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Executive Summary 
Thin-film Crystalline Silicon on Glass (CSG) is a new photovoltaic (PV) technology that uses a very thin 

layer of a silicon material to fabricate solar cells supported by a cheap transparent glass substrate. It 

has the same material benefits as the proven mature silicon wafer-based PV technologies while 

consuming only a small fraction of the expensive material. The CSG technology was developed in 

Australia, commercialised in Germany but turned out to be too expensive to manufacture. To be 

commercially viable and competitive, the manufacturing cost of the CSG technology should be 

substantially lowered while its performance needs to be significantly improved. The project has two 

major aims: 1) to reduce the manufacturing cost by replacing the currently standard silicon film 

fabrication by slow and expensive plasma deposition with much faster and cheaper electron beam 

(e-beam) evaporation; 2) to improve CSG cell performance by developing higher electronic quality 

silicon films using laser-induced liquid-phase crystallisation. Both aims were successfully achieved as 

documented in the project milestone reports. 

The project has established e-beam evaporation as a fast silicon film deposition process, with the 

rate 30 times higher than the plasma deposition. It takes only about 10 min to deposit 10 microns of 

silicon required for CSG solar cells as compared to about 5 hours by plasma deposition. Boron and 

phosphorous dopants are introduced with high precision from high temperature sources during 

evaporation. Evaporation is also inherently simpler and cheaper than plasma deposition because it 

uses solid inert materials as material sources instead of flammable and toxic gasses. 

To become a solar cell material, the evaporated doped silicon has to be crystallised. Prior to the 

project, crystallisation was conducted in the solid phase producing poorly performing solar cells with 

high defect density, and the whole crystallisation process taking as long as 30 hrs. A novel process 

has been developed by the project using a line-shaped laser beam to melt the film and re-crystallise 

it into large low-defect grains. The laser crystallisation process takes less than a minute and 

produces a high electronic quality material. After implementing light-trapping specifically designed 

to improve light absorption in the evaporated film, the project demonstrated solar cells with the 

efficiency exceeding the previous CSG cells and approaching 13%. The new solar cells are named 

after the process as liquid-phased crystallised silicon on glass (LPCSG) cells. 

The cost of ownership model developed by the project shows that the cost of electricity produced by 

the new LPCSG technology would be below the grid parity if the technology were to be 

commercialised. 

 



 

4 

Project Overview 

Project summary  
The project demonstrated a high rate and commercially viable silicon film deposition and doping 

process by electron beam evaporation. A novel liquid-phase silicon film crystallisation approach 

using a line-shaped laser beam was developed to convert the evaporated silicon into a high 

electronic quality solar cell material. Faster cell material fabrication and the better performance of 

the new technology reduce its manufacturing cost and make it competitive with conventional 

electricity sources.  

Project scope 
There have been silicon thin-film solar cell technologies in commercial manufacturing: hydrogenated 

amorphous silicon and silicon-germanium alloys, amorphous-microcrystalline silicon tandem solar 

cells. The materials used in such technologies are fabricated using slow and expensive plasma 

enhanced chemical vapour deposition and they are also inherently unstable, resulting in the cell 

performance degrading over time. The original CSG technology has a similar but stable performance 

due to the crystalline nature of the cell material but because the cell precursor was also fabricated 

by plasma deposition, the technology was too expensive to manufacture. The CSG cell efficiency was 

also capped at around 10% by the defective nature of the silicon material obtained by solid-phase 

crystallisation. The high technology cost and relatively low efficiency made it uncompetitive with 

both most other thin-film technologies and conventional silicon wafer cells. 

The project proposed to fundamentally change the approach to CSG material fabrication. Firstly, the 

silicon deposition and doping process by e-beam evaporation was to be demonstrated as a 

commercially viable alternative to plasma deposition. Silicon evaporation is capable of deposition 

rates up to 1 micron per minute which is 30 times faster than plasma deposition. It also uses solid 

and inert material sources which makes it simpler, safer and cheaper than plasma deposition that 

uses toxic and flammable gasses. However, prior to the project, no well-performing solar cells were 

fabricated from the evaporated silicon because it has a lower quality than a plasma deposited 

material. Methods for improving the quality of the evaporated silicon were to be found. 

Secondly, a novel process for transforming the evaporated silicon into a high quality crystalline solar 

cell material was to be developed. It uses a line-shape beam from a high power diode laser as an 

energy source to melt and recrystallise a precursor silicon film from the liquid phase. The material 

formed by laser crystallisation has a much higher crystal and electronic quality than the old CSG 

material and is similar to the quality of multi-crystalline silicon wafers. To distinguish the cells made 

of such a material from old CSG cells, they are named after the crystallisation process as Liquid-

Phase Crystallised Silicon on Glass (LPCSG) solar cells. 

Thirdly, creation of the cell structure, light absorption enhancement schemes, and cell metallisation 

could not be directly adopted from the CSG technology that relied on the dopant profiles formed 

during deposition. New processes for dopant diffusion into the liquid-phase crystallised silicon films, 
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both by thermal and laser-based annealing; light-trapping schemes specifically optimised for the 

evaporated films; and a modified contacting approach had to be designed, tried and implemented to 

fully utilise an advantage of the high quality material. 

Outcomes 
The project has established e-beam evaporation as a high rate commercially viable silicon film 

deposition process for the solar cell application. The project has introduced novel line laser 

crystallisation for creating a high electronic quality silicon material. The solar cells fabricated by 

evaporation and laser crystallisation perform better than old CSG cells and are cheaper to 

manufacture. The cost of ownership model has been created to estimate the manufacturability of 

the new technology which demonstrated that it can achieve the grid parity with conventional 

electricity sources. The project research results have been published in 17 peer reviewed journal 

papers and 15 conference papers. 

 

Silicon evaporation. The silicon electron beam evaporator was re-designed to reduce impurity 

incorporation, to improve control of silicon and dopant flows, and to increase the deposition rate up 

to 1 micron per minute. Deposition process parameters were optimised to produce a material with 

the quality suitable for thin-film solar cell application; and dopant concentrations were thoroughly 

calibrated to for the best cell performance. 

 

Line-focus laser crystallisation. A novel process was introduced and developed to crystallise a silicon 

film on glass by using a line-focus laser beam. When the beam scans across the silicon surface it 

briefly melts the film. Upon silicon solidification long crystal grains are drawn from the melt in the 

direction of scanning. The beam energy is tuned such that full film melting is achieved, leaving no 

amorphous and microcrystalline phase, but avoiding film delamination. The crystal and electronic 

quality of the silicon produced by the new process is much higher than that of the solid-phased 

crystallised films used in the old CSG solar and it is similar to the quality of multi-crystalline silicon 

wafers. Thus, LPCSG solar cells can potentially match the performance of the silicon wafer cells while 

using much less silicon. As evidence, the open-circuit voltage of above 620 mV have been achieved 

by LPCSG solar cells which is similar to the voltages of multi-crystalline silicon wafer cells 

 

 

Figure 1: Line laser crystallisation process and silicon grain quality 
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Intermediate layer. An intermediate layer between glass and the silicon has been found to play a 

critically important role for successful crystallisation and resulting cell performance. It provides good 

wetting between glass and molten silicon; prevents impurity diffusion from glass; possesses good 

optical properties such as low absorption and high antireflection; and passivates the silicon-glass 

interface. A multilayer consisting of silicon dioxide and silicon nitride has been developed to perform 

all aforementioned functions. 

 

Light-trapping. Because LPCSG cells are a few microns thin, the light absorption is incomplete 

without enhanced light-trapping. Both rear silicon texturing and glass-silicon interface texturing have 

been applied and to the cells and optimised to randomise the light within the cell increasing its 

absorption. The photocurrent enhancement of about 50% has thus been achieved. 

 

Cell metallisation. LPCSG device fabrication is based on commercial point-contact CSG metallisation. 

To make it work for LPCSG cells where contacts are made to a lightly doped absorber, selective 

absorber doping has been developed. A dopant source is applied to small finite areas of the absorber 

only where it makes contact with the metal. Sufficiently low contact resistance and high fill factor 

thus have been achieved. 

 

LPCSG cell performance. When all aforementioned processes and features are applied to one LPCSC 

solar cell its energy conversion efficiency reaches 13% which is significantly higher than 10.5% of the 

best CSG solar cell.  

 

 

 

Figure 2: LPCSG cell design, close-up image and performance 

 

Manufacturing cost. A Cost of Ownership (COO) model has been developed for LPCSG solar cells. 

The model estimates the manufacturing cost of about USD 1/W at 12% efficiency and USD 0.8/W at 

15% efficiency. These costs translate into the electricity price of below USD 0.15/KWh which is below 

the grid parity in most developed countries including Australia. The LPCSG cost can be significantly 

lowered by replacing expensive borosilicate glass, used in R&D, with much cheaper soda-lime glass 

in manufacturing. 



Next Generation Crystalline Silicon on Glass Modules| Page 7 

 

The Capital Expenditure (CapEx) to build a 100 MW LPCSG production plant is about USD 2/W. It is 

higher than the current CapEx of less than USD 1/W for silicon wafer based PV technologies. The 

LPCSG CapEx is high mostly because of a contribution of silicon evaporators which are not currently 

standard manufacturing equipment and need to be custom built. Further development in 

evaporation tools is required to reduce LPCSG CapEx. 

Transferability 
The new line-focus laser processing developed by the project has a number of other promising 

applications. It can be used not only for melting but also for fast and efficient defect annealing of 

silicon and other semiconductor materials, such as kesterite, silicon-germanium alloys, etc., in 

photovoltaics and microelectronics. Line-focus laser dopant diffusion is a low thermal budget 

alternative to conventional furnace-based diffusion. In any application where energy needs to be 

applied to a large area for a short time in a well-controlled manner a line-focus diode laser 

treatment can find its use. 

Conclusion and next steps 
The project has demonstrated a potential of a new PV technology where thin silicon films are 

fabricated by fast rate evaporation and then converted into high quality crystalline silicon solar 

material by liquid-phase crystallisation using a line-focus laser beam. The material quality is similar 

to multi crystalline silicon wafers and comparable open-circuit voltages have been achieved. A major 

next step is to improve and simplify the currently complicated lab scale device design, metallisation 

scheme in particular, to fully realise the potential of the high quality material and to achieve the fill-

factor of above 75%. The light absorption in thin-film LPCSG cells also needs further enhancement to 

realise a potential current density of 33 mA/cm2 and higher. 
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Lessons Learnt 

Lessons Learnt Report: IMPORTANCE OF INTERMEDIATE 

LAYER 
Project Name: Next Generation Crystalline Silicon on Glass Modules 

Knowledge Category: Technical 

Knowledge Type: Technology  

Technology Type: Solar PV 

State/Territory: NSW 

Key learning 
The project has identified a critical importance of the intermediate layer between glass and the 
silicon for successful film crystallisation and resulting cell performance. This layer plays multiple roles 
and should possess specific properties which no single material can combine. A multi-layer stack 
made of different materials has to be used.  

Implications for future projects 
The developed approach of an intermediate multilayer dielectric stack is to be used whenever 
material processing involves melting of silicon on glass substrates. 

Knowledge gap 
N/A 

Background 

Objectives or project requirements 

A thin silicon film on glass is to be crystallised from liquid phase. It is not possible to produce a high 
quality solar cell material when the silicon is in direct contact with glass for a number of reasons. 
Wetting between liquid silicon and glass is poor causing film delamination during melting; impurities 
from glass diffuse into silicon producing electronic defects; the reflectance from the silicon glass 
interface is very high; the carrier recombination at the silicon-glass interface is very high too. To 
solve these problems, an intermediate layer between glass and the silicon is required which 
possesses the following properties: high thermal stability above silicon melting point; good wetting 
of molten silicon; low absorption and high antireflection; good impurity diffusion barrier; good 
interface passivation. 
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Process undertaken 

Single transparent dielectrics with high melting points were tried: silicon carbide, silicon oxide, and 
silicon nitride. Each of them can satisfy only limited requirements. Silicon carbide is very good for 
wetting and antireflection but it is a poor impurity barrier which also has high light absorption and 
high interface recombination. Silicon oxide is good as a barrier and interface passivation but it has no 
antireflection benefit. Silicon nitride is good for antireflection but poor for wetting, impurity 
diffusion, and interface recombination. 
The project experimented with different combinations of the dielectrics and developed a triple layer 
stack consisting of silicon nitride sandwiched between two silicon dioxide layers. With the optimised 
individual layer thicknesses, the whole stack performs well for supporting laser crystallisation and 
good cell performance.  


