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Executive Summary 
   

The power conversion efficiency of silicon (Si) photovoltaic (PV) technology has almost reached its 

practical limit in the lab, which makes the area-related costs become an increasingly important 

component of total costs. Reduction of Si PV costs is essential and will rely on technological evolution 

to push the energy conversion efficiency beyond its theoretical Shockley-Queisser limit. The most 

compelling option for levelized cost of energy (LCOE) reduction is tandem that stack appropriate thin-

film PV technology on a crystalline Si bottom cell.  

 

This project aims to develop new generation of PV technology by combining non-toxic and abundant 

Kesterite copper-zinc-tin sulphide (CZTS) thin film solar cells with conventional crystalline silicon (c-Si) 

solar cell. This will further boost the efficiency of c-Si PV technology and thereby reduce the cost. The 

main challenges of realising this promising next-generation PV technology include: upscaling the 

manufacturing of high band gap CZTS thin film top cell and exploration of stacking the top cell on Si 

bottom cell to make full use of the sun light.  

 

During the progress of this project, two main parallel research strands have been designed and 

implemented to tackle the research challenges. The first one established a reproducible, recognisable 

and commercial high band gap CZTS technology roadmap. This generated a series of intellectual 

property related to the frontier knowledge for thin film PV technology development, as well as 

established close collaboration with international and domestic academic institutes and industry 

partners. Thin film solar cell research team at UNSW set 5 independently confirmed world record 

efficiency for CZTS solar cells, building up and consolidating UNSW and Australia’s leading position in 

the thin film PV research community. 

 

The second strand explored pathways to stack thin film top cell on Si bottom cell.  Different schemes 

have been tested and evaluated, including epitaxial growth of CZTS on Si, stacking transparent CZTS 

on Si, and four terminal tandem cell by spectrum splitting. Over 22% efficiency CZTS/Si tandem cell 

has been demonstrated, enhancing the promising prospect of tandem solar cell technology. Key 

strategies have been identified for further improvement in different schemes and possible Si-based 

tandem pathway have also been compared and discussed. This has provided fundamental technical 

knowledge for UNSW and Australian research teams focusing on tandem PV technologies. 
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Project Overview 

Project summary  
This project aims to work with international collaborators to design and develop the new generation 

of tandem cell technology. This will be achieved by integrating non-toxic and earth-abundant CZTS-

based chalcogenide thin film solar cells and Si solar cells to produce high performance tandem cells. 

Internationally recognised CZTS record efficiency has been achieved during the project’s progress; 

establishing Australia’s leading position in the inorganic thin film solar cell research area. The 

exploration of CZTS/Si tandem solar cell also demonstrated the promising commercialisation potential 

of the Si-based tandem concept as well as built up the research capability of tandem cell in Australia. 

Project scope 
The project’s scope is to reduce the cost of Si PV technology by further improving the efficiency of 

conventional Si solar cells with the concept of tandem solar cells. The major challenges include 

development of high-performance wide band gap CZTS-based top cell, exploration of the stacking 

technologies of CZTS-based chalcogenide thin film top cell and Si bottom cell as well as evaluation of 

the commercialisation potential and identification of the upscaling pathway of the CZTS/Si tandem 

solar cell technology.  

Outcomes 
New strategies have been developed to cope with the challenges in realising next generation  tandem 

solar cell. During the investigation of exploiting high efficiency CZTS solar cell, the growth process and 

mechanism of kesterite CZTS materials, the control of optoelectronic properties of this material and 

the understanding of the formation and engineering of the defects in the material have been 

systematically studied. In addition, the device physics of the thin film solar cells and the interface 

engineering, device architectural design have also been investigated. 5 CZTS world record efficiencies 

have been achieved during this project, which established Australia’s leadership in thin film research 

area.  

Different strategies for stacking high band gap CZTS top cell with Si bottom cell have been generated, 

including epitaxial growth of CZTS on Si, stacking semitransparent CZTS on Si, and four terminal (4T) 

tandem cell structure by spectrum splitting. The advantages and drawbacks of each strategy have 

been compared and concluded based on the tentative exploration. This has built up the fundamental 

understanding and knowledge of the tandem solar cell structure and will provide informative 

guidelines for the future Si-based tandem research. 

The commercialisation potential and scale-up pathway of CZTS-based chalcogenide thin film PV 

technology as well as CZTS/Si solar cell have been evaluated via cost analysis, stability analysis and life 

cycle assessment. The practical and potential challenges of commercialisation of CZTS/Si tandem cells 

and their subsequent strategies have been identified based on the manufacture cost, conversion 

efficiency, long term stability, and scalable manufacturing method studied during the project. 
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Transferability 
The technical challenges that the project seeks to address are relatively specific to kesterite solar cell 

technology and related Si based tandem solar cells. However, the achievements and lessons learned 

can be applied to other projects which involve other chalcogenide thin film technology, other top cell 

options with Si based tandems. Tandem solar cells are currently widely studied as they are the 

pathway to higher efficiencies. Many projects are investigating the potential of perovskite/Si tandem 

cells as well as III-IV/Si systems both in Australia and worldwide. 

Knowledge sharing within UNSW is through regular meetings and seminars, as well as internally 

produced documents that detail specific processes. We also have a fortnightly kesterite meeting, 

where all researchers present and discuss their results. We also have regular seminars which go into 

more details about specific research topics. All group members regularly attend conferences, visit 

research institutions and industries, and give talks at a variety of forums to both specialist and lay 

audiences. Conference and journal publications, as well as patents, have been published by the 

research team relating to the innovations developed over the course of this project. In addition, 

significant results like breaking word record efficiency also feature in media releases. 

Conclusion and next steps 
In conclusion, this project has been able to achieve all of its technical milestones. The importance of 

these milestones is that achieving them indicates the feasibility of the approaches being undertaken. 

The project has been successful in establishing the leading position of Australia in thin film PV 

technology as well as Si based tandem cells development. However, there are still many remaining 

challenges for tandem cell technology to become commercially available. We will continue to work 

with partners established during this project to further promote the chalcogenide thin film technology 

as well as tandem concept.  

Ultimately, the benefit of the project will be to facilitate and accelerate the development of 

commercially produced tandem devices on a large scale, which in turn will drive a reduction in the 

cost of renewable energy. The benefit to the Australian energy system lies in lower cost solar energy 

generation which are passed on to domestic and industrial consumers. Given that solar energy is set 

to dominate electricity production in Australia in the near future (and already dominates newly 

installed electricity capacity) and the massive growth in renewable energy demand that will arise from 

both a switch away from coal and gas, and an electrification of the transport system, such a cost 

reduction will translate to a significant economic benefit. 
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Lessons Learnt 

Lessons Learnt Report: High performance kesterite Copper-

Zinc-Tin-Sulphide (CZTS) solar cell development  
Project Name: Low-cost, high efficiency Copper-Zinc-Tin-Sulphide (CZTS) on silicon multi-junction 

solar cells 

Knowledge Category: Technical 

Knowledge Type: Technology  

Technology Type: Solar PV 

State/Territory: NSW 

 

Background 

Objectives or project requirements 

The first objective and challenge in this project is to develop industrial-scale and high performance 
kesterite CZTS as the top cell for Si-based tandem solar cells. CZTS is an emerging thin film PV material 
with earth-abundant and non-toxic constitutes, sharing similar crystal structure with other 
chalcogenide materials such as commercialised CuInxGa1−xSe2 (CIGS). However, the common strategies 
applied in CIGS or other compound thin film technology may not work because the unique properties 
of CZTS. This requires new techniques and strategies to be developed to realise a high performance 
CZTS top cell. 

Process undertaken 

Light absorber growth and optimisation have been studied to realise a stable, highly reproducible and 
with less defects absorber. These include absorber growth condition baseline establishing and 
optimisation, secondary phase and optoelectronic properties control, defects formation mechanism 
and transition study as well as doping and alloying strategy development. 

Interface engineering has been carried out including band alignment measurement and adjustment, 
interface defects passivation, heterojunction post treatment as well as novel buffer material 
exploration. 

The device structure study and design have been realised through device loss mechanism simulation, 
optical loss calculation and functional layer optimisation. 

Key learning 
The first prerequisite for developing industrial-scale thin film/Si tandem solar cell is to realise a 
reproducible, recognisable and commercialise-able high performance thin film top cell technology. 
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The strategies including light absorber optoelectronic properties control, heterojunction interface and 
back interface recombination engineering as well as device loss mechanism and architecture design 
have been proved effective for kesterite CZTS top cell performance improvement. The techniques 
developed and learnt enable a rapid and steady progress of the project.  

Implications for future projects 
All compound heterojunction thin film solar cells have to meet the challenges coped with in this 
project. The absorber layers need to be fabricated with defects, orientation, optoelectronic properties 
well controlled, the interfaces need to be engineered with band alignment, recombination finely 
tuned and the whole device structure need to be designed with optical loss, electrical loss fully 
minimised. The techniques leant in this project can be widely applied to future thin film PV technology 
projects like perovskite and other emerging new PV materials. 
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Lessons Learnt Report: large grain spanned monolayer 

CZTSSe absorber enabled by modified mass transfer 
Project Name: Low-cost, high efficiency Copper-Zinc-Tin-Sulphide (CZTS) on silicon multi-junction 

solar cells 

Knowledge Category: Technical 

Knowledge Type: Technology  

Technology Type: Solar PV 

State/Territory: NSW 

 

Background 

Objectives or project requirements 

The voids, small grains, and secondary phases at the bottom of the CZTSSe absorber have been 
identified as one of the main recombination regions that is responsible for the large Jsc loss at long 
wavelength region and the inferior fill factor. To address this issue, large grain spanned monolayer 
absorber is required. 

 

Process undertaken 

By controlling the alloying temperature, modifying the ramp profile and the Se supply during 
selenization, the mass transfer during the growth of CZTSSe has been greatly improved, thus 
enabling large grain spanned monolayer CZTSSe absorber and much better carrier collection 
efficiency at long wavelength region. 

 

Key learning 
The non-radiative recombination within the quasi-neutral region could be suppressed by employing 
large grain spanned monolayer CZTSSe absorber, which could be fabricated with low alloying 
temperature and slow ramp rate that enables sufficient mass transfer before large grains form at 
high temperature. 

 

Implications for future projects 
The cross-sectional morphology of light absorber is important for carrier transport of solar cell 
especially when the grain boundaries are not passivated. The control of favourable large grain 
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spanned monolayer cross-section morphology is an important foundation for high performance 
devices, not only CZTSSe, but also other emerging solar cells. 
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Lessons Learnt Report: High efficient wide bandgap 

Cu(In,Ga)S2 solar cell 
Project Name: Low-cost, high efficiency Copper-Zinc-Tin-Sulphide (CZTS) on silicon multi-junction 

solar cells 

Knowledge Category: Technical 

Knowledge Type: Technology  

Technology Type: Solar PV 

State/Territory: NSW 

 

Background 

Objectives or project requirements 

Developing a KCN-free and H2S free process for high efficient sulphide CIGS solar cell is highly 
desirable not only for single junction solar cell development but also for wide band gap 
chalcogenide/Si tandem device. Hence, it requires us to deliberately control the reaction process of 
the absorber fabrication to avoid the formation of killing secondary phases like CuxS, and to explore 
appropriate buffer layer matching with CIGS absorber chemically and physically. 

 

Process undertaken 

By careful control of the precursor composition and the sulfurization condition, the absorber with 
uniform element distribution and no secondary phases can be obtained. In addition, by optimising 
the composition of ALD ZnSnO buffer layer, a favourable band alignment can be achieved. 
Therefore, a high efficient wide bandgap Cu(In,Ga)S2 with 13.4% efficiency, very close to the state-of-
the-art efficiency reported in literature. 

 

Key learning 
Wide bandgap pure sulfide Cu(In,Ga)S2 solar cell is a promising top cell candidate for chalcogenide/Si 
tandem solar cells. Low cost and environmentally friendly fabrication process without intruding 
widely used KCN etching and H2S sulfurization is developed for high efficient Wide bandgap 
Cu(In,Ga)S2 solar cell. The critical composition control, buffer layer optimization and Ag alloying are 
proven to be effective in improving the device efficiency. 
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Implications for future projects 
The efficiency limiting factor of wide bandgap Cu(In,Ga)S2 (CIGS) solar cell lie in the very large VOC 
deficit. The unfavourable band alignment of Cu(In,Ga)S2 and traditional CdS is one of the major 
contributor to this large VOC loss. In addition, the widely accepted Ga gradient strategy in 
Cu(In,Ga)Se2 solar cell should also be investigated to further improve the Cu(In,Ga)S2 absorber 
quality. 
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Lessons Learnt Report: CZTS/Si tandem solar cell structure 

design 
Project Name: Low-cost, high efficiency Copper-Zinc-Tin-Sulphide (CZTS) on silicon multi-junction 

solar cells 

Knowledge Category: Technical 

Knowledge Type: Technology  

Technology Type: Solar PV 

State/Territory: NSW 

 

Background 

Objectives or project requirements 

Combining CZTS thin film top cell with Si bottom cell is the second big challenge in this project because 

the deposition temperature of CZTS material is usually over 500℃ which is too high for Si and will 

cause metal diffusion from CZTS to Si, degrading Si bottom cell. An effective method for combining 
the top and bottom cell to make the most of sunlight is important to realize the CZTS/Si tandem 
structure. 

 

Process undertaken 

Epitaxial growth of CZTS on Si has been explored and found not easy to control the metal diffusion. 
Bifacial CZTS solar cell fabricated on transparent conductive substrates has been tried, while the 
substrates must be able to stand high fabrication temperature for CZTS. Spectrum splitting method 
has also been explored and the tandem cell efficiency is mainly determined by the top cell 
performance when the bandpass filter is fixed. 

 

Key learning 
CZTS/Si tandem solar cell can be realised by stacking CZTS on top of Si via epitaxial growth or bifacial 
design, or by spectrum splitting. Epitaxial growth and bifacial stack need to be carefully modified 
because of the high crystallization temperature of CZTS and easy diffusion of metal during the 
deposition. Spectrum splitting is easy to operate with a bandpass filter, however the bandpass range 
need to be finely optimised to make full use of the sunlight spectrum. Finally, over 22% CZTS/Si 
tandem solar cell has been demonstrated and strategies towards >30% efficient CZTS (family)/Si 
tandem cell have been identified. 
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Implications for future projects 
The stacking methods for wide band thin film top cell and Si bottom cell exploited in this project can 
be commonly considered in other tandem solar cell technologies like perovskite/Si tandem cell and 
tandem option, providing guideline for tandem PV technology development. 
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Lessons Learnt Report: Evaluation of the commercialization 

potential and pathway of CZTS/Si tandem solar cell  
Project Name: Low-cost, high efficiency Copper-Zinc-Tin-Sulphide (CZTS) on silicon multi-junction 

solar cells 

Knowledge Category: Technical 

Knowledge Type: 

Technology  

Technology Type: Solar PV 

State/Territory: NSW 

 

Background 

Objectives or project requirements 

c-Si photovoltaic is a mature technology, dominating the PV market, while CZTS thin film solar cell is 
an emerging PV technology without a market or business validation. The commercialisation potential 
of new technology needs to be evaluated during its development which can provide design advice and 
research direction for its future development. 

 

Process undertaken 

A bottom-up cost analysis model was built up to compare the CZTS technology with other 
commercialised thin film technology. A life cycle assessment was also carried out to evaluate the 
tandem technologies in terms of environmental impacts and energy payback time. 

 

Key learning 
The commercialisation potential of CZTS/Si tandem solar cell is evaluated based on the cost analysis, 

long-term stability analysis and life cycle assessment. Further improvement of the conversion 

efficiency of CZTS top cell and replacement of the Cd containing layer with non-toxic and more 

transparent material are identified as the key barriers and/or strategies for its industrial-scale 

fabrication. 

 

Implications for future projects 
The methods for evaluation of commercialisation potential of CZTS/Si tandem solar cell and 
identification of key barrier and strategies for its commercialisation can be applied to other PV 
technologies projects when considering it is in high Technology Readiness Level (TRL). 


