
1 

2017/RND012 
Manufacturing of Printed 
Perovskite PV Modules 

Project results and lessons 
learnt  

Lead organisation: Commonwealth Scientific and Industrial Research Organisation (CSIRO) 

Project commencement date:  01/01/2018 Completion date:   30/10/2021 

Date published: 30/11/2021 

Contact name:  Dr Doojin Vak 

Title:  Principal Research Scientist 

Email: doojin.vak@csiro.au Phone: 03 9545 7827 

Website: https://research.csiro.au/printedpv/ 

This Project received funding from ARENA as part of ARENA’s Solar Research & Development 
Program. 

The views expressed herein are not necessarily the views of the Australian Government, and the 
Australian Government does not accept responsibility for any information or advice contained 
herein.

mailto:doojin.vak@csiro.au
https://research.csiro.au/printedpv/


2 

Table of Contents 
 

Executive Summary ........................................................................................................................... 3 

Project Overview ............................................................................................................................... 4 

Project summary ....................................................................................................................... 4 

Project scope ............................................................................................................................. 4 

Outcomes .................................................................................................................................. 5 

Transferability ........................................................................................................................... 7 

Conclusion and next steps ......................................................................................................... 7 

Lessons Learnt ................................................................................................................................... 9 

Lessons Learnt Report #1: Manufacturing Cost of Printed Perovskite PV and Potential Business 
Opportunities ............................................................................................................................ 9 

Lessons Learnt Report #2: Elimination of Vacuum Processes Massively Accelerates the Rate of 
Printed PV Research ................................................................................................................ 11 

Lessons Learnt Report #3: The Complex Manufacturing Processes of Perovskites – No One Size 
Fits All ...................................................................................................................................... 13 

Lessons Learnt Report #4: Novel Electrode Processing Techniques for Low-Cost, Scalable, and 
Vacuum-Free Electrodes. ......................................................................................................... 17 

 



3 

Executive Summary 
 

Perovskite photovoltaics (PV) are an exciting development in next-generation solar technologies. The 
very first perovskite PV device was reported as recently as ten years ago, and within the space of a 
decade perovskites have already demonstrated record power conversion efficiencies comparable to 
silicon PV. This rapid progress, however, has only been achieved using unscalable laboratory 
techniques, meaning the technology could not be readily translated to commercial scales. 

This project aimed to solve this problem by developing high-performance flexible perovskite-based PV 
cells that could be manufactured at scale using industrial roll-to-roll fabrication methods. By restricting 
the deposition techniques to processes commonly used by commercial printers, the outcomes of this 
project can be rapidly adopted by the Australian manufacturing industry.  

The first stage within the overarching objective of the project was to build a foundation to progress 
towards the final goal. Using commercially available materials, the project team developed a process 
for the fabrication of a large-area PV module with an interim target efficiency. Concurrently, new 
materials were developed to improve the performance and durability of the solar cell devices, with 
the additional aim of replacing high-cost device components with low-cost alternatives.  

The second stage of the project aimed to develop a low-cost manufacturing technology for perovskite 
PV cells by achieving high efficiencies, up-scaling materials and optimising processes. Ultimately, the 
project would demonstrate the fabrication of large-area perovskite PV modules using only cost-
effective industrially viable methods. 

The project has delivered world-leading results in terms of printing-based manufacturing 
technologies. The manufacturing cost has also been calculated based on the demonstrated 
efficiencies.  

 

 

  

A schematic of the perovskite PV cell structure (left) and the progress of industrial roll-to-roll 
fabricated perovskite PV cells with vacuum-based electrodes (right). 
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Project Overview 

Project summary  

The second stage of the project was designed to develop a low-cost production method for perovskite 
PV cells by achieving high efficiencies, up-scaling materials, optimising processes and formulations, 
and, ultimately, demonstrating the production of large-area perovskite PV modules using cost-
effective industrially viable methods only. Therefore, the materials developed in the first stage of the 
project have been optimised. Fabrication processes have been further developed and new promising 
deposition approaches have been identified. The new materials have been used in conjunction with 
the optimised fabrication parameters to demonstrate world-leading results in terms of printing-based 
manufacturing technologies for perovskite PV. The followings points are the highlights of the project 
outcomes. Potential manufacturing costs based on the demonstrated efficiencies have also been 
calculated. 

Key achievements:  

 The highest power conversion efficiency (PCE) of 18 % for roll-to-roll fabricated perovskite 
PV. This efficiency represents a significant step forward from the record PCE of 13.8 % 
previously reported in the literature. 

 Discovery of perovskite-compatible roll-to-roll printable electrodes and achieving a PCE of 14 
%. “Roll-to-roll” means the devices need to be fabricated on flexible plastic substrates and 
fabrication parameters are restricted. There have been no other reports on fully roll-to-roll 
printed cells. 

 Demonstration of roll-to-roll production of perovskite PV modules. The production capability 
is globally unique and brought opportunities for business development.  

Project scope 

This project aimed to accelerate the commercialisation of flexible perovskite PV devices, with a focus 
on the portable and off-grid PV market. The key problem in the commercialisation of printed PV is the 
absence of low-cost manufacturing technologies that have the potential to achieve efficiencies already 
demonstrated by small-scale laboratory-fabricated devices.  

The fundamental barrier to solving the problem is the difficulty in fabricating high-quality perovskite 
thin films on a large scale. While this emerging technology has advanced at an exceptional rate, this 
progress has been made using laboratory techniques that are not scalable or transferable to a 
manufacturing environment. 

Therefore, this project has developed materials and deposition techniques that are suitable for the 
manufacturing of market-competitive solar cells by existing Australian printing industries. To confirm 
the commercialisation potential of this approach, a cost model has been developed to calculate the 
cost benefits of replacing high-cost components and the potential manufacturing costs of roll-to-roll 
printing.   
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Outcomes 

The first step to achieving the overarching goal was developing a reliable deposition process. Whilst 
the research team has reported various deposition techniques, a two-step deposition technique,1 also 
known as sequential deposition, was found to be most reliable. Further details of the deposition 
process are described in Lesson Learnt #4. Therefore, the process was used as a standard method to 
test the feasibility of new materials in the manufacturing process. Various charge transport materials 
were developed by the research team at Monash University. After preliminary tests of new materials 
at Monash, the deposition parameters of the new materials were optimised using CSIRO’s printing 
facilities. The research team, especially the researchers at Monash University and CSIRO, have worked 
closely in CSIRO labs for efficient collaboration. As a result, the collaboration team could achieve the 
world-reading result shown in Figure 1a. 

 

 

Figure 1. (a) The progress of roll-to-roll fabricated perovskite PV with vacuum-deposited back electrodes in the literature and 
the record-breaking efficiency achieved in this project. (b) A schematic illustration of the research strategy used in this project. 
An industry-compatible scalable process, slot die coating, was exclusively used for the research regardless of the scale of 
samples. 

 

Despite the rapid progress of rigid glass-based laboratory cells with record PCEs of over 25 %,2 
demonstrations of devices fabricated using low-cost, roll-to-roll manufacturing technologies have 
been lagging far behind, with the best reported PCE only reaching 13.8 %.3 During this project, over 
18 % efficient flexible perovskite PV has been demonstrated and this best efficiency represents the 
world's highest efficiency reported for any roll-to-roll fabricated perovskite device. More importantly, 
the efficiency was achieved using an easily scalable process called slot die coating. As shown in Figure 
1, deposition techniques developed on a small-scale slot die coating system can be readily used for 
large-area fabrication simply by increasing the size of the head unit.  

However, the small-scale devices incorporated costly vacuum-deposited gold electrodes. One of the 
key goals of the project was replacing the vacuum-processed electrodes with low-cost printable ones. 
Therefore, perovskite-compatible conductive inks have been developed by the research team at the 
University of Cambridge. Printable and perovskite-compatible inks have been further developed and 
screened by fabricating small-scale printed cells, as shown in Figure 2a. The selected inks were then 
used to fabricate perovskite PV with roll-to-roll printed PV. An in situ formulation approach was 
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introduced and used to fabricate thousands of devices with unique compositions in each experiment. 
An automatic testing machine, shown in Figure 2b, has been developed and used to test many 
research samples. This innovative research method accelerated the project’s progress and enabled 
the achievement of a challenging milestone - 14 % PCE from roll-to-roll printed cells with printed 
electrodes.   

 

 
 

Figure 2. (a) Small printed perovskite PV cells used to screen printable electrode materials, (b) A custom-built PV testing robot 
for the testing of roll-to-roll fabricated PV cells with > 10,000 cells /day capacity, (c) A current-voltage curve of a printed PV 
module and that of a research cell for comparison, (d) Roll-to-roll fabrication of perovskite PV films and (e) Roll-to-roll screen 
printing of electrodes of perovskite PV modules.  

 

As described earlier, this project exclusively used only scalable deposition techniques. Therefore, the 
developed fabrication parameters could be directly used without redeveloping the process in a larger 
deposition system, as shown in Figure 2d and Figure 2e. The roll-to-roll production of perovskite PV 
modules was first demonstrated by this project in 2019. Further printing trials accomplished the most 
important project milestone - 11 % PCE from a roll-to-roll fabricated module with printed electrodes. 
This demonstration places the project team at the leading edge of the manufacturing technology of 
perovskite PV.  

After achieving the project milestones, the project team made further progress on reducing the 
potential manufacturing cost. The printed PV has mid-cost components as marked in orange colour in 
Figure 3. It was found that two conductive inks with different properties can replace the hole transport 
layer and silver grid with little efficiency loss. Based on these demonstrations, potential manufacturing 
costs under various scenarios have been calculated to be 0.5-1.5 AUD/Wp based on manufacturing in 
a small Australian factory with about 100 MW/year production capacity. This modelling result 
indicates it would be possible to enter niche PV markets with the demonstrated efficiencies and costs. 
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Figure 3. Device architectures of three different sequences developed in this project. The traffic light colour system 
represents the low (green), medium (orange) or high (red) cost components in the devices. 
 

Transferability 

The competitive advantage of the research team at CSIRO is its extensive knowledge of the 
manufacturing techniques that have been applied to printed PV over the last ten years. From the 
earliest stages of this research, the CSIRO team has always been mindful of utilising research methods 
that can be applied to industry-relevant techniques. Therefore, the technology developed in this 
project will be transferable to industry more readily than other projects. 

 

Conclusion and next steps 

The project has progressed successfully under extremely challenging conditions due to the pandemic. 
Manufacturing-friendly materials and fabrication processes have been developed, screened, and 
tested under industry-compatible conditions. Record-breaking efficiencies of over 18 % from roll-to-
roll fabricated PV cells have been achieved. The world-first roll-to-roll production of perovskite PV 
modules was demonstrated in 2019 and the efficiencies of printed modules have so far reached over 
11 % PCE. Although the efficiencies are not as high as state-of-the-art PV cells fabricated in 
laboratories, this project has narrowed the gap between lab and manufacturing technologies. By the 
end of this project in 2021, no other research organisations or companies have reported fully roll-to-
roll production of perovskite PV modules.  

The production cost of printed PV is expected to be competitive once scaled up; however, the project 
team explored business opportunities that may create a profitable business model even before 
achieving these economies of scale. Space applications, the premium PV market sector, has been 
identified as one of them. Printed PV can be launched as a small roll and then deployed in space as 
shown in Error! Reference source not found.a. The physical flexibility, small storage volume, and 
lightweight of the printed PV make the technology competitive for this application. The unique 
production capability developed through the project brought the team an opportunity to engage 
space industries. The printed modules are currently being tested for space application for launch in 
2022.  

Although the printed PV technology has the potential to be competitive in the PV market, entering 
and growing in an extremely competitive market are challenging due to the already established 
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economy scale of conventional Si PV. One realistic approach would be producing printed PV as a 
component of rigid PV panels and collaborating with the established PV industries instead of creating 
a new PV market for flexible PV films. The printed PV could be manufactured as a “Tandem PV tape”. 
The deposition techniques developed in the project would still be used, and potential IP on the 
integration process has been secured. This approach would contribute to ARENA’s 30-30-30 goal.  

 

 

Figure 4. Near-future business opportunities identified during the project: (a) Space applications, a high-value PV market, has 
been identified as a promising market for the technology before achieving economies of scale. The modules produced in this 
project are currently being tested for space qualification. A launch plan has been made and the performance of the modules 
will be tested on the surface of a spacecraft in 2022. (b) “Tandem PV tape” has been identified as a promising application 
that can take advantage of the ultra-low-cost manufacturing of PV films and the economic scales of conventional PV.   
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Lessons Learnt 

Lessons Learnt Report #1: Manufacturing Cost of Printed 
Perovskite PV and Potential Business Opportunities 

Project Name: 2017/RND012 Manufacturing of Printed Perovskite PV Modules 

Knowledge Category: Financial 

Knowledge Type: Technology  

Technology Type: Solar PV 

State/Territory: Victoria 

Key learning 

The project aimed to develop manufacturing technologies for low-cost perovskite PV. Therefore, the 
team developed not only the deposition techniques, but also a cost model to predict the potential 
manufacturing cost of printed perovskite PV in Australia. Based on the cost model and demonstrated 
efficiencies of PV cells, it has been found that printed PV can be manufactured at a market-competitive 
cost in Australia once the economies of scale are achieved. 

Implications for future projects 

The project team has developed multiple device options with various achievable efficiencies and 
production costs. The device options would be used to explore commercialisation opportunities for 
printed and flexible PV modules in various PV sectors. The cost model would be used to engage 
commercialisation partners.  

Knowledge gap 

Most of the academic research focuses on achieving high efficiencies using the best available 
materials/processes regardless of the potential production cost. Calculation of the manufacturing cost 
based on laboratory processes involves too many unrealistic assumptions to predict a feasible cost. 
Emerging perovskite PV has been developing extremely fast and the progress of necessary scalable 
manufacturing techniques has been lagging. Therefore, calculating the potential manufacturing cost 
of non-existing technology has been challenging.  
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Background 

Objectives or project requirements 

The objective of this component of the project was the technical report “Manufacturing costs 
estimated based on final processes and materials”. Previously, a cost model was developed by the 
project partner at University of New South Wales based on CSIRO’s first demonstration of roll-to-roll 
printed perovskite PV in 2017, and the model was further developed with the progress of the PV 
technology.  

Process undertaken 

The cost model was developed based on (i) the fabrication process and materials used in the final 
devices, (ii) demonstrated efficiencies in this project, (iii) realistic cost of a virtual factory and the 
operating cost in Australia. Multiple device options developed in this project were used to calculate 
manufacturing costs. Breakdown costs of each cost component and uncertainty of the calculated costs 
have been accounted for. High-cost components have been replaced by low-cost alternatives, and the 
cost-benefits have also been calculated.  

Supporting information  

The base cost model used in this project can be found in the technical report “Manufacturing cost 
and market potential analysis of demonstrated roll-to-roll perovskite photovoltaic cell processes” 
published in Solar Energy Materials and Solar Cells 

https://www.sciencedirect.com/science/article/pii/S0927024817304865 

 

 

  

https://www.sciencedirect.com/science/article/pii/S0927024817304865
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Lessons Learnt Report #2: Elimination of Vacuum Processes 
Massively Accelerates the Rate of Printed PV Research 

Project Name: Manufacturing of Printed Perovskite PV Modules 

Knowledge Category: Financial 

Knowledge Type: Technology  

Technology Type: Solar PV 

State/Territory: Victoria 

Key learning 

The project aimed to develop low-cost printed electrodes for perovskite PV as an alternative to 
commonly used vacuum-deposited metal electrodes. The vacuum-based electrodes are not only a 
high-cost component but also a bottleneck in the research/manufacturing process. Elimination of the 
vacuum process, together with innovation in the research process, enabled the fabrication and testing 
of thousands of research samples a day by one researcher, instead of the typical 10-20 samples. The 
significantly increased research capacity has accelerated the project progress and will contribute to 
the continued rapid progress of the technology toward commercial manufacturing.  

Implications for future projects 

The new capability of automated fabrication/testing of perovskite PV is a game-changer in the 
research & development of the PV technology, and will enable the exploration of huge material spaces 
with a minimum amount of direct human input. New projects will be designed based on this unique 
capability. This will also enable the discovery of IP on new perovskite formulations with high 
performance and durability. The automation also enabled the digitalisation of manufacturing 
parameters for perovskite PV. The digital data will be used with digital technologies such as Machine 
Learning (ML) to accelerate the technology further.  

Knowledge gap 

The technical progress of perovskite PV has been made by laboratory processes, which are typically 
not scalable, and more importantly, not compatible with the industrial manufacturing process. 
Therefore, the technology needed to be re-developed. However, there have been very few reports on 
the manufacturing of perovskite PV.  
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Background 

Objectives or project requirements 

The objective of this component of the project was the “Demonstration of vacuum-free cells with 
printed back electrodes >14% PCE” and “Reproducibility data established for printed perovskite PV 
manufacture under controlled environmental conditions”.  

The automation was not a planned activity, however, the project was significantly impacted by 
restrictions due to COVID-19. Innovation was required in order to make progress under pandemic 
conditions. The automation of the research process enabled rapid progress with little or no 
researchers on-site, and enabled the achievement of a challenging project milestone - 14 % efficiency 
from industrial roll-to-roll fabricated cells.  

Process undertaken 

Carbon-based printable electrode materials were developed over the course of the project. The 
materials were screened by using conventional printing methods, and perovskite-friendly electrode 
materials were selected. The identified carbon-based inks were used to explore the compatibility with 
the printable perovskite formulations.  

An in situ formulation system with programmable pumps was developed to fabricate gradually 
changing compositions on continuously moving flexible substrates. Numerous devices with various 
formulations could be fabricated using the industrial roll-to-roll process. A roll-to-roll-based PV testing 
robot was also developed to test the PV cells fabricated on flexible film rolls. The high-throughput 
research platform has been used to deliver target efficiencies and also reproducibility data from about 
10,000 control devices fabricated over a few months.  

 

Supporting information  

The research innovation has been highlighted in CSIRO blog. 

https://blog.csiro.au/flexible-solar-panels/comment-page-2/ 

 

  

https://blog.csiro.au/flexible-solar-panels/comment-page-2/
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Lessons Learnt Report #3: The Complex Manufacturing 
Processes of Perovskites – No One Size Fits All 
Project Name: 2017/RND012 Manufacturing of Printed Perovskite PV Modules  

Knowledge Category: Technical 

Knowledge Type: Technology  

Technology Type: Solar PV 

State/Territory: Victoria 

Key learning 

 

The key learning from the upscaling of perovskite films was that the two scalable production routes 
identified should be compatible with all combinations of perovskite precursors. However, perovskites 
are complex materials with the innumerable permutations of its components leading to complex 
formulations, which in turn show large differences in perovskite film formation dynamics, different 
processing requirements, as well as large differences in the resulting photovoltaic properties. Thus, 
significant work will be required as perovskite solar cells are further developed and tailored for 
commercialisation. The learnings from this project will accelerate future progress.  

 

Implications for future projects 

Through this project, CSIRO has consolidated a knowledge base for the manufacturing of perovskite 
PV in general and for perovskite films in particular. A strong foundation in knowledge, technical 
expertise, and infrastructure has been laid, which will substantially accelerate the advancement of 
future projects as we identify commercial pathways and further develop perovskite PV to pass 
industry standards. 

Knowledge gap 

Many perovskite fabrication processes reported in the literature have been developed using 
laboratory setups to enable the formation of uniform films. However, most of these processes are 
developed using a non-scalable laboratory fabrication technique known as spin-coating and under a 
controlled inert environment. Such developments are not feasible for large industrial-scale 
fabrication. In spin-coating, a solution is deposited on a substrate which is spun rapidly. As such, film 
formation in spin-coating undergoes a dynamic process where solution spreading and drying occur 
concurrently. In industrial-scale printing, however, film formation undergoes a passive process 
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whereby a solution is first deposited over a substrate forming a wet film, which is then passed through 
drying stations, such as ovens and IR heaters. Thus, many laboratory-developed processes using spin-
coating reported in the literature present critical challenges when translating to continuous industry-
friendly manufacturing via roll-to-roll fabrication.  

Roll-to-roll manufacturing is a continuous production method where a flexible substrate is unwound 
from one roll and re-wound on a second roll. In between these two rolls, a material is deposited on 
the substrate through one of a plethora of available printing and coating techniques and passed 
through drying stations. In this project, roll-to-roll perovskite deposition was carried out with slot-die 
coating, which is a facile and low-cost pre-metered scalable solution deposition technique. 

Background 

Objectives or project requirements 

The central objective of the project was to understand and develop industry-friendly manufacturing 
process for perovskite PV. In relation to the perovskite printing process, the following milestones were 
set and successfully met.  

1. Demonstration of vacuum-free cells with printed back electrodes >14% PCE: achieved. 
2. Demonstration of cells with slot die coated charge transport layers >18% PCE : achieved with 

three consecutive slot-die coated layers including the charge-transport layers.  
3. Demonstration of roll-to-roll coated module (10 cm × 10 cm) with vacuum-deposited electrodes 

>13% PCE : achieved. 
4.  Demonstration of roll-to-roll processed vacuum-free flexible module (10 cm × 10 cm) >11% 

efficiency : achieved. 

Process undertaken 

The laboratory-scale fabrication of high-efficiency PEROVSKITE PVs typically utilizes spin-coating 
techniques in an inert glovebox environment for the deposition of most of the functional layers. 
Upscaling of spin-coating for high-throughput industrial manufacturing under an inert environment is 
neither technically nor commercially realistic. Therefore, results obtained for highly optimized 
laboratory-scale perovskite PV should be considered an indication of an upper limit of technical 
potential, rather than an in-practice performance indicator for larger-scale perovskite PV fabricated 
using industrial production processes. While a variety of substrates and production processes are 
suitable for upscaling perovskite PV fabrication, vacuum-free roll-to-roll printing/coating methods are 
the preferred approach for low-cost, high-volume industrial manufacturing. The solution-
processability and low-temperature (<140 oC) annealing requirements for perovskite PV fabrication 
are ideal for vacuum-free roll-to-roll coating and printing on low-cost substrates, such as polyethylene 
terephthalate (PET). However, research on roll-to-roll processing of perovskite PV, which is limited 
due to the availability of suitable equipment, has yielded devices displaying comparatively low PCE 
and reproducibility, even for small devices.  

The primary challenge in overcoming the comparatively low PCE and reproducibility of perovskite PV 
fabricated using a continuous roll-to-roll process is maintaining the perovskite layer quality over large 
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areas in continuous production runs. Therefore, understanding and controlling the factors affecting 
the perovskite quality is a key requirement for successfully upscaling the roll-to-roll production of 
large-area perovskite-based PV systems. An as-deposited perovskite solution undergoes rapid 
crystallization leading to the formation of isolated large crystallites and poor surface coverage when 
deposited over a substrate (Figure 5). 

At the onset of this project, multiple perovskite fabrication processes enabling uniform perovskite film 
formation were rapidly screened. These processes can be broadly classified into two main approaches, 
as shown in Figure 5. Route 1 requires rapid attainment of a high degree of supersaturation. The most 
commonly-used methods for fabricating the perovskite layer for high-efficiency laboratory-scale PV 
devices adopt techniques, such as an anti-solvent treatment or nitrogen-blowing, to induce a high 
degree of supersaturation by rapid precipitation of the precursor ions and fast solvent evaporation (1-
2). These methods have led to the highest efficiencies recorded for laboratory perovskite PV (3), 
however, the implementation of such approaches to roll-to-roll perovskite fabrication through slot-
die coating or other scalable deposition methods under an ambient environment was technically very 
challenging. This is why there was no significant improvement in efficiency or reproducibility in this 
area after the initial efforts in 2015 prior to this project. Instead of the anti-solvent and the gas-
assisted method, we investigated yet another approach for Route 1 type fabrication, which is the use 
of low boiling point and highly volatile solvent. This approach was found to be more reliable in 
upscaling perovskite films, and has led to a record efficiency for vacuum-free perovskite PV with a PCE 
of 14% with fully printed electrodes. 

 

 

Figure 5: Scanning electron microscope (SEM) images of (top) non-uniform morphology of as-deposited perovskite solution 
and (bottom) uniform morphologies of perovskite films achieved upon two different routes of fabrication. 
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Route 2 is a facile and scalable process which requires the one-step deposition of the precursor 
solution onto a substrate heated to around 130 oC or higher. Although the highest PCEs reported for 
perovskite PV incorporating the Route 2 fabrication process are generally slightly lower than those 
incorporating a Route 1 perovskite fabrication approach, the processing simplicity of the former 
makes it an attractive option for translation to an industry-relevant continuous roll-to-roll deposition 
process, such as slot-die coating (4). Route 2 fabrication was employed with a range of perovskite 
formulations and ultimately resulted in the world record of 18% efficient roll-to-roll fabricated 
perovskite solar cells. 

 

Supporting information  
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Lessons Learnt Report #4: Novel Electrode Processing 
Techniques for Low-Cost, Scalable, and Vacuum-Free 
Electrodes.  

Project Name: 2017/RND012 Manufacturing of Printed Perovskite PV Modules  

Knowledge Category: Technical 

Knowledge Type: Technology  

Technology Type: Solar PV 

State/Territory: Victoria 

Key learning 

This project aimed to replace the costly vacuum deposition processes which are commonly used in 
laboratories. This presents a significant challenge, as the direct printing of conducting inks on the 
sensitive perovskite layer to form an electrode has limitations in terms of material choice. Perovskite-
compatible inks have been developed, but this has come at the cost of lower conductivity of the 
resultant electrode. Therefore, the project team found an alternative approach: printed electrodes 
are produced first on a separate substrate and then the dried layers are transferred to the perovskite 
film without using any chemical agents. Any commercially available conductive inks could be used with 
this approach, resulting in higher efficiency devices in contrast to those with directly printed 
electrodes.  

Implications for future projects 

This learning provides more options for the low-cost manufacturing of perovskite PV, and therefore 
expands the potential for the technology to be translated to the marketplace. Each option for 
electrode fabrication has advantages and disadvantages in cost, processing time, compatibility with 
other processes, and material properties. The dry-transfer-based approach will be used as a key 
process in future projects. The perovskite PV modules developed during this project have already 
been made available for other projects within the team and collaborative research projects with 
other institutes. Over the next 2-3 years, these other projects will focus on research areas such as 
the ‘development of alternate electrode processing methods’ and ‘development of encapsulation for 
improving the stability of the devices.’ Promising initial results have already been achieved in these 
ongoing projects due to the strong foundation laid during this project, creating a clear roadmap 
towards the development of new, industrially viable electrode processing methods for the 
fabrication of perovskite PV modules in the future. 
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Knowledge gap 

The cost and technical challenges associated with upscaling high-vacuum thermal evaporation 
techniques raise additional concerns in realizing the fast roll-to-roll production of perovskite-based PV 
modules. Therefore, it is crucial to replace the relatively expensive vacuum-deposited metal electrode 
with alternative low-cost electrode materials and deposition. A viable alternative is carbon-based 
electrodes, which comprise earth-abundant materials that are cheap to produce and deposit. In this 
project, carbon-based roll-to-roll printable formulations have been developed and directly deposited 
on the perovskite film to replace the gold electrode, resulting in devices with a PCE of over 14%. 
However, directly deposited electrodes have given inferior device efficiency because the solvents 
contained in the carbon pastes/inks partially degrade the perovskite photoabsorber and other 
functional layers, as well as some interfaces between the layers of the device. Additionally, the post-
annealing step was essential to remove the solvents from the as-deposited wet carbon and silver 
layers, which can also partially degrade the device.  

 

Background 

Objectives or project requirements 

The challenge of continuously printing all device components, including the top electrode, is the key 
limiting factor to the widespread adoption of perovskite PV. Roll-to-roll compatible printing and 
coating techniques used for the deposition of some device layers have been reported by several 
research groups, including gravure printing[1], micro-gravure coating[2], slot-die coating[3, 4], spray 
deposition[5] and screen-printing[6]. To date, with the exception of the top vacuum-deposited Au or 
Ag electrode, all other layers of flexible perovskite PV can be deposited using these printing and 
coating methods. Replacement of thermally evaporated metal electrodes is the key discovery 
required to realize flexible and fully printable perovskite PV. The key objective of this research has 
been to develop state-of-the-art completed device processing methods for the fabrication of all roll-
to-roll processable, fully printed, flexible perovskite devices in ambient conditions. The novel 
methods developed and tested so far have already demonstrated promising initial results.  

 

Process undertaken 

The replacement of the vacuum-deposited gold electrode in perovskite PV with much cheaper carbon 
or other alternative electrode materials, which can also be processed under ambient conditions, is 
very important for the realization of roll-to-roll processing of the entire perovskite PV device. One of 
the approaches adopted during this project was the direct deposition of the carbon and silver layer 
on the perovskite PV. During this project, the CSIRO team collaborated closely with the Photovoltaic 
Research Team at Monash University to investigate an approach using directly laminatable electrodes 
on the perovskite films to replace the expensive gold electrode. This collaboration enabled us to 
demonstrate a sticker-like carbon-based electrode that (i) can be applied onto the roll-to-roll 
processed perovskite-based solar films, (ii) provides a solar cell performance close to the benchmark 
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provided by evaporated gold, and (iii) is suitable for integration into a roll-to-roll solar cell fabrication 
process. Fabrication and deposition of the final configuration of the electrodes presented herein are 
based on relatively cheap carbon components (total cost < 2 USD m-2) and the entire electrode 
application process was conducted under normal ambient conditions using basic laboratory 
equipment.  

t

 

Figure 6. (a) Opical photographs and (b) cross-section SEM image of the flexible all roll-to-roll processed perovskikte PVdevices 
made with aluminum-supported carbon electrodes. (Photographs show laminated devices, while SEM data are for the pressed 
electrodes) [7] 

In addition to the collaboration with Monash University, the perovskite solar films developed during 
this project, including the large-area modules comprising 5 strips, have been utilized by other 
members of the team to develop a more advanced new electrode processing method. This enabled 
the team to demonstrate a state-of-the-art method (Patentable) for the fabrication of all-roll-to-roll-
processed flexible perovskite PV in ambient conditions with a record-breaking stabilized PCE of 
16.65%, made possible by incorporating the perovskite-based printed solar films 
(PET/ITO/ETL/Perovskite/HTL) already developed during the ARENA-3P project. 

 

Figure 7. Photograph of a large-Area perovskite module fabricated by the novel electrode processing method. 
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