer was measured with the 4-point 

probe. Electron beam induced current (EBIC) was used to further analyse the formation of the 

SFs. 

Results and discussion 

The 4-point probe measurements were performed at 5 different locations across the test (non-

printed) wafer and Rsheet was in the range of 390-570 Ω/□. This showed that the etching time 

was longer than the duration needed to reach Rsheet ~ 100 Ω/□. For the purpose of this 
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experiment (testing the etch-resistance of the printed resist) it was appropriate to over-etch the 

wafers and ensure that the etch-resistance of the printed resist was thoroughly tested.  

The region protected by the resist lines can be clearly recognised in the optical microscope 

and SEM images in Figure 6-16. The brightness contrast shown in the two images 

demonstrated the physical difference between the protected regions and those affected by the 

etch-back process. One feature on the resist-protected lines was a change in their width, 

which decreased by up to 15-16 µm depending on the specific location on the wafer. This 

effect was caused by the expected under-etching at the edges of the resist lines due to the 

prolonged etching duration. The wide range of Rsheet on the non-printed wafer indicated that 

different parts of wafers experienced different amounts of etching; hence different amounts of 

etching occurred under different sections of resist lines, resulting in variable widths of the 

resist-protected lines. The non-uniform etching across the wafers was considered to be caused 

by the prolonged etching duration. The etch-back process will be investigated in more detail 

in Section 5.7.   

 

      a)                                                                     b) 

         

 

Figure 6-16: a) Optical and b) SEM micrograph showing a top view of resist-protected lines. 

 

The SEM image in Figure 6-16 (b) shows that the pyramids were not affected by the Trilogy 

etch solution. Stronger evidence of the resist protection and SF formation is demonstrated by 

the cross-sectional SEM image in Figure 6-17. The pyramids exposed to the etch-back 

20 µm 20 µm 
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solution on both sides of the SF were reduced in height and rounded, whereas the pyramids 

under the resist lines maintained their original height and shape.   

 

 

Figure 6-17: SEM micrograph showing the cross section of a resist-protected line. 

 

Rsheet of the regions under the resist boxes was measured to be ~5 Ω/□. This demonstrated that 

the etch-back process did not affect the electronic properties (phosphorus surface 

concentration, depth of the emitter) of the Si regions under the resist layer. The physical 

contrast between the etched-back and protected region is once more demonstrated by the 

images illustrating the edges of the resist-protected boxes (see Fig 6-18).  

 

  a)                                                                         b) 

          

Figure 6-18: a) Optical and b) SEM micrograph showing the edge of the region protected during 

the etch-back by the printed resist box. 
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The final confirmation of the SF formation was demonstrated by superimposing an EBIC 

image and the cross-sectional SEM image from Figure 6-17 (see Figure 6-19). The bright line 

was the EBIC signal, which indicated the location of the p-n junction. A junction depth of 

1.6-1.9 µm could be observed across the width of the SF which corresponded to the junction 

depth determined by the doping profile of the 5 Ω/□ emitter, measured with the 

electrochemical capacitance-voltage (ECV) technique. The ECV measurements are shown in 

the following chapter. The junction depth decreased on either side of the SF, corresponding to 

the etch-back and increase in Rsheet of those regions.         

 

 

Figure 6-19: Cross-sectional EBIC image of a SF. The bright line is the location of the p-n 

junction. 

 

Conclusions 

A number of tests were performed to investigate the etch resistance of the printed resist, this 

being necessary for the formation of SFs. Resist lines were printed with the optimised aerosol 

jet printing parameters on heavily diffused (~5 Ω/□) textured Si wafers, the wafers were 

immersed in the etch-back solution for an extended duration (longer than needed to reach 

desired Rsheet) and the resist was removed afterwards. Optical microscope and SEM analysis 

of the regions under the resist lines demonstrated adequate protection of the upright pyramids 

by the resist layer. Furthermore EBIC analysis of the cross-section of a formed SF 

demonstrated the junction depth variation between the protected and etched emitter regions,  
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the depth of the protected emitter being identical to its depth before the etch-back process. 

Another demonstration that the etch-back process did not affect the electronic properties of 

the original emitter covered by the resist was performed by showing that Rsheet of these 

regions did not change after the etch-back. All of the performed tests showed that heavily 

diffused (~5 Ω/□) SFs were successfully formed and were ready to be applied for solar cell 

fabrication.   

 

6.6 Etch-back process 

In the fabrication of the SFSCs the function of the etch-back process is to simultaneously 

form SFs and a high-efficiency emitter with Rsheet ~ 100 Ω/□. The formation of the SFs was 

demonstrated in the previous section using the etch-back process and printed resist layers. 

This section investigates the formation of the lightly diffused emitter by focusing on the etch-

back process on its own, without any resist printing.  

Experimental 

Twelve textured (upright random pyramids), heavily diffused (~5 Ω/□), small (42 x 42 mm) 

Si wafers (PSG and emitter on rear surface removed) were split into three groups of four 

wafers. Each group of four wafers was etched for a different amount of time (4, 5 and 6 

minutes). A fresh Trilogy etch solution was prepared for each group of wafers. The wafers 

were sitting in a Teflon cradle, each wafer having a cut-off corner to be able to fit into the 

cradle slot. The cradle was agitated during the etch-back process to facilitate uniform etching 

across the wafer surface. The wafers were rinsed in DI water after the etching and Rsheet was 

measured using the 4-point probe. Two measurements were taken at nine different spots on 

the wafer and the average from each measurement pair was taken.  

Results and discussion 

The values representing Rsheet in Ω/□ on each of the twelve wafers are shown in Figure 6-20. 

Each group of wafers showed significant variations in Rsheet, resulting from non-uniform 

etching across the wafer surface. While some parts of the emitter were etched to the required 

Rsheet, other parts still had a lower than optimal Rsheet, or were excessively etched and had a 

too high Rsheet. Both cases can be detrimental for a solar cell. The under-etched emitter 

sections affect the collection of carriers generated with short-wavelength light (blue response) 
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and consequently reduce the cell’s Jsc. Voc of the cell can also be affected by the increased 

dark saturation current of the emitters (JoE) that were not etched-back adequately.  

 

 
Figure 6-20: Measured Rsheet (Ω/□) across three groups of wafers, each group being etched for a 

different time. 

 

The over-etched areas increase the emitter’s lateral resistance losses, which affect the cell’s 

FF. Excessive etching results in under-etching of the printed resist lines (see Section 6.5), this 

reducing the width of the SFs and increasing the conductive losses of the emitter, as well. 

Furthermore the contact area between the SFs and MFs is reduced, resulting in increased 

contact resistance losses. Contact between the MFs and the over-etched emitter may also 

create issues for the solar cell. Surface recombination velocity and recombination losses at the 

interface between the metal and the etched-back emitter will increase with the decreasing 

surface concentration of phosphorus and depth of emitter (increasing Rsheet), which can 

decrease the cell’s Voc. The depth of the emitter in the over-etched regions may be decreased 
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to a point where junction recombination or shunting could become an issue at the metal-Si 

contacts.  

Conclusions 

The formation of a lightly diffused emitter (Rsheet ~ 100 Ω/□) by an etch-back process was 

investigated in this section. It was shown that the etching rate of the applied etching solution 

was non-uniform and that the final surface doping concentration and depth of the emitter 

varied across the wafer surface, confirmed by the large variations in Rsheet results. The 

detrimental effects on the characteristics of the solar cell expected to be caused by the emitter 

etch-back non-uniformities were described. Such variations in the properties of the emitter 

also disabled an efficient design of the cell’s front surface; that is the SF and MF spacing 

could not be optimised effectively for a minimum power loss of the cell.     

 

6.7 Different etching arrangements  

In this section six different etching arrangements were used in an attempt to improve the 

uniformity of the emitter etch-back process.  

Experimental  

The etching solution was maintained the same (Trilogy etch), but the position of the wafers in 

the etch-bath was varied. For each position either no agitation of the etching solution or the 

wafers was applied, or agitation was applied by placing the etch-bath container inside an 

ultrasonic bath. It was believed that this could be a more uniform method of agitation for the 

etching solution and the wafers inside it. The etching times were varied for each arrangement 

and the Rsheet of the etched-back emitters was measured with the same method as in Section 

6.6 (4-point probe).  

Results and discussion 

The trials of the different etching arrangements are summarised in Table 6-3. The different 

etching times were not included in the table, since none of the trials resulted in satisfactory 

etching uniformity and they did not have any significance on the results. For the etching setup 

I the major issue was a faster etching rate towards the bottom of the wafers [i.e. towards the 

bottom of the etching container]. It was believed that the exclusion of agitation allowed one 

of the reaction products (see Equation (1), Section 6.6), the hexafluorosilicic acid (H2SiF6), to 
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accumulate at the bottom of the etching container, resulting in increased etching rates towards 

the bottom of the wafers. Other work has shown that accumulated concentrations of H2SiF6 

can increase etching rates of HNO3:HF solutions [Wei06].  

 

Table 6-3: Summary of etching arrangement trials. 

Etching  

setup 
Wafer arrangement 

Agitation during 

etching  

Uniformity of 

emitter  
Other observations 

I 

Wafers in cradle, 

cradle in etching 

container 

None  Unsatisfactory 
Etching rate higher 

towards the bottom 

II 

Wafers in cradle, 

cradle in etching 

container 

Etching container in 

ultrasonic bath 
Unsatisfactory 

Non-uniformity 

similar as in Section 

6.6 

III 

Wafers suspended 

horizontally in 

etching solution 

None Unsatisfactory 
Darker spots on 

etched surface 

IV 

Wafer suspended 

horizontally in 

etching solution 

Etching container in 

ultrasonic bath 
Unsatisfactory 

Non-uniformity 

similar as in Section 

6.6 

V 

Wafer on bottom of 

etching container, 

emitter facing up 

None Unsatisfactory 

Non-uniformity 

similar as in Section 

6.6 

VI 

Wafer on bottom of 

etching container, 

emitter facing up 

Etching container in 

ultrasonic bath 
Unsatisfactory 

Non-uniformity 

similar as in Section 

6.6 

 

An effect of another reaction product was observed in the etching setup III. After the etch-

back process darker spots were observed on the emitter surface of the wafers, indicating that 

these spots were etched significantly less than the rest of the surface. Under closer inspection 

during the etching process, gas bubbles were observed sticking to the emitter side of the 

wafer. The bubbles consisted of the reaction product, nitric oxide (NO), and limited the mass 

transport of the etchant to the Si surface, preventing any further etching at the corresponding 

locations [Han98]. Agitation enhanced the dissolution of the NO gas, eliminating the “bubble 

– effect”.    

The rest of the etching arrangements resulted in similar emitter non-uniformities as in Section 

6.6. The ultrasonic agitation made no improvements on the etching uniformity across the 

wafers’ surface.  
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Conclusions 

None of the etch-back arrangements trialled in this section resulted in satisfactory etching 

uniformity. It was believed that the Trilogy-etch solution, and in general, high HNO3/HF ratio 

solutions were not suitable for the etch-back process. Solutions with low HNO3/HF ratios 

were not considered for the etch-back process, because of their faster etching rates and greater 

difficulty to control them [Wei06]. HF-rich solutions were also known to result in detrimental 

porous Si on the etched surface requiring a removal step following the etching, and from a 

safety perspective it was preferred not to handle large amounts of concentrated (49% w/w) 

HF. Alternative etching methods, like plasma etching and chemical vapour etching, might 

have shown improvements in the uniformity of etched-back emitters; however these etching 

methods were not available during the course of this thesis 

 

6.8 SFSC fabrication and characterisation 

The aim of this section was to demonstrate the expected detrimental effects of the non-

uniform etch-back process on solar cell operation. These effects have been mentioned in 

Section 6.6; hence the work in this section serves merely as a demonstration of the effects. 

SFSCs were fabricated and their performance was analysed with different cell 

characterisation methods.  

Experimental 

Two groups of four textured, heavily diffused Si wafers (upright random pyramids, ~5 Ω/□, 

size = 42 x 42 mm, PSG and emitter on rear surface removed) were processed into SFSCs. A 

resist pattern with line width of ~20 µm and spacing of 600 µm was printed on the front 

surface of the wafers with the AJP using the deposition parameters optimised in Section 

6.4.3). Both groups of wafers went through the etch-back process described in Section 6.6, 

but at different durations. Group A was etched for 4.5 min and group B for 5 min.  

The resist lines were removed after the etch-back by immersing the wafers in a H2SO4:H2O2 

solution and the front surface of the wafers was deposited with an ARC SiNx (refractive index 

~ 2, thickness ~ 75 nm) using a semi-remote laboratory-scale Roth&Rau PECVD system (AK 

400). The rear and front surfaces were screen-printed with standard commercial Al and Ag 
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pastes, respectively, followed by co-firing in a Centrotherm fast-firing belt furnace at a peak 

temperature of 850 ºC and a belt speed of 6400 mm/min.  

Current-voltage (I-V) characteristics of the cells were analysed under one sun illumination 

and under dark conditions. A solar simulator, custom built at UNSW [Rob95], was used for 

the I-V measurements. These were followed by suns-Voc measurements to determine the cells’ 

pseudo – Fill Factor (p-FF) and spectral response measurements to determine the cells’ 

reflectance and quantum efficiency. To analyse the short-wavelength response further, the 

cells underwent light-beam-induced-current (LBIC) scan measurements at 404 nm using the 

SEMILAB (WT2000) system.   

Results and discussion  

Table 6-3 shows the average values of the measured electrical parameters from the two cell 

groups. The expected rise in Jsc and drop in FF by going from 4.5 min etch-back to 5 min was 

observed. The changes in the two mentioned cell parameters were also indicated by the light 

I-V curves of two representative cells from each group, shown in Figure 6-21.   

 

Table 6-3: Summary of average electrical parameters (AM1.5G, 1 sun, 25 ºC) of cell group A 

(4.5 min etch-back) and cell group B (5 min etch-back). 

Etch-back time 

(min) 

Voc    

(mV) 

Jsc    

(mA/cm
2
) 

p-FF          

(%) 

FF          

(%) 

Efficiency      

(%) 

4.5 629 36.06 82.9 74.5 16.9 

5 629 36.63 83 61.9 14.2 

 

The difference in the Jsc values was explained by the results of the spectral response 

measurements, shown in Figure 6-23. Some emitter areas on cells etched-back for 4.5 min 

still had a low Rsheet, decreasing the internal quantum efficiency (IQE) of light absorbed in the 

emitter (short-wavelength light). It is interesting to note that the FF of those cells was still 

lower than FFs of standard SPSCs (78-79%), indicating that some emitter sections have been 

over-etched which resulted in significant aforementioned lateral and contact resistance losses. 

The characteristics of cell group A alone provided sufficient demonstration of the detrimental  
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effect of non-uniform etching rates across the emitter.  

 

 

Figure 6-21: I-V characteristics (AM1.5G, 1 sun, 25 ºC) of representative cells from group A and 

group B. 

 

Extending the etch-back time to 5 min increased Rsheet of the emitter improving its overall 

short-wavelength response (see Figure 6-23). Further etching can result in even higher emitter 

IQE but this would enhance pyramid rounding and increase reflection. The reflection data in 

Figure 6-23 demonstrates a slight increase in reflection in the short-wavelength range for the 

5 min etch-back time, which is expected to escalate further with longer etching. One can also 

observe a slight increase in reflection after ~1100 nm, this being the detrimental effect of 

pyramid rounding on cells’ long-wavelength light trapping qualities.  

A more significant effect of the extended etch-back time is the FF decrease. Increased Rs was 

shown to be the main factor decreasing the FF of cell group B. This was clearly demonstrated 

by the dark I-V characteristics and the ideality factor curves (n vs V) in Figure 6-22 (a) and 

(b), respectively. The suns-Voc results confirmed the distinct effect of the increased Rs. In this 

measurement technique, the Voc of the cell was measured under different illumination 

intensities while the cell was put under open circuit conditions. No current flew through the 

contacts of the cell eliminating any Rs effects [Sin00]. Therefore the calculated FF was 

primarily influenced by the cells’ shunt resistance (Rsh) and junction recombination. The 
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almost identical p-FF values for the two cell groups demonstrated that the drop in FF for 

group B cells was caused by the increase in Rs.   

 

a)                                                                       b) 

 

Figure 6-22: a) Dark I-V and b) n vs V characteristics of representative cells from group A and 

group B. 

 

The relatively high p-FF for cells from both groups also demonstrated that the over-etched 

emitter regions were not affected by shunting and junction recombination. No valid 

conclusion could be made about the Voc of these cells as group A cells’ Voc might have 

suffered from the under-etched emitter sections (high JoE) and group B cell’s Voc from 

recombination at the contact regions between metal and over-etched emitter regions.  

The spatial effect of the different etching rate across the wafer surface on the electronic 

properties of the emitter was demonstrated by the LBIC scans shown in Figure 6-24. In this 

measurement the IQE was mapped across the cell at 404 nm, enabling the quality of the 

emitter to be analysed spatially. Both scans demonstrated the detrimental variation of the 

emitter quality across the surface, which could be directly linked to the variation in the Rsheet 

and etching non-uniformity (spots etched faster than others can be directly recognised on the 

scans).     
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Figure 6-23: IQE and reflection of representative cells from group A and group B. 

 

 

      Fig 6-24: IQE mapping at 404 nm of representative cells from group A and group B 

performed with LBIC scans. 
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Conclusions 

Two groups of SFSCs were fabricated to demonstrate the effect of the non-uniformity of the 

emitter etch-back process shown in Section 6.6 on their operational characteristics. The 

finished cells were characterised using different techniques and the results demonstrated that 

the full potential of this cell design could not be investigated without a uniform etched-back 

emitter and that alternative methods for a more uniform etch-back process need to be 

investigated. Despite these processing issues, the integration of the aerosol jet patterning 

technique to form localised diffusions into working solar cell devices was successfully 

demonstrated.  

 

6.9 Chapter summary  

This chapter demonstrated an aerosol jet patterning technique for diffusion structuring, which 

was to be integrated into the development of the semiconductor finger solar cell SFSC 

structure. Following a detailed review of already developed SFSC concepts, the aerosol jet 

patterned SFSC was introduced and the potential for overcoming the limitations of the 

already existing SFSC concepts was described.  

The chapter explained functions of the AJP deposition process parameters, following with the 

investigation of the parameter effects on the geometry of the printed resist lines. Optimisation 

of the deposition parameters and the establishment of a parameter recipe was demonstrated, 

which resulted in the required resist line characteristics and which was used for the 

fabrication of heavily diffused SFs throughout the chapter. Different tests, to investigate the 

resistance of the deposited resist lines against the chemicals contained in the etch-back 

solution (Trilogy etch) and used for the fabrication of this structure, were shown. It was 

demonstrated with all test results, including EBIC analysis, that the regions covered by the 

printed resist could be sufficiently protected from the chemical solution enabling the 

formation of SFs.  

An investigation of the etch-back process using the Trilogy etch solution was performed, 

demonstrating that the etch-rate was non-uniform across the wafer surface resulting in large 

variations in the emitter’s Rsheet. Investigation of alternative etching arrangements (all still 

using Trilogy-etch) to improve the uniformity of the emitter etch-back process was 
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performed. All etching trials were shown to result in non-satisfactory etching uniformity, 

leading to the conclusion that high HNO3/HF ratio solutions were not suitable for the etch-

back process. The formation of a uniform ~100 Ω/□ etched-back emitter required an etching 

method that can maintain a uniform etch rate across the etched sample.  

The expected detrimental effects on the characteristics of the solar cell caused by the emitter 

etch-back non-uniformities were demonstrated by using this process to fabricate SFSCs. The 

characterisation results of the fabricated cells showed that the non-uniform etched-back 

emitter was a major obstacle to reach the cell’s full potential. Nevertheless the technique of 

diffusion structuring via aerosol jet patterning was successfully integrated into the 

development of this cell structure.      
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Chapter 7 

Aerosol jet printed 

semiconductor finger solar 

cells - Advanced modelling 

 

 

In this chapter the aerosol jet patterned semiconductor finger solar cell was analysed through 

advanced cell modelling. State-of-the-art three-dimensional solar cell simulation software 

was applied for cell design optimisation and characterisation. Standard screen-printed solar 

cells were modelled as well for performance comparison between the two cell types, enabling 

further feasibility assessment of the former structure.   

The chapter describes in detail how some of the input parameters were obtained, which were 

required for the modelling procedure. This included cell processing, characterisation and 

other measurement techniques such as dopant diffusion profiling. Simulation results are 
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shown at the end of the chapter, including analysis of the cell losses and options for cell 

improvements.    

 

7.1 QUOKKA 

Comprehensive analysis of solar cell structures demands three-dimensional (3-D) modelling. 

The 3-D modelling of solar cells in this thesis was performed using QUOKKA, a simple and 

fast solar cell simulation program freely available on the PV Lighthouse website [PVL14b]. 

A brief description about the operation of QUOKKA is given in this section.  

QUOKKA simplifies the full set of charge carrier transport equations for solar cells [Fel13].    

The diffusions at surfaces are treated as conductive boundary (CB) conditions, a technique 

introduced in [Bre12]. This means that the influence of the diffused region on the cell 

behaviour can be quantified with dark saturation current densities (Jo1 and Jo2) and the Rsheet; 

hence there is no need for solving the transport equations in the diffused region and space 

charge region. Furthermore the quasi-neutrality condition is applied outside the space charge 

region which reduces the model of charge carrier transport in Si solar cells to solving the 

quasi-Fermi potentials for electrons and holes by a set of two differential equations. The 

simplifications enable the cell simulations to be performed on conventional personal 

computers with significantly reduced computational times.   

The discretisation of the model equations is performed with the finite volume method and its 

implementation is done in MATLAB. The method can balance the current of each volume 

element. A non-equidistant orthogonal conformal mesh on a cuboidal solution domain is 

used, enabling the volume element sizes to be adjusted to the size of the local features of the 

cell. This enables stable and accurate simulations on relatively coarse meshes and for locally 

abruptly changing material properties, making it suitable for local contacts and rapidly 

changing minority carrier quasi-Fermi potential in proximity to the emitter boundary at 

maximum power point / short circuit conditions.  

An automated meshing algorithm is applied by QUOKKA to keep the total number of volume 

elements low, and ensure at the same time that the minimum mesh size is adjusted to resolve 

the smallest feature size with distinct accuracy. An inflation factor (defining  
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maximum allowable ratio of adjacent element sizes) inflates the mesh size in each 

coordinated direction. The solution variables and equations are easily managed by matrix 

variables and differentiating expressions. Figure 6-1 shows an example of a 2-D and 3-D unit 

cell of a standard SPSC, simulated in QUOKKA. The local features of the cell are shown 

together with the sketch of a conformal orthogonal mesh. The refined elements of the mesh 

can also be seen. A detailed summary of the model equations and more detailed explanation 

about QUOKKA may be found in [Fel13].    

 

 

Figure 7-1: Exemplary 2-D (top) and 3-D (bottom) unit cell of a SPSC simulated in QUOKKA 

showing cell features and a conformal orthogonal mesh. 

 

7.2 Geometrical modelling of the SFSC in QUOKKA  

Figure 7-2 shows the 3-D unit cell of a SFSC simulated in QUOKKA, including cell features. 

SFs were the major difference between the SFSC and SPSC. They represented a second 

emitter and introduced additional losses on the front surface, which required additional model 

input parameters for effective cell simulation to be performed in QUOKKA. The unit cell  
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thickness was set to 180 µm, and the cell width and depth to half of the MF spacing (MFS/2) 

and half of the SF spacing (SFS/2), respectively (see Figure 7-3). A MF width (MFW) of 50 

µm was simulated on the unit cell, which was half the width of a typical screen-printed Ag 

finger at the time the modelling was done. The SF width (SFW) was also set to half (10 µm).   

 

 

Figure 7-2: 3-D unit cell of a SFSC simulated in QUOKKA showing cell features and a 

conformal orthogonal mesh. 

 

Figure 7-3 shows the top view schematic of the unit cell. The front surface of the unit cell was 

modelled with four CBs, which included the contacted and non-contacted regions of the 

etched-back emitter and the SF. The recombination properties of the CBs were quantified 

with the corresponding JoE, each defining an input parameter for the QUOKKA cell model. 

Non-ideal dark saturation currents (Jo2) were assumed to be insignificant and hence were 

excluded from the modelling.   
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Figure 7-3: Top view schematic of the simulated unit cell of a SFSC. 

 

By modelling the cell in QUOKKA the performance parameters of the cell (efficiency, Voc, 

Jsc, FF) could be simulated. This enabled identifying the optimum front-surface design 

parameters, which in this case were the SFS and MFS.  A combination of these two that 

resulted in optimum simulated cell performance had to be found. Before the complete cell 

simulations could be performed all the required input parameters for the front surface CBs 

needed to be determined, which is shown in the following two sections.    

 

7.3 Etched-back emitter 

Properties of CB I and CB II (non-contacted and contacted etched-back emitter) were 

determined in this section. Apart from the recombination properties (JoE) for the two CBs, 

QUOKKA required an input for the CB width (emitter depth) and the collection efficiency of 

carriers generated inside the CB width. The ρc for the contacted region was also required; 

however its effect on the total contact resistance loss was negligible as the current conduction 

took place at the cross-over points between the SFs and the Ag fingers.  

Experimental 

The doping profile of a ~100 Ω/□ etched-back emitter was determined using the ECV 

method. The ECV measurement was performed on an etched-back (duration = 5 min) wafer. 

A region with Rsheet ~ 100 Ω/□ (measured with 4point-probe) was selected for the 

measurement. The ECV measurement spot diameter was ~3.5 mm; hence the measurement  
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should not have been affected by the Rsheet non-uniformity. The extracted doping profile was 

loaded into the online sheet resistance calculator (simulates a 4point-probe measurement of a 

surface diffusion) hosted on PV Lighthouse and Rsheet ~ 100 Ω/□ was confirmed [PVL14c]. 

Using the measured surface doping concentration (NDS) of the etched-back emitter the 

recombination velocity parameter Sp0 at the surface of the emitter was determined using a 

parameterisation model [Alt02]. The model was based on a set of extracted Sp0 values from 

measured JoE of differently doped PECVD SiNx passivated phosphorus emitters [Ker01]. 

Another parameter that contributed to total emitter losses was the bulk Shockley–Read–Hall 

(SRH) lifetime within the emitter (τE SRH). For such a lightly doped emitter a τE SRH above 1 µs 

was assumed.  

Next the etched-back emitter was simulated using online software called EDNA [PVL14d]. 

This simulation program was explained in detail in [McI10, McI13]. EDNA offers many 

analytical and numerical models to be used for simulating emitters. The following models 

were applied in this work: Richter’s Auger recombination model, Schindler’s mobility model, 

Pässler’s Egi model with an Egi multiplier of 1.00547, Sentaurus’ DOS model (Formula 2), 

Altermatt’s dopant ionisation model, Fermi-Dirac carrier statistics and Schenk’s BGN model. 

All of the models are referenced in [McI10].  

For EDNA to simulate JoE, the measured doping profile, the modelled Sp0 and assumed τE SRH 

were loaded into the program. The effective depth of the emitter was defined by EDNA using 

the following condition: n0 = 10 x Nb (n0 is the equilibrium electron concentration and Nb is 

the bulk dopant concentration). This emitter depth was used later in QUOKKA and 

represented the width of CB I and CB II. Sp0 was used as the effective surface recombination 

velocity (Seff), since EDNA did not have the option of incorporating surface charge (Qf) in the 

simulations at the time of this work. The simulated JoE was multiplied by 1.73 to account for 

the increased surface area due to texturing.  

The IQE at short circuit conditions at 400 nm was also simulated by EDNA using the 

aforementioned inputs, to be used as the emitter collection efficiency (IQEE) in QUOKKA. 

Considering the metallised etched-back emitter (CB II), JoE was simulated by EDNA setting 

Seff to 1.562 x 10
7
 cm/s (thermal velocity of holes).  
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Results and discussion 

The doping profile for the ~100 Ω/□ etched-back emitter is shown in Figure 7-4, whereas 

Table 7-1 summarises all the experimental and simulated results for the etched-back emitter. 

The last four listed parameters were used as CB I and CB II input parameters in QUOKKA, 

including also ρc for CB II randomly set to a relatively high value of 1 x 10
3
 mΩ.cm

2
.   

 

 

Figure 7-4: Doping profile of the etched-back ~100 Ω/□ emitter.  

 

Table 7-1: Experimental and simulation results for CB I and CB II parameters. 

Name Value Unit 

NDS  3 x 10
19

 cm
-3

 

Sp0  3750 cm/s 

τE SRH  > 1 µs 

CB I & CB II width  0.673 µm 

CB I JoE  62 fA/cm
2
 

CB I IQEE 97.6 % 

CB II JoE  851 fA/cm
2
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Conclusions 

In this section the properties of CB I and CB II were determined. The procedure involved a 

doping profile measurement of the etched-back emitter, modelling of surface recombination 

velocity and simulations of the emitter using an online simulation tool called EDNA. The 

properties modelled with EDNA were used as model input parameters for the QUOKKA 

simulations of the SFSC.  

 

7.4 Semiconductor fingers 

Properties of CB III and CB IV (non-contacted and contacted SFs) were determined in this 

section. The same CB properties were determined as in previous section, including an 

experimental determination of the ρc between the SFs and the Ag fingers.  

 

7.4.1 Firing optimisation for contact resistivity determination 

The ρc between the heavily diffused SFs and the screen-printed Ag fingers was an important 

input parameter, especially for simulations of the resistive losses in QUOKKA. The crossover 

points between SFs and MFs were the least resistive paths for the current to flow from the 

emitter into the metal, the area of this contact being significantly reduced when compared to 

SPSCs, for example. Therefore at the SF-MF interface the ρc had to be significantly reduced 

as well, in order to compensate for the reduced contact area and to have compatible contact 

resistance losses when compared to SPSCs.   

The contact formation depended on the properties of the Ag paste used as well as the belt 

furnace process parameters used for the metal co-firing process. The co-firing parameters 

were optimised in this section to minimise SF-MF ρc. The transmission line model (TLM) 

method was used to determine ρc [Sch84], [Mei84].  

Experimental  

Commercial boron-doped Cz Si wafers were saw-damage-etched and textured with random 

upright pyramids. The wafers went through a heavy phosphorus diffusion to create an n-type 

emitter with Rsheet ~ 5 Ω/□. After PSG removal and edge isolation (rear etch), the wafers were 

cut with a 1064 nm Nd:YAG laser into smaller pieces and deposited with an ARC SiNx 
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(refractive index ~ 2, thickness ~ 75nm) using semi-remote laboratory-scale Roth&Rau 

PECVD system (AK 400). A TLM pattern was screen-printed on each wafer piece using 

Dupont PV17F Ag paste. The wafer pieces were split into eight groups of three and each 

group was fired at a different peak temperature using a Centrotherm fast-firing belt furnace. 

The belt speed was kept at 6000 mm/min.   

After the metallisation step, the TLM patterns were separated from their host wafers by laser-

cleaving from the rear. The resistances across the TLM pattern were extracted from dark I-V 

measurements using a 4point-probe. Plotting the resistances as a function of the line spacing 

in the TLM patterns was used to extract ρc.  

Results and discussion 

Figure 7-5 shows the extracted ρc values (mΩ.cm
2
) graphed as a function of the peak firing 

temperature. The plot demonstrated that 850 °C was the optimum peak firing temperature as 

it resulted in the lowest average (0.15 mΩ.cm
2
) and most uniform ρc (two ρc values were very 

similar and were plotted over each other). The uniformity of the extracted ρc deteriorated 

towards lower and higher peak firing temperatures indicating that adequate contact could not 

be formed with such firing parameters. The other two ρc values for 770 °C were significantly 

higher and are not shown on the plot.   

 

 

Figure 7-5: ρc between SF and MF graphed as a function of peak firing temperature. 
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Conclusions 

An optimisation of the peak firing temperature for contact formation between SFs and Ag 

fingers was performed in this section. The minimum average value for ρc resulting from the 

optimum peak firing temperature was used as an input parameter for the following QUOKKA 

simulations. It was a significant factor for the optimisation of the front-surface design (SFS 

and MFS) of the SFSC. 

 

7.4.2 Other CB properties 

JoE and IQEE could not be determined with the method used in Section 7.3, as EDNA was not 

able to simulate such deep and heavy emitters (solutions for steady state conditions could not 

be found after numerous iterations). Therefore another method was used to extract properties 

of CB III and CB IV. Standard SPSCs were fabricated using a ~5 Ω/□ emitter and the 

resulting cell parameters were used to extract the required CB properties.  

Experimental  

A group of p-type, textured and heavily diffused Si wafers (upright random pyramids, n-type 

Rsheet ~ 5 Ω/□, size = 42 x 42 mm, PSG and emitter on rear surface removed) were processed 

into standard SPSCs. Standard processing steps were used for solar cell fabrication. Front 

surface of the wafers was deposited with an ARC SiNx (refractive index ~ 2, thickness ~ 75 

nm) using the AK 400 PECVD system. The rear and front surfaces were screen-printed with 

standard commercial Al and Ag (Dupont PV17F) pastes, respectively, followed by co-firing 

in a Centrotherm fast-firing belt furnace at a peak temperature of 850 ºC and a belt speed of 

6000 mm/min. I-V characteristics of the cells were analysed under one sun illumination using 

UNSW’s custom built I-V tester. In addition to the cell processing and characterisation a 

doping profile of a ~5 Ω/□ emitter was determined using the ECV method.  

A unit cell with a 5 Ω/□ emitter was simulated in QUOKKA to represent the above-processed 

SPSCs. The width of the unit cell (MFS/2) and the rest of the cell structure (cell thickness, 

bulk properties and rear-surface conditions) were set according to the above-processed cells. 

P-type 1.45 Ω.cm material with a background lifetime of 300 µs was used for the bulk and a 

back surface field (BSF) with Rsheet = 30 Ω/□, junction depth = 6 µm and Seff = 300 cm/s for 

the rear.  



___________________________________________________________________________ 

148 

 

The effective emitter depth (width of CB III and CB IV) was determined using the measured 

doping profile, while the two unknown emitter parameters, recombination current and 

collection efficiency, were determined using QUOKKA’s optimiser function. Jsc of the 

simulated unit cell was set to average Jsc produced by the fabricated SPSCs, excluding the 

busbar (BB) optical shading loss. With the set Jsc QUOKKA was used to solve for the IQEE. 

The average measured cell Voc was used to determine JoE, in the same manner as above. 

AM1.5G generation profile was used in the simulations and optical shading of the MF 

contacts was accounted for by setting shading width to MFW/2 = 50 µm.   

Results and discussion 

Table 7-2 shows the average values of the measured electrical parameters from the processed 

SPSCs, whereas the measured doping profile of the ~5 Ω/□ emitter is shown in Figure 7-6.  

The expected effect of the heavy emitter was demonstrated by the poor cell Jsc, Voc and 

efficiency.  

 

Table 7-2: Summary of average electrical parameters (AM1.5G, 1 sun, 25 ºC) of a group of 

fabricated SPSCs with a ~5 Ω/□ emitter. 

Voc    

(mV) 

Jsc     

(mA/cm
2
) 

FF          

(%) 

Efficiency      

(%) 

607 21.2 80.9 10.37 

 

Applying the optimiser function in QUOKKA, the IQEE that resulted in the set Jsc (21.8 

mA/cm
2
) was found, giving an IQEE of 9.7%. JoE of contacted and non-contacted emitter 

regions was assumed to be the same since the recombination was dominated by the very low 

emitter bulk lifetime and not Spo. A JoE of 850 fA/cm
2
 was found to result in the set Voc. Table 

6-3 summarises all the experimental and simulated results for the SFs, including the SF-MF 

ρc determined in previous section. All listed parameters were used as CB III and CB IV 

modelling input parameters in QUOKKA. 
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Figure 7-6: Doping profile of the ~5 Ω/□ emitter. 

 

Table 7-3: Experimental and simulation results for CB III and CB IV parameters. 

Name Value Unit 

CB III & CB IV width  1.59 µm 

CB III & CB IV JoE  850 fA/cm
2
 

CB III IQEE 9.7 % 

CB IV ρc   0.15 mΩ.cm
2
 

 

Conclusions  

Properties of CB III and CB IV were determined in this section via modelling fabricated solar 

cells and simulating their outputs. CB collection efficiency and recombination current were 

found simulating the fabricated cells’ Jsc and Voc, respectively. The width of the two CBs was 

determined via ECV, completing the set of required front-surface modelling input parameters 

for the following QUOKKA simulations of the SFSC.  
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7.5 MFS and SFS optimisation 

Using the front-surface CB characteristics determined in the previous two sections, the SFS 

and MFS were optimised for the SFSC, in this section. This was performed by scanning a 

spacing range in QUOKKA to find a combination that resulted in optimum simulated cell 

performance.     

Experimental 

For each MFS the external circuit Rs losses were first determined. These were calculated by 

simulating a full metallisation grid on a 6” solar cell using the online grid calculator 

[PVL14e], this enabling the determination of the optimum MFS and SFS for an industrial size 

SFSC. The Rs losses included grid resistance from Ag fingers (width = 100 µm) on the front 

surface, three BBs (width = 1500 µm) on both surfaces and Al layer on the rear surface. The 

external circuit Rsh losses were kept constant by setting Rsh to 1 x 10
5
 Ω.cm

2 
during the 

spacing optimisations.  

Using the front-surface, bulk and rear-surface properties from previous sections, an AM 1.5G 

generation profile derived by OPAL [PVL14f] [Bak10] (optical shading width of 50 µm 

considered) and the metal Rs losses calculated by the grid calculator (including set Rsh losses), 

QUOKKA’s optimiser function was applied once again. SFS was optimised at each MFS to 

result in maximum simulated cell efficiency. I-V results simulated by QUOKKA represented 

only relative characterisation of the cells, since losses such as recombination under BBs, BB 

optical shading, edge recombination and Rs between MFs and cell edge were excluded from 

the analysis. These losses remained constant for every MF/SF combination and hence did not 

affect the front design optimisation. They were also assumed to be identical for SPSCs, so as 

not to affect the comparison between the two cell designs in the following section.  

Results and discussion 

The optimisation of the front-surface design of a SFSC is illustrated in Figure 7-7. Based on 

the results, the optimal MFS and SFS were 2.4 mm and 0.38 mm, respectively. The simulated 

I-V characteristics of a SFSC with the optimised front-surface design are shown in Figure 7-8. 

The overestimated cell results will be deteriorated by the additional losses mentioned in 

previous paragraph. For example, the shading losses resulting from the BB design used by the 

Grid Calculator will decrease the Jsc and cell efficiency by ~3% relative. Nevertheless the 
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simulated cell results can be used for performance comparison to a SPSC, which is simulated 

in the following section.  

 

 

Figure 7-7: Simulated maximum cell efficiency and corresponding optimal SFS graphed as a 

function of MFS. 

 

 

Figure 7-8: Simulated I-V characteristics of a SFSC with optimum front-surface design (MFS 

and SFS). 
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Conclusions 

This section demonstrated the optimisation of the front-surface design of a SFSC based on the 

previously determined CB characteristics and external circuit losses. The MFS and SFS 

resulting in optimum cell performance were found to be 2.4 mm and 0.38 mm, respectively. 

The simulated I-V characteristics are used for performance comparison with a standard SPSC 

in the following section.  

 

7.6 SPSC simulations 

QUOKKA was used in this section to simulate a typical industrial SPSC using CB properties 

obtained from recent literature. The simulated cell results were matched up against the SFSC 

results from previous section to compare the performance of the two cell designs.  

Experimental  

A unit cell for a SPSC was simulated in QUOKKA with the following inputs obtained from 

[Coo14]: Rsheet = 75 Ω/□, JoE = 138 fA/cm
2
, junction depth = 0.38 µm and ρc = 2 mΩ.cm

2
. 

IQE @ 400nm (to be used as emitter collection efficiency in QUOKKA) and JoE of metal 

contacted area were simulated with EDNA and resulted in 95.1% and 529 fA/cm
2
, 

respectively. The rest of the cell model inputs such as bulk and rear-surface properties were 

maintained the same as for the SF unit cell. Furthermore the same AM1.5G generation profile 

and optical shading width (50 µm) was used for the SPSC simulations. The front surface 

design was optimised by finding the MFS that resulted in maximum simulated cell efficiency. 

Identical metallisation grid characteristics were considered for the two cell structures; hence 

the external circuit losses (Rs, Rsh) at each MFS were identical as well.    

In addition to the I-V simulations, free energy loss analysis (FELA) was utilised in QUOKKA 

to demonstrate a detailed loss analysis of the investigated cell structures at the maximum 

power point (MPP). FELA calculated all the resistive and recombinative losses as dissipated 

power per unit cell area (mW/cm
2
), resulting in comparable values for all loss contributions. 

A detailed description of FELA may be found in [Bre08].  

Results and discussion 

Based on the results in Figure 7-9, the optimal MFS was 2.2 mm. The simulated I-V results, 

shown in Figure 7-10, demonstrated a slight dominance over the performance of the SFSC, 
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resulting from a higher Jsc. The main reason for the inferior Jsc of the SFSC was the low 

collection efficiency of the SFs regions. ~90% of the current density generated inside the 

depth of the SFs (~0.74 mA/cm
2
) was lost, contributing significantly to the total Jsc losses at 

the front surface of the SFSC. Excluding the SFs from the front surface in the SFSC model 

resulted in a simulated Jsc of 40 mA/cm
2
. This confirmed that poor collection efficiency in the 

SFs was the major factor for the inferior simulated SFSC performance.    

 

 

Figure 7-9: Simulated cell efficiency as a function of MFS. 

 

 

Figure 7-10: Simulated I-V characteristics of a SPSC with optimum front-surface design (MFS). 
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FELA results demonstrated the effect of the poor SF collection efficiency on the power loss 

of the SFSC in comparison with the SPSC (see Figure 7-11). This was shown by the 

comparisons of power losses resulting from recombination in the non-contacted areas at the 

front surface of the two cells. The other components of the front surface power loss, shown in 

Figure 7-11, were similar for the two investigated cell structures.  

 

 

Figure 7-11: Major components of FELA results for the simulated SFSC and SPSC. 

 

Conclusion 

In this section a comparison between the performance of a SFSC and a standard SPSC was 

performed by simulating the latter cell structure using QUOKKA. A slightly superior 

performance was demonstrated by the SPSC, resulting from lower recombination losses on 

the cell’s non-contacted front-surface areas. The higher recombination losses of the SFSC 

were caused by the heavy doping of the SFs and were shown to mainly result in a poor SF 

collection efficiency and lower SFSC Jsc.    
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7.7 Improvements for SFSC  

One possibility to minimise recombination losses on the front surface of a SFSC is to 

decrease the surface area covered by the SFs. This would require an increase in the SFS and 

would have an adverse effect on the cell’s FF by increasing front-contact resistive losses 

(mainly due to decreased SF-MF contact area). This section investigated the potential for 

improvement of the SFSC by decreasing the ρc between the SFs and MFs. The Ag paste used 

in the contact firing optimisation was designed for lightly diffused emitters with lower NDS. 

SFs were heavily diffused with a much higher NDS; hence a paste more suitable for such 

heavily doped emitters may bring SF-MF ρc further down, which would allow for larger SFS. 

Another possibility to decrease front surface recombination losses is an improvement of the 

etched-back emitter passivation. The parametrisation used in Section 7.3 for modelling Sp0 

was based on results published in 2001, which might have led to an overestimation of Sp0 

considering the relatively low NDS of the etched-back emitter and the up-to-date advancement 

of surface passivation of such lightly doped emitters. Furthermore, no Qf resulting from the 

SiNx layer was included in the modelling of the emitter with EDNA. An addition of Qf on the 

emitter surface decreases JoE and increases IQEE improving the overall performance of the 

solar cell. As such, this section also looked at the effect of an improvement in surface 

recombination of the etched-back emitter.  

Experimental 

The sweeping function was used in QUOKKA to vary CB IV ρc through a set range (0.001- 

0.1 mΩ.cm
2
) and investigate the effect on the cell’s FF and efficiency. The rest of the cell 

input parameters were kept constant (see Section 7.5) during the sweeping of ρc. A similar 

procedure was followed with the etched-back emitter Seff. JoE and IQEE were simulated in 

EDNA for a range of Seff values (1-3775 cm/s) first, followed by QUOKKA simulations of the 

cell’s Voc, Jsc and efficiency by sweeping CB I JoE and IQEE through the range of values 

simulated in EDNA. This enabled the investigation of the effect of Seff on the cell’s Voc, Jsc 

and efficiency.  

Next ρc and Seff were set to improved values and the MFS and SFS were re-optimised for 

maximum simulated cell efficiency. FELA was utilised again to analyse the losses of the 

newly designed SFSC front surface and compare them to the SPSC front-surface losses. 
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Results and discussion  

Figure 7-12 shows the rising trend in cell’s FF and efficiency with decreasing ρc from 0.15 to 

0.001 mΩ.cm
2
. Both cell outputs start saturating at ρc values below ~0.01 mΩ.cm

2
, indicating 

that contact resistance losses become insignificant for lower ρc. Therefore ρc was set 0.01 

mΩ.cm
2
 in the following I-V simulations.  

 

 

Figure 7-12: Simulated cell FF and efficiency as a function of SF-MF ρc. 

 

Figure 7-13 shows the effect of lower Seff values on the etched-back emitter JoE and IQEE, 

simulated by EDNA. Saturation of the two investigated emitter parameters started at a Seff of 

~100 cm/s, which resulted in maximum cell Voc, Jsc and efficiency being reached (see Figures 

7-14 and 7-15). For Seff  = 100 cm/s EDNA simulated a JoE of 32 fA/cm
2
 and IQEE of 99% 

(assuming no light absorption in the SiNx layer), which were used in the following I-V 

simulations.    
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Figure 7-13: Simulated JoE and IQEE as a function of Seff.  

 

 

Figure 7-14: Simulated SFSC Voc and efficiency as a function of Seff.  
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Figure 7-15: Simulated SFSC Jsc and efficiency as a function of Seff. 

 

The optimal MFS and SFS were found to be 2.4 mm and 0.45 mm, respectively. The 

decreased MF-SF ρc resulted in an increase in optimum SFS; however the optimum MFS 

remained the same as before. The simulated SFSC I-V parameters with the new front-surface 

design are shown in Table 7-3. The effect of improved etched-back emitter properties and 

MF-SF contact resistance was demonstrated with the improvement of all solar cell 

parameters. The cell efficiency was matching the one from the simulated SPSC.  

 

Table 7-3: Summary of simulated electrical parameters (AM1.5G, 1 sun, 25 ºC) of a SFSC with 

etched-back emitter Seff  = 100 cm/s and MF-SF ρc = 
 
0.01 mΩ.cm

2
. 

Voc    

(mV) 

Jsc     

(mA/cm
2
) 

FF          

(%) 

Efficiency      

(%) 

643 39.6 80.8 20.6 

 

FELA results demonstrated the expected decrease in front-contact resistance losses (by 0.09 

mW/cm
2
) and front recombination losses for non-contacted surface area (by 0.17 mW/cm

2
) 

considering the two simulated improvements (see Figure 7-16).  
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The emitter lateral resistive losses increased slightly (by 0.04 mW/cm
2
) as a result of the 

increased optimum SFS. The major difference between the SFSC and SPSC was still the 

recombination loss at the non-contacted areas (0.11 mW/cm
2
) resulting from recombination 

inside the SFs. This demonstrated that the inclusion of the SFs on the front surface could not 

increase the cell performance over the standard SPSC, even with minimised MF-SF ρc and 

etched-back emitter Seff. The drawback of high recombination and consequent low collection 

efficiency inside the SFs was more significant than the benefits of reduced contact resistance 

and improved etched-back emitter properties when compared to the current standard SPSC.      

 

 

Figure 7-16: Major components of FELA results for the simulated SFSC after improvements 

and for the SPSC. 
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efficiency was identical to the simulated efficiency of the SPSC from previous section. FELA 

results demonstrated that the recombination inside the SFs bringing down their collection 

efficiency was still a limiting factor for the SFSCs. Hence the only method for the SFSCs to 

outperform standard SPSCs without significantly modifying the processing sequence outlined 

in Figure 6-4, was through an improvement in the SF collection efficiency.    

In reality, one of the key advantages of the SFSC concept is its potential for greatly reducing 

the dark saturation current contribution originating from the metal/Si interface for the lightly 

doped emitter. It has been shown experimentally that voltages in the vicinity of 700 mV are 

achievable from the SFSC design using standard commercial processes and materials, 

provided the front surface metal only makes contact to the emitter where the heavily doped 

SFs are located [Lin15]. The corresponding extra 60 mV increase in voltage compared to that 

modelled for the SFSC in this chapter is equivalent to almost a 10% increase in performance, 

potentially giving the SFSC a significant performance advantage over the standard SPSC. The 

disadvantage of this however is that the processing sequence in Figure 6-4 will need to be 

made more complicated to facilitate the inclusion of a surface dielectric layer in-between the 

lightly doped emitter surface and the top surface metal and in-between the rear surface and 

the rear surface metal. This will be addressed further in the next chapter relating to "Future 

work".  

 

7.8 Chapter Summary 

This chapter focused on the analysis of the AJP SFSC with advanced cell modelling and 

computer simulations. A state-of-the-art 3-D solar cell simulation program QUOKKA was 

applied for the modelling and simulation work. The chapter described how the required 

model input parameters were determined, which included cell processing, characterisation 

and application of other simulation tools in addition to QUOKKA. Optimisation of the front-

surface design of a SFSC based on the determined model input parameters was demonstrated 

by finding a MFS and SFS combination that resulted in maximum simulated cell efficiency.  

Modelling, simulations and MFS optimisation of a standard SPSC was also demonstrated, the 

model input parameters for the SPSC obtained from recent literature. Performance 

comparison between the two cell designs was performed and it was shown that the SFSC was 
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slightly outperformed by the SPSC. A detailed analysis of free energy losses at MPP in 

QUOKKA demonstrated that the high recombination and low collection efficiency in the SFs 

was the performance limiting factor for the simulated SFSC. Even after simulated 

improvements in contact resistance between the SFs and MFs and surface passivation of the 

etched-back emitter, the SFSC was only able to match the output of the SPSC. This 

demonstrated that the only method for the SFSCs to outperform standard SPSCs was an 

increase in the SF collection efficiency.  
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Chapter 8 

Conclusion 
 

 

8.1 Thesis conclusions 

The work in this thesis investigated the development and novel application of two different 

patterning processes for use in the fabrication, simplification and minimisation of losses for 

various silicon photovoltaic devices. The first process demonstrated the successful inkjet 

patterning of dielectric etching masks for the fabrication of surface textures, typically used on 

high-efficiency solar cells and processed with laboratory-type photolithographic patterning. 

Chapter 4 covered the development of a novel inkjet patterning method and its application 

for the fabrication of high-efficiency textures on monocrystalline Si wafers. The main 

conclusions from this chapter are: 

1. The development and ongoing optimisation of the novel inkjet patterning method 

resulted in significant patterning improvements. The quality of the patterning was 

demonstrated with openings in the dielectric layer with uniform size and shape. 

2. Patterns produced with the modified inkjet patterning method were used as etching 

masks to form regular inverted pyramids and v-grooves on wafer surfaces. Successful 

formation of the textures and their uniformity were demonstrated. The inkjet-
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fabricated textures showed good resemblance to those fabricated by photolithography 

and typically used on high-efficiency Si solar cells, the only discernible difference 

from the latter shown to be the larger feature size. 

3. Reflection analysis demonstrated that inkjet textures can reduce external reflection to 

below the reflection of photolithographically-fabricated inverted pyramids. Inkjet 

texturing was shown to be slightly outperformed by industrial random upright 

pyramids, which was thought to be primarily due to the flat surfaces between inkjet 

inverted pyramids and v-grooves. 

4. Analysis of absorption in the near-bandgap wavelength range showed that inkjet 

inverted pyramids and orthogonal v-grooves resulted in superior light trapping to that 

achievable from conventional single-sided and double-sided upright pyramids, 

respectively. The long-wavelength light trapping superiority of these structures has 

been shown previously by other researchers; hence the results confirmed the 

effectiveness of the inkjet patterning method in the fabrication of these textures.  

5. Photogenerated current density simulations were performed using ray tracing on 

standard solar cell architectures with inkjet and industrial texturing on the front 

surface. Inkjet inverted pyramids were demonstrated to result in higher 

photogeneration for wafers of 200 μm thickness and a screen-printed aluminium layer 

on the rear surface, making them a promising single-sided texturing approach for 

monocrystalline Si solar cells.  

 

Chapter 5 presented the application of a modified inkjet patterning method for the 

fabrication of high-efficiency texture structures on multicrystalline Si wafers. The main 

conclusions from this chapter are:  

1. The modified inkjet patterning method was used for the fabrication of etching masks 

to form honeycomb and u-groove textures on wafer surfaces. Successful formation of 

the textures and their uniformity was demonstrated, resembling those typically used 

on high-efficiency multicrystalline solar cells and fabricated by photolithography. The 

only difference from the photolithographically-patterned textures was shown to be the 

larger feature size. 
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2. Reflection analysis demonstrated that inkjet textures can result in significantly lower 

external reflection when compared to chemically-polished wafers. Inkjet-patterned 

honeycomb textures were also shown to slightly outperform industrial iso-textures. 

Inkjet u-groove textures were shown not to be as effective in the reduction of external 

reflection due to the increased flat regions at the bottom of these structures.  

3. Optical properties of inkjet-patterned honeycomb textures, planar surfaces and 

industrial iso-textures were analysed in-depth using geometrical modelling, ray tracing 

and angular distribution matrices. Photocurrent absorption and sources of optical 

losses were computed from simulations of the three morphologies on the front surface 

of standard solar cell structures. The honeycomb textures were demonstrated to result 

in enhanced absorption over planar surfaces. The improvement over industrial iso-

textures was shown to be not as large.  

4. The potential of using inkjet texturing for multicrystalline Si laser-doped selective 

emitter solar cells was demonstrated. The selective inkjet texturing was shown to 

eliminate key issues encountered in the processing of this cell structure such as 

unwanted over-plating of metal on the light-receiving surface.    

 

The second patterning process investigated in this thesis focused on aerosol jet deposition of 

etching masks directly on the Si wafer surface for the formation of localised diffusions. The 

aerosol jet patterning process was demonstrated as a novel method for the development of the 

semiconductor finger solar cell structure. Chapter 6 focused on the fabrication and 

characterisation of the cell structure including detailed analysis of the key fabrication 

processes. The main conclusions from this chapter are:  

1. Optimisation of the aerosol jet surface patterning required for semiconductor finger 

formation was performed via investigation of the impact of the printing parameters. A 

parameter recipe was developed that resulted in deposited ~20 µm wide resist lines 

with the required coverage of the surface textures (random upright pyramids).   

2. It was shown that the printed resist lines can withstand the chemical etchant (Trilogy 

etch) used for the fabrication of the cell structure. Semiconductor finger formation 

was demonstrated after an etch-back process and resist removal. Extensive etching 
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was shown to result in the printed resist lines being under-etched and narrowing of the 

semiconductor fingers.  

3. The third major processing step for the cell structure was a chemical process, etching 

back the emitter from ~5 Ω/□ to ~100 Ω/□. Investigation of the etch-back process 

using the Trilogy etch solution showed that the etch-rate was non-uniform across the 

wafer surface resulting in large variations in the etched-back emitter’s sheet 

resistivity.  

4. The effects of the emitter etch-back non-uniformity on the final device performance 

were demonstrated by fabrication of semiconductor finger solar cells using the Trilogy 

etch-back process. Over-etching resulted mainly in detrimental effects on the solar 

cell’s series resistance and fill factor, while under-etching deteriorated the cell’s blue 

response and current output. Alternative etching methods for the fabrication of a 

uniform etched-back emitter need to be developed in order to investigate the full cell 

potential. Nevertheless the technique of diffusion structuring via aerosol jet patterning 

was successfully integrated into the development of this cell structure.  

 

In Chapter 7 advanced solar cell modelling was applied to analyse the aerosol jet patterned 

semiconductor finger solar cell. A state-of-the-art 3-D simulation tool QUOKKA was used 

for the modelling work. Standard screen-printed solar cells were included in the investigation 

for performance comparison between the two cell types. The main conclusions from this 

chapter are:  

1. Cell processing, characterisation and modelling using other simulation tools such as 

OPAL, EDNA and Grid Calculator, were applied to determine the cell model input 

parameters required by QUOKKA. Optimisation of the front surface design of the 

semiconductor finger solar cell was performed by determining metal and 

semiconductor finger spacings that resulted in maximum simulated cell efficiency. 

The efficiency was determined to be 20.4% excluding losses such as recombination 

under busbars, busbar shading, edge recombination and series resistance between 

metal fingers and cell edge.  

2. Modelling and metal finger spacing optimisation of a standard screen-printed solar 

cell was performed, using cell model input parameters from recent literature. A 
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conversion efficiency of 20.6% was simulated for this cell structure demonstrating a 

slight superiority over the semiconductor finger solar cell. Considering the identical 

simulated bulk and rear surface properties, the semiconductor finger solar cell was 

determined to result in higher front surface losses than the screen-printed solar cell.  

3. Free energy loss analysis was performed in QUOKKA identifying the high 

recombination and low collection efficiency of the semiconductor fingers as the 

performance limiting factor for the corresponding simulated cell structure.  

4. Improvements were simulated for the semiconductor finger solar cell by reducing 

model inputs for contact resistance losses and etched-back emitter recombination 

losses to insignificantly low (no effect on cell output) values. The cell performance 

matched the output from the screen-printed cell [i.e. simulated cell efficiency = 

20.6%], demonstrating that the only method for the former cell structure to 

outperform the latter is an increase in the semiconductor finger collection efficiency.  

 

8.2 Original contributions 

1. A novel inkjet printing method for dielectric patterning, resulting in significant 

patterning improvements with the quality of the patterns similar to those made by 

photolithography. 

2. Application of the new inkjet patterning method to fabricate high-performance 

textures on monocrystalline Si wafers, such as inverted pyramids and v-grooves.  

3. Detailed analysis of optical properties of inkjet inverted pyramids and v-grooves 

including comparisons with photolithographically-patterned and standard commercial 

textures on monocrystalline wafers.  

4. Application of the new inkjet patterning method to fabricate high-performance 

textures on multicrystalline Si wafers, such as honeycomb and u-groove structures.  

5. Detailed analysis of optical properties of inkjet honeycomb textures including 

comparisons with chemically-polished surfaces and standard commercial textures on 

multicrystalline wafers. 
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6. Demonstration of inkjet texturing as a beneficial texturing option for multicrystalline 

Si laser-doped selective emitter solar cells, with the ability to eliminate key processing 

issues for this cell structure.  

7. A patterning method for the formation of localised diffusions using aerosol jet 

printing. Optimisation of aerosol jet patterning parameters for deposition of resist 

lines with characteristics required for semiconductor finger fabrication. 

8. Integration of the method of diffusion structuring via aerosol jet patterning into the 

development of the semiconductor finger solar cell structure by production of working 

solar cell devices. 

9. Advanced 3-D modelling of the aerosol jet patterned semiconductor finger solar cell 

and the standard screen-printed solar cell using state-of-the-art solar cell simulation 

software and including detailed loss analysis of the two structures.  

10. Identification of high recombination and low collection efficiency of the 

semiconductor fingers as the major performance limiting factor for the corresponding 

cell structure.     

 

8.3 Future work 

The following options were identified for future work during the course of this thesis: 

1. Further work is required on the plasticiser (DEG) drop formation on the resin surface 

and its diameter reduction post printing in the inkjet patterning process. This could 

reduce the drop/line spacing and therefore reduce the feature size of the textures, 

which would reduce Si removal, the time required for etching and risk of wafer 

breakage for thinner wafers. Modifying the platen of the inkjet printer used in this 

work such that it can be heated to temperatures higher than 60 ºC can be beneficial. 

This would allow the substrate’s surface energy to be decreased further and the 

spreading of the printed DEG droplets to be minimised. Droplet spreading could also 

be minimised by developing methods to roughen the surface of the substrate.  

2. A comprehensive study should be performed on the etching of the exposed Si in the  
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inkjet texturing process on multicrystalline wafers. The wet chemical etching should 

be altered or other techniques applied such as plasma etching to etch the exposed Si 

more deeply and improve the texture’s optical properties. Anisotropic reactive ion 

etching with preferential etching perpendicular to the surface of the substrate can be 

applied to fabricate deep trenches. This can be followed by a second isotropic etching 

step (wet chemical or reactive ion etching) to broaden the trenches and eliminate the 

flat areas between them. 

3. The application of inkjet texturing for multicrystalline Si laser-doped selective emitter 

solar cells should be investigated further with the availability of specialised 

equipment. A laser with accurate alignment and placement of laser-doped lines in the 

centre of the non-textured regions is required for the processing of complete solar 

cells.   

4. The cell modelling in Chapter 7 demonstrated that the only method for the 

semiconductor finger solar cell to outperform the standard screen-printed solar cell 

was an increase in the semiconductor finger collection efficiency [i.e. decrease in 

recombination losses]. Further investigation can be performed in future work on the 

development of a method that could accomplish this.  

5. Another method for an improvement of the aerosol jet patterned semiconductor finger 

solar cell highlighted in Chapter 7 was the separation of the lightly doped emitter 

surface from the top surface metal and the separation of the rear surface from the rear 

metal layer. The cell processing sequence would have to be altered in order to achieve 

this. One method would be to leave the printed resist lines on the semiconductor 

fingers during the SiNx deposition and remove them afterwards. The uncovered 

semiconductor fingers can then be contacted with metal pastes that don’t fire through 

the SiNx layer. This will need to be combined with a local back surface field 

formation (passivated rear surface) for the cell structure to result in performance 

improvements over the standard screen-printed solar cell.  
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Appendix B: Abbreviations 

list 

 

Abbreviation Explanation 

  

2-D two-dimensional 

3-D  three-dimensional  

A absorption 

AJP aerosol jet printer/printed 

Al aluminium 

ARC antireflection coating  

BB busbar  

BCSC buried contact solar cell 

BGN band gap narrowing 

BOE buffer oxide etch  

BSF back surface field  

CSG crystalline silicon on glass  

Cz Czochralski 

DEG diethylene glycol  

DI deionised 

DMC Dimatix Materials Cartridge  

DMP Dimatix Materials Printer  

DOD drop on demand  

DOS density of states 

EBIC electron beam induced current  

ECV electrochemical capacitance-voltage  

E-less electroless 

FELA free energy loss analysis  

FIB focused ion beam 

GB grain boundary 

inSECT Inline Selective Emitter Concept 

LBIC light-beam-induced-current  

LCP laser chemical processing  

LD laser-doped 
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Abbreviation Explanation 

  

LIP light induced plating  

MF metal finger 

MFS metal finger spacing  

MFW metal finger width  

MOD metallo-organic decomposition  

MPP maximum power point 

PA-ALD plasma assisted atomic layer deposition 

PECVD plasma enhanced chemical vapour deposition 

PERC passivated emitter and rear contacted  

PERL passivated emitter and rear locally diffused  

PESC passivated emitter solar cell  

PGMEA propylene glycol monomethyl ether acetate 

PSG phosphosilicate glass  

PV photovoltaic 

R reflection 

R&D research and development  

RIE reactive ion etching  

SE selective emitter  

SEM scanning electron microscope 

SF semiconductor finger  

SFS semiconductor finger spacing  

SFSC semiconductor finger solar cell  

SFW semiconductor finger width  

SPSC screen printed solar cell 

SRH Shockley–Read–Hall 

TLM transmission line model  

UNSW University of New South Wales 

UV ultraviolet 

w/w weight per weight 

WAR weighted average reflection  
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Appendix C: Symbols list 

 

Symbol Designation Unit 

 
 

 Egi intrinsic band gap energy eV 

FF fill factor % 

IQE internal quantum efficiency % 

IQEE emitter collection efficiency % 

Isc short circuit current A 

I-V current - voltage 
 

Jo1 ideal dark saturation current mA/cm
2
 

Jo2 non-ideal dark saturation current mA/cm
2
 

JoE emitter dark saturation current density mA/cm
2
 

Jph photocurrent density mA/cm
2
 

Jsc short circuit current density mA/cm
2
 

n ideality factor 
 

n0 equilibrium electron concentration cm
-3

 

Nb bulk dopant concentration cm
-3

 

NDS surface doping concentration cm
-3

 

p-FF pseudo – fill factor % 

Qf surface charge cm
-2

 

Rs series resistance Ω.cm
2
 

Rsh shunt resistance Ω.cm
2
 

Rsheet sheet resistivity Ω/□ 

Seff effective surface recombination velocity cm/s 

Sp0 hole surface recombination velocity cm/s 

Voc open circuit voltage mV 

α absorption coefficient cm
-2

 

d Si wafer thickness cm 

ρc specific contact resistivity mΩ.cm
2
 

τE SRH Shockley–Read–Hall lifetime within the emitter µs 
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Symbol Designation 

 
 

Ag silver 

Al2O3 aluminium oxide  

c-Si crystalline silicon  

Cu copper 

H2O water 

H2O2 hydrogen peroxide 

H2SiF6 hexafluorosilicic acid  

H2SO4 sulfuric acid 

HF hydrofluoric acid  

HNO3 nitric acid 

IPA isopropyl alcohol  

KOH potassium hydroxide  

N2 nitrogen 

NaOCl sodium hypochlorite  

NaOH sodium hydroxide  

NH4F ammonium fluoride 

Ni nickel 

NO nitric oxide  

O2 oxygen 

OH¯ hydroxide 

PZT lead zirconate titanate 

SF6 sulfur hexafluoride  

Si silicon 

Si3N4 stoichiometric silicon nitride 

SiNx amorphous hydrogenated silicon nitride 

SiO2 silicon dioxide  
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